THEAPPLICATION OF WATER ALTERNATING GAS INJECTION TO MAXIMIZE OIL
RECOVERY INTHE NIGER DELTA

ABSRACT:One of the most significant challenges for extending production life in mature waterflood
fields is high water cut. Couple with high reservoir heterogeneity, extensive layering and faulting, these
fields often developed irregular flood patterns after decades of production, which compounded the
challenge te-ofoptimizing recovery from these fields. The severity of this problem has been observed in
the Niger Delta oil fields, where there-are-several matured fields that-are producing at high water cut after
many Yyears of waterflooding. ThisstudyisaimsedattodetermineingtheviabilityofWaterAlternatingGas
(WAG)injectionincomparison with Waterflooding and Gas injection methods for optimum oil recovery of
an oilfieldin NigerDelta.
WAGinjectionhadamaximumfieldoilefficiency(FOE)of31%,afieldoilproductiontotal (FOPT)of4,944MMS
TB,aplateautimeof 14 yearsandafield-totalfield water production (FWPT) d18,356 MMSTB. Waterflooding
had a FOE of 23%, a FOPT of 37,466 MMSTB, a plateau time of 9 yearsand a FWPT of 96,895 MMSTB.
WhereasgasinjectionhadanFOEof 15%,aFOPTof 36,063 MMSTB, a plateau time of 3.2 years, andaFWPT
d 13,444 MMSTB, respectively. From the
comparativeanalysisofthethreerecoverymethods, WAGinjectionoutperformedbothwaterflooding and gas
injection with the highest FOE of 31% and the longest plateau timed14 years, respectively.

Keywords: WaterAlternatingGas;Waterflooding,Gas injection, Oil Recovery
1. INTRODUCTION

X field is situated #-an-offshore Nigeria, in a-water depths of about 60 meters and within 60 kilometers
off the Nigerian South-eastern coast. The field was first-initiallydeveloped in 2000 and has siree-been in
production since when—it—was—developedthen. At the beginning of production, the field was
predueingproduced at the-arate of 27 kbopd with 4 oilWwells and no water injection. Additional two
production wells and three water injection wells were drilled after 10 years of production,Daily Well and
Reservoir Management became very challenging due to the operational dynamics, which is-werebased on
the pressure maintenance by water injection to sustain daily oil production. Thus, the Well and Reservoir
Management plan was-based-focused on sustained and efficient water-injection throughout the field life to
optimize oil production alongside good reserves development (Anonymous, 2022).

Three different fluid types are present in the shallow marine sandstone reservoir crude. The depth of the
reservoir varies between 2000- and 4900-meters subsurface, and the temperature is about 150 °C
respectively. The wells; typically; have a measured length above 4000 meters, which-invehvesresulting in
a noticeable pressure drop along the production path. A-Themajority of the producing wells are producing
with relatively low oil rates (below 1000 stb/d) and high-water cuts.

2. GEOLOGICAL BACKGROUNDFHE-GEOLOGY

According to (Anonymous, 2022), the Ima field structure is made-upcomposed of combined stratigraphic
and structural traps, as highlighted below in Fig. 1. The werd-term‘X’ is a fictitious name chosen to
protect the identity of the field. The Rreservoir series are Lower Pliocene in age (Qua Iboe formation) and
consist of turbidite sands. The hydrocarbon column height is greater than 400m. The field reservoir is
highly compartmentalized and therefore very complex. The reservoir varies in thickness and is located in
a stratigraphic pinch-out structure.
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Fig. 1: Structural style in the Equatorial Guinea-Nigeria, Niger Delta axis modified after Bruso et al.
2004)

In the Gulf of Guinea in West Africa, the Niger Delta lies between latitudes 4° and 7°N and longitudes 3°
and 9°E (Whiteman 1982).

