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Summary
Enhanced oil recovery (EOR) is essential in shale/tight formations because primary recovery typically produces less than 10% of the 
original hydrocarbon in place. This work presents a novel “slot- drill” EOR (SDEOR) technology, which involves injecting gas through a 
horizontal fracture that is cut into the formation near the top of the reservoir (using a tensioned abrasive cable mounted to the drillstring) 
and producing oil from a second slot- drilled horizontal fracture near the bottom of the reservoir.

A robust 3D projection- based embedded discrete fracture model (pEDFM; EDFM) is used to model the natural fractures in these 
slot-drilledunconventionaloilreservoirsaccuratelyandefficiently.Connectivityanduncertaintyanalysesareperformedtodeterminethe
percolationthreshold,wherenaturalfracturesinfluencehydrocarbonproductionappreciably.Theresultsofthisworkindicatethatthe
proposedtechnologycanyieldoverathreefoldincreaseinoilrecoveryrelativetothecyclicgasEOR(CGEOR)method.Thissimulated
recoveryishighregardlessofthepresenceofnaturalfracturesorthetypeofgas/solventinjected(suchasCH4, N2,CO2,andfluegas).
The simulation results also indicate that the continuous gas injection, higher relative oil permeability, and the role of gravity- drainage are 
themainreasonswhytheoilrecoveryfromtheSDEORisthreetimesthatfromtheCGEORmethod.

Inconclusion,thisisthefirstpresentationandnumericalsimulationstudyofapplyingpairsofparallelslot-drilledfracturestoenhance
the recovery from challenging unconventional reservoirs (such as the Bakken shale) that have not been successfully enhanced using the 
CGEORmethod.ThedramaticincreaseinrecoveryfromSDEOR,coupledwithitsapplicabilityregardlessofthestressstateorformation
brittleness, could change how unconventional reservoirs are completed and produced in the future.

Introduction
The combination of horizontal drilling and multistage hydraulic fracturing has resulted in the commercial development of tight or shale 
oil resources. Over the last 15 years, the advancements in drilling and completion technologies have enabled us to drill wells with longer 
laterallengthsandtocreateseveralfractureclustersatseveralstagesinthewell.However,shale-oilwellsarereportedtodeclineby75
to90%withinthefirst3yearsofproduction,producingonly5to9%oftheamountofoilinitiallyinthereservoir(Kuuskraa et al. 2020; 
HaksoandZoback2019; Hughes2018). This has stimulated considerable interest in the study of EOR in tight rocks and resulted in sev-
eral related publications over the last decade (Yu et al. 2014; Sun et al. 2016; Zhuetal.2017). The general idea in virtually all of these 
previousshaleEORstudiesinvolvesinjectingfluids(mostlyCO2 or hydrocarbon gas) through multistage hydraulic fractures. The injec-
tioncaneitherbecontinuous(throughaninjectionwell)orcyclic(inhuff’n’puffmode)asinconventionalEOR.Ofthesetwo,the
CGEORhasprovedtobethemostappropriate,basedonfieldandpilotstudiesintheEagleFordshaleplay(Grinestaffetal.2020; Pankaj 
etal.2018; Kerr et al. 2020).

Consideringthesignificantcostsofinjectingfluidsintoshale-oilreservoirs,petroleumengineerstypicallyperformnumericalsimula-
tiontoidentifytheoptimumEORmechanism,operatingconstraints,andinjectionmode,amongothers.However,thesenumericalstudies
are complicated by the common occurrence of natural fractures in unconventional oil and gas reservoirs. As mentioned in Apiwathanasorn 
and Ehlig- Economides (2012),differentauthorshaveconflictingviewson thesignificanceof thecontributionofnatural fractures in
unconventional oil and gas reservoirs. This, coupled with the computational challenge of accounting for each of the natural fractures in a 
reservoir,hascontributedtotheproliferationofseveralshaleEORpublicationsthatuseeffectivematrix/fracturemodels[suchasdual
porosity, dual permeability, and continuum models, as in Warren and Root (1963) and PruessandNarasimhan(1982)], or simply neglect 
thepresenceofnaturalfractures.Unliketheeffectivemediummodels,discretemodels[suchasdiscretefracturemodelsbyKim and Deo 
(2000) and Karimi- Fard and Firoozabadi (2001); EDFM by LiandLee(2008); pEDFM by Teneetal.(2017); etc.] are able to account for 
each individual fracture in a naturally fractured reservoir.

Regardlessofthefracturemodelused,theincreaseinrecoveryfromCGEORmethodsappeartobemuchlessthantheproposedshale
EOR method. For instance, Moridis and Reagan (2020)usedasingle-porosityeffectivematrix/fracturemodelandshowedthattheinjec-
tionofmethanegasusingtheCGEORmethoddidnotresultinanappreciableincreaseinoilrecovery(relativetoprimaryproduction).
Various authors (Dahaghi 2010; Eshkalak et al. 2014; Kim et al. 2015)havealsousedthedualcontinuummodelstoevaluateCO2 con-
tinuous and cyclic injection shale- oil reservoirs. Although these methods are computationally faster, they are unable to account for the 
heterogeneity in the individual fracture sizes, orientation, distribution, and so on. So, we focus on the numerical simulation studies of the 
conventional shale EOR methods using EDFM. Table 1 [modifiedfromDu and Nojabaei (2019)] summarizes some of these EDFM 
simulationresultsandprovidesthecorrespondingreferences.Thesetabulatedresultsaswellastheothernumericalandexperimental
studies summarized in Tables 1 and 2 of Du and Nojabaei (2019) indicate a wide range in the increased oil recovery factor (RF) reported 
by various authors. In line with previous shale EOR studies, we quantify the increase in oil recovery using the improved oil recovery 
(IOR)ratio,whichistheratiooftheexpectedultimaterecovery(EUR)fromEORtotheEURfromprimaryrecovery.
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Formation
km

 (μd) Injected Gas Injection Mode
Production Period 

(years)
Increased Oil RF 

(%) Reference

Middle Bakken 1 CO2 Huff ’n’ puff 18 +2.56 Zuloaga et al. (2017)

Middle Bakken 1 CO2 Continuous flooding 18 −1.79 Zuloaga et al. (2017)

Middle Bakken 20 CO2 Huff ’n’ puff 20 +5.9 (3 cycles) Sun et al. (2019)

Eagle Ford 0.9 CO2 Huff ’n’ puff 20 +8 (D CO2 
 = 0.01 cm2/s)

Yu et al. (2019)

Eagle Ford 0.334 Field gas Huff ’n’ puff 5 +8.75 (single well 
and 10 cycles)

Ganjdanesh et al. 
(2019)

Table 1—A summary of EDFM simulation results for EOR gas injection into different fractured shale oil formations (Du and Nojabaei 
2019).

ConsideringthatEDFMisunabletoaccountforlow-conductivityfracturesaccurately(Teneetal.2017), the EDFM studies in Table 1 
implicitly assume that all the natural fractures are conductive, which is unlikely in reality. This is because the orientation of each fracture 
depends on the prevailing stress state when it was created (Shafieietal.2018),afterwhichfine-grained/cementingmaterialscouldaccu-
mulate in these fractures and make them sealing in the prevailing stress state today. In this work, we use the pEDFM to evaluate the 
performance of the proposed technology in naturally fractured reservoirs with any arbitrary fracture conductivity.

TheapplicationofCGEORinfieldandpilotstudieshasyieldedmixedresults.SeveralauthorsagreethatCGEORhasbeensuccessful
intheEagleFordshale,withIORratiosrangingfrom1.3to1.7(Hoffman2018; Grinestaffetal.2020).However,theapplicationof
CGEORhasbeenunsuccessfulintheBakkenshaleplay(HoffmanandJohn2016). Although Rassenfoss(2017) attributed the lack of an 
incrementaloilrecoverytothelowermatrixpermeabilityoftheBakken,HoffmanandJohn(2016) concluded (from his analysis of sev-
eralEORfield/pilottests)thatearlygasbreakthrough(orconnectivityofthefracturenetworkswiththosefromoffsetwells)ratherthan
poorinjectivitywasthecauseofthenegligibleincrementinrecovery.AlthoughfieldandpilotstudiesoftheCGEORintheEagleFord
playindicateanIORratioofupto1.7 ifhydrocarbongasesare injectedathighrates,Jacobs (2019) pointed out that the success of 
CGEORinashaleplaydependsonitsfluidandfracturenetworkproperties.TheSDEORtechnologypresentedinthisworkcanyieldIOR
ratiosofupto4.17within8yearsofproduction,evenwithfluid,matrix,andfracturepropertiesthatarerepresentativeoftheBakken
shale.AlthoughSDEORoutperformsCGEORforallthecasessimulatedwithrepresentativeBakkenandEagleFordshaleparameters,it
isworthnotingthatthistechnologyisyettobevalidatedbyexperimentsandinthefield,anditwillnotapplyinthinshalesbecausethe
pair of slot- drilled horizontal fractures will be too close to be commercially viable. So, the overarching goal in this paper is to propose a 
differentEORapproachthatcouldbeapplicableinvarioustightrocks.

