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Abstract

The parameterghat govern fluid flow throughheterogeneous
reservirsarenumerousanduncertain Evenwhenit is possible
to visualizeall the parametersogether the complex andnon-
linearinteractionbetweerthemmalesit difficult to predictthe
dynamicreserwir responseso production. A flow simulator
may be usedto evaluatetheresponseandmake reserwoir man-
agementdecisions but normally only one deterministicset of
parameterss consideredandno uncertaintyis associatedvith
theresponsesr takeninto accountor thedecisions.

Thispaperintroducegheconcepbf a“quality map”,which
is a two-dimensionakepresentatiomf the reserwir responses
andtheir uncertainties.The quality conceptmay be appliedto
compareaeserwirs, to rankstochasticealizationsandto incor-
porateresenoir characterizatiomncertaintyinto decisionmak-
ing, suchaschoosingwell locations,with fewer full field sim-
ulationruns.

The datapoints necessaryo generatehe quality mapare
obtainedby running a flow simulatorwith a single well and
varyingthelocationof thewell in eachrunto have agoodcov-
erageof the entirehorizontalgrid. The “quality” for eachpo-
sition of the well is the cumulative oil productionafteralong
time of production.

The geologicalmodel uncertaintyis capturedby multiple
stochastiaealizations.One quality mapis generatedor each
realizationandthe differencebetweenthe realizationmapsis
a measureof the uncertaintyin the flow responsesFor each
cell, thelower quartileof thelocal distribution of quality is ex-
tractedto build a map,which canbe usedfor decisionmaking
accountingor uncertainty

The methodologyfor building the quality mapis presented
in detailandthe applicationof the maparedemonstratedvith
fifty realisticreserwir models.

Introduction

The uncertaintyin ary geologicalmodelis unavoidablegiven
thesparseavell dataandthedifficulty in accuratelyrelatinggeo-
physicalmeasurement® resenoir-scaleheterogeneitiesThe
two largeststatic uncertaintiesthe reserwoir geometryas de-
fined by surfacesandthe petrophysicabropertydistributions,
may be quantifiedby geostatisticamethods.

Whennouncertaintyis consideredresernoir decisiongnay
be madeusinga deterministicgeologicalmodelandsomeop-
timization algorithm (Ref. 3 and4). Oncea decisionis made,
suchasthe number type andlocation of the wells, thereare
techniquedo transfertheuncertaintyin the staticparameterto
theflow responsethroughflow simulationgRef. 2 and8).

However, uncertaintyoughtto betakeninto accountor de-
cisionmaking. Stochastianodelsof the staticparametersnay
be useddirectly for decisionsthat do not requireflow simula-
tions (Ref. 9 and10). However for mostof the reserwir de-
cisions,the valueof eachoption needsto be estimatediusinga
flow simulator

For a limited numberof productionscenariosandgeologi-
cal modelsthe“full approach’of obtainingoneflow response
for eachreserwir modelandeachproductionscenaricandthen
choosingthe scenariothat is the bestin averageover all the
models,may be applied(Ref. 7, 11 and13). Decisionswith
more complex problemsand with a larger numberof models
maybe madebasedn responsasurfacesgeneratedvith exper
imentaldesigntechniquegRef. 1 and5).

Multiple geostatisticalrealizationscan be ranked to de-
creasethe numberof modelsto processthrougha flow sim-
ulator for decisionmaking. Deutschand Srinivasafi present
several ranking techniquesshawing that thereare limitations
in all of thembut the bestresultsare obtainedwith someflow
simulationbasedechnique.

VasantharajaandCullick.'? presenthe conceptof a qual-
ity measureof the reserwir for locatingwells. The measurds
a combinationof staticcharacteristicef thereserwir anddoes
notaccountproperlyfor the dynamicandnonlinearinteraction
betweerthe parameters.
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Thequality map,introducedn this paperusesaflow simu-
lator to integrateall the parametershataffect the flow of fluids
throughheterogeneousesenoirs andto ensurethatthe proper
dynamicinteractionsdetweerthemis takeninto account.