According to Doust and Omatsola (1990), depobelts in the Niger Delta were formed as a result of active
deposition in a portion of the delta, which had-beenwas facilitated by large-scale withdrawal and seaward
movement of the basal under-compacted and geo-pressured marine Akata shales under the weight of the
advancing paralic Qua Iboe clastic wedge. With respect to defining a working petroleum system for the
Niger Delta, the Akata shales make—upconstitute the source from which hydrocarbon generation and
expulsion occurred. Fractures and faults served as migration paths into reservoir rocks within the Qualboe
formation. The field fluid is saturated oil of 39°API with low viscosity of 0.3942 cP and has been divided
to producers and injectors in six segments: Crest, Downdip, C-sand, Southwest, South-South and South-
East.

Bruso et al, (2014) classified reservoir deposition into three major components along the southeastern
Niger Delta/Equitorial Guinea axis. The authors explained that in the northerly updip section of the axis
(Nigeria), shallow water delta-front sandstone deposition predominated along extensional deltaic growth
faults that formed near the active margin shelf. Fig. 2 gives—providesa stratigraphic diagram of
depositional features along the axis.
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Fig. 2: Stratigraphic arrangement of deposition in southeastern Niger Delta, Nigeria, and its correlative
equivalent in Equatorial Guinea (modified after Bruso et al. 2014).

In middip areas, slope shale and channel sand deposition predominated in the middle portion of the
compartment, while it translated basinward along its over pressured basal-detachment surface. The X
Field shares the features in the updip and middip outlined in Bruso et al, 2014. Southerly downdip end of
the axis is characterized by an imbricate series of compressional toe-thrust anticlines in mega-thrust
sheets developed beneath the lower continental slope and rise- (Bruso et al, 2014).

3. TERTIARY OIL RECOVERY
Withthecontinuousriseinenergydemand,optimizingoilproductionbecomescrucialtomeetthe energy demand.

The requirement for tertiary oil recovery techniques arises from the factthat the mobility of crude oils
decreases to the point where standard pumping techniques areunable to achieve any flow from the well
bottom to the wellhead. Crude oil production can be increased using technology and oilrecovery
methods(Ramasamy, 2019).
| Therecovery ofcrudeoil canbegroupedinto three main categories:;

e  Primaryrecoverymethod

e Secondaryrecoverymethod

e Tertiaryrecoverymethod



Primary recovery basically uses the natural energy drive or drive mechanisms present in
thereservoirforhydrocarbonproduction.However,duetothelackofnaturaldriveenergyinmost reservoirs,
supplemental energy sources were used to keep reservoir pressure constant. Theseartificialdrives
includedthe injectionofwater or gas (Tarek,2010).

Secondary recovery method mainly involves water flooding or gas injection. It is a
techniquethatsupplementsthenaturalreservoirenergybyinjectionoffluids(waterorgas),primarilyfor pressure
maintenance. When the volumetric rate of production is equal to the volumetric rateof fluid replacement
in the reservoir, pressure maintenance is achieved in oil production,keepingtheaveragereservoir pressure
constant (Archerand Wall,1986).
Tertiaryrecovery,alsoknownasenhancedoilrecovery(EOR),entailsinjectingfluidsintothereservoir while
applying methods for improvement other than only providing external
energytohelpwithcrudeoilrecovery.Whenprimaryandsecondaryrecoverytechniquesareinsufficientforachiev
ingmaximumoilrecovery,EORismostlyusedforincrementalproduction. Thefluidparametersandreservoirfeat
uresdeterminethetypeofEORtechnologyusedforaparticular reservoir (John, 2020).

A typical tertiary oil recovery technology, known as the Water Alternating Gas Injectionprocess (WAG),
is used to increase the displacement efficiency of the lefteverremainingoil that cannotbe recovered during
the-primary and secondary recovery procedures (Vishnu, et al., 2019). Itis an enhanced oil recovery
(EOR) technique that increases oil recovery effectiveness bycombining gas injection with water flooding.
The method was developed to improve theefficiency of the macroscopic sweep in gas injection
procedures. It is stated that 80% of theUnited-States-of-America-{USA)I-WAG injection field projects in
the United States of America (USA)are productive, and the
WAGinjectionmethodiscurrentlyarecognizedtechnologyintotaloilrecoveryenhancementbythere-
injectionofproducedgas in waterinjection wells inan oilfield (Shokufe, 2018).
Inthisstudy,theWater-Alternating-Gaslnjection(WAG)recoverymethodisusedtodetermine  the  recovery
performance of an oil reservoir in the Niger Delta in comparison towaterfloodingand gas
injectionrecovery methods. To achieve this, the following objectives will be considered: 1.te-determine
the  recovery  efficiency of WAG injection for an oil field in  Niger
DeltabyusingINTERSECTcompositionalsimulatortomodelandsimulatetheflowperformance, 2. te
determineassess incremental oil recovery by the use of WAG and 3. to-determineevaluate whether er-net
WAG reduces water production-respeetively.