This paper is structured to begin with an introduction of the proposed slot- drill EOR technology and why it could be feasible and game- 
changing in shale plays in any prevailing stress regime, with or without natural fractures, and which may or may not be brittle. We then 
discuss how natural fractures are modeled in this work, after which we analyze their connectivity to understand their role in primary and 
enhanced recovery from the proposed technology. We then perform short- and long- term studies of SDEOR in fractured shale oil reser-
voirsbeforeperformingareasonablecomparisonoftheoilproductionfromSDEORtothatfromCGEORundersimilarconditions.Next,
weevaluatetheroleofdifferentrecoverymechanismsontheEORfromSDEORandconcludewithanumericalstudyoftheapplication
ofSDEORtoEagleFordandBakkenshaleplaysusingdifferentfractureconductivitiesandinjectants.Finally,wepresentthesimulation
resultsfortheperformanceoftheSDEORinextremecasesintheSupplementaryMaterialprovidedwiththispaper.

Proposed Slot-Drill EOR Technology
The slot- drill (SD) technology is based on ideas involving using a chain cutter that is pulled through massive rock outcrops, as in Hurd(1980) and 
Farrar et al. (1991). The proposed application of this concept to cut fractures in the subsurface involves the use of one or more wells. Colemanand
Hester(2010)proposeddrillingtwowellboreseitherfromtwodifferentwellheadsorside-trackedfromonewell.Thesewellboresareconnectedat
thetoeusinghookandring-likesteeltools.Aflexibleandtensionedcuttingcable(“wiresaw”)isthenpassedthroughoneofthewellbores’ring-like
structureandfishedoutfromtheotherwellborewiththesteelhook.Thecableisthenpulledbackandforthfromthewellheadtocutaslot-drilled
fracture the rock mass between the two wellbores. Carter(2011) proposed the use of a single well to cut fractures in the horizontal direction, as 
shown in Fig. 1 (from https://cartertech.com/alternatives-to-hydraulic-fracturing).

Fig. 1—This image illustrates how to create a horizontal fracture using the slot- drill completion technique. Image was culled from 
https://cartertech.com/alternatives-to-hydraulic-fracturing (Carter 2011).

In this paper, we introduce and numerically evaluate a novel EOR technique where gas is injected into horizontal fractures created 
close to the top of the reservoir, while oil is produced from parallel horizontal fractures created close to the bottom of the reservoir. To 
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create these horizontal fractures regardless of the prevailing stress states in the reservoir, this work suggests the use of the slot- drilling 
completion technique (Carter2011), where the subsurface rock can be cut using tensioned abrasive cables attached to the drillpipe , as 
shown in Fig. 1. Under primary recovery, Odunowo et al. (2014)concludedthatmultistagehydraulicfractures(MSHF)outperformedthe
SD completion because of their larger fracture areas. Although two wells are typically recommended to create an SD completion (as 
shown in Fig. 1),onlyoneofthemisneededforprimaryproduction.Here,weproposetheuseofbothwellstocreatetwoparallelhori-
zontal fractures, as illustrated in Fig. 2. After the two fractures are created, one of the wells gets plugged at the bottom and is only allowed 
toinjectfluidsatthetop,whiletheotherisopentoflowfromthebottomfracture.Althoughthisworkfocusesontheinjectionofgasesat
the top while oil is produced from the bottom, it can also be set up to inject water at the bottom while oil is produced from the top.

Fig. 2—This sketch illustrates the proposed SDEOR technology, where the gas/solvent is injected into the top injector (which is 
completed in the top fracture) and oil is produced from the bottom producer (which is completed in the bottom fracture).

Fig. 3 shows the mesh generated to model the simulation domain described in Fig. 2.Thetwoslot-drilledfracturesaremeshedexplic-
itly,asshowninyellow,andthesizeofthecellsareincreasedgeometricallyawayfromfracture.Thisistocapturetheexpectedtransient
behaviornearthefracturesurfaces.Consideringthatthereiscurrentlynotechnologyavailabletofindthelocation,size,orientation,and
properties of all fractures in the subsurface, this work will also involve the simulation of several realizations of natural fracture networks 
(inadditiontotheslot-drilledfractures).Thiswillenablethequantificationoftheeffectoftheseuncertaintiesontheeffectivenessofthe
proposed SDEOR method.

Fig. 3—This image shows the meshing of the simulation domain for the proposed SDEOR technology. The cell sizes are increased 
geometrically away from the two fracture surfaces (in yellow), located at 10 and 70 m from the top of the reservoir.

To evaluate the performance of the SDEOR technology in shale oil reservoirs with realistic fracture networks, we will perform com-
positional simulation studies using our open source “shale” module, which is distributed as part of the latest version of MATLAB 
ReservoirSimulationToolbox(version2020b).Thismoduleessentiallyimplementsthe3DpEDFMpresentedinOlorode et al. (2020) 
and allows us to model several realizations of stochastic fracture networks created using ADFNE (Alghalandis discrete fracture network 
engineering).Thenextsectionintroducesthegoverningequationsandthefracturemodelusedtosimulatetheseunconventionalreservoirs
with realistic natural fractures.
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Natural Fracture Modeling with pEDFM
Althoughseveralmodelshavebeenproposedtomodelfluidflowinnaturallyfracturedreservoirs,wefocusonEDFMsbecausetheyare
able to account for the properties and orientation of each individual fracture in a reservoir. This section starts with an introduction of 
EDFMandendswithadiscussionofitsextensiontoaprojection-basedEDFM,whichunlikeEDFMisabletomodellow-conductivity
fracturesaccurately.EDFMusestheconceptofnon-neighboringconnections(NNCs)tocoupletheflowoffluidsinafracturecelltothat
ofitshost(orembedding)matrixcell.Thecouplingoccursbyaddinga q

nnc
i   term to the semidiscrete form of the governing equation for 

compositionalsimulation(Eq.A-11),whichisdiscussedinAppendixA,asfollows:
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where subscript  m isanindexfrom1tothetotalnumberofnon-neighboringconnectionsforeachcell( Nnnc ).Theflowpotentialsofa
cell and its non- neighbouring cell are written as  (p˛ � �˛gz)  and  (p˛ � �˛gz)nnc , respectively. To determine the transmissibility factor 
( Tnnc ) between any pair of cells that are connected via non- neighboring connections, we need to estimate the area ( Annc ), permeability 
( knnc ), and distance ( dnnc ) of the non- neighboring connections. This transmissibility factor is given as:

 Tnnc = knncAnnc

dnnc .  (3)

The equations to estimate  Annc ,  knnc , and  dnnc aredifferentfordifferenttypesofNNC.Moinfar et al. (2014) provides more details on these 
equations,aswellastheexpressionsforthethreetypesofNNCsinEDFM,whichareshowninFig. 4. The projection- based EDFM (Tene 
2018)isbasedonaselectionofneighboringprojectionmatrixcellsontowhicheachfracturecellisprojected,inadditiontothehost
matrixcellthatcontainsthefracturecell.Theseselectedneighboringcellsarereferredtoas“projectionmatrixcells”andareselected
based on the 3D projection algorithm presented in Olorode et al. (2020).ThepEDFMextendstheEDFMbyaddingtwomoreNNC
transmissibilities,whichenablesittocapturetheeffectsoflow-conductivityfractures.Thefirstoftheseistheprojection-matrix/fracture
transmissibility ( TpMF ), which is given as:

Fig. 4—This figure from Moinfar et al. (2014) illustrates (a) the NNC between a matrix and a fracture cell, (b) two fracture cells that 
belong to different fracture planes, and (c) two fracture cells that are part of the same fracture plane.

 TpMF =
A?xKpMF
dpMF

,  (4)

wheretheharmonicaverageoftheprojectionmatrixandfracturecellpermeabilities(KpMF) is given as:

 KpMF =
KpMKf
KpM+Kf .  (5)

Here, dpMF  represents the distance between the centroid of the fracture and that of the projection cell, while  A?x  is the area of the fracture 
projection along each spatial dimension.

Theprojection-matrix/host-matrixtransmissibility( TpMM )isthesecondmodificationofthepEDFM,asisgivenas:

 TpMM = KA�A?x
� Exe

,  (6)

where  � Exe  represents the cell size in all three spatial directions (for 3D systems),  A  is the area of the face between the projection and the 
hostmatrixcells,while A?x  is the projection area. Olorode et al. (2020) provides further details on the 3D pEDFM algorithm, as well as 
its implementation for compositional reservoir simulation.
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Fracture Network Connectivity Analysis
Consideringthesignificantrolenaturalfracturesplayintheflowoffluidsintightrocks,weperformarigorousstudyoffracturenetwork
connectivity based on the dimensionless connectivity indices given in Haridyetal.(2019). The main objective of this study is to ensure 
an unbiased evaluation of the proposed SDEOR technology, regardless of the number, size, and other properties of the natural fractures 
simulated. Although Haridyetal.(2019)computedthedifferentfractureindicesforeachcellinthereservoir,weextendthisapproachto
computetheconnectivity,crossing,andextendedconnectivityindicesfortheentiresimulationdomainasfollows:

 CI = Total number of fracture-fracture intersections in the reservoir domain
Total number of fractures in the reservoir ,  (7)

 CRi,j,k =
Total number of matrix face-fracture intersections in x, y, and z directions

Total number of fractures in the reservoir ,  (8)

and

 eCIi,j,k = CRi,j,k + CI.  (9)

In these equations,  CI  ,  CRi,j,k  , and  eCIi,j,k  aretheconnectivity,crossing,andextendedconnectivityindices,respectively.Thesubscripts
i,  j , and  k  areusedtoindicatethatthecrossingandextendedconnectivityindicesarecomputedforthex-, y-, and z- directions. The con-
nectivityindexiscomputedbyloopingthroughallthefractureplanesinthedomain,countingthenumberoffracture-fractureintersec-
tions,anddividingthatbythetotalnumberoffractureplanesinthereservoir.Thecrossingindexinthex- direction (CRi) is computed by 
looping through all the cell faces in the x- direction, counting the total number of fractures that these faces, and dividing this by the total 
number of natural fractures in the reservoir simulation domain. The same procedure is repeated for CR j  and CR k  ,exceptthatweonlyuse
the y and zfacesinthesecases,respectively.Theextendedconnectivityindex(eCI i,j,k  ) is computed as the summation of CI and CR i,j,k  .

