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Abstract
The parametersthat govern fluid flow throughheterogeneous
reservoirsarenumerousanduncertain.Evenwhenit is possible
to visualizeall the parameterstogether, the complex andnon-
linearinteractionbetweenthemmakesit difficult to predictthe
dynamicreservoir responsesto production. A flow simulator
maybeusedto evaluatetheresponsesandmakereservoir man-
agementdecisions,but normally only onedeterministicsetof
parametersis consideredandno uncertaintyis associatedwith
theresponsesor takeninto accountfor thedecisions.

Thispaperintroducestheconceptof a“quality map”,which
is a two-dimensionalrepresentationof the reservoir responses
andtheir uncertainties.Thequality conceptmaybeappliedto
comparereservoirs, to rankstochasticrealizationsandto incor-
poratereservoir characterizationuncertaintyinto decisionmak-
ing, suchaschoosingwell locations,with fewer full field sim-
ulationruns.

The datapointsnecessaryto generatethe quality mapare
obtainedby running a flow simulatorwith a single well and
varyingthelocationof thewell in eachrun to haveagoodcov-
erageof the entirehorizontalgrid. The “quality” for eachpo-
sition of the well is the cumulative oil productionafter a long
timeof production.

The geologicalmodeluncertaintyis capturedby multiple
stochasticrealizations.Onequality mapis generatedfor each
realizationandthe differencebetweenthe realizationmapsis
a measureof the uncertaintyin the flow responses.For each
cell, thelower quartileof thelocal distribution of quality is ex-
tractedto build a map,which canbeusedfor decisionmaking
accountingfor uncertainty.

Themethodologyfor building thequality mapis presented
in detailandtheapplicationsof themaparedemonstratedwith
fifty realisticreservoir models.

Introduction

The uncertaintyin any geologicalmodel is unavoidablegiven
thesparsewell dataandthedifficulty in accuratelyrelatinggeo-
physicalmeasurementsto reservoir-scaleheterogeneities.The
two largeststatic uncertainties,the reservoir geometryasde-
fined by surfacesandthe petrophysicalpropertydistributions,
maybequantifiedby geostatisticalmethods.

Whennouncertaintyis considered,reservoir decisionsmay
bemadeusinga deterministicgeologicalmodelandsomeop-
timizationalgorithm(Ref. 3 and4). Oncea decisionis made,
suchas the number, type and locationof the wells, thereare
techniquesto transfertheuncertaintyin thestaticparametersto
theflow responsesthroughflow simulations(Ref. 2 and8).

However, uncertaintyoughtto betakeninto accountfor de-
cisionmaking.Stochasticmodelsof thestaticparametersmay
be useddirectly for decisionsthatdo not requireflow simula-
tions (Ref. 9 and10). However for mostof the reservoir de-
cisions,thevalueof eachoptionneedsto beestimatedusinga
flow simulator.

For a limited numberof productionscenariosandgeologi-
cal models,the“full approach”of obtainingoneflow response
for eachreservoir modelandeachproductionscenarioandthen
choosingthe scenariothat is the best in averageover all the
models,may be applied(Ref. 7, 11 and13). Decisionswith
more complex problemsandwith a larger numberof models
maybemadebasedonresponsesurfacesgeneratedwith exper-
imentaldesigntechniques(Ref. 1 and5).

Multiple geostatisticalrealizationscan be ranked to de-
creasethe numberof modelsto processthrougha flow sim-
ulator for decisionmaking. DeutschandSrinivasan

�
present

several rankingtechniques,showing that thereare limitations
in all of thembut thebestresultsareobtainedwith someflow
simulationbasedtechnique.

VasantharajanandCullick.
���

presenttheconceptof a qual-
ity measureof thereservoir for locatingwells. Themeasureis
a combinationof staticcharacteristicsof thereservoir anddoes
not accountproperlyfor thedynamicandnonlinearinteraction
betweentheparameters.
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Thequalitymap,introducedin thispaper, usesaflow simu-
lator to integrateall theparametersthataffect theflow of fluids
throughheterogeneousreservoirs andto ensurethat theproper
dynamicinteractionsbetweenthemis takeninto account.