4. METHODOLOGY

In this research work, a-theSchlumberger software known as “INTERSECT Compositional Simulator”
was used tomodelandsimulatethehydrocarbonflowofanoilfieldintheNigerDelta. The data used in this project
was obtained from an oilfield operating in the Niger Delta. Thischapterdiscussedthe use ofthissoftware
inoptimizingoilrecovery usingthe WAG methodincomparisonwith water flooding and gas injection,
respectively.
The Intersect high-resolution reservoir simulator is-the-anrswer-toaddresses many reservoir challenges. By
combining physics and performance in a fit-for-purpose reservoir simulator for reservoir models, the
Intersect simulator enables high-resolution modeling. Reservoir engineers are provided with results that
can be trusted to provide insight into understanding the progression of hydrocarbon in the reservoir at a
resolution that is otherwise too costly to simulate. The outcome is improved accuracy and efficiency in
field development planning and reservoir management, even for the most complex fields.
Itisacompositionalsoftwareusedformodellingandsimulatingmulticomponenthydrocarbonflowinreservoirso
rreservoirfluidflowinwhichtherearecompositionalchangesassociatedwithdepth,condensatesorvolatilecrude
oils,gasinjectionprograms,andsecondaryrecovery studies. The following are the steps feHewed-involvedin
carrying out a simulation withINTERSECT.

e OpentheINTERSECTSimulation Launcher and import adataset.ThisinterfaceisshowninFig.3.

e Clickon the Migrator to convert the imported dataset intoAFI. Fileandrun the simulation.

e To run the Migrator, we used the following command: “eclrun ecl2ix basename” where

basename is the root name of the input dataset. This command generates the AFI file but does



not run INTERSECT on it.

e To find details of the command line options used by the Migrator, use the following
command: eclrunexeargs="- h" ecl2ix basename.

Thesimulationand modellingwerefirstcarried outfornaturaldepletion.
OptimizationisdoneunderWAG,waterfloodingandgasinjection.
Optimalplacementofinjectorwellswasdonebasedonthelocationoftheresidualoil.
Theinjectionwellswereplacedtoefficientlysweeptheresidualoiltotheproductionwells.

¢ Finally,openthe‘Office’ chartandrun,to displaythesimulationplotsand results.

5. FIELDCASESTUDY

The case study field is an oil field located in the Niger Delta basin. Its original oil in
place(OOIP)isestimatedtobeabout35.7MMSTB.Thepredicteddominantdrivemechanismofthe oil Ffield is
the—natural depletion (rock/fluid expansion), this—is—beeauseas the reservoir pressurewasinitially
foundtobetnitialy—abovethebubblepointpressure.Belowthebubblepoint,thesolutiongasdriveis expected to

bedominant.Thefield datais shown in Table 1.
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Fig.3: Using INTERSECT simulatortorun adatasheet.
Tablel:FieldData
SIN FIELDDATA
1 OriginalOilinPlace[OOIP](STB) 95,665,294
2 API 39
3 RecoveryFactor(%) 14.305
4 OilFormationVolumeFactor(Bo) 1.6629
5 FVFInitialReservoirPressure(Rbbl/stb) 1.6024