Thedensityofafracturenetworkcanberepresentedbyfractureintensity,whichcanbecharacterizedusingdifferentmeasures,asin
Niven and Deutsch (2010). In this work, fracture intensity (in units of 1/ft) is calculated by summing the areas of all the natural fractures 
in the reservoir ( Ai ), and dividing that by the bulk volume of the reservoir ( V  ), as follows:

 Fracture Intensity =
Pn

i=1 Ai
V .  (10)

The level of connectivity of a fracture network can be assessed by computing its “percolation threshold,” which is the interval above 
whichthefracturenetworkbeginstocontributesignificantlytowardtheproductionfromthefracturedreservoir.Thestepsrequiredto
determine the percolation threshold for a fractured reservoir stimulated using the proposed SDEOR method are as follows:

1. Setupareservoirmodelsuchthateachmatrixcellhasdimensionsexceedingtheaveragelengthofanygivennaturalfracture(NF)
plane. Table 2andTablesB-1andB-2inAppendixBlistthereservoir,binaryinteractioncoefficients,andcompositionaldataused
in the model.

2. IncreasethenumberofNFsinthereservoir,rangingfrom8,16,32,64,128,256,512,750,1,024,to1,500.Afewofthesereali-
zations are shown in Fig. 5.

3. ComputeCI, eCI i,j,k  ,andfractureintensity(asinEqs.7,9and10)foreachrealization.
4. Createalog-logplotofCI and eCI i,j,k   against fracture intensity (Fig. 6).
5. Determine the percolation threshold at the fracture intensity range, where CI transitions from a nonlinear to a linear trend (Haridy

et al. 2019) that increases monotonically. This range is delineated by the two dashed green lines in Fig. 6.

Parameters SI Unit Field Unit

Reservoir model dimensions 200×100×80 m 656.2×492.1×393.7 ft

Mesh size 5×5×(0.01 − 4) m 16.4×16.4×(0.016 − 13.1) ft

Initial reservoir pressure, pi 3.93e+7 Pa 5,700 psia

Wellbore flowing pressure,  pwf  1.7237e+7 Pa 2,500 psia

Reservoir temperature 353 K 175°F

Matrix permeability, km 9.87e−18 m2 1e−2 md

Matrix porosity,  � 0.07 0.07

Injection rate,  qinj 0.00615 m 3/ s 18,800 scf/D

Well radius, rw 0.1 m 0.33 ft

# NFs (base case) 300 300

NF porosity,  �NF 0.5 0.5

NF permeability,  kNF 9.87e− 16 m2 1 md

NF aperture,  wNF 3.05e−3 m 0.01 ft

# SD fractures 2 2

SD fracture porosity,  �SD 0.33 0.33

SD fracture permeability,  kSD 9.87e−12 m2 10 D

SD fracture aperture,  wSD 0.01 m 0.033 ft

SD fracture spacing 60 m 196.85 ft

Table 2—Reservoir input parameters.
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Following the enumerated steps, the percolation threshold was determined to be at a fracture intensity between 0.005 and 0.014 ft−1. 
Thiscorrespondstohaving70to260naturalfracturesinthedomain.Atfractureintensityvaluesabovethepercolationthreshold,adding
morestochasticfracturestothereservoirresultsinasignificantchangeinoilproductionbecauseoftheincreasedfracture-fractureand
fracture-matrixintersections.Thischangecouldbepositiveornegative,dependingonthevalueofthefractureconductivity,asdemon-
strated in the subsequent subsections.

Evaluation of Primary Recovery from Single Slot-Drilled Fracture. To obtain useful insights on the role of gas injection in SDEOR 
technologyinfracturedtightrocks,wefirstsimulate8yearsofprimaryoilproductionfromaproducingwellthatiscompletedusinga
slot- drill fracture near the bottom of the reservoir domain. These results provide a reference for the computation of the improved recovery 
obtained when gas is injected as proposed in SDEOR. Table 2 summarizes the input parameters for the shale- oil reservoir simulated in 
thissection,whileTablesB-1andB-2inAppendixBsummarizethecompositionalfluiddataforthesimplethree-componentmixture
simulatedinallbutthelastsectionofthispaper.Althoughweusethissimplemixturetofacilitatethecomputationallyexpensivestudies
inthiswork,thefinalsectionprovidesastudyoftheapplicabilityoftheSDEORtechnologyusingrepresentativedataforaBakkenshale-
oil reservoir.

Fig. 7presentsthesimulatedoilRFandcumulativeoilproductionagainstfractureintensity.Theresultsshowanexponentialincrease
incumulativeoilproductionwhenthefractureintensityexceedsthepercolationthreshold.Althoughweonlyshowresultsupto0.1ft−1 
becauseofcomputationallimitations,thisexponentialtrendindicatesthatthecumulativeproductionwillincreaseconsiderablyathigher
valuesoffractureintensity.Theseresultsshowthatfracturescontributetoanincreaseinproduction(whentheirnumberexceedsthe
percolationthreshold)becausetheconnectedfracturesprovideapreferentialpathfortheflowoffluidstowardtheproductionwell.Below
the percolation threshold, the contribution of the fractures to oil production is negligible because the fractures are scanty and disconnected 
from one another, as shown in Figs. 5a and 5b.

Toexplainwhynaturalfracturesdonotcontributeappreciablytoproductionwhenthefractureconnectivityisbelowthepercolation
threshold,wecomputetheconnectivityindicesinEqs.7through9foreachcell,asinHaridyetal.(2019). Fig. 8 presents the  eCIkcell  
valuesfor16and512naturalfractures,whicharerespectivelybelowandabovethepercolationthreshold.Thefocusontheextended
connectivityindexinthez- direction is because the gravity drainage mechanism that dominates the SDEOR process acts in this direction. 
Fig. 8a indicates that the system with 16 natural fractures has limited fracture connectivity because of the zero values of eCI k   in most of 
thematrixcells.Incontrast,Fig. 8b shows a system of 512 natural fractures, where the eCI k  valuesaregreaterthanzeroinseveralmatrix

Fig. 5—The images show stochastic fracture networks with 16, 64, 256, and 1,024 natural fractures. Each image corresponds to 
one realization from a probabilistic distribution of the location, orientation, and size of the individual fractures that make up the 
fracture network with the specified number of fractures.

Fig. 6—A log- log plot of CI and eCI i,j,k   against fracture intensities. Each point in this figure corresponds to the natural fracture 
networks shown in Fig. 5. The dashed green lines indicate the fracture intensity range that defines the percolation threshold, and 
the secondary X- axis shows the number of fractures that correspond to the fracture intensities on the primary X- axis.
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cells. Therefore, the eCI k  profileprovidesavisualevidenceforthesignificantconnectivityofthefracturesinreservoirsthathavefracture
intensities above the percolation threshold. It is also in agreement with the results presented previously in Fig. 7.

Thenexttwosectionsfocusontheevaluationofthenear-term(8years)andlong-term(60years)performanceofSDEORtechnology.
The objective is to understand the physical mechanisms that control the short- and long- term performance of SDEOR in fractured tight 
rocks.

Short-Term Simulation Studies of the Application of SDEOR in Fractured Shale Oil Reservoirs
Thissubsectionpresentstheresultsofthesimulationof8yearsofmethanegasinjectionintoaslot-drilledfractureclosetothetopofthe
fractured reservoir while simultaneously producing oil from the slot- drilled fracture close to the bottom of the reservoir. To evaluate the 
robustness of the SDEOR technology in naturally fractured reservoirs, we simulated several realizations of the natural fracture network. 
This work also accounts for the fact that the permeability/conductivity of natural fractures could vary widely, ranging from sealing to 
highly conductive fractures, as shown in Table 3.

NF Network
Type

NF Permeability
(md)

NF Conductivity
(md- ft)

Conductive 10 1

Sealing 1e−5 1e−6

Table 3—Different NF network conductivities for k m  
= 1e−2 md.