Modelingthegeologicaluncertaintythroughmultiple geo-
statisticalrealizationsand building one quality map for each
oneof therealizations,uncertaintycanbeintegratedinto deci-
sionmaking,suchaswell location.

The methodologyfor generatingthe quality valueof each
cell of the mapfor a specificrealizationis presented.Thenit
is shown that a few datapointsaresufficient to interpolateby
kriging a mapfor eachrealization.How to generatethemean
quality map,the mapof the quality uncertaintyandthe lower
quartilequalitymapusingthelocalqualitydistributionoverthe
quality mapof all therealizationsis alsopresented.

Oneverylargecasestudyusingfifty differentrealisticreser-
voirs is presentedto demonstratethefollowing usesof thequal-
ity maps: (1) well locationfor a specificrealizationusingthe
quality mapof that realization;(2) well location in a manner
that is robust with respectto the uncertaintyandreducingthe
numberof scenariosin the “full approach”,using the lower
quartilequalitymap;(3) reductionof thenumberof realizations
in the “full approach”to just one, by identifying a represen-
tative realizationfor eachscenario,(4) rankingof realizations
for several purposesusingthe quality mapof all realizations;
(5) reservoir comparisonsusingtheaveragevaluesof themean
quality anduncertaintyquality maps.

Quality Maps
The quality mapis, by construction,a mapof “how goodthe
areais for production”. Thequality at a locationis a measure
of theexpectedoil productionif awell wereto beplacedat that
location(with no otherwells in thereservoir). Themapis gen-
eratedby runninga flow simulatormultiple timesandvarying
thepositionof a singlewell in eachrun to cover theentirehor-
izontal grid. Eachrun evaluatesthe quality for the horizontal
cell wherethewell is located.

Thequality unit is thecumulativeoil production(
���

) after
a certaintime of production.The total time of productionde-
pendson the sizeof the reservoir but mustbe long enoughto
allow thewell to produceall possibleoil, giventheoperational
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 are imposed,allow-
ing thewell to producethemaximumit can.Only a minimum
bottomhole pressure(BHP) anda minimum oil ratemustbe
specifiedin accordancewith therealoperationallimitationsof
thewell.

Consideringtheproductionof averticalwell from thethree-
dimensionalgeologicalmodeltranslatesthree-dimensionalre-
sultsinto a two-dimensionalgrid. Theflow simulatoraccounts
for all theinteractionsbetweenvariablesandreturnsonesingle
valueof quality (

���
) for eachwell position. The greaterthe

horizontaltransmissibilityaroundthewell thehighertheinitial
rate,the longerthe productiontime beforethe minimumBHP
is reachedandthegreaterthequality value(total

���
). Also the

smallerthe transmissibilitybetweenthe aquiferand the well,
thesmallerwill bethewaterproductionandthegreatertheto-
tal
� �

for thesamefinal BHP.
Fig. 1 shows, asan example,someof the parametersthat

affect theoil productionandpresentsthequality mapthatinte-
gratesall theparameters.Thesmallerthetop depththegreater
the final cumulative oil productionbecausethe thicker the oil
column. The higherthe oil volumethe better. The higherthe
horizontalpermeabilityin the upperlayerswheremostof the
oil productionoccursthebetter. The lower theverticalperme-
ability betweentheaquiferandtheproductionlayersthebetter.
Severalotherparametersalsoaffect theflow of fluids insidethe
reservoir andonly aflow simulatoris capableof accountingfor
all the interactionsbetweenthe parameters.The quality map
(shown in thelower right corner),built with theresultsof flow
simulationsintegratesall the parametersin a singlevalue for
eachcell.

In theexampleof Fig. 1, thequality mapwasbuilt usinga
specificrealization(Realization1) but that realizationmaynot
be the bestmodelof the true reservoir. Theuncertaintyin the
geologicalmodel due to the sparsesamplingof the reservoir
by wells is unavoidablebut it canbemodeledthroughmultiple
equiprobablerealizations.

Ideally onequality mapoughtto be built for eachrealiza-
tion with the well in eachcell of the horizontalgrid but that
is too CPUdemanding.Thealternative is to obtainonly some
points for every realizationandthen to interpolateby kriging
a quality mapfor eachrealization.The numberof pointsnec-
essarydependson the reservoir heterogeneitybut 10% of the
total numberof cellshasbeenfoundto besufficient, provided
the pointsarewell distributedover the entiregrid. A mix of
deterministicandrandomselectionof thepositionsfor thewell
is appropriateto sampleeachrealization. The samplingposi-
tions shouldchangefor eachrealizationin orderto guarantee
thateachcell is sampledat leastonce.