6 OilViscosity(cp) 0.3942

7 WaterViscosity(cp) 0.27

8 RockCompressibility(1/Psi) 5.00 * 10°
9 WaterCompressibility(1/Psi) 5.00 * 10°
10 OilSaturation(%) 0.85

11 InitialWaterSaturation(%) 0.39

12 SaturationPressure(Psi) 300

13 OilDensity (Ib/ft%) 829.7675
14 GasDensity(Ib/ft?) 1.0449

15 WaterDensity(Ib/ft%) 1020

6. RESERVOIRSIMULATIONUNDERTHENATURALDEPLETION

This involves producing from a reservoir using its natural energy. In Fthis case,~wiH-simulatereservoir
recovery performance is simulated under natural depletion. The initial 4 producer wells (PROD1,
PROD2, PROD3, and
PROD4)weresimulatedasshowninFig.4.ToensurethevalidityofINTERSECTsimulator,the

reservoirperformanceisinvestigatedwithoutoptimization,todeterminethefieldoilefficiency(FOE), the field
oil production rate (FOPR) and the field oil production total (FOPT), incomparison with the initial field
data. Table 2 shows the well specifications for naturaldepletion simulation.

oPROD1
oPRODZ | pPROD3 PRODA

Fig.4:A3DModelofNaturalDepletion

Table2:Well specificationsforthe NaturalDepletion

WELL GROUP | J DEPTH PHASE 3* Crossflow




‘PRODY’ ‘Gl 11 26 1* ‘OIL” 3* NO/

‘PROD2' ‘G’ 20 13 1* ‘OIL” 3* NO/
‘PROD3’ ‘Gl 6 28 1* ‘OIL” 3* NO/
‘PROD4’ ‘Gl 12 21 1* ‘OIL’ 3* NO/

7. RESERVOIRSIMULATIONFORWATERFLOODING

To investigate the reservoir performance using water injection recovery method, a reservoirsimulation
model was developed. The petrophysical properties (porosity, permeabilities andNTG) are included in the
grid in the file>MODELfile: ‘MODEL PETREL PETRO.GRDECL’. Most of thedataarealready written
intheINTERSECTdata file.

In this case, 6 producer wells, namely (PROD1, PROD2, PROD3, PROD4, PROD5 and PRODS6, and 4
injector wells ¢INJ1,INJ2, INJ3 &andINJ4,} were used for reservoir pressure maintenance, as shown in
Fig.5. FromFLOVIZthepPerforations of the-wells PROD5 and PRODG6 were adjusted using FLOVIZ to
ensure that-it-produecesproductionfrom the oil-bearing zones only. Table 3 shows the well specifications
for water injectionsimulation.
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Fig.5:3DModelofWaterflooding

Table3:Well specificationsforWaterflooding

WELL GROUP | J DEPTH PHASE 3* Crossflow
‘PRODY’ ‘G’ 11 26 1* ‘OIL’ 3* NO/
‘PROD2’ ‘GI’ 20 13 1* ‘OIL” 3* NO/
‘PROD3’ ‘G’ 12 21 1* ‘OIL’ 3* NO/
‘PROD#4’ ‘G’ 5 31 1* ‘OIL’ 3* NO/
‘PRODS’ ‘G’ 16 17 1* ‘OIL’ 3* NO/
‘PRODG’ ‘G’ 8 38 1* ‘OIL’ 3* NO/
‘INJT? ‘G2’ 9 20 1* ‘WATER’ 3* NO/
‘INJ2° ‘G2’ 16 14 1* ‘WATER’ Kid NO/
‘INJ3’ ‘G2’ 7 31 1* ‘WATER’ 3* NO/
‘INJ4° ‘G2’ 8 26 1* ‘WATER’ 3* NO/

8. RESERVOIRSIMULATION FORGASINJECTION
Inthisscenario,gasinjectionwassimulatedtodetermineitsrecoveryperformance.'FLOVIZ’HnINTERSECT-E
EOVEZ: was used to model gas injection, as shown in Fig. 6. The four injector wells
wereusedtosimulatethegasinjectiontoascertainthefieldoilefficiency. Theobjectiveistoachievethe longest
production time possible with the minimum number of injection wells.The wellspecificationsforgas
injection simulationareshown inTable 4.
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Fig.6:A3DModelof Gas Injection
Table4:WellspecificationsforGas Injection