Modeling the geologicaluncertaintythroughmultiple geo-
statisticalrealizationsand building one quality map for each
oneof therealizationsuncertaintycanbeintegratedinto deci-
sionmaking,suchaswell location.

The methodologyfor generatinghe quality value of each
cell of the mapfor a specificrealizationis presented.Thenit
is shavn that a few datapointsare sufiicient to interpolateby
kriging a mapfor eachrealization. How to generatehe mean
quality map, the map of the quality uncertaintyandthe lower
quartilequality mapusingthelocal quality distribution overthe
quality mapof all therealizationds alsopresented.

Oneverylargecasestudyusingfifty differentrealisticreser
voirsis presentedo demonstratéhefollowing usesof thequal-
ity maps: (1) well locationfor a specificrealizationusingthe
quality map of that realization;(2) well locationin a manner
thatis robust with respectto the uncertaintyand reducingthe
numberof scenariosin the “full approach”,using the lower
quartilequality map;(3) reductionof thenumberof realizations
in the “full approach”o just one, by identifying a represen-
tative realizationfor eachscenario,(4) rankingof realizations
for several purposeausingthe quality map of all realizations;
(5) reserwir comparisonsisingthe averagevaluesof themean
quality anduncertaintyquality maps.

Quality Maps

The quality mapis, by construction,a map of “how goodthe
areais for production”. The quality at a locationis a measure
of theexpectedoil productionif awell wereto be placedatthat
location(with no otherwellsin thereserwir). Themapis gen-
eratedby runninga flow simulatormultiple timesandvarying
the positionof a singlewell in eachrunto covertheentirehor-
izontal grid. Eachrun evaluatesthe quality for the horizontal
cell wherethewell is located.

The quality unit is the cumulative oil production(lV,) after
a certaintime of production. The total time of productionde-
pendson the size of the reserwir but mustbe long enoughto
allow thewell to produceall possibleoil, giventhe operational
controlsof thewell.

In the simulations,the well is completedin all oil layers
with automaticshut down of the layer when somewater (or
gas)cut limit is reached. No rate limits areimposed,allow-
ing thewell to producethe maximumit can. Only a minimum
bottom hole pressurg BHP) and a minimum oil rate mustbe
specifiedin accordancevith the real operationalimitations of
thewell.

Consideringheproductionof averticalwell from thethree-
dimensionalgeologicalmodeltranslateghree-dimensionale-
sultsinto atwo-dimensionabrid. Theflow simulatoraccounts
for all theinteractionsbetweernvariablesandreturnsonesingle
value of quality (N,) for eachwell position. The greaterthe
horizontaltransmissibilityaroundthe well the highertheinitial
rate,the longerthe productiontime beforethe minimum BHP
is reachedandthe greaterthe quality value(total V,,). Also the

smallerthe transmissibilitybetweenthe aquifer and the well,
thesmallerwill bethewaterproductionandthe greatertheto-
tal IV, for thesamefinal BHP.

Fig. 1 shavs, asan example,someof the parametershat
affectthe oil productionandpresentshe quality mapthatinte-
gratesall the parametersThe smallerthetop depththe greater
the final cumulative oil productionbecausehe thicker the oll
column. The higherthe oil volumethe better The higherthe
horizontalpermeabilityin the upperlayerswheremostof the
oil productionoccursthe better The lower the vertical perme-
ability betweerthe aquiferandthe productionlayersthebetter
Severalotherparameteralsoaffecttheflow of fluidsinsidethe
reserwir andonly aflow simulatoris capableof accountingor
all the interactionsbetweenthe parameters.The quality map
(shown in the lower right corner),built with the resultsof flow
simulationsintegratesall the parametersn a single value for
eachcell.

In the exampleof Fig. 1, the quality mapwashbuilt usinga
specificrealization(Realizationl) but thatrealizationmay not
be the bestmodelof the true reserwir. The uncertaintyin the
geologicalmodel due to the sparsesamplingof the reseroir
by wells is unavoidablebut it canbe modeleathroughmultiple
equiprobableealizations.