Using the quality mapsfor all the realizations,two new
mapscan be produced: the meanquality map and the map
of quality uncertainty. The meanquality valueof eachcell is
obtainedby taking the meanover all realizationsof that cell’s
quality values.Theaveragevalueof themeanquality mapis a
measureof theproductionpotentialof thereservoir. Thequality
uncertaintyof eachcell is obtainedby calculatingthestandard
deviation over all realizationsof thatcell’s quality values.The
averagevalueof the standarddeviation quality mapis a mea-
sureof theuncertaintyin thereservoir flow responses.

For decisionmakingpurposes,suchaschoosingthe loca-
tion of verticalproducerwells, thequality uncertaintymustbe
considered.A goodwell locationhashigh meanquality and
low uncertainty.

An L-optimal quality mapcanbe generatedif a lossfunc-
tion is defined. A company may have translatedits objectives
with respectto minimizing risk or maximizing possiblepro-
duction into a loss function. However, if no loss function is
available, an appropriateestimatefor this kind of decisionis
the lower quartilevalueof thedistribution. The lower quartile
is the theoreticalresult of L-optimal estimateswhen the loss
of overestimatingthequalityvalue(estimationgreaterthanreal
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value) is threetimes greaterthan the loss of underestimating
thequality value.Usingthelower quartilevaluesto decidebe-
tweentwo cells of equalmeanquality whereto locatea well,
thecell with smalleruncertaintywill bepreferable.

Fig. 2 presentsthe quality mapsof two realizations(with
the positionsof the datapointsthatwereusedin the kriging),
themeanquality, thequality uncertaintyandthelower quartile
quality maps.

The kriged quality mapof Realization1 shows very little
differencefrom thequality mapof thesamerealizationin Fig.
1, whichwasbuilt notby a limited numberof samplesandthen
kriging but exhaustively with aqualityvalueobtainedfor every
cell of thehorizontalgrid.

The positionsof wells that provided datafor the genera-
tion of the realizationsareshown in the meanquality, quality
uncertaintyandlower quartilequality maps. It is evident that
theuncertaintyis smallnearto thedatapointsandincreasesas
thedistanceto thewells increases.Thegreatertheuncertainty
(quality standarddeviation) the greaterthe relative difference
betweenthe meanquality valueandthe lower quartilequality
valuefor thesamecell.

Using the Quality Maps
In orderto demonstratetheapplicationsof thequalitymapand
to determineits benefit,avery largecasestudywith fifty differ-
entreservoirswasundertaken.Severalreservoirsareneededto
providereliableresultsandconclusions.

The reservoirs were generatedusing geostatisticaltools
and their volumes,productivity and lithology mimic medium
sizeoffshoresandstone/shaleoil reservoirs with strongbottom
aquifers.Eachreservoir wassampledby fivewellswhoseposi-
tionsareshown in thethreelastmapsof Fig. 2. With only the
datafrom thewellsplusasmoothimageof thetruetop, twenty
stochasticrealizationsweregeneratedfor eachreservoir. The
smoothimageof thetruetoprepresentsthecontributionof seis-
mic data.

It is beyond the scopeof this paperto presentall of the
details neededto reconstructthe fifty reservoirs and twenty
stochasticrealizationsof each. However, a numberof com-
mentsmay be made: different geostatisticaltechniqueswere
usedto createthe realizationsthanwereusedfor the truth; a
realisticamountof datawasusedin eachcase;anduncertainty
in thegeostatisticalparameterswasconsidered.

Thequality mapswereusedto addressfive differentreser-
voir engineeringproblems: (1) Finding the bestlocationsfor
wells; (2) Includinguncertaintyin decisionmaking;(3) Deter-
mining a representative realization; (4) Rankingrealizations;
and(5) Comparingreservoirs.

