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TABLE 3 —<SUMMARY OF SCREENING CRITERIA FOR EOR METHODS
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Fig. 1=EOR productioninthe U.S. (data from Ref. 25).
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Fig. 2—0il gravity range of oil that is most effective for EOR
methods. Relative production (BID) is shown by size of type.

5.000 »*

g
i_ 10,000
al

15,000

o
W
o

ED‘ ':m P ] 1 | i 1 1 |
o 10 20 30 40

sAPl

50

Steamfiooding
»
Haot Witer
-
Combuslion
*
coz
Lu]

HE Miscible
& Ipremiscibhe
*
Ftrogen Miscible
& immiscible
+
Pogymer
C
Micasar-
Polymar
4

Alkaine’
Sunactant
L]

Fig. 3—Depth and oil gravity of producing EOR projects in the
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ol ol oolaiw! o Fos b (pSiuw i (3l (gl 5l @y
Sl o0l oolisiw! (459 ys 31 (3ol @953 31 YL HLAS jo Sw i (gl Lo yadls” 4o
youdy 9 ST g Jous o (3153wl ol cowlion bwgio (9 55 b i (610 OT (bl 3 s (59

D 0 iy gd Yeor 31 YL Goc 9 FO L Y (pu APl (gl (3035 ST (60 B2y

24



100,

iy

" MHa 17 T ot 14 3 W =2 1! (ERLET -] ﬂ-uu.ﬁﬂ““ﬂ*ﬂ 24 51 54 EET]
Steam Combustion  Polymer & Hydro-  pumgen
MicallanPolymer carbon

0l Gravity = API)

Fig.5>¥0OR productionvs. oil gravity inthe U.S. (datafrom Ref.
24).

| 00,5 ddgi o (6 pelion L Al Hludo o g ol coliiwl pllo o jlw @,y @

ol ouds adgi Hls 31,55 Mgy b S g 50 Al YFDeve (g3iguil o @

25



100,000 [

-—— 245 000

o “ImLL——

TE W OMAEE 4 oW o3 Wik Pol &H w4z 12 3T B3I M4 4 8T
Steam Combustion Hot yrmer coz
Waler MicellatPolymer Hydrocarbon

il Gravity[ ® API]

Fig. 6—EOR production vs. oil gravity outside the U.S. (data
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TABLE 4—ADDITIONAL CONVERSION FACTORS USEFUL
FOR READING CO,-FLOODING LITERATURE

1 Rgl: %gz%gh%allons =0.159 m3

1,000ft3 (Mscf or Mcf)=28.3m3

Standard conditions in U.S, oil industry (may vary in some
states) = 1atm and60°F (1.013 bar, 14.7 psia)

CO» density at standard conditions =0.001868 g/em?
or 1.87kg/m3=0.1166 Ibm/ft3

17,150f13 of CO» at 80°F (1 atm) =(weighs)
1ton U.S. (2,000 Ibm)

1tonU.S. =2,000 Ibm=907 kg (1 kg=2.2 Ibm)

1ton US.=0.907 metricton or tonne

1tonne COs = 18,904 scf at 60°F and 1 atm

1 Gt (gigatonne)= 1 billion metric tons

1 bbl cil (35°API)=0.16982 ton U.S. =0.16895 tonne

1 Mscf/bbl =0.31324 tonne COyftonne oil (35°API)

Some factors are rounded for convenienceand guick estimates.
Crude oil density typically ranges from 0.8to 0.95 g/cm? or 800 to 950 ka/m3,
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Conclusions

1. Screening criteria and brief descriptions are presented for the
major EOR methods. The criteria are based on oil-displacement
mechanisms and the results of EOR field projects. The depth, oil
gravity, and oil production from hundreds of projects are displayed
in graphs to show the wide distribution and relative importance of
the methods. Steamflooding continues to be the dominant method,
but hydrocarbon injection and CO, flooding are increasing.

2. [f only ol gravity is considered, the results show that there is
a wide choice of effective methods that range from miscible recov-
ery of the lightest oil by nitrogen injection to steamflooding and sur-
face mining for heavy oil and tar sands. However, there is often a
wide overlap in choices,

3. With low o1l prices, there is less chemical flooding of the inter-
mediate-gravity oils that are normally waterflooded. Polymer
flooding continues to show promise, especially if projects are
started at high oil saturations.
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TABLE 1—NITRCGEN AND FLUE-GASFLOODING

Description

Witrogen andflue gas are oil racoverymethodsthat usethese inexpensivenanhydrocarbon gasas to displace oll in systems that may be sither miscible
orimmiscibledepanding onthe pressure and oll composition (see Table 3 of Ref. 1 for immisciblecriteria). Because of their low cost, largevolumes of
these gases may be injected. Nitrogenand flue gas are also consideredfor use as chase gases in hydrocarbon-miscibleandCO, floods.
Mechanisms

ru"rtmgen_a nd flue gas flooding recoverail by (1) vaporizingthe lighter companents of the crude oil and generating miscibility if the pressura is high

enough; (2) providinga gasdrivewhere a significant portion of the reservoirvolume s filled with low-cost gases, and (3) enhancing gravity drainagein
dipping reservairs (miscibleor immiscible).