Ideally one quality map oughtto be built for eachrealiza-
tion with the well in eachcell of the horizontalgrid but that
is too CPUdemanding.The alternatve is to obtainonly some
pointsfor every realizationandthento interpolateby kriging
a quality mapfor eachrealization. The numberof pointsnec-
essarydependon the reserwir heterogeneityout 10% of the
total numberof cells hasbeenfoundto be suficient, provided
the pointsare well distributed over the entiregrid. A mix of
deterministicandrandomselectionof the positionsfor thewell
is appropriateto sampleeachrealization. The samplingposi-
tions shouldchangefor eachrealizationin orderto guarantee
thateachcell is samplecatleastonce.

Using the quality mapsfor all the realizations,two new
mapscan be produced: the meanquality map and the map
of quality uncertainty The meanquality value of eachcell is
obtainedby taking the meanover all realizationsof thatcell’'s
quality values.The averagevalueof the meanquality mapis a
measur@f theproductionpotentialof thereserwir. Thequality
uncertaintyof eachcell is obtainedby calculatingthe standard
deviation over all realizationsof that cell’s quality values.The
averagevalue of the standarddeviation quality mapis a mea-
sureof theuncertaintyin theresenoir flow responses.

For decisionmaking purposessuchas choosingthe loca-
tion of vertical producemwells, the quality uncertaintymustbe
considered.A goodwell location hashigh meanquality and
low uncertainty

An L-optimal quality mapcanbe generatedf alossfunc-
tion is defined. A compaly may have translatedts objectves
with respectto minimizing risk or maximizing possiblepro-
ductioninto a loss function. However, if no loss function is
available, an appropriateestimatefor this kind of decisionis
the lower quartilevalueof the distribution. The lower quartile
is the theoreticalresult of L-optimal estimatesvhenthe loss
of overestimatinghequality value(estimatiorgreatethanreal
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value)is threetimes greaterthan the loss of underestimating
the quality value. Usingthelower quartilevaluesto decidebe-
tweentwo cells of equalmeanquality whereto locatea well,
thecell with smalleruncertaintywill be preferable.

Fig. 2 presentghe quality mapsof two realizations(with
the positionsof the datapointsthatwere usedin the kriging),
the meanquality, the quality uncertaintyandthe lower quartile
quality maps.

The kriged quality map of Realizationl shows very little
differencefrom the quality mapof the samerealizationin Fig.
1, whichwasbuilt notby alimited numberof samplesandthen
kriging but exhaustvely with a quality valueobtainedfor every
cell of the horizontalgrid.

The positionsof wells that provided datafor the genera-
tion of the realizationsare shovn in the meanquality, quality
uncertaintyand lower quartile quality maps. It is evidentthat
the uncertaintyis smallnearto the datapointsandincreasess
the distanceto the wells increasesThe greaterthe uncertainty
(quality standarddeviation) the greaterthe relative difference
betweenthe meanquality valueandthe lower quartile quality
valuefor the samecell.

Using the Quality Maps

In orderto demonstratéhe applicationsof the quality mapand
to determindts benefit,averylarge casestudywith fifty differ-
entreserwirs wasundertalen. Severalreserwirs areneededo
provide reliableresultsandconclusions.

The reserwirs were generatedusing geostatisticaltools
and their volumes, productiity andlithology mimic medium
sizeoffshoresandstone/shalgl reserwirs with strongbottom
aquifers.Eachreserwir wassampledyy five wellswhoseposi-
tionsareshawn in thethreelastmapsof Fig. 2. With only the
datafrom thewells plusa smoothimageof thetruetop, twenty
stochastiaealizationswere generatedor eachreserwir. The
smoothimageof thetruetoprepresentthecontributionof seis-
mic data.

It is beyond the scopeof this paperto presentall of the
details neededto reconstructthe fifty reserwirs and twenty
stochasticrealizationsof each. However, a numberof com-
mentsmay be made: differentgeostatisticatechniqueswere
usedto createthe realizationsthanwere usedfor the truth; a
realisticamountof datawasusedin eachcase;anduncertainty
in the geostatisticaparametersvasconsidered.