Study of SDEOR Performance in Reservoirs with Only High-Conductivity Natural Fractures. Fig. 9 provides a box-plot that
quantifiestheuncertaintyintheRFfromSDEORinareservoirmodelwithseveralrealizationsofonlyhighlyconductivenaturalfractures
with a permeability of 10 md, as shown in Table 3. Itshowsthatwithinthe8yearsofsimulatedproduction, theRFremainsabove
13.64%, regardless of the number of fractures simulated. This indicates that the proposed SDEOR method is applicable regardless of the 
amount of conductive natural fractures in the reservoir. As the number of conductive fractures increases above the percolation threshold, 
the RF actually increases slightly. This is in agreement with the role of fractures in enhancing oil recovery in a gravity drainage process. 

Fig. 7—The oil RF and cumulative oil production plots show increased production when the fracture intensity exceeds the 
percolation threshold. The dashed green lines indicate the percolation threshold.

Fig. 8—The plots of eCI k   for each matrix cell show the poor and high fracture connectivities at (left) 16 and (right) 512 natural 
fractures, respectively.
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ComparingtheSDEORRFtoitscorrespondingvalueduringprimaryrecovery(whichis5.9%fromFig. 7a), it is clear that methane gas 
injectionthroughtheproposedtechnologyresultsinatwofoldincreaseinproductionoveronly8yearsofproduction.

ToprovidefurtherinsightintotheSDEORprocessinfracturedshale-oilreservoirs,wepresenttheprofileofmethanegasmolefraction
in Fig. 10. The left image shows an almost piston- like displacement when the number of fractures in the domain are negligible (16 NFs 
inthiscase).However,whenthenumberofnaturalfracturesexceedsthepercolationthreshold,asintheimageontheright,theinjected
methanegetsdivertedtovariouspartsofthereservoir.Here,thenetworkof512NFstransportsthemethanegastowardthetopofthe
formation owing to buoyancy. This could lead to the formation of a secondary gas cap if the process is simulated for a much longer dura-
tionthanthe8-yearperiodsimulatedinthiscase.Subsequentsectionsinvolvesimulatinginjectionandproductionfor60years,tostudy
the long- term performance of the proposed SDEOR technology.

Fig. 10—Reservoir grid visualizations for C1 gas composition by the end of 8 years of SDEOR simulation for conductive fracture 
networks: 16 NFs case (top) and 512 NFs case (bottom). Adding more NFs beyond the percolation threshold affects oil recovery 
under the SDEOR technology.

Study of SDEOR Performance in Reservoirs with Only Low-Conductivity Natural Fractures. Unlike the previous subsection, here 
wesimulateseveralrealizationsofsealingfracturesonlywithapermeabilityof1e−5md,asshowninTable 3. Fig. 11providesabox-
plot that shows how the oil RF for the SDEOR changes as the number of these sealing fractures increases. The results show that although 
the oil RF decreases slightly as the number of fractures increases, the proposed SDEOR technique still provides a twofold increase in 
recovery (in comparison to the primary RF of 5.9%) even with up to 1,024 sealing fractures.

Study of SDEOR Performance in Fractured Reservoirs. Considering that the fractures in shale-oil reservoirswere formedunder
differentprevailingstressstatesandatdifferentpointsinitsgeologichistory,fractureconductivitytypicallyvariesoverawiderange.
Some fractures are conductive under the current stress state while others (that were previously active when formed) could be inactive 
or sealing in the prevailing stress state today. To account for this uncertainty in fracture conductivity, we simulate a case with 1,024 
fractures,whichhaveamixofhigh-andlow-conductivityfractures.Thehigh-conductivityfractureshavepermeabilityvaluesthatare
sampledfromanormaldistributionwithameanof82mdandstandarddeviationof52md,whilethelow-conductivityfractureshavea
mean and standard deviation of 9 nd and 6 nd, respectively. The aperture (wf) of each fracture in the network is computed from the cubic 
law for fracture permeability (Kf) as follows:

Fig. 9—These box plots indicate a small variation in the oil RF as the number of high- conductivity fractures increases from 8 to 
1,024. Several realizations are simulated to quantify the uncertainty associated with different realizations of these conductive 
natural fracture networks.
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 wf =
p
12Kf.  (11)

Fig. 12providesabox-plot that shows theoilRF for thiscasewithmixed-conductivity fractures, inaddition to thehigh-and low-
conductivity fracture cases from the previous two subsections. In all three cases, the change in the RF for the SDEOR is minimal, indi-
catingtherobustnessofthistechnology,regardlessoftheuncertaintyinthefracturenetwork.Thenextsectionfocusesonthelong-term
performance of the SDEOR technology and shows simulation results for up to 60 years of production.

Fig. 12—These box plots indicate the robustness of the SDEOR technology in tight rocks with 1,024 fractures of high, low, and 
mixed conductivity values. For this extreme case of 1,024 NFs, the EOR RF only varies from 13.42 to 13.81% after 8 years of 
simulation.

Long-Term Simulation Studies of the Application of SDEOR
In this subsection, we assess the long- term performance of the proposed SDEOR technology in fractured shale- oil reservoirs by simulat-
ing up to 60 years of production. Fig. 13 presents the plots of the cumulative oil and gas production for a base- case simulation with no 
natural fractures, a primary recovery case, as well as a case with 64 natural fractures (which is below the percolation threshold), an inter-
mediate case of 256 natural fractures, and another with 1,024 fractures, which is well above the percolation threshold determined from 
theprevioussubsection.Comparedtotheprimaryrecovery(greenline),thisfigureshowsthatSDEORresultsinadramaticincreasein
cumulative oil production, regardless of the number of natural fractures in the reservoir. Performing the simulation for up to 60 years 
shows the long-termeffectivenessof theproposed technologybecause thecumulativeoilproduction increasesataconstant rate for
30years.Itisworthnotingthattheinjectedgasdoesnotbreakthroughbeforeapproximately25yearsofproduction(evenwithasmany
as 1,024 conductive natural fractures), and the cumulative gas production is the same in all SDEOR cases after 40 years of production. 
This is because of the role gravity plays in stabilizing the gas front and preventing early gas breakthrough through the fracture network. 
Unlike primary recovery from fractured rocks, where a higher number of conductive fractures typically yields more oil production, EOR 
from fractured rocks could result in lower oil production owing to earlier gas breakthrough. The highly conductive fractures created 

Fig. 11—These box plots quantify the effect of the uncertainty associated with different realizations of low- conductivity natural 
fracture networks. It shows a negligible decline in the RF as the number of sealing fractures increase.
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increasetheanisotropyandheterogeneityofthesystem,resultinginalesspiston-likedisplacement.Thisreducedsweepefficiencyofthe
injected gas consequently yields earlier gas breakthrough at higher numbers of conductive fractures, as shown in Fig. 13. To clarify, the 
verysmalldifferencesbetweenthecumulativeoilproductionresultsareinconclusivebecauseoftheuncertaintiesassociatedwiththe
stochastic nature of the fracture networks.

TofurthershowtherobustnessofSDEORinthepresenceofnaturalfracturesrangingfrom0to1,024andatdifferenttimesinthelife
ofthereservoir(at8,15,30,and60years),weprovideaplotoftheSDEORRFinFig. 14. The nearly horizontal nature of this plot in the 
near and long term buttresses the conclusion that the recovery does not depreciate appreciably regardless of the presence or number of 
natural fractures in the reservoir. The red triangles plotted on the y- axiscorrespondtothebasecasewithnonaturalfractures,whichtech-
nically corresponds to a case with zero fracture intensity. Fig. 15showsthetimeevolutionoftheinjectedmethanegasprofileafter8,15,
30, and 60 years in a reservoir with no natural fractures (base case) and another with 1,024 fractures. As time advances, the injected 
methane composition migrates toward the bottom producer, while some of this gas also moves to the top of the reservoir owing to 
buoyancy.

Table 4 summarizes the performance results of the SDEOR technology by comparing its RF with those from primary production. We 
alsoprovidethechangeinRF(relativetoprimaryrecovery),aswellastheIORratio,whichcanbeashighas8.58after60yearsofpro-
duction.Toshowthegame-changingpotentialoftheSDEORtechnologyincomparisontotheapplicationofCGEORinusetoday,the
nextsectionprovidesacomparisonofbothtechnologiesusingthesamereservoirmodel.

Gas Flooding
Period (years)

Primary
Oil RF

SDEOR Oil
RF (1,024 NFs)

Increased Oil
RF (%) IOR Ratio

8 5.48 13.75 +8.27 2.37

15 5.48 22.15 +16.67 3.79

30 5.48 40.95 +35.47 6.94

60 5.48 50.14 +44.66 8.58

Table 4—SDEOR performance summary under different flooding periods 
in a reservoir with 1,024 conductive NFs.

Performance Comparison between CGEOR and SDEOR Technology. In this section, we compare the production performance 
of the proposed technology to theCGEORmethodused inMSHFhorizontalwells.The compositionalfluidparameters andbinary
interaction coefficients used in both SDEOR andCGEORmodels are provided in TablesB-1 andB-2 inAppendixB. Tomake a
meaningfulcomparisonbetweenthesetwoEORtechnologies,weensuredthatthetotalsurfaceareaofallthefracturesintheCGEOR
model shown in Fig. 16 is equal to the area of one slot- drilled fracture shown in Fig. 3. The completion parameters for the slot- drilled 
fracture are presented in Table 2,whilethosefortheMSHFwellsaresummarizedinTable 5. Unlike the previous SDEOR simulation 
resultspresentedinprevioussections,thiscasewassimulatedatthesameinjectionandflowingbottomholepressuresfortheCGEOR
case (in Table 5).Althoughmethanegasisinjectedinbothmethods,SDEORinvolvescontinuousgasinjection,whereasinCGEOR,
wesimulated injection,soaking,andproductionfor25,5,and70days, respectively.As reported inJacobs (2019), this approach of 
minimizingthedurationofinjectionandsoakingistypicallyoptimalinCGEOR.So,weuseanoptimalCGEORoperationscheduleto
avoidartificiallymakingtheCGEORsuboptimal.