WELL GROUP | J DEPTH PHASE 3* Crossflow
‘PRODYI” ‘GIl’ 11 26 1* ‘OIL” 3* NO/
‘PROD2’ ‘Gl’ 20 13 1* ‘OIL” 3* NO/
‘PROD3’ ‘Gl’ 12 21 1* ‘OIL” 3* NO/
‘PROD#’ ‘Gl’ 5 31 1* ‘OIL” 3* NO/
‘PRODS’ ‘Gl’ 16 17 1* ‘OIL” 3* NO/
‘PRODG’ ‘GI’ 8 38 1* ‘OIL’ 3* NO/
‘INJT” ‘G2’ 9 20 1* ‘GAS’ 3* NO/
‘INJ2’ ‘G2’ 16 14 1* ‘GAS’ 3* NO/
‘INJ3° ‘G2’ 7 31 1* ‘GAS’ 3* NO/
‘INJ4° ‘G2’ 8 26 1* ‘GAS’ 3* NO/

9. RESERVOIRSIMULATION FORWAGINJECTION
Inthiscase,therewasanintroductionofgasinjectionintothereservoirusingthealreadydrilledinjection wells
initially used to inject water. The water alternating gas (WAG) scheme wasintroduced, where gas is
injected alternatively with water. The simulation model for WAGinjection is displayed in Fig.7. Table 5
shows the well specifications for WAG injectionsimulation.
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Fig.7:A3DModelof WAG Injection
Table5:WellspecificationsforWAG Injection

WELL GROUP | J DEPTH PHASE 3* Crossflow
‘PRODYI” ‘Gl 11 26 1* ‘OIL” 3* NO/
‘PROD2’ ‘Gl 20 13 1* ‘OIL” 3* NO/
‘PROD3’ ‘Gl 12 21 1* ‘OIL’ 3* NO/
‘PROD#4’ ‘Gl 5 31 1* ‘OIL” 3* NO/
‘PRODS’ ‘Gl 16 17 1* ‘OIL” 3* NO/
‘PRODG’ ‘GI’ 8 38 1* ‘OIL? 3* NO/
‘INJT? ‘G2’ 9 20 1* ‘WATER’ 3* NO/
‘INJ2° ‘G2’ 16 14 1* ‘GAS’ 3* NO/
‘INJ3’ ‘G2 7 31 1* ‘GAS’ 3* NO/
‘INJ4° ‘G2 8 26 1* ‘WATER’ 3* NO/

10



10. RESULTSAND DISCUSSION

11. RESULTSFROMNATURALDEPLETIONSIMULATION
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12. DISCUSSION ONNATURAL DEPLETIONRESULT

Table6:NaturalDepletionResults

FOE (%) FOPR FOPT Plateau(yrs) TotalProduction
(STB/Day) (MMSTB) Time(yrs)
14.3 800000 3,553 3 20

Table 6 presents the results of the natural depletion simulation resuhts-using Schlumberger INTERSECT.
The results show that the reservoir performance under natural depletion has
amaximumfieldoilefficiency(recoveryfactor)of 14.3%,whichisclosetotheinitialrecoveryfactor of 14.305%
obtained from the oil field data;tTherefore, the validity of the software is—said—to
hasvebeenascertained.Additionally,atafieldoilproductionrate(FOPR)of 800,000 stb/day,aplateau d 3 years
was maintained. The total oil production time was 20 years,at a cumulative oil field production (FOPT)
0f3,553 MMSTB.

From Fig. 10, it is observed that the field oil efficiency (recovery factor) gradually increases after 20
yearswhenitremainedhaving remainedconstantat14.3%.However,analysisfromFig.11;showsthatthe
cumulative oilproduction(FOPR)wasstableerremainedstable eonstantat 800,000 STB/Dayuntil te 3 years
wheretherewasasuddendecline. Thisdecline gradually continueduntilthe 20" year.