Technical Screening Guides

Recommended Rangeof Current Projacts
Crude Cil
Gravity, "API =35 3Bto54 (miscible)
Viscosity, cp <04 007 to 0.3
Composition High percentage of light hydrocarbons
Resenvoir
Oil saturafion, % PV =40 59to BO
Type of formation Sandstone or carbonatewith few fractures and high permeaabilitystreaks
Netthickness Relativelythin unless formation is dipping
Average permeability Not critical
Depth, ft >6,000 10,000 to 18,500
Temperaturs, °F Mot critical for screening purpases, even though the deep resarvoirs requiradto accommodate the high
pressurewill have high temperatures.
Limitations

IDevelopedmiscibilitycan only be achievedwith lightoils and at very high pressures: therefore, deep reservoirsara neaded. A steeply dipping reservoir
isdesiredto permitgravity stabilizationof the displacement, which has an unfaverablemobilityratio. Formiscibleor immisciblzenhancedgravity drain-
age, a dipping raservair may be crucial to the success of the projact.

[Froblems

Wiscousfingering results in poorvertical and horizontalswesp efficiency. The nanhydrocarbon gases must be separatedfrom the saleable produced

gas. Injectionof flue gas has caused corrosion problems inthe past. Af present, nitrogenis being injected into large successil projectsthat formerly
iused flue gas.
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TABLE 2—HYDROCARBON-MISCIBLEFLOODING

tescription

lydracarbon-miscibleflooding congists of injecting light hydrocarbonsthrough the rezarsoir to farm a miscible floocd. Three dfferent methods have
aan used. Thefirst-contactmiscible method uses about 5% PV slug of hguefied petralaum gas (LPG), such as propane, followad oy naturalgas or gas
indwater. Asacond method, called enriched (condensing)gasdrive, consistsof injectinga 1010 20% PV slug of naturalgas that is enrichadwithethane
rough hexana (CpthroughCg), follvwedby leangas (dry, mostly methane)and possibly water. Thaenriching components are transfarmadfrom the gas
athe oil. Thathird and most comman method, called high-pressurelvaponzing ) gasdrive, consists of injectinglean gas at high pressuretovaporizeCa
reughCgcompanants fram the crude oll beingdisplaced. A combination of condansing/vaponzing mechanizmsalso occurs at many resemnoircondi-
ons, avan thoughwa usually think that one procass is dominant. Immisciblecriteriaare given in Table 3 of Ref1.

Aechanisms

ivdrocarbonmiscibleflooding recoverscrudeoil by (1) generatingmizcibility]inthe condensing andvaporizinggasdriva, (2) increazingthe ollvolume
gvialling); () decreasingthe oil viszosity; and (4) immiscible gas displacement, aspeciallyanhancad gravity drainagewith tha right resarvaircondi-
ions.

Technical Seneaning Guides

Recommeanded Range of Current Projacts
Srude Cil
Gravity, *AP1 =23 24 ta 54 (miscible)
Wiscosity, cp <3 0041023
Composition High percentage of light hydrocarbons
Rasanair
Ol saturation, % PV =30 Atmoe
Typa of farmatian Sandstona or carbonatewith a minimum of fractures and
high-permeabilitystraaks
Matthickness Relativalythin unlass formation is dipping
Avarage parmeability Mot critical if unifarm
Dapth, fit =4, 000 4040 to 15,900
Temparatura, *F Temparature can hava a significant effect on the minimummiscibility pressume (MAPY it normally raises the
pressune raguired. However, thiz |8 acoounted for inthe deeper reservairsthat ane reeded to contain the high
pressurasfar the lean gasdrivas.
Limitations

The minimumdeathis 2at by thepreassurs neededto maintainthe generated miscibility. The required prezsurerangesfromabaout 1,200 psifor the LPG
processio 4,000 o 5,000psi for the high-pressuregasdriva, depandingan the oil. A steeply dippingformation i sVeRY desirablato penmitsome gravity
stabilizationof the displacemant, which normally has an unfavorable mobility ratio.