Fig. 17 shows that the primary production from both slot- drilled and hydraulically fractured wells are practically identical because 
bothmethodsmodelthesametotalfracturesurfacearea.TheotherplotsinthisfigureshowthatSDEORyieldsmuchhigheroilproduc-
tionandmuchlessgasthanCGEOR.Theincreasedoilproductioncouldyieldasharpincreaseintherevenuefromunconventionaloil
reservoirs, while the reduced gas production will minimize the costs of handling the associated gas. The slope of the left image changes 
after 2.3 years because the gas breaks through as shown in the right image. Table 6furtherquantifiesthemagnitudeoftheincreasein
recoveryfromtheSDEORincomparisontotheCGEORtechnology.Itshowsthatoverthefirsteightyearsofproduction,theproposed
SDEORtechnologyyields2.7timesmoreoilthantheCGEORmethodand12timesmoreoilthanprimaryoilproduction.Thisdramatic
increaseintheEURfromSDEORincomparisontoCGEORcouldbeattributedtotherolegravityplaysinstabilizingthegasfrontin

Fig. 13—These performance plots show the long- term effectiveness of the SDEOR technology, regardless of the presence of 
natural fractures. The results show that the oil production does not decline until after 30 years, and gas does not break through 
until after 25 years.
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fracturedunconventionalreservoirs,aswellasthefactthatCGEORonlyproducesoilforafractionofthelifeofthewellandiseither
shut- in or injecting gas at other times.

Fig. 18presentsthemethanegasprofileafter8yearsofsimulationforbothEORtechniques.Theleftimageshowsthattheinjected
gasefficientlydisplacestheoiltowardtheslot-drilledfractureatthebottomofthereservoir.Thered-coloredcellsdelineatetheportions
ofthereservoirthathavebeensweptbytheinjectedgas.ThemethanegasprofileontherightinFig. 18 shows that some of the injected 
gasgetstotheboundariesofthedomainafter8yearsofsimulatedproduction.Fig. 19 presents slices of the domain in the x- and z- 
directions,anditshowsthattheinjectedgastravelshorizontallyinthereservoirasexpected.Theconcentrationofmethanegasnearthe
fracturesurfacesresultsinhighandlowrelativepermeabilitiestogasandoil,respectively.Thisconsequentlyleadstoareducedflowof

Fig. 14—The blue lines show that the EOR RF stays almost constant regardless of the fracture intensity, but increases over time as 
expected. The red triangles on the y- axis indicate the corresponding RF for a case with no fractures (zero fracture intensity). The 
percolation threshold is shown as the interval between the two green lines.

Fig. 15—These profiles show how the methane gas composition evolves for a base case without natural fractures (left column) and 
for a case with 1,024 conductive fractures (right column).
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oilandanincreasedflowofgastowardthehydraulicallyfracturedwell.ThisisafundamentallimitationoftheCGEORmethod,which
significantlycurtailsoilproductionlaterinthelifeofthewell.Theuseofapairofslot-drilledfracturesintheSDEORtechnologyhelps

Fig. 16—Image shows the simulation domain for the CGEOR method. The natural fractures are shown as yellow planes, while the 
hydraulic fractures are shown as red vertical planes.

Parameters SI Unit Field Unit

Injection pressure, Pi 4.6195e+7 Pa 6,700 psia

Wellbore flowing pressure, Pwf 1.7237e+7 Pa 2,500 psia

Fracture half- length, xf 30 m 98.4252 ft

Fracture width, wf 0.003 m 0.00984 ft

Cluster spacing 15 m 49.21 ft

Fracture spacing 37.5 m 123.03 ft

Fracture permeability, kf 9.87 e−13 m2 1e3 md

Fracture porosity, �frac 
0.5 0.5

Well radius, rw 0.1 m 0.32 ft

Injection period (Jacobs 2019) 25 days 25 days

Soaking period 5 days 5 days

Production period 70 days 70 days

Cycle duration 100 days 100 days

Table 5—Input parameters for CGEOR in MSHF completion.

Fig. 17—The results show that SDEOR yields 2.7 times more oil than CGEOR, and half as much of associated gas production. The 
primary recovery from the slot- drilled and MSHF wells match because the total fracture area is the same in both cases.
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avoid this limitation, resulting in a continued increase in cumulative oil production, as shown in Fig. 17.Conversely,inCGEOR,the
cumulativeoilproductionflattensoutbecausemoregasisproducedinsteadofoilasthehuff’n’puffprocesscontinues.

Fig. 18—Left image shows the methane gas profile after 8 years of simulated SDEOR while right image shows the corresponding 
methane profile from the CGEOR method.

Fig. 19—Left image shows the profile for the methane mole fraction, with the last 8 cells in the x- direction taken out, while the right 
image cuts out half of the matrix cells above the middle of the reservoir. It shows that the methane gas saturates the pore volume 
in the vicinity of the hydraulic fracture clusters, leading to the limited performance of the CGEOR method.

Evaluation of the Recovery Mechanisms in SDEOR
Inthissection,westudytheroleofdifferentrecoverymechanismsintheproposedSDEORtechnologyusingthereservoirandfluidinput
parameters in Table 2andTablesB-1andB-2inAppendixB,respectively.Anunderstandingofthephysicalmechanismsthatcontrolthe
performanceoftheSDEORprocesscouldfacilitatethedesignofanefficientfieldimplementationofthistechnology.Here,wefocuson
three main recovery mechanisms:

1. Pressure- driven recovery
2. Gravitydrainage
3. Oil viscosity reduction

The Role of the Pressure Difference between the Injector and Producer. Thegoalinthissectionistostudytheeffectofthepressure
differencebetweentheinjectorandproducer( �Pdiff  ) on the oil recovery from SDEOR. As shown in Fig. 20, we ran four simulation cases 
atafixedflowingbottomholepressureof2,500psiabutatinjectionpressures(P inj )rangingfrom5,700to7,700psi.Thisyieldedthefour
injectionpressuresshowninthefigure.ThecumulativeoilproductionplotsinFig. 20a shows that although we produce more oil earlier 
inthewelllifeathigherinjectionpressures,thecumulativeoilproductionconvergestothesamevalue.Asexpected,thecasewiththe
lower injection pressure yields lower cumulative gas production, which could be important in controlling the amount of associated gas 
produced from the proposed technology.

ItisworthnotingthatwhilethepressuredifferenceintheSDEORtechnologyactscontinuouslybetweentheinjectorandproducer,in
CGEOR,theeffectofapressureincreaseisonlyfeltduringtheinjectionandsoakingperiod.Thiscouldalsocontributetotheloweroil
productionobservedfromoursimulationsoftheCGEORmethod.

Recovery Mechanism Oil RF (%) EUR (MSTB) IOR Ratio

Primary 6 30 N/A

CGEOR 26 131 4.3

SDEOR 70 352 12

Table 6—Performance comparison between SDEOR and 
CGEOR after 8 years for a simple fluid mixture.
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The Role of Gravity Drainage. Here,wedemonstratetheroleofgravitydrainageintheSDEORtechnologybysimplyturninggravity
offandon,andcomparingthecorrespondingoilproductionfrombothcases.Oursimulationresultsshowthatgravityresultsinmoreoil
recoveryathighermatrixpermeabilityvaluesandinsystemswithdensenetworksofhigh-conductivityfractures.Consideringthatshale-
oilreservoirsaretypicallynaturallyfracturedandwithlowmatrixpermeabilities,wepresenttheresultsforashalereservoirwithamatrix
permeabilityof50μdand512naturalfractures(whichisabovethepercolationthreshold).ThesimulationresultsgiveninFig. 21 shows 
thatgravityaccountsfor20%oftheoilproductionafterafter30yearsofsimulatedproduction.Thiseffectcouldbeevenmoresignificant
if the simulation is run for a longer duration, or if more and larger subvertical fractures are simulated. In Fig. 22,weshowtheprofilefor
themolefractionofmethanegas(C1)after30yearswhengravityisturnedon(leftimages)andwhenitisturnedoff(rightimages).A
comparisonofthemethane-gascompositionprofilesafter15and30yearsindicatesthatgravityhelpsstabilizetheinjectedgasfrontand
delaysthebreakthroughofthegasattheproducer,asconfirmedbythecumulativegasproductionpresentedinFig. 20b. These results 
indicate that the role of gravity in the proposed SDEOR technology could be the game changer in shale plays like the Bakken, which are 
knowntohavelowmatrixpermeabilitiesandcomplexnetworkoffractures.Insuchsystems,theCGEORmethodhasnotbeensuccessful,
as discussed in Kuuskraa et al. (2020).ThiscouldbeattributedtothepredominantlyhorizontalflowexpectedduringCGEORthrough
nearlyverticalfractures.However,intheverticalflowexpectedinSDEOR,gravityappearstocurtailearlygasproductionthroughthe
high-conductivityfractureflowpathsbythebuoyancyoftheinjectedgas.Fig. 22 also shows that the gas rises to the top of the reservoir 
when gravity is turned on but does not otherwise.