The quality mapswereusedto addresdive differentreser
voir engineeringproblems: (1) Finding the bestlocationsfor
wells; (2) Including uncertaintyin decisionmaking;(3) Deter
mining a representatie realization; (4) Rankingrealizations;
and(5) Comparingresenoirs.

1. Locating Wells Sincethe quality mapaccountdgor thein-
teractionsbetweenthe reserwir heterogeneityandthe flow of
thefluids, it shouldbea goodmapfor locatingwells. This use
was evaluatedby comparingthe resultsof locating the wells
with the quality mapandlocatingthe wells with the oil volume
map.

For thisdemonstratiomo uncertaintywasconsideredOnly
thefirst realization(Realizationl) of eachreserwir, takenasa

deterministicmodel, was usedfor both methods(quality and
oil volume). The methodswere comparedwith respecto the
profit obtainedwith productionof the wells locatedwith each
map. Profitwasevaluatedasthe discounteabil production(dis-
countedrate= 7.5%) minusthe costof the wells (costof one
well = 150,000m? of oil) minusa percentagef thewaterpro-
duction(3%) asoperationatosts.

Eleven differentnumbersof wells were locatedwith both
mapsfor eachreserwir andthe comparisorbetweenthe two
methodsvasmadewith the meanprofit overtheelevenresults.
The five samplingwells were always usedfor productiontoo.
Hencefor atotal numberof fifteenwells for example,only ten
wells neededo belocated.

An optimizationprogramwasdevelopedto locatethewells
basedon the maximizationof the total quality allocatedto the
wells. For agivenconfiguratiorof a particulamumberof wells,
the programfirst allocateseachcell to the closestwell. Then
the programevaluateghe quality of eachwell (Q.,) by adding
all the quality valuesof the cells (Q.) thatbelongto thatwell,
weightingthe quality of eachcell by aninversedistanceveight
(w.). Thetotal quality (@) is the sumof all thewell qualities
andthatis whatthe programseekgso maximize.

1
— andw, =1ford,_.=0

w, =
¢ a- dw—c
NCyw
Qu = Z Q.- we
c=1
nw
Qt = Z Qw
w=1
where:nc,, = numberof cellsthatbelongthethewell w

nw = totalnumberof wells

Theinitial configuratiorfor eachadditionalwell is obtained
sequentiallyby searchingthe entire grid for the bestposition
(maximum@);) of thatwell giventhe location of the previous
wells. The optimizationof the configurationss madetaking
two wells atatime andtrying all the possiblecombinationgor
the positionsof both wells inside an grid areadefinedby one
cellto eachsideof the previouswell location(total of ninepos-
sible locationsfor eachwell). All the combinationsof wells
takentwo atatime aretried. Everytime a changen awell lo-
cationoccurs thecombinatiorof two wellsis revisitedbecause
for two wells thatweretried beforewithout changing a better
locationmaybefoundfor atleastoneof thewellsafterachange
in athird well location.A configurations final whennofurther
improvementn @, is possibleaftertrying all thecombinations
of two wellsatatime.

The weightsw, affect the well location and the resulting
profit. The higherthe exponentd, the more concentratedhe
wellsin the high quality area but wells too concentrateéh the
sameareaarenot optimal. In this casestudy aftersomesensi-
tivity analysis the coeficientsa andb weredefinedasa = 2
andb = 2 andusedfor all reserwirs.
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The sameoptimization programwas usedto locatewells
with the oil volumemaptoo, just replacingquality by oil vol-
ume.

Fig. 3 shaws the locationsof threedifferent numbersof
wells obtainedwith the quality map and with the oil volume
mapof Realizationl. The profits evaluatedfor this realization
andwith eachone of the scenariosare also presentedshow-
ing the benefitsof the quality mapover the oil volumemapfor
locatingwells.

The quality map provided betterwell locationsthanthe oil
volumemapfor 84% of thereserwirs. Overthefifty reserwirs,
the averagegain per reseroir of locating the wells with the
quality mapinsteadof with the oil volumemapwas267Mm3
of oil. This gainis equalto 1.8timesthe costof oneoffshore
well andit representsnincrementof 4.5% in theresenes.