Problems

Viscous fingaring results in poor vertical and horizontal sweap efficiency. Large quantities of valuable hydrocarbons ame required. Solvent may be
trapped and not recovered inthe LPG methoad,
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TABLE 3—C0O- FLOODING

Dascripticn
mﬁ%ﬁ igcarmedout by injecting large quantiiesof OO0 (30% or more of the hydrocarbon PY)inkathe resarvoir. Although GO, I8 not first-contact
mis%it:-mit the erudaoil, tha 02 extracts tha light-to-intarmeadiatecomponants from tha oiland, if the pressurais highanough, daﬁglo%ps miscibilityto
dignlacathe crude oilfrom the reservair (MMP). Immisciblediznlacements are less effective, butthey recoverail betterthan waterfliooding(zee below
and Table 3 of Ref. 1far immiscible eriteria).
Machanisms
COs recovers crude oil by (L)swelling the cruda oil {COs is vary 2oluble in mgh-gravityoilz); (2)oweringthe viscosity of the oil (much more effactvaly
thar Nz orCHy); {ﬁ]lnmringh&mm jaltansion batwaan tha oilandma'ﬁil phasaintha naar-mr‘%u bleregions: and (4) genarationaf miscibility
when pressure iz high enough (sae balow).

Tachnical ScreaningGuides

Recommended Rangeof Current Projecis
Crude il
Giravity, “AP1 »22 27to 44
Wiscosity, cp <10 03oe
Composition High parcantaga of intermadiatehydrocarbons(aspeciallyCe 10 Cya)
Reszerair
Cil zaturation, % PV >20 15t0 70
Type of formation Sandstone or carbonateand relativelythin unless dpping.
Avvaraga parmeability Mot critical If sufficiant injection rates can ba maintained.
Dapthand tamparatura For miscibla displacamant, depth must be great encugh to allow injection pressuras
ﬁeraaatsr than the MMP, which increases with temperature (see Fig. 7of Ref 1) and for
vier oils. Recommandad depths for COy floods of typical Parmian Basin oils follow.
Oil Gravity, “API Drapth must ba greater than (ft)
ForCOy-miscible flooding >4 2,500
Rto 39.9 2,800
ZAto 3.9 3,300
210 27.9 4,000
<22 Fails miscibla, screan for immiscibla®
For immisciblaC0y fiooding (lowar oil recovary’) 3o .9 1,800
<13 All oil resarvoirsfail at any dapth
A =1,800 ft, all resarvairsfail screaning criteria for ether mizcible or immiscibleflooding with supercritical GO
Limitations

A good source of low-cost G0 is reguired.
Problams

Cormosioncan cause problems, especially if there is early breakihrough of COs in producingwels.

‘Al resEnolraaInols win grevites greaterinang? " APl can qua fyfor some immisd bledisplecamant 81 pressures lees than the MR, Ingenersl. thereducadol reCavery wil Depropar-
tionalto tne diffarencabstwesn the MMP and fleodng pressureech eved [These arcitreny crtere nave baen selzciedio %m.-' dea safety margnof approxmately 500 feet ebova tyoical
resgrvoirfraciuredestnior the requiredmischbil, (*.-ijlgreaerm &nd acout 300 pal enovethe EﬂﬂmltI}'EﬁEJrE‘Dr Bimmiscib etthe shallowdepths. Resenclhémpana-
fure |8 Included end assurned from depth. Sea Fig. 7 of Rel. 1 end bext rnr1hedapﬁuur.'mam P reladonship |
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TABLE 4—MICELLAR/POLYMER, ASP, AND ALKALINE FLOODING

Dascription

C assmmioellar.-‘rml mer floodingconsistsof injectinga slugthat containg water, surfactant, palymer, alactrolyta (salt), sometimes a cosolvent(alco-

b}, and possib ahdmcarbnn[ml]. The siza of the slug s often 5 t2 15% PV for a high-surfactant-concentratareyatem and 15t0 50% PV for lew
concentrations. The surfactantsiug isfollowed by polymer-thickenedwater. The polymar concantrationoften rangesfrom 500to 2,000 mg/L, andtha
wolume of polymer solutioninjected may be 50% P or mora.
ASP fizading 2 similar except that much of the surfactant is relﬁgmdby lw-costalkali so the slugs can be much larger but overall cost iz lowerand
polymer is usually incorporatadin tha largar, dilute 2lug. Foralkalina flooding muchof the injectionwater was traated with low congantrationsof tha

allial%r;%gam and the surfactantswene generated in&lu by interactionwith ol and rock. Af thiz time (May 1997)we are not awara of any active alkali-
only !