The Role of Oil Viscosity Reduction. To evaluate the role of oil viscosity in the proposed SDEOR technology, we again simulate the 
SDEOR technology by injecting at a constant q inj of18.8Mscf/DandaPwf of 2,500 psia for 30 years. We then compute the surface oil 
viscosity shown in Fig. 23,usingtheLohrenz-Bray-Clarkcompositionalviscositymodel(Lohrenz et al. 1964). The simulated viscosity 
oftheoilproducedatthesurfaceisobservedtodecreasefromaninitialvalueof0.017cpto0.0158cp(−7.6%change)after30years.
We also observe from Fig. 24 that the viscosity of the oil left in the reservoir decreases during gas injection. This is because the injected 
methanegasappearstomixwiththeoilphase,makingitlessviscous.Oilphasemobility 

�
Ko
�o

�
  increases as its viscosity decreases, and 

thismakesitflowmoreeasilytowardthebottomproducerintheSDEORtechnology.Althoughthedecreaseintheoil-phaseviscosity
israthersmallbecausethecommercialshaleoilplaysareusuallyvolatileoils,higherviscositymixtureshavebeenshowntoyieldmore
significantviscositychangesduringmisciblegasinjection(ZouandSchechter2017; Haoetal.2020).

Fig. 21—Performance plots for the cases with and without gravity demonstrates that gravity plays a significant role in the SDEOR 
technology.

Fig. 20—Performance plots show the role of the pressure difference between the injector and producer in the SDEOR technology. 
Figs. 20a and 20b present the plots of cumulative oil and gas production.
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SDEOR Application to Eagle Ford and Bakken Shale Plays
Inthissection,wenumericallyevaluatetheapplicationofSDEORincomparisontoCGEORinactualshaleplays.Toensurethatthe
CGEORcasessimulatedarenotcurtailedbysuboptimaloperatingconditions(incomparisontoSDEOR),wewillsimulatethecyclic
injectionofmethanegasunderefficientoperatingconditionsasfollows:

1. Use optimumfield injection, soaking, and production durations of 60, 14, and 180 days (2, 0.5, and 6months), respectively
(Kuuskraa et al. 2020).

2. Operate at Pwf above PbtopreventthevaporizationoftheoilandensureoptimumCGEORRF(Sun et al. 2019).
3. StartCGEORafterthecumulativeoilproductionfromprimaryrecoveryflattensout.
Inthenexttwosubsections,wepresenttheresultsfromthesimulationoftheEagleFordandBakkenshaleformations.Inboth

cases,wesimulateprimaryproductionfor3years,afterwhichwemodelbothCGEORandSDEORfor8moreyears.

Eagle Ford Shale. TomodelavolatileoilEagleFordshalereservoir,weusethefluidcompositiondatapresentedinTablesB-3and
B-4inAppendixB.MostofthereservoirinputparametersusedaregiveninTable 2, but to model a representative Eagle Ford shale 

Fig. 22—Left and right images show the profile of methane gas mole fraction with and without gravity, respectively. Left images 
show that gravity helps delay the breakthrough of the injected methane gas in comparison to the case where gravity is ignored.

Fig. 23—Plot of surface oil viscosity shows that the oil gets less viscous as the injected methane gas mixes with the oil in the 
reservoir.
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reservoir, we use Pi, Pwf, q inj , and kmvaluesof7,000psia,2,500psia(abovePb=1,560psia),400Mscf/D,and1μd,respectively,for
bothSDEORandCGEORcases.WedonotsimulateanynaturalfractureinthiscasebecauseRatermanetal.(2018) did not observe any 
naturalfracturesfromtheirextensivesamplingofastimulatedrockvolumebydrillingmultiplelateralwellboresthrougharegionaround
a stimulated Eagle Ford shale well. Fig. 25comparestheproductionperformanceoftheSDEORtechnologytotheCGEORmethod.It
showsthatSDEORproduces3.8timesmoreoilthanCGEORafter11yearsofsimulatedproduction.Theflatteningoftheslopeofthe
SDEOR cumulative oil production (dotted blue line) corresponds to the time the injected gas breaks through into the bottom producer 
after6yearsofproduction.ThisisconfirmedintherightplotinFig. 25, which shows that the gas production from SDEOR is negligible 
until it breaks through when most of the oil is already recovered. This observation indicates that the production of associated gas is 
typically negligible while most of the oil is being recovered during SDEOR, which will minimize the costs associated with gas handling 
inthesurfacefacilities.Asexplainedintheprevioussection,thereductioningasproductionuntilgasbreaksthroughisbecauseofthe
role of gravity in stabilizing the gas front in SDEOR from fractured reservoirs.

Fig. 25—Performance plots show a comparison of the cumulative oil (left) and gas (right) production from primary production, 
CGEOR, and SDEOR from a representative Eagle Ford shale oil well. The results show that SDEOR yields 3.8 times more oil than 
CGEOR.

ThedramaticincreaseinoilrecoveryfromSDEORincomparisontoCGEOReveninshalereservoirswithlittleornofracturesshows
theapplicabilityinsuchshaleplays.Inthenextsubsection,wefocusonshaleplayssuchastheBakkenshale(whichhaslotsofcomplex
fractures),whereCGEORhasnotbeensuccessfulatincreasingtherecoverysignificantly.

Bakken Shale. TomodelavolatileoilBakkenshalereservoir,weusethefluidcompositiondatapresentedinTablesB-5andB-6.Most
of the reservoir input parameters used are given in Table 2, but to model a representative Bakken shale reservoir, we use Pi, Pwf, q inj , and 
kmvaluesof6,700psia,3,000(abovePb=1,640psia),60Mscf/D,andand10μd,respectively,forbothSDEORandCGEORcases.We
simulate150subverticalnaturalfractureplaneswith1.5md-ftconductivity,diprangingfrom60°to90°(withameanof80°),anddip
direction between N50°W and S40°E, as interpreted from the formation microimager logs (SturmandGomez2009). Fig. 26 compares 
theproductionperformanceoftheSDEORtechnologytotheCGEORmethod.ItshowsthatSDEORproduces3.2timesmoreoilthan
CGEORafter11yearsofsimulatedproduction.Additionally,CGEORyieldsaconsiderableamountofassociatedgas(cumulativegas
production of 15.2 MMscf), whereas the SDEOR technology does not yield any gas production during the 11 years of production because 
theinjectedgasisyettobreakthroughatthebottomproducer.ThisresultpointstotheflexibilityindesigningtheSDEORtechnologyto
optimize the duration of oil production before gas breakthrough, by modifying the injection rates or pressure based on the permeability 
and thickness of the shale formation.

Table 7 summarizes the results of the simulated recoveries from both the Eagle Ford and Bakken shale plays using SDEOR and 
CGEOR.TheIORratiosfortheCGEORmethodlieswithinthepublishedrangefortheEagleFord(1.34–1.62)andBakken(1.11–1.41)
shale plays (Kuuskraa et al. 2020). The consistently superior recovery from the proposed SDEOR technology (at least three times higher 

Fig. 24—Images show in- situ oil phase viscosity at the beginning (left) and after 30  years (right) of simulating the SDEOR 
technology. In- situ oil viscosity decreases as injected gas continuously mixes with the oil in the reservoir.
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recoverythantheCGEORmethodinbothshaleplays)indicatesitspotentialtobeagamechangerintherecoveryofoilfromshale-oil
reservoirs.

Shale Formation Recovery Mechanism Oil RF (%) EUR (MSTB) IOR Ratio

Eagle Ford shale Primary 10.7 49.2 N/A

CGEOR 17.1 77.9 1.6

SDEOR 66.0 302.8 6.2

Bakken shale Primary 5.0 24.1 N/A

CGEOR 6.8 33.2 1.38

SDEOR 21.8 106.2 4.41

Table 7—Incremental oil recovery in shale formations from SDEOR and CGEOR.

Inthenexttwosubsections,wefocusontheapplicationoftheSDEORtechnologyintheBakkenshale,whereCGEORfieldpilots
have been reported to be unsuccessful and operationally challenging because the injected gas disperses quickly into the natural fracture 
networkwithoutsoakingineffectivelyintotheoil-chargedmatrix(Kuuskraa et al. 2020). The goal is to study the performance of the 
SDEOR technology in Bakken shale- oil reservoirs under the following unfavorable EOR conditions (Pospisil et al. 2020):

1. The presence of natural fracture networks at low and high conductivities.
2. Operating at Pwf (1,000 psia) below both Pb(1,640psia)andtheminimummiscibilitypressurefordifferentsolventsused(suchas

CH4, N2,fluegas,andCO2).