Thefactthatfor 16% of thereserwirs the oil volumemap
worked betterthan the quality map for locating wells in this
casestudyis explainedby the settingof the samewell controls
(rate limit = none, BHP limit = 5024/ andwater cut limit
= 97%) andtotal time of production(20 years) in the quality
mapgeneratiorandthe samea andb values(a = 2 and b = 2)
in the optimizationprogramfor every reserwir. Throughsen-
sitivity analysisthough,it is alwayspossibleto find the appro-
priate parametergo usein the quality map generatiorandin
the optimizationprogramin orderto get betterlocationswith
the quality mapthanwith theoil volumemapfor ary reserwir.

2. Accounting for Uncertainty in Decision Making Deci-
sion making with a specificrealization(like Realizationl in
the previoussection)doesnot accountfor ary uncertainty The
goodnes®f thedecisiondepend®n theluck of choosingare-
alizationthatis closeto thetruereserwir.

Oneapproacho make the decisionsrobustto the geolog-
ical uncertaintyis to model this uncertaintythrough several
equiprobableealizationsanduseall therealizationsn thedeci-
sionmaking. Thestepof this“full approach”usingthequality
map,to decidethe bestnumberof verticalproducemwells are;

1. Generateseveral realizationsof the reserwir structure
andpetrophysicaproperties! = 1, ..., L. Eachreserwoir
modell is acompletespecificatiorof all staticproperties
suchasgeometryporosityandabsolutepermeability

2. Definetherangeof necessarmumberof wells (nw) for
eachreseroir. Thisrange,from nwi to nw f, shouldbe
wide enoughto guarantedhat the besteconomicnum-
ber of wells (nw*) is included. A few sensitvity flow
simulationrunsmaybe necessary

3. For eachnumberof wells, optimize the location of the
wells usingthelower quartilequality mapandmaximiz-
ing the sum of the qualities associatedvith the wells

(Qt = E Qw)

4. Calculatethe profit for eachnumberof wells and each
realization: Py, ,;, nw = nwi, ...,nwf;l =1,...,L. The
fluid productionandinjectioncurvesareobtainedoy run-
ning a flow simulatorandthe definedquantitatve mea-

sureof profit is appliedover the scenariospecifications
andcurvesfor eachsituation(nw andi).

5. Determinethe optimal numberof wells nw* by some
type of L-optimal profit. In the simplestcasethis will
bebasedon expectedvaluesE{P,,,,} = % Ele Py,
The optimalnumberof wells nw* is suchthat E{ Py, }
is maximum.

Thepurposeof the casestudyhereis to comparetheresults
of the decisionmakingwith andwithout accountingfor uncer
tainty. The true profit of the scenariodefinedusing the full
approachs comparedo thetrue profit of the scenariodefined
usingjust onerealization(Realizationl).

The samerangeof eleven different numbersof wells for
eachresenoir thatwasusedin the previous comparisor{qual-
ity mapversusoil volumemapfor Realizationl) wasusedhere
for bothapproacheskor the onerealizationapproachthe best
configurationfor eachnumberof wells usingthe quality map
of Realizationl wasalreadydefinedandalsothe profits were
alreadyevaluated. Thusfor this approachthe bestnumberof
wells wasdefinedsimply asthe onewith maximumprofit.

For the full approachthe bestconfigurationof eachnum-
berof wellswasdefinedusingtheoptimizationprogramandthe
lower quartilequality map. A flow simulatorwasrun for each
numberof wells andeachrealizationandthe profit wasevalu-
atedfor eachsituation. A meanprofit over all the realizations
wascalculatedor eachnumberof wells andthebestnumberof
wells wasdefinedasthe onewith maximummeanprofit.

The bestscenariadefinedwith eachof the two approaches
wasappliedin thetrue resenoir andthe true profits wereused
to comparethe approaches.The accesdo the true resultsof
thedecisionsvaspossiblein this casestudybecausehe “true”
(synthetic)reserwirs areknown.

Accountingfor uncertaintyin thedecisionmakingusingthe
full approachprovided betterlocationof wells for 58% of the
reserwirs. Theaveragegain,amongthefifty reserwirs, of the
full approachover the onerealizationapproactwas 193 M m?
of oil. This gainis equalto 1.3timesthe costof oneoffshore
well andrepresentanincremeniof 3.7%in theresenes.