1. Locating Wells Sincethequality mapaccountsfor the in-
teractionsbetweenthe reservoir heterogeneityandthe flow of
thefluids, it shouldbea goodmapfor locatingwells. This use
was evaluatedby comparingthe resultsof locating the wells
with thequalitymapandlocatingthewellswith theoil volume
map.

For thisdemonstrationnouncertaintywasconsidered.Only
thefirst realization(Realization1) of eachreservoir, takenasa

deterministicmodel, was usedfor both methods(quality and
oil volume). The methodswerecomparedwith respectto the
profit obtainedwith productionof the wells locatedwith each
map.Profitwasevaluatedasthediscountedoil production(dis-
countedrate �
	���
�� ) minusthe costof thewells (costof one
well ����
�������������� of oil) minusapercentageof thewaterpro-
duction( ��� ) asoperationalcosts.

Eleven differentnumbersof wells were locatedwith both
mapsfor eachreservoir and the comparisonbetweenthe two
methodswasmadewith themeanprofit over theelevenresults.
The five samplingwells werealwaysusedfor productiontoo.
Hencefor a total numberof fifteenwells for example,only ten
wellsneededto belocated.

An optimizationprogramwasdevelopedto locatethewells
basedon themaximizationof the total quality allocatedto the
wells. For agivenconfigurationof aparticularnumberof wells,
the programfirst allocateseachcell to the closestwell. Then
theprogramevaluatesthequality of eachwell ( �� ) by adding
all thequality valuesof thecells ( �"! ) thatbelongto thatwell,
weightingthequalityof eachcell by aninversedistanceweight
( #$! ). Thetotal quality ( ��% ) is thesumof all thewell qualities
andthatis whattheprogramseeksto maximize.

#&!'� �(*),+�- /.0! and #$!1�2� for +  /.3!1�4�

�� 5�
6 !879
!8: � �"! ) #&!

��%;�
6  9
 3: � �� 

where: <>=? = numberof cellsthatbelongthethewell #<3# = totalnumberof wells

Theinitial configurationfor eachadditionalwell is obtained
sequentiallyby searchingthe entiregrid for the bestposition
(maximum � % ) of that well given the locationof the previous
wells. The optimizationof the configurationsis madetaking
two wellsat a time andtrying all thepossiblecombinationsfor
the positionsof both wells insidean grid areadefinedby one
cell to eachsideof thepreviouswell location(totalof ninepos-
sible locationsfor eachwell). All the combinationsof wells
takentwo at a time aretried. Every time a changein a well lo-
cationoccurs,thecombinationof two wells is revisitedbecause
for two wells thatweretried beforewithout changing,a better
locationmaybefoundfor atleastoneof thewellsafterachange
in athird well location.A configurationis final whennofurther
improvementin ��% is possibleaftertrying all thecombinations
of two wellsata time.

The weights #$! affect the well location and the resulting
profit. The higher the exponent @ , the moreconcentratedthe
wells in thehigh quality area,but wells too concentratedin the
sameareaarenot optimal. In this casestudy, aftersomesensi-
tivity analysis,the coefficients ( and @ weredefinedas ( �BA
and @'�CA andusedfor all reservoirs.
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The sameoptimizationprogramwas usedto locatewells
with theoil volumemaptoo, just replacingquality by oil vol-
ume.

Fig. 3 shows the locationsof threedifferent numbersof
wells obtainedwith the quality map andwith the oil volume
mapof Realization1. Theprofitsevaluatedfor this realization
andwith eachoneof the scenariosarealso presented,show-
ing thebenefitsof thequality mapover theoil volumemapfor
locatingwells.

Thequality mapprovidedbetterwell locationsthantheoil
volumemapfor D�E�� of thereservoirs. Overthefifty reservoirs,
the averagegain per reservoir of locating the wells with the
quality mapinsteadof with theoil volumemapwas A�F�	�GH� �
of oil. This gain is equalto 1.8 timesthecostof oneoffshore
well andit representsanincrementof EI� 
�� in thereserves.

Thefact that for �JF�� of the reservoirs theoil volumemap
worked betterthan the quality map for locating wells in this
casestudyis explainedby thesettingof thesamewell controls
(rate limit = none, BHP limit �K
��MLON?P!8QOR and water cut limit�TS�	�� ) andtotal time of production(20 years) in the quality
mapgenerationandthesame( and @ values( ( �HA and @&�CA )
in theoptimizationprogramfor every reservoir. Throughsen-
sitivity analysis,though,it is alwayspossibleto find theappro-
priateparametersto usein the quality mapgenerationand in
the optimizationprogramin order to get betterlocationswith
thequalitymapthanwith theoil volumemapfor any reservoir.