Study of SDEOR Performance in Bakken Shales with Different Fracture Conductivities. Here,wesimulate the injectionof
methane into a Bakken shale oil reservoir at a constant rate of 20 Mscf/D for 30 years. To quantify the increase in recovery via 
SDEOR, we also simulate primary production without gas injection. The SDEOR cases studied include a base case without natural 
fractures, onewith1,024conductivenatural fractures, andanotherwith1,024nonconductive (NC)natural fractures.Weuse as
manyas1,024naturalfracturestoensurethatthefracturenetworkconnectivityexceedsthepercolationthreshold.Fig. 27 presents 
the cumulative oil and gas production plots for these three cases, as well as the reference case under primary recovery. These results 
show that the proposed SDEOR technology increases the oil recovery by a factor of at least 4 in all three cases studied. Fig. 28 
showstheprofileformethane-gascompositionforthesethreeSDEORcases.Itshowsthattheinclusionofthestochasticfracture
networksinthereservoirdomainslightlydecreasesthesweepingefficiencyasseenintheslightdistortionofthemorestablegasfront
in the case with no fractures (Fig. 28a). Nonetheless, the proposed SDEOR technology still yields over four times more oil in the 
Bakkenshaleregardlessofthepresenceofalargenumberofconductiveornonconductive/sealingfractures.Theseresultsconfirm
the applicability of this technology in unfractured shale- oil reservoirs like the Eagle Ford shale play (Ratermanetal.2018) and in 
densely fractured reservoirs like the Bakken shale play (Kuuskraa et al. 2020).

Study of SDEOR Performance with Different Injectants. Inthissubsection,wesimulatetheinjectionofdifferentgases(CH4, N2, 
fluegas,andCO2) into the Bakken shale using the proposed SDEOR technology. Fig. 29 shows a comparison of the cumulative oil (left) 
andgas(right)productionwhenthesedifferentgasesareinjected,whileTable 8 summarizes these results and provides the molecular 
weightofeachoftheinjectedgases.Thedottedlinesinthefigurecorrespondtotheresultswhengravityisturnedoff,whilethesolid
linesof thesamecolorare the results for thecorrespondingcasewithgravity turnedon.Thedifferencebetween thecaseswithand
withoutgravityismoresignificantforthelightergases(methaneandnitrogen)thantheheaviergases.Thecomparisonoftheresults
ofthedifferentinjectants(withgravity)alsoindicatesthattherecoveryincreasesasthemolecularweightoftheinjectedgasdecreases.
Thiscouldbeattributedtotheincreasedroleofgravitywhenlightergasesareinjectedbecausethedensitydifferencebetweeninjected
gasandtheoriginalreservoirfluid(buoyancyeffects)ishigher.ItisworthnotingfromthelastcolumninTable 8 that although all gases 
weresimulatedatthesamevalueofinjectionrate,thecorrespondinginjectionpressureforeachcasewasobservedtobedifferent.Thisis
expectedconsideringthatinthePeacemanwellmodel,theinjectionrateisinverselyproportionaltotheviscositybutdirectlyproportional

Fig. 26—Performance plots show a comparison of the cumulative oil (left) and gas (right) production from primary production, 
CGEOR, and SDEOR from a representative Bakken shale oil well. The results show that SDEOR yields 3.2 times more oil than 
CGEOR.
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tothepressuredifferencebetweenthecellandinjectionpressures.So,asthegasviscosityincreasesforthedensergases,thepressure
differencewillincrease,resultinginlowerinjectionpressuresatafixedvalueofcellpressure.Thisexplainsthelowervaluesof �Pdiff   
for denser gases because  �Pdiff = P inj - Pwf, and Pwfisfixed.

Fig. 27—Results indicate the robustness of the proposed technology as it produces at least four times more oil than primary 
recovery regardless of the number of sealing or conductive fractures in the reservoir.

Fig. 28—Methane gas composition profile after 30 years of simulated SDEOR for (a) a base case without natural fractures, (b) a 
case with 1,024 conductive fractures, and (c) a case with 1,024 nonconductive fractures. Adding natural fractures beyond the 
percolation threshold slightly distorts the gas front.

Fig. 29—Performance plots show that methane gas injection recovers more oil when compared with the injection of the other 
heavier gases.
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Conclusions
This work presents a novel EOR technology for unconventional reservoirs based on gas injection into a horizontal slot- drilled frac-
ture near the top of the reservoir and oil production from another slot- drilled fracture near the bottom. Our simulation results show 
thattheproposedtechnologycouldoutperformtheCGEORmethodbyafactorofatleast3.Fromthenumericalstudiesofthephys-
ical mechanisms that control the proposed technology, we conclude that the dramatic increase in recovery is because of the 
following:
1. ThecontinuousinjectionandproductionintheSDEORtechnologycurtailsthesignificantreductioninrelativeoilpermeabilitybe-

causeoftheincreasinggassaturationnearthewellduringthecyclicgasinjectioninCGEOR.
2. TheSDEORtechnologyallowscontinuousproductionfor100%ofthewelllife,whereasinCGEOR,productionishaltedduringthe

injection and soaking periods.
3. TheSDEORtechnologyisdesignedtotakeadvantageofgravityinstabilizingtheflowthroughthefracturenetworkunlikeCGEOR,

whichinvolvesapreferentialflowthroughthepoorlyknownfracturenetwork.
The simulation results presented show that the proposed technology yields much higher oil recoveries regardless of the presence/

absence of natural fractures of high, low, or intermediate conductivity. Our simulation of SDEOR in the Bakken shale (which has not been 
successfullyenhancedusingCGEOR)showsanIORofatleast4whenwesimulatedtheinjectionoffourdifferentgases(CH4, N2,flue
gas,andCO2).

AlthoughthefocusofthisworkistonumericallyevaluateournovelSDEORtechnologyincomparisontotheCGEORmethod,itis
worthmentioningthattheslot-drillfracturingtechnologyisyettobetestedinthefield.Futurestudieswillfocusonanexperimental
validationofthehighrecoveriesfromtheproposedtechnology.Theideaistoprovideaproof-of-conceptthatcouldleadtothefieldtest-
ing of the proposed technology.

Nomenclature
  Aif?x  =  Area of fracture projections along each dimension L2, m2

  A
p
ij  =  projection area , L2 , m2

  Annc  =  area of a non- neighboring connection , L2 , m2

  dnnc  =  non- neighboring connection distance, L, m
  Kf   =  fracture permeability, L2, m2

  km = matrixpermeability,L2, m2

  knnc  =  permeability of a non- neighboring connection, L2, m2

  Ki  =  vapor- liquid equilibrium constant for component i
 R =  residual , M−1 L−3, kg−1m−3

  S˛  =  saturation of phase, α
 t =  time , T , seconds
 Ti =  half- transmissibility, L3, m3

 Tnnc= transmissibilityfactorforanNNC,L3, m3

 qα= Volumetricflowrateofphaseα, L3/T, m3/s
  Exe  =  gridblock sizes in the x-, y-, and z- directions , L , m
  Ex = X,Y,andZcoordinates,L,m
 xi =  mole fraction of component, i in the liquid phase
  X

˛
i   =  mass fraction of component i in phase, α

 Yi =  mass fraction of component, i in the gas phase
 yi =  mole fraction of component, i in the gas phase
 Zi =  overall mass fraction of component, i
  �  =  porosity
 ρ =  density, M/L3, kg/m3

 f =  fracture
 m= matrix
MM= interactionbetweentwodifferenthostmatrixcells
 pMF= interactionaprojectionmatrixandafracturecell
 i, j =  cell indices
 if= interactionbetweenmatrixcell,i and fracture cell, f
 α= fluidphase
 k + 1 =  current timestep
 nnc =  non- neighbouring connections

Solvent Method Molecular Weight (kg/kg·mol) Oil RF (%) Increased Oil RF (%) IOR Ratio
ΔPdiff
(psia)

CH4 16.04 37.70 29.45 5.64 950

N2 28.01 32.85 24.6 4.92 890

Flue gas (25% CO2 +75% N2) 32.01 31.79 23.54 3.88 850

CO2 44.01 29.40 21.15 3.43 770

Table 8—Results of SDEOR with different gas injectants.
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Appendix A—Governing Equations for Compositional Reservoir Simulation
Without accounting for the presence of natural fractures, the governing equations for the mass conservation of each hydrocarbon compo-
nent, i, in the liquid (l) and vapor (v) phases is given as:

 
@
@t

�
�[�lSlXl

i + �vSvXg
i ]

�
+ r � (�lXl

iEv
l + �vXg

i Evv) � (�lXl
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l + �vXg
i q

v)/V = 0.  (A- 1)

Similarly, the mass conservation equation for water (w) in the aqueous phase is given as:

 
@
@t (��wSw) + r � (�wEvw) � �wqw/V = 0,  (A- 2)

where  � ,  �˛ ,  S˛ , and  q˛ representthematrixporosity,massdensity,saturation,andvolumetricwithdrawal/injectionrateofphase  ̨  , 
respectively. The symbols  X

l
i  and  X

g
i   represent the mass fractions of component    in the liquid and vapor phases, while  Evl  and  Evv  are the 

Darcy velocities for the liquid and vapor hydrocarbon phases, respectively. Note that the division of the source/sink term in Eqs. A- 1 and 
A- 2 by bulk volume,  V   is needed for dimensional consistency.