Machanizms

Allsurfactantand alkaline flooding methads recover oil by (1)loweringthe interfacialtension between oiland watar; (2)solublizationef oil in soma

micellarsystams; {Iemulsificationof cilandwater, ezpecially inthe alkalinemethads: (4)wetiabilityalteration(inthe alkalire mathods): and (8) mokbil
ity anhancamant.

Tachrical Scraaning Guides

Recommended
Crude Oil
Gravity, APl =20
Viscosity, cp <35
Composition Light intermediates are desirable for micellarpolymer. Organic acids needed to achieve lows
intarfacialtansions with alkaline mathods.
Razanraoir
Ol saturation, % PA =35
Typa of formation Sandstones prefarrad
Metthickness Mot critical
Average permaability, md =10
Dapth, ft <about 9,000t (zea Temperatura)
Tamperaiura, *F <200
Limitations

A areal sweep of maora than 50% on waterflood is desired, Relativelyhomogenasus formationis prefermed. High amounts of anhydrite, gypsum, o
clays are uncezirable. Availabla s.gstems provideoptimum behavior ovar a narmow set of conditions. With commercially available surfactaniz, forma

%ﬂn;ﬂater chiorides should ba 20,000 ppm and divalant ions (Cat and Mg+ <500 opm.
roblems

[ Complexand expensivesysiems. Possibilityof chromatographic separationaf chemicals in resarvoir. High adsorption of surfactant. Interactionsbe
rwaen surfaciantand polviner. Dearadationof chamicals at hiah temoerature.
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TABLE 5—POLYMER FLOODING

Dascription
The objective of polymer flooding is to provide batter displacement and volumeiric sweep efficienciesduring a waterflood. |npolymer flooding, certain

high-malecular-waighipolymers [typically polyacrylamideor xanthan) are dizzcived in tha injection water 1o decreazewater maobility. Polymear con-
cantrationsfrom Egta 2,000mg/L are u=aed; properly 2izad treatmants may raquine 25 tnsd-% resaryoir By

Mechanizms

Folymers improve recovery by (1)increasingthe viscosity of water; (2) decreasingthe mobility of water; and (3)contacting a larger volume of the
MESErVOIr.

Tachnical Screaning Gudes’

Wide-Range Recommendation Range of Current Field Projects
Cruda Cil
Gravity, “aP1 =15 1lato 43
Vigoosity, cp <150 (oreferably< 100 and =10) 1 tak0
Compasition Mot critical
Rasan/aoir
Oil saturation, %6 PV >80 50to 92
Typa of farmation Sandstones prefarred but can be usad in carbonatas
Metthickness Mot critical
Average permaability, md =>10md* 10to 15,000
Dapth, ft <8000 [zee Tamperature) 1,3000 9,800
Tamperature “F <200 to minimize degradation 80to 185
Propertiesol Polymer-Flood Fiald Projects
Property 1880's median {171 projects) Marmul Oarral Courtanay Daning
Qiltwater viscosity ratio 9.4 114 38 0 15
atresanvoirtemparature
Reszarvairtempearatura, "F 120 s 136 BE 113
Parmaability, md 75 15,000 2000 2,000 870
%% DOIP presentat startup 76 =52 1.5 78 il
WOR at startup 3 1 4 B 10
HPAM concantration, ppm 480 1,000 1,500 800 1,000
I palymerfacre-ft 5 373 162 520 b |
Projactad IOR, % OOIP 439 25 =13 a0 11
Projectad bblaillom polymer 11 1.2 =1.4 0.96 0.57
Frojectadbbl gilfacre-ft 27 461 == 230 499 155
Limitations/Problems
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TABLE 6—IN-SITU COMBUSTION

Description

In-gitucomibustion or fireflocdinginvolvesstarting a fire inthe resarvoir andinjecting ar to sustainthe burmingof some of the crude oil. The mostcom-
montechnigue is forwardcombustioninwhich the reservairisignitedin aninjection well, andai r|'sIr?llca’!:tedmgra'_%lﬁuammemmhumhnlmntawayfmn
the vaall. One of the variations of this technigue is a combination of forward combustion and waterflaoding (COI ). A second technigue is reverse
combustion inwhich a fire is startad in awell that will eventually bacomea producingwall, and air injectionis then switchadto adjacent walls; howaver,
no successiulfiald trials have bean completedfor reverse combustion.