The apparentcontradiction betweenthe significant gain
(193Mm? of oil) and not so significantnumberof reseroirs
(58%)for whichthefull approactwasbetterthanjustonereal-
izationis explainedby thefactthattheaverageoss(158 Mm3)
of usingthe full approachn the casesvherethe Realizationl
led to betterdecisionsvasmuchsmallerthanthe averagegain
(447Mm?) of the full approacHfor the othercases.This sug-
geststhat one realizationmay be, by luck, closerto the true
reserwir thanthe meanof the realizationsfor somesituations
but the probability of very baddecisionausingjust onerealiza-
tion, takenatrandomijs alsohigh.

3. Determining a Representative Realization For mary sit-
uationsthe numberof possibleproductionscenariosand/orthe
numberof realizationsand/orthe compleity of flow model
may be so large that the stepnumber4 of the full approach
would be too CPU demanding.An option to reducethe com-
putationaleffort of this stepis to identify a representatie real-
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izationandto useonly thisrealizationto runtheflow simulator
for eachscenario.

Therepresentatie realizationis the realizationthatgivesa
flow responseloserto themeanresponséoverall realizations)
thanary otherof the realizationsfor a specificscenario.lde-
ally the bestscenariodefinedrunningthe flow simulatoronly
with the representatie realizationfor eachscenariowould be
thesameasthe onedefinedwith thefull approach.

The quality mapis theright “measure”of eachrealization
to be usedfor identifying the representatie realization. The
ideais to selectthe realizationwhosequality mapis closerto
the meanquality mapthanary otherof the realizations. But
this closenes$s moreimportantnearthewell locations.Thus,
the wells mustbe locatedprior to theidentificationof the rep-
resentatie realizationandthe procedurds the sameaswith the
full approachi.e. usingthelower quartilequality map.

The sameweightingformula that was definedfor locating
the wells is usedhereto weight the quadraticdifferencebe-
tweenthe realizationquality value andthe meanquality value
for eachcell. Therepresentatie realizationis the onethathas
theminimumtotal weightedquadraticdifference.

ncy

D'=>(QL - Q) we, 1=1,...,L

c=1
[ = representatie when D! is minimum.

For eachof the fifty reserwirs, onerepresentatie realiza-
tion wasidentifiedfor eachscenaricandthenthe bestscenario
wasdefinedasthe onewith maximumprofit. The true results
of thescenarioglefinedwith therepresentatierealizationwere
comparedo the true resultsof the scenarioglefinedwith the
full approach.

The use of the representatie realizationled to the same
decision(samebestscenario)asthe full approachfor 44% of
thereserwirs. The decisionwith the representatie realization
wasbetter(highertrue profit) thanthe decisionwith thefull ap-
proachfor 20% of the reserwirs by luck. Thelossof usingthe
representatie realizationcomparedo usingthe full approach
was45Mm? of oil but the representatie realizationstill hada
gainof 147Mm? of oil if comparedo usingonerealizationat
random.

4. Ranking Realizations The numberof realizationsnec-
essaryto model the geologicaluncertaintymay be large de-
pendingon the reserwir heterogeneityand available data. A
methodologyfor rankingrealizationds usefulfor the purposes
of visualizationor decisionmakingor evaluationof the uncer
tainty in the flow responsessuchasthe productioncurvesof a
choserscenario.

Lik e the representatie realizationidentification,ary real-
izationrankis scenariadependentimaginea simplecasewith
only two realizationsthefirst with the bestproductionareain
the North andthe secondwith the bestareain the South. For
just one producerwell, a scenariowith the well in the North
would rank the first realizationas the best, while a scenario
with thewell in the Southwould give a differentrank with the
secondealizationasthebest.

The quality mapsof therealizationsalongwith the weight-
ing systenof the cell quality valuesfor a specificscenarianay
beusedto rankrealizations Giventhe scenariothe sumof the
qualities (Q¢) associatedvith the wells is evaluatedfor each
realizationandtherealizationsarerankedby @);.