RESULTSFROMWATERFLOODINGSIMULATION
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13. DISCUSSIONONWATERFLOODINGRESULT

Table7:WaterfloodingResults

FOE (%) FOPR FOPT(MMSTB) Plateau(yrs) TotalProductionTime(yrs)
(STB/Day)
0.23 800,000 3,746 9 20

From Table 7, the results show that the reservoir performance with waterflooding has
amaximumrecoveryfactorof23%.AlseAdditionally,atafieldoilproductionrate(FOPR)of
800,000sth/day,aplateauof 9yearswasmaintained.Thetotaloilproductiontimewas 20years, ata total oilfield
production (FOPT)of 3,746 MMSTB.
AccordingtotheanalysisfromFig.10,thefieldoilefficiency(recoveryfactor)graduallyrisesuntil  the  9-year
mark, at which point there is a Httle-slightdecline. It kept-continuedrising steadily until itreached its
highest point at 23 percent. Additionally, study of Fig. 11 reveals that the
rateofoilproduction(FOPR)isfirstremainsconstantforaperiod of 9 years before gradually decline to
100,000STB/Day and is maintained for 11 years.Thetotal oil production increased gradually up till 3,746
MMSTB.

13



14. RESULTSFROMGASINJECTIONSIMULATION
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15. DISCUSSIONON GASINJECTION RESULT

Table8:Gas InjectionResults

Cil production rate [STB/d]

FOE (%) FOPR FOPT Plateau(yrs)

(STB/Day) (MMSTB)

TotalProductionTime

(yrs)

14



0.16 800,000 3,606 3.2 20

According to Table 8, there is a maximum recovery factor of 15 percent for reservoirperformance with
gas injection. A 3-year and 2 months plateau were also maintained at a field oil production rate (FOPR) of
800,000 STB/day. The FOPR was found to be consistent with the results of
thewaterflooding,butforthegasinjection,theconstantproductionrateonlypersistedforashorterperiod of time.
The total oil field production (FOPT) was 3,606 MMSTB during a period of 20 yss.

The field oil efficiency (recovery factor) continuedtoincreasesteadilyuntilittoppedeutpeakedat 15percent
(Fig. 12).Furthermore,analysisofFig.13showsthat the rate of oil production (FOPR) first-initiallyremains
constant for a brief period before steadily
decliningeto200,000STB/Dayandwasremainingconstantforllyears. Thetotal
oilproductionincreasedgradually uptill3,606 MMSTB.

16. RESULTSFROMWAGINJECTIONSIMULATION
WAG, Field, Qil recovery efficiency
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17. DISCUSSIONON WAG INJECTIONRESULT

Table9:WAG InjectionResults

FOE (%) FOPR FOPT(MMSTB) Plateau(yrs) Total
ProductionTime(yrs
(STB/Day) )
31 800,000 4,944 14.7 20

From Table 9, the results show that the reservoir performance with WAG injection has
amaximumrecoveryfactorof31%.AlseAdditionally,atafieldoilproductionrate(FOPR)of 800,000
stb/day,aplateauof 14
yearsand7monthswasmaintained. TheFOPRremainedconsistentwiththatofwaterfloodingandgasinjectionres
ults.;Hhowever,fortheWAGinjection,theconstantproductionratelastedforalongerperiod. Thetotaloilproducti
ontimewas 20years,atatotaloilfield production (FOPT)of 4 ,944 MMSTB.

The analysis from Fig. 14 shows that the field oil efficiency (recovery factor) gradually risesuntil it
reached its highest point at 31 percent. Additionally, study of Fig. 15 reveals that therate of oil production
(FOPR) is first constant for a short period before increasing quickly to 800,000 STB/Day and was
constant for 14.7 years, folewing-afterwhich it gradually declines to 300,000 STB/Day.Thetotal oil
productionincreased gradually up till4 ,944 MMSTB.

18. COMPARING WATERFLOODING, GAS AND WAG INJECTIONS
FOE ComparativeAnalysis

16
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Table.10:FOEResultsforWaterflooding, GasandWAG Injection

2042

FOE[RecoveryFactor] (%)

Waterflooding Gaslnjection WAGInjection

23 15 31

Analysis from Fig. 16;_shows that the field oil efficiency (recovery factor) for gas injection
continuouslyincreases along with that of waterflooding and WAG; until the 3.2-year, at which point
itreduces steadily until it topped out at 15 percent. While for that for waterflooding the FOEcontinued
rising until the 9-year mark, where it started to decline steadily until it reached itshighest point at 23

percent. The FOE for WAG injection maintained its steady increase tothehighest point of31 percent.