2. Accounting for Uncertainty in Decision Making Deci-
sion making with a specificrealization(like Realization1 in
theprevioussection)doesnot accountfor any uncertainty. The
goodnessof thedecisiondependson theluck of choosinga re-
alizationthatis closeto thetruereservoir.

Oneapproachto make the decisionsrobust to the geolog-
ical uncertaintyis to model this uncertaintythrough several
equiprobablerealizationsanduseall therealizationsin thedeci-
sionmaking.Thestepsof this“full approach”,usingthequality
map,to decidethebestnumberof verticalproducerwellsare;

1. Generateseveral realizationsof the reservoir structure
andpetrophysicalproperties:U>�2���V�W�X�W�ZY . Eachreservoir
model U is acompletespecificationof all staticproperties
suchasgeometry, porosityandabsolutepermeability.

2. Definetherangeof necessarynumberof wells ( <3# ) for
eachreservoir. This range,from <3#$[ to <3#]\ , shouldbe
wide enoughto guaranteethat the besteconomicnum-
ber of wells ( <3#_^ ) is included. A few sensitivity flow
simulationrunsmaybenecessary.

3. For eachnumberof wells, optimize the locationof the
wells usingthelower quartilequality mapandmaximiz-
ing the sum of the qualities associatedwith the wells
( ��%/�C`a�� ).

4. Calculatethe profit for eachnumberof wells andeach
realization: b 6  /c de��<3#C�4<3#f[Z�V�W�X�X��<3#]\/gZUM�����,�X�W�X��Y . The
fluid productionandinjectioncurvesareobtainedby run-
ning a flow simulatorandthe definedquantitative mea-

sureof profit is appliedover the scenariospecifications
andcurvesfor eachsituation( <3# and U ).

5. Determinethe optimal numberof wells <3#_^ by some
type of L-optimal profit. In the simplestcasethis will
bebasedon expectedvalueshjiJb 6  1k � �l ` ldm: � b 6  /c d .
Theoptimalnumberof wells <3#_^ is suchthat hniJb 6  Mo k
is maximum.

Thepurposeof thecasestudyhereis to comparetheresults
of thedecisionmakingwith andwithout accountingfor uncer-
tainty. The true profit of the scenariodefinedusing the full
approachis comparedto thetrueprofit of thescenariodefined
usingjust onerealization(Realization1).

The samerangeof eleven different numbersof wells for
eachreservoir thatwasusedin thepreviouscomparison(qual-
ity mapversusoil volumemapfor Realization1) wasusedhere
for bothapproaches.For theonerealizationapproach,thebest
configurationfor eachnumberof wells usingthe quality map
of Realization1 wasalreadydefinedandalsothe profits were
alreadyevaluated.Thusfor this approach,the bestnumberof
wellswasdefinedsimply astheonewith maximumprofit.

For the full approach,the bestconfigurationof eachnum-
berof wellswasdefinedusingtheoptimizationprogramandthe
lower quartilequality map. A flow simulatorwasrun for each
numberof wells andeachrealizationandtheprofit wasevalu-
atedfor eachsituation. A meanprofit over all the realizations
wascalculatedfor eachnumberof wellsandthebestnumberof
wellswasdefinedastheonewith maximummeanprofit.

Thebestscenariodefinedwith eachof thetwo approaches
wasappliedin thetruereservoir andthetrueprofitswereused
to comparethe approaches.The accessto the true resultsof
thedecisionswaspossiblein this casestudybecausethe“true”
(synthetic)reservoirsareknown.

Accountingfor uncertaintyin thedecisionmakingusingthe
full approachprovidedbetterlocationof wells for 58% of the
reservoirs. Theaveragegain,amongthefifty reservoirs,of the
full approachover the onerealizationapproachwas �VS���GH���
of oil. This gain is equalto 1.3 timesthecostof oneoffshore
well andrepresentsanincrementof 3.7%in thereserves.