IMachanisms

Inesitu combustionracoverscrude oil by (1} the applicationaf heatwhich istransfierred downsiream by conductionand convection, thus loweringthe
viscosityoftheoil; (£)the productsofsteam distillationandthermalcrackingthat are carriedforwardio mix with and upgradethe crude: (3joumingcoke
that iz praducedfrom the heavy ends of the oil; and (4) the pressura suppliedto the regarvoir by injactad air

Tachnical Screening Guides

Racommendead Rangea of Currant Projects
Crude Qil
Gravity, “API 10to 27 10%0 40
igcosity, co «5,000 610 5,000
Composition Some asphalticcomponents to aid coke deposition
Reservair
Cil gaturation, S PV =50 6210 54
Type of formation Sand or sandstona with high porosity
Matthickness, fl =10
Avarage parmeability, md =50 85t0 4,000
Dapth, ft <11,500 400t 11,300
Temparature,“F >100 10010 22
Limitations

It sufficientcoke is notdepositedfrom the oil being burned, the mbustbn&eqessm I ot ba sustained: this prevenisthe applicationfor high-gravity
paraffinicoilz. If excassive coke is depogited, the rateof advanca of tha combusticnzonewill ba glow andthe quantityof air requiredto sustaincombus-
tioniwill ba high. Qil 2aturationand porosity must ba highta minimizahaat lnssto rock. Process tends to sweap through uppar partaf resendoirso that
sweap efficiency is poor inthick formations.

Problams

Adverse mability ratio. Early breakthroughof the combustion front (and, 02-containin 5 mixtures ). Comolex processthat requires arge capital in-
vestmantand isdifficultto control. Producedflue gazes can presentenviranmantal problems. Oparationalproblems, such as severe comosioncausad
by low-pHhotwater, sariouzniliwalar amulgions, increased sand production, depasitionof carbonor wan, and pipafailures inthe producingwalls as a
rasult of the very high temperatures,

TABLE 7 —STEAMFLOODING

Jescription

Ihe steamdrive procassor staamfloodingmvolves continuousinjection of aboutB09: quality steamtodizplacecrudeciltoward producingwalls. Mormal
wactice is to preceda and accompany the staamdrive by a cyclic staam stimulationaf the producing wells (called huff 'n' puff.

dechanisms

Steam recovarscrudesi by (Lheatingthe crude oiland reducingitsviscosity: (2Eupplyingthe pressurata driveailtothe producingwel: and (3steam
fistillation, espacially in lighterude cils

TachricalSoreening Guidas
Recommandead Range of Curmant Projects
Crude Oil
Gravity, “AP} 8tp 28 Bip 27
‘iscosity, cp <100,000 10te 137,000
Composition Mot critical but 2ome light ends for 2team distillationwill halp
Raszarwoir
Oil saturation, %5 P =40 35ta 90
Type of formation Sand or sandstone with high porosity and permeability preferrad
Met thickness, & =20
Average permeability, md =200 md (2ae Transmissibility) 63to 10,000
Transmizsibility, md-fi'cp =50
Dapdf, & 5,000 180t 4,500
Temparature, “F Mot critical &0t 280
Lirmitationg
Ol zaturations must bequitehigh, andtha pay zona should ba morathan 201 thick to minimize heat loesests adjaceant formations. Lighter, less-viscous
srude oils can be steamfloocdadbut normallywill not ba If the reservoir rezponds to an ordinary waterdflood. Steami I& primarily applicablato

viscous oilg in massiva, high-pameabilityeandstones or unconsolidatadeands. Bacause of axcess heat lnssoz in thawslibore, steamflocdadrasar-
voirs shouldbe as shallow as possibleas longas pressurefor sufficiantinjectionrates can be maintained. Steamfloodingisnotnormallyusedin carbon-
ata resan/airs. Bacauseaboutone-third of the additionaloil recovared is consumedto generate the requiredstearn, the cost perincremantalbarral of il
% high. A low percentage of water-sensitivaclays is desired for good injectivity.
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TABLE 9—PROFITABILITY OF EOR PROJECTSINTHE US.
Percent Reporied as Profitable
Method 1982 1988 1990 1994
Steam Beé 85 96 96
Combustion 65 78 88 80
Hot water — 89 78 100
COs 21 66 21l 81
Hydrocarbon 50 100 100 100
Nitrogen 100 100 100 100
Flue gas 100 100 100 _—
Polymer 72 92 86 100
Micellar/Polymer 0 0 0 0
Alkaline or alkaline/surfactant 40 100 * 100
‘One success.
Table updatedfrom Refs.4 and 11.
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Fig.2-Sensitivity of U.S. EOR productionto the crude price pre-
dictedin 1984 NPC report(extendedfrom Ref. 3, data from Refs.
10through 12.)
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Fig.3—Sensitivity of U.S.CO; productionto crude oil price pre-
dictedby 1984 NPC report(extendedfrom Ref. 3, datafrom Refs.
10through 12).
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