FromTablel0,itcanbe

seenthatWAGinjectionhasabetterperformancethangasinjectionandwaterfloodingwiththehighestmaximumfi
eldoilefficiencyof31%,followedbywaterfloodingwith 23%and the least is gas injection with 15%

respectively.

19. FOPRCOMPARATIVEANALYSIS
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Fig. 17: Plot of FOPR vs TIME (yrs) — Waterflooding, Gas and WAG Injection

Table.11:FOPR (Plateau)ResultsforWaterflooding,GasandWAG Injection

FOPR[Plateau](yrs)

Waterflooding Gaslnjection WAGInjection

9 3.2 14

AnalysisfromFig.17andTable11;showsthatthefieldproductionratefor WAGinjectionhasthe longest plateau
of 14 years, while gas injection production rate lasted for just 3ears and 2 months. Theproduction rate
ofwaterflooding lasted for 9years respectively.

20. FOPTCOMPARATIVEANALYSIS
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Table.12:FOPTResultsforWaterflooding,Gas andWAGInjection

FOPT(MMSTB)
Waterflooding Gaslnjection WAGInjection
37,466 36,063 49,449

FromFig.18 andTable12,WAGhadatotal oil fieldproduction(FOPT)0f49,449 MVBIB which was the
highest, followed by waterflooding with 37,466 MMSTB. And gasinjectionhad the lowest total oil field
production of 36,063 MMSTB respectively.

21. FWPTCOMPARATIVEANALYSIS

Field, Water production cumulative
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Fig.19: Plot of FWPT vs TIME (yrs) — Waterflooding, Gas and WAG Injections
Table.13:FWPTResultsforWaterflooding,Gas andWAGInjection
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FWPT(MMSTB)

Waterflooding Gaslnjection WAGInjection

96,895 13,444 18,356

From Fig.19 and Table 13, waterflooding had a total field water production (FWPT) of 96,895 MMSTB,«

which was the highest, followed by WAG with 18,356 MMSTB. And gas injection had the least total
field water production of 13,444 MMSTB respectively.

22. CONCLUSIONS AND RECOMMENDATION
WAGinjectionisatertiaryoilrecoverytechniquewith
increasingacceptabilityintheoilandgasindustryduetoitsprovenandsuccessfuloilrecoveryperformance.
Hence, this study has carefully x-rayedexamined the viability of the WAG injection method
foroilrecoveryfer—inaselectedfieldintheNigerDelta. Thefollowingkeyconclusions  weredrawnfrom  this
study:
WAGinjectionhadamaximumfieldoilefficiency(FOE)of31%,afieldoilproductiontotal(FOPT)o0f4,944MMS
TB,aplateautimeof 14 yearsandafield totalwater production (FWPT) of 18,356 MMSTB.

Waterflooding had a FOE of 23%, a FOPT of 37,466 MMSTB, a plateau time of 9 yearsand afield
totalwater production (FWPT) of 96,895 MMSTB. WhereasgasinjectionhadanFOEof 15%,aFOPTof 36,063
MMSTB, a plateau time of 3.2 years, andafield totalwater production (FWPT) of 13,444 MMSTB.

From comparativeanalysisofthethreerecoverymethods,WAGinjectionoutperformedbothwaterflooding and
gas injection with the highest FOE of 31% and the longest plateau time of 14years.

Therefore, the comparative analysis has demonstrated that WAG recovery method is the most effective
recovery method, in comparison to waterflooding and gas injection.

The findings in this study areuseful——invaluable
forraisingawarenessamongoilproducersontheadvantageofutilizingWAGinjectionmethod  tooptimizeingoil
production in theNiger Delta.The finding of this study will giveprovidespetroleumengineerswith
theinformationtheyneedtomakeinformeddecisions based on the effectiveness of the water-alternating-gas
injection method for the eptimur-optimaloilproductionin theNigerDelta.

It is recommended that a deep economic analysis be carried out to ascertain the competitive advantage of
WAG application in the oil and gas industry.
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