The apparentcontradictionbetweenthe significant gain
( �VS���GH� � of oil) andnot so significantnumberof reservoirs
(58%)for which thefull approachwasbetterthanjustonereal-
izationis explainedby thefactthattheaverageloss( �J
�D�GH� � )
of usingthefull approachin thecaseswheretheRealization1
led to betterdecisionswasmuchsmallerthantheaveragegain
( E�Ep	�GH� � ) of the full approachfor the othercases.This sug-
geststhat one realizationmay be, by luck, closerto the true
reservoir thanthe meanof the realizationsfor somesituations
but theprobabilityof verybaddecisionsusingjust onerealiza-
tion, takenat random,is alsohigh.

3. Determining a Representative Realization For many sit-
uationsthenumberof possibleproductionscenariosand/orthe
numberof realizationsand/or the complexity of flow model
may be so large that the stepnumber E of the full approach
would be too CPU demanding.An option to reducethe com-
putationaleffort of this stepis to identify a representative real-
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izationandto useonly this realizationto run theflow simulator
for eachscenario.

Therepresentative realizationis therealizationthatgivesa
flow responsecloserto themeanresponse(overall realizations)
thanany otherof the realizationsfor a specificscenario.Ide-
ally the bestscenariodefinedrunningthe flow simulatoronly
with the representative realizationfor eachscenariowould be
thesameastheonedefinedwith thefull approach.

Thequality mapis the right “measure”of eachrealization
to be usedfor identifying the representative realization. The
ideais to selectthe realizationwhosequality mapis closerto
the meanquality mapthanany otherof the realizations.But
this closenessis moreimportantnearthewell locations.Thus,
thewells mustbe locatedprior to the identificationof the rep-
resentativerealizationandtheprocedureis thesameaswith the
full approach,i.e. usingthelowerquartilequality map.

The sameweightingformula that wasdefinedfor locating
the wells is usedhereto weight the quadraticdifferencebe-
tweenthe realizationquality valueandthemeanquality value
for eachcell. Therepresentative realizationis theonethathas
theminimumtotalweightedquadraticdifference.

q d �
6 !8r9
!8: �ts �

d !vuaw�"!yx � � #&!J�zU>�����,�V�,�3��Y
UM� representativewhen

q d is minimum.

For eachof the fifty reservoirs, onerepresentative realiza-
tion wasidentifiedfor eachscenarioandthenthebestscenario
wasdefinedasthe onewith maximumprofit. The true results
of thescenariosdefinedwith therepresentativerealizationwere
comparedto the true resultsof the scenariosdefinedwith the
full approach.

The useof the representative realizationled to the same
decision(samebestscenario)asthe full approachfor 44% of
thereservoirs. Thedecisionwith therepresentative realization
wasbetter(highertrueprofit) thanthedecisionwith thefull ap-
proachfor 20%of thereservoirs by luck. Thelossof usingthe
representative realizationcomparedto usingthe full approach
was E�
�GH��� of oil but therepresentative realizationstill hada
gainof �,E�	�GH� � of oil if comparedto usingonerealizationat
random.

4. Ranking Realizations The numberof realizationsnec-
essaryto model the geologicaluncertaintymay be large de-
pendingon the reservoir heterogeneityandavailabledata. A
methodologyfor rankingrealizationsis usefulfor thepurposes
of visualizationor decisionmakingor evaluationof theuncer-
tainty in theflow responses,suchastheproductioncurvesof a
chosenscenario.

Like the representative realizationidentification,any real-
izationrankis scenariodependent.Imaginea simplecasewith
only two realizations,thefirst with thebestproductionareain
the North andthe secondwith the bestareain the South. For
just oneproducerwell, a scenariowith the well in the North
would rank the first realizationas the best,while a scenario
with thewell in theSouthwould give a differentrankwith the
secondrealizationasthebest.

Thequality mapsof therealizationsalongwith theweight-
ing systemof thecell qualityvaluesfor aspecificscenariomay
beusedto rankrealizations.Giventhescenario,thesumof the
qualities( � % ) associatedwith the wells is evaluatedfor each
realizationandtherealizationsarerankedby � % .