WeobtainthephasevelocitiesinEqs.A-1andA-2fromDarcy’sequationasfollows:

 Ev˛ = �K k˛(S)
�˛ (rp˛ � �˛grz),  (A- 3)

where  �˛  and K represent the phase viscosity and absolutematrix permeability, respectively. In the natural variables composition
approach (Coats1979), which is used in this work, the primary variables are pressure, vapor, and liquid composition of all but the last 
component, and water saturation  (p, x

l
1, x

g
1..., x

l
n�1, x

g
n�1, and Sw) ,respectively.Theauxiliarythermodynamicequationsandconstraints

needed for compositional simulation are summarized as follows:

 f gi (p, T, y1, ..., yn) � f li (p,T, x1, ..., xn) = 0, for i 2 1, ..., nc,  (A- 4)
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 zi � Lxi � (1 � L)yi = 0, for i 2 1, : : : , nc,  (A- 5)

 

ncX
i=1

xi = 1, for i 2 1, : : : , nc,
  

(A- 6)

 

ncX
i=1

yi = 1, for i 2 1, : : : , nc,
  

(A-7)

 Sw + Sl + Sv = 1.0.  (A-8)

In these equations,  f
g
i   and  f

l
i   are the fugacities of each component in the gas and liquid phases, respectively. Eq. A- 4 ensures that the 

fugacity of each component in the vapor phase is equal to that of the same component in the liquid phase (which is required at chemical 
equilibrium), Eq. A- 5 ensures that the sum of the number of moles of each component in the liquid and gas phases is equal to its corre-
spondingoverallcomposition,whileEqs.A-6,A-7,andA-8ensurethatallmolefractionsandsaturationssumuptoone.
We use the Peng- Robinson equation of state (PengandRobinson1976) to compute the fugacities and phase compressibility factors ( Zg  
and  Zl ). Firoozabadi (2015)providesmoredetailsontheequationofstate,flashprocedure,andtheequationstocomputethefugacities
andcompressibilityfactors.TosolvethecontinuousequationsinEqs.A-1andA-2numerically,wefirstperformatemporaldiscretization
using the backward Euler scheme as follows:
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In the above equations,  n + 1  represents the current timestep, while  n  represents the previous timestep. Note that all other terms without 
thesesuperscriptsareevaluatedatthecurrenttimestep.Wethenproceedtodiscretizethefluxtermsinspaceusingthefinitevolume
methodwithtwo-pointfluxapproximation.Thetwo-pointfluxapproximationmethodinvolvesintegratingEqs.A-9andA-10overa
control volume, after which the divergence theorem is applied. In this work, we use the discrete divergence ( div ) and gradient ( grad  ) 
operators, which are discussed in Lie (2019)andimplementedasfunctionsintheMATLABReservoirSimulationToolbox.Theresulting
discretized form of Eqs. A- 9 and A- 10 can be written as:
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and
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where
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and

 
Ti,k = Ai,kKi

Eci,k�Eni,k
|Eci,k |2

.
  (A- 15)

Here, V   and  Ai,k   refer to the cell volumes and face areas, respectively. The symbol,  Eni,k   is the unit normal in the direction from the centroid 
of cell,    toward the face between cells    and  k  , while  Eci,k   is the vector from the cell centroid to the face centroid. Additionally,  Tik   is face 
transmissibility, while  Ti,k   is the contribution of a cell to the face transmissibility. This transmissiblity ( Ti,k  ) is referred to as a half- 
transmissibilitybecauseapairofcellscontributestothetransmissibilityofeachfaceinthetwo-pointfluxapproximationformulation.
Notethatthetemporalandspatialdiscretizationsofthecontinuouspartialdifferentialequationsleadtoamassimbalance,whichisrep-
resented by the residual ( R ) inEqs.A-9 throughA-12.TheNewton-Raphsonmethod involvesapplying theTaylorexpansion to the
residual at the current timestep and current Newtonian iteration to obtain:

 
@Rk+1

@X �X = �Rk+1(X),  (A- 16)

where  X  denotestheprimaryvariables.Thematrixthatcontainsthepartialderivativesoftheresidualswithrespecttoeachofthesepri-
mary variables ( 

@Rk+1
@X  ) is referred to as the Jacobianmatrix.The setupof thismatrix is facilitatedusing automatic differentiation in

MATLABReservoirSimulationToolbox,andmoredetailsonthesolutionofthesystemofequationsforcompositionalflowareprovided
in MøynerandTchelepi(2017).Consideringthatmostshale/tightoilreservoirsarenaturallyfracturedtosomeextent,thisworkwill
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involvesimulatingtheproposedSDEORmethodinsuchreservoirswithorwithoutnaturalfractures.Thenextsectionexplainshowthe
discretizedgoverningequationsaremodifiedtomodelnaturalfracturesaccuratelyandefficiently.

Appendix B—Compositional Fluid Data
Tables B- 1 and B- 2providethecompositionalfluiddataandbinaryinteractionconstantsusedinthesimulationsthatinvolveasimple
three-componenthydrocarbonfluid.Tables B- 3 and B- 4 provide compositional data inputs for a representative Eagle Ford shale- oil 
reservoir, while provide the corresponding data for a representative Bakken shale- oil reservoir.

Components
Mole Fraction 

Fraction
Critical Pressure 

(atm)
Critical Temperature 

(K)
Critical Volume 

(L/mol)
Molar Weight (g/

gMol) Acentric Factor

C1 0.25 45.39 190.6 0.099 16.04 0.0114

CO2 0.25 72.80 304.12 0.094 44.01 0.2239

C10 0.50 20.75 617.70 0.601 142.28 0.4884

Table B- 1—Compositional data for SDEOR synthetic oil fluid.

Component C1 CO2 C10

C1 0 0.045 0.1050

CO2 0.045 0 0.1150

C10 0.1050 0.1150 0

Table B- 2—Binary interaction coefficients for SDEOR synthetic oil fluid.

Components
Mole Fraction 

Fraction
Critical 

Pressure (atm)
Critical 

Temperature (K)

Critical 
Volume (L/

mol)
Molar Weight 

(g/gMol)
Acentric 
Factor

Parachor 
Coefficient

CO2 0.01183 72.80 304.20 0.0940 44.01 0.225 78.01

N2 0.00161 33.50 126.20 0.0895 28.01 0.040 41.0

C1 0.11541 45.40 190.6 0.0990 16.04 0.008 77.0

C2- C5 0.26438 36.5 274.74 0.2293 52.02 0.1723 171.07

C6- C10 0.38089 25.08 438.68 0.3943 103.01 0.2839 297.42

C 11+ 0.22588 17.55 740.29 0.8870 267.15 0.6716 661.45

Table B- 3—Compositional data for Eagle Ford shale formation, culled from Yu et al. (2019).

Component CO2 N2 C1 C2- C5 C6-C10 C 11+ 

CO2 0 0.02 0.1030 0.1299 0.15 0.15

N2 0.02 0 0.031 0.082 0.12 0.12

C1 0.1030 0.031 0 0.0174 0.0462 0.111

C2- C5 0.1299 0.082 0.0174 0 0.0073 0.0444

C6- C10 0.15 0.12 0.0462 0.0073 0 0.0162

C 11+ 0.15 0.12 0.111 0.0444 0.0162 0

Table B- 4—Binary interaction coefficients for Eagle Ford shale formation, culled from Yu et al. (2019).

Components
Mole Fraction 

Fraction
Critical 

Pressure (atm)
Critical 

Temperature (K)

Critical 
Volume (L/

mol)
Molar Weight 

(g/gMol)
RF decreases 

Factor
Parachor 

Coefficient

CO2 0.0002 72.80 304.20 0.0940 44.01 0.225 78.0

N2 0.0004 33.50 126.20 0.0895 28.01 0.040 41.0

Table B- 5—Compositional data for Bakken light oil shale formation, culled from Yu et al. (2015).
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Components
Mole Fraction 

Fraction
Critical 

Pressure (atm)
Critical 

Temperature (K)

Critical 
Volume (L/

mol)
Molar Weight 

(g/gMol)
RF decreases 

Factor
Parachor 

Coefficient

C1 0.25 45.40 190.6 0.0990 16.04 0.008 77

C2- C4 0.22 42.54 363.30 0.1970 42.82 0.143 145.2

C5- C7 0.20 33.76 511.56 0.3338 83.74 0.247 250

C8- C9 0.13 30.91 579.34 0.4062 105.91 0.286 0.099

C 10+ 0.1994 21.58 788.74 0.9208 200.00 0.686 0.099

Table B- 5 (continued)—Compositional data for Bakken light oil shale formation, culled from Yu et al. (2015).

Component CO2 N2 C1 C2- C4 C5- C7 C8- C9 C 10+ 

CO2 0 0.02 0.1030 0.1327 0.1413 0.15 0.15

N2 0.02 0 0.013 0.0784 0.1113 0.12 0.12

C1 0.1030 0.013 0 0.0078 0.0242 0.0324 0.0779

C2- C4 0.1327 0.0784 0.0078 0 0.0046 0.0087 0.0384

C5- C7 0.1413 0.1113 0.0242 0.0046 0 0.0006 0.0169

C8- C9 0.15 0.12 0.0324 0.0087 0.0006 0 0.0111

C 10+ 0.15 0.12 0.0779 0.0384 0.0169 0.0111 0

Table B- 6—Binary interaction coefficients for Bakken light oil shale formation, culled from Yu et al. (2015).
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