Ideally arankingmethodologywould leadto the samerank
obtainedwith the flow responsef interest. Normally, thereis
goodcorrelationbetweendifferenttypesof flow responseand
theprofitis agoodsummaryof all of them.

A rankingof thetwentyrealizationavasdonewith thequal-
ity mapfor eachof theelevenscenariosn eachof thefifty reser
voirs. Anotherrankingof the twenty realizationsvasobtained
with the profitsandthe correlationcoeficient betweerthe two
rankswas evaluatedfor eachcase. To checkthe goodnesof
the rankingwith quality map,the sameexercisewasrepeated
usingtheoil volumemapfor eachrealization.

Fig. 4 shavs thedistribution of the correlationcoeficients
betweenthe rank with quality map andthe rank with profits.
Fig. 5 shavsthecorrelationcoeficientsbetweerthe rank with
oil volumemapandtherankwith profits.

The mean correlation coeficient when using the quality
mapwas 0.532andin more than 60% of the casesthe coef-
ficientwasbetweerD.5 andthe maximum(0.932).In Ref. 6, it
wasshown thatcorrelationshigherthan0.5aregoodenoughto
choosdow-side,expectedandhigh-sidefor therealizations.

Whentheoil volumemapwasusedto rankrealizationsthe
meancorrelationcoeficientwasjust 0.285,showving thatstatic
parametersvork poorly to rank realizationsby their flow re-
sponses.

5. Comparing Reservoirs Themeanandtheuncertaintyqual-
ity mapsmayhelpin comparingreserwirs aslong asthe same
well controlsandtime of productionareusedwhengenerating
themaps.

Normally the reserwirs are comparedby their original oil
in place(OOIP)andresenesaswell by thepresentalueof the
profit dueto the productionof the resenes. The volumesare
classifiedinto differentcategoriesaccordingto the uncertainty
in their existence.

Therearetwo waysto calculateresenes. Whenthe devel-
opmentplanis definedor alreadyimplementedtheresenesare
the expectedadditionalcumulative productionof the currentor
plannedbroductionscenario Whenthedevelopmenplanis not
definedyet (new reserwirs), the resenesare evaluatedbased
ontheOOIPandonaborronved(guessedjecoveryfactorfrom
someanalogouseserwir.

A correlationbetweernresenesandthe averagevalueof the
meanquality mapcouldbederivedfrom reserwirsthataresim-
ilar and for which the value of the reseres are known with
smalluncertaintyexhaustedeserwirs, for example).This cor-
relation could be a betterway to estimatethe reseresthana
guessedecovery factor This correlationcould also be used
for identifying reseroirs wherethe productionpotential(mean
quality) is high but the expectationof productionbasedon the
currentproductionscenario(resenes)is low. Suchreseroirs
would be candidate$or adevelopmenplanreview.

Thegoodnes®f the correlationbetweerthe meanvalueof
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the meanquality mapandthe reseneswas checled usingthe
fifty reserwirs. Thereseresweredefinedasthe meanoverall

realizationsof the cumulative oil productionaftertwentyyears
for the bestscenariochosenwith the full approach. Fig. 6

shaws the pointsfor thefifty reserwirs andthe correlationco-
efficientbetweerthemwhich was0.831.

Fig. 7 presentshecomparisorbetweerresernesandOOIP
justto show thatquality is bettercorrelatedwith resenesthan
OOIR The correlationcoeficient betweenresenesand OOIP
wasjust0.591.

Whichever theway to definethe resenes,normally no un-
certaintyis associatedvith themor with the expectedprofit of
their production. But betweentwo reserwirs with similar re-
senes (or profit), the one with smalleruncertaintyshouldbe
morevaluable.

The averagevalue of the uncertainty(standarddeviation)
qualitymapmaybeusedasaquantificatiorof theflow response
uncertaintyin generalandof theresenesin particular

The correlationbetweerthe uncertaintyestimatedvith the
qualitymapsandtheuncertaintyin reseneswaschecledfor the
fifty reserwirs. Theuncertaintyin reseneswasdefinedasthe
standarddeviation overtherealizationreseres.Fig. 8 presents
the comparisorbetweenthesetwo evaluationsof uncertainty
shaving thatthe correlationcoeficientwashigh (0.764).