Ideallya rankingmethodologywould leadto thesamerank
obtainedwith theflow responseof interest.Normally, thereis
goodcorrelationbetweendifferenttypesof flow responsesand
theprofit is a goodsummaryof all of them.

A rankingof thetwentyrealizationswasdonewith thequal-
ity mapfor eachof theelevenscenariosin eachof thefifty reser-
voirs. Anotherrankingof thetwentyrealizationswasobtained
with theprofitsandthecorrelationcoefficientbetweenthetwo
rankswasevaluatedfor eachcase. To checkthe goodnessof
the rankingwith quality map,the sameexercisewasrepeated
usingtheoil volumemapfor eachrealization.

Fig. 4 shows thedistribution of thecorrelationcoefficients
betweenthe rank with quality mapand the rank with profits.
Fig. 5 shows thecorrelationcoefficientsbetweentherankwith
oil volumemapandtherankwith profits.

The meancorrelationcoefficient when using the quality
map was0.532and in more than 60% of the casesthe coef-
ficientwasbetween0.5andthemaximum(0.932).In Ref. 6, it
wasshown thatcorrelationshigherthan0.5aregoodenoughto
chooselow-side,expectedandhigh-sidefor therealizations.

Whentheoil volumemapwasusedto rankrealizations,the
meancorrelationcoefficientwasjust 0.285,showing thatstatic
parameterswork poorly to rank realizationsby their flow re-
sponses.

5. Comparing Reservoirs Themeanandtheuncertaintyqual-
ity mapsmayhelpin comparingreservoirsaslong asthesame
well controlsandtime of productionareusedwhengenerating
themaps.

Normally the reservoirs arecomparedby their original oil
in place(OOIP)andreservesaswell by thepresentvalueof the
profit dueto the productionof the reserves. The volumesare
classifiedinto differentcategoriesaccordingto theuncertainty
in theirexistence.

Therearetwo waysto calculatereserves. Whenthedevel-
opmentplanis definedor alreadyimplemented,thereservesare
theexpectedadditionalcumulativeproductionof thecurrentor
plannedproductionscenario.Whenthedevelopmentplanis not
definedyet (new reservoirs), the reservesareevaluatedbased
on theOOIPandonaborrowed(guessed)recoveryfactorfrom
someanalogousreservoir.

A correlationbetweenreservesandtheaveragevalueof the
meanqualitymapcouldbederivedfrom reservoirsthataresim-
ilar and for which the value of the reserves are known with
smalluncertainty(exhaustedreservoirs,for example).Thiscor-
relationcould be a betterway to estimatethe reservesthana
guessedrecovery factor. This correlationcould also be used
for identifying reservoirswheretheproductionpotential(mean
quality) is high but theexpectationof productionbasedon the
currentproductionscenario(reserves)is low. Suchreservoirs
would becandidatesfor adevelopmentplanreview.

Thegoodnessof thecorrelationbetweenthemeanvalueof
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the meanquality mapandthe reserveswascheckedusingthe
fifty reservoirs. Thereservesweredefinedasthemeanoverall
realizationsof thecumulativeoil productionaftertwentyyears
for the bestscenariochosenwith the full approach. Fig. 6
shows thepointsfor thefifty reservoirs andthecorrelationco-
efficientbetweenthemwhich was0.831.

Fig. 7 presentsthecomparisonbetweenreservesandOOIP
just to show thatquality is bettercorrelatedwith reservesthan
OOIP. The correlationcoefficient betweenreservesandOOIP
wasjust 0.591.

Whichever theway to definethereserves,normallyno un-
certaintyis associatedwith themor with theexpectedprofit of
their production. But betweentwo reservoirs with similar re-
serves (or profit), the onewith smalleruncertaintyshouldbe
morevaluable.

The averagevalue of the uncertainty(standarddeviation)
qualitymapmaybeusedasaquantificationof theflow response
uncertaintyin generalandof thereservesin particular.

Thecorrelationbetweentheuncertaintyestimatedwith the
qualitymapsandtheuncertaintyin reserveswascheckedfor the
fifty reservoirs. Theuncertaintyin reserveswasdefinedasthe
standarddeviationover therealizationreserves.Fig. 8 presents
the comparisonbetweenthesetwo evaluationsof uncertainty,
showing thatthecorrelationcoefficientwashigh (0.764).

Fig. 9 shows that if the standarddeviation of OOIP was
usedto estimatedthe uncertaintyin reserves, the correlation
would bemuchsmaller(coefficient � 0.456).

Thecorrelationbetweentheuncertaintyestimatedwith the
qualitymapsandtheuncertaintyin generalflow responseswas
alsocalculatedandthe correlationcoefficient was0.748,very
similar to the resultwith reserves. The uncertaintyin general
flow responseswasevaluatedby themeanof thestandarddevi-
ationsover therealizationprofitsfor eachscenario.

Conclusions
1. Thequality mappermitsa simpletwo-dimensionalvisu-

alizationof “how goodtheareais for production”values
andof theuncertaintyin thosevalues.

2. Thequality mapalongwith a simpleoptimizationalgo-
rithm maybeusedto determinegoodlocationsfor verti-
calproducerwells.

3. The lower quartilequality mapallows the incorporation
of geologicaluncertaintyinto reservoir managementde-
cisionmaking.An applicationof this mapfor thedefini-
tion of thebestproductionscenario,throughthe“full ap-
proach”,wasdoneusingfifty realisticreservoirs,andthe
expectedprofit of thedecisionspresentedsubstantialin-
crementwhenaccountingfor uncertaintycomparedwith
theuseof onedeterministicgeologicalmodel.

4. Onerepresentative realizationcanbe identifiedfor each
productionscenariousingthequalitymaps,allowing sce-
nariocomparisonswith similar resultsto the onesusing
the expectedvalue over all realizationsbut with much
lessCPUtimeexpense.Thereisalossin usingtheresults
of just onerealization;however, this lossis lesswith the

representative realizationthanwith onerealizationcho-
senat random.

5. The realizationsmay be ranked using the sum of total
quality ( � % ) associatedwith thewells. This rankingper-
mits low-side,expectedandhigh-siderealizationsto be
identified.

6. Theaveragevalueof themeanqualitymaphasgoodcor-
relationwith the productionpotentialof a reservoir and
theaveragevalueof theuncertaintyqualitymaphasgood
correlationwith theuncertaintyin flow responses.These
two averagevaluesmaybeusedto comparereservoirs.

Future Work
Theonly decision-makingproblemfor which thequality map,
asdefinedin this work, appliesdirectly is the locationof ver-
tical producerwells. Differentwaysto build the quality map
and/ordifferentquality units shouldbe analyzedfor different
problems.

As oneexample,for the problemof horizontalwell loca-
tion, two or threequality mapsmay be necessary, fixing the
layerfor thesinglewell completionwhenbuilding eachmap.

The problemof locatinginjector wells after the definition
of theproducerwell configurationmaybesolvedwith thehelp
of aqualitymapbuilt with all theproducerwellsandonesingle
injectorwell andby varyingthepositionof theinjectorwell.

Thequality unit maybea measureof profit, insteadof cu-
mulative oil production,to incorporatedifferentcostsof wells
in differentareasof thereservoir or to comparereservoirs with
differentwell costs.

Nomenclature( �y@ = coefficientsin thecell qualityweightingformula
BHP = bottomholepressure+  /.0! = distancefrom thewell to thecellq d = weightedquadraticdifferencebetweenthe

qualityof RealizationU andthemeanquality
overall realizationsY = total numberof realizations� �
= cumulativeoil production<>=  = numberof cellsthatbelongto thewell #<>={% = total numberof cellsin thegrid<3# = numberof wells<3#$[ = minimumnumberof wells in therangeof <3#<3#_\ = maximumnumberof wells in therangeof <3#<3#_^ = besteconomicnumberof wells

OOIP = originaloil in placeb = profit�"! = quality of cell =�� = quality of thewell #��% = total quality� d ! = quality of thecell = in RealizationUw�"! = averagequality overall realizationsof thecell =#$! = quality weightof cell c
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Figure1: Presentationof thequality map. Severaldata,including top depth,oil volume,andverticalandhorizontalpermeability, are
integratedinto thequalitymap(lower right corner).
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mapsthatweregeneratedbasedon asetof twentyrealizations.
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Figure 8: Reserve Uncertainty versus Quality Uncertainty.
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Figure 9: Reserve Uncertainty versus OOIP Uncertainty.
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