Fig. 9 shaws thatif the standarddeviation of OOIP was
usedto estimatedthe uncertaintyin reseres, the correlation
would be muchsmaller(coeficient= 0.456).

The correlationbetweerthe uncertaintyestimatedvith the
quality mapsandthe uncertaintyin generaflow responsewas
alsocalculatedandthe correlationcoeficient was0.748,very
similar to the resultwith resenes. The uncertaintyin general
flow responsewasevaluatedoy the meanof the standardievi-
ationsovertherealizationprofitsfor eachscenario.

Conclusions
1. Thequality mappermitsa simpletwo-dimensionalisu-
alizationof “how goodtheareais for production”values
andof theuncertaintyin thosevalues.

2. The quality mapalongwith a simple optimizationalgo-
rithm may be usedto determinegoodlocationsfor verti-
cal producemvells.

3. Thelower quartile quality mapallows the incorporation
of geologicaluncertaintyinto resenoir managemende-
cisionmaking. An applicationof this mapfor the defini-
tion of the bestproductionscenariothroughthe “full ap-
proach”,wasdoneusingfifty realisticreserwirs,andthe
expectedprofit of the decisiongresentedubstantialn-
crementwhenaccountingor uncertaintycomparedvith
theuseof onedeterministicgeologicalmodel.

4. Onerepresentatie realizationcanbe identifiedfor each
productionscenariausingthequality mapsallowing sce-
nario comparisonsvith similar resultsto the onesusing
the expectedvalue over all realizationsbut with much
lessCPUtime expense.Thereis alossin usingtheresults
of just onerealization;however, this lossis lesswith the

representatie realizationthanwith onerealizationcho-
senatrandom.

5. The realizationsmay be ranked using the sum of total
quality (Q;) associateavith thewells. This rankingper
mits low-side, expectedand high-siderealizationsto be
identified.

6. Theaveragevalueof themeanquality maphasgoodcor-
relationwith the productionpotentialof a reserwir and
theaveragevalueof theuncertaintyquality maphasgood
correlationwith theuncertaintyin flow responsesThese
two averagevaluesmaybeusedto comparereserwirs.

Future Work

The only decision-makingproblemfor which the quality map,
asdefinedin this work, appliesdirectly is the location of ver
tical producerwells. Differentwaysto build the quality map
and/ordifferentquality units shouldbe analyzedfor different
problems.

As one example,for the problemof horizontalwell loca-
tion, two or three quality mapsmay be necessaryfixing the
layerfor the singlewell completionwhenbuilding eachmap.

The problemof locatinginjector wells after the definition
of the producemvell configuratiormay be solvedwith thehelp
of aquality mapbuilt with all theproducemwellsandonesingle
injectorwell andby varyingthe positionof theinjectorwell.

The quality unit may be a measureof profit, insteadof cu-
mulative oil production,to incorporatedifferentcostsof wells
in differentareasof theresenoir or to compareresenoirs with
differentwell costs.

Nomenclature
a,b = coeficientsin thecell quality weightingformula
BHP = bottomholepressure
dw_. =distancdromthewell to thecell
D! =weightedquadraticdifferencebetweerthe
quality of Realizationl andthe meanquality
overall realizations
L =total numberof realizations
N, =cumulatve oil production
ne, = numberof cellsthatbelongto thewell w
ne; = total numberof cellsin thegrid
nw = numberof wells
nwi = minimumnumberof wellsin therangeof nw
nwf = maximumnumberof wellsin therangeof nw
nw* = besteconomicnumberof wells
OOIP = originalail in place
P =profit
Q. =qualityofcellc
Q. =quality of thewell w
Q: =totalquality
Q! = quality of thecell ¢ in Realizationl
Q. =averagequality overall realizationsof thecell ¢
w, = qualityweightof cell c
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Figurel: Presentatiomf the quality map. Several data,including top depth,oil volume,andverticalandhorizontalpermeability are

integratedinto the quality map(lower right corner).
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