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Abstract

Baram is a giant mature field situated, offshorea®ak Malaysia. Reservoirs consist of an approteiyas000 ft thick-

stacked sequence of shallow marine sands, distdbiat excess of 200 zones. The field is extensifaijted. Early Growth
faulting followed by a later compressional phase led to complex fault geometries. The field hasrberoducing for over 40
years and presently has 175 wells.

Although the reservoirs are generally of good duathe field currently has relatively low produati rates, a low recovery
factor, and a significant amount of remaining ressr The geological complexity poses a key chg#emnd a robust static
reservoir model is a prerequisite for efficientene®ir management and for identifying viable ImprdvOil Recovery (IOR)
measures.

Static models of the Baram field had previouslyrbeenstructed. This modelling took in excess twarge¢o complete and the
models were segmented into 10 pieces, as techndiagyy this period was unable to tackle complextfgeometries. Due to
the results of the static / dynamic modelling baimgyfficiently robust when tested during a drifjinampaign in 2009, the
decision was made to remodel.

The Baram subsurface team was challenged withihgild static model which could be used for fieldnagement and IOR
/EOR process selection and optimization withinxansonth timeframe. This is to allow for early intieent decisions and an
accelerated reversal of production decline. The &gyects of the fixed timeframe static model cawsibn are described
below. They consist of:

1. The subdivision of the field into independentdeis.

2. The utilization of a modern algorithm to modehwplex fault geometry.

3. Nested stratigraphic modeling.

4. Parallel property modeling and the re-combingigesults into a single simulation grid to enabitegrated reservoir
simulation.

A full focus on the importance of the timeline aedrly investment, plus the adoption of a varietystrhtegic project
management measures and use of "state of the ad&ling technology can allow fit-for-purpose statiodels to be delivered
on time.

Introduction

The Baram Field, situated 30 km northwest of Lutddglaysia, is one of nine fields in the Baram Bdliperations (BDO)
area offshore Miri, Sarawak. It is located in apqmately 60-200 ft water depth. The field is dividto two main parts:
Baram North and South, which are separated by arngapwth fault striking in the E-W direction. BanaNorth itself is



2 SPE 159532

divided further into Baram A, B, and saddle arearan B represents hydrocarbon accumulation at dhignwestern part of

the field and is smaller in terms of size and nundfenells compared to Baram A, which is locatedhet northeastern side.
The saddle area has been appraised and is confimie/e no hydrocarbon finding. Consequently nmmmon fluid contacts

were identified between Baram A and B. A comptailine of the field can be seenkingure 1.

The depocenter of the Baram field was developeéhdurate Eocene, and from early Middle Miocene origaand was
characterized by regressive phases of clastic ssdation. The sedimentation cycle in the areéhésresult of interplay
between tectonic, sea level fluctuation, and also rate of sediment supply. The Baram structurorisied on an active
continental margin with two main deformation typasntified:

* An Extensional event, during middle to lower Mioeewhich produced a WSW-ENE trending growth fault.

» A Compressional event induced by strike slip moveindeiring Pliocene, which created folding and inedrsome of
the existing faults. Generally, wrench induced dwfation effect decreases basinward. This compneakevent also
made crestal collapse faults at the crest of pesiitructures, which complicate lateral compartnanshallower
sections.

There are 13 reservoir sequences identified in Baféeld and approximately 90 major reservoir uniitstotal, reservoir
thickness is about 7000 ft with major hydrocarbooumulation belonging to the Cycle V and VI of tipper Miocene and
Pliocene ages. Reservoirs are highly compartmeethlivertically by interbedded shale, and laterblyfaults. However,
along with increasing differential pressure aftesduction, some of seals may have broken and dtéstallow fluid transfer
from one compartment to another. The limited resiersurveillance data, comingling of reservoir pwotion and minimal
PLT monitoring presents difficulties in implemerdi proper reservoir management. Hence, productiocation is only
based on permeability thickness (Kh) proportioreSéhfacts pose a real challenge for both staticdgndmic modeling.

The naming convention for reservoirs, fault blocksg any other related information in this papenéant for reference only
and does not represent actual names. The folloaiacghydrocarbon bearing intervals starting froe shallowest, i.e: Al,
A2, A3, Ad, A5, A6, A7, A8, A9, A10 (seEigure 2). Due to their complexity, it is believed thathtough review, with an
integrated perspective, will reveal the significgmitential of remaining hydrocarbons. It is a reedde assumption
considering an inverse relation between reservoality and current recovery factors. The realizatad this hydrocarbon
potential trigger a Baram Field revitalization prcj which is part of a major IOR/EOR campaign foivenate mature fields
in Malaysia.

The Baram Field has become one of the main focesesjdering the size of its potential. The proj#oeline has been setup
and accordingly, the integrated static model hasetfinished by end of 2011, or within a six moniihse frame to be aligned
with the overall IOR/EOR project timeframe. It ifiage task to be accomplished, considering thd'figize and complexity.

Methodology

The integrated static model of Baram is initiatgdblilding a single structural framework for the alé field. By doing this,

the consistency of the horizon and fault framewlkthe whole field is maintained, regardless & thcation of the sector
model grid extracted from the framework. Movingviilard, to ensure static model completion within tineeframe, several
strategic measures are taken as follows:

1. Subdivision of the field into independent models

2. Utilization of modern algorithm to model compliault geometry.

3. Nested stratigraphic modeling.

4. Parallel property modeling and the re-combindfighe results into a single simulation grid takle integrated reservoir
simulation.

1. Subdivision of the field into independent models . There is a static model of Baram Field which wasstructed in
2006. However, the Baram Field was segmented idteettor models. Consequently, some lateral imateit-blocks pressure
and fluid communication could not be simulated. e3al/zones which are commingled also need to balated separately
due to the sector models approach. This problemrealized during model construction, but fault getmy complexities
hampered efforts to combine the sector models hiege integrated simulation. The large verticakextof the Baram Field
reservoirs also becomes a predicament as the shafast intersections become very complex.

Technology has evolved since then with an improfeadt modeling algorithm enabling any kind of fagkometries and
relations to be modeled easily. It makes the meaif a single integrated model for the whole Batféield possible, solving
previous problems. Initially, a "Master" structurabdel of the entire field was constructed. It beecapparent however, that
working with one giant model would slow down theject delivery due to slow computing time. It whsrefore decided to
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aim for four sub models as the final product which:

a) included all the most important reservoirs
b) displayed insignificant pressure communication
¢) were not commingled

The criteria set up for the sub-models split sethespurpose for integrated reservoir simulatiolne Bub-models are started
by splitting the Baram North model into Baram A @dFor the whole Baram field, A10 reservoirs aevar commingled
with other shallow zones. Hence, the Baram A méltien divided further into A5 - A10 models whBaram B is split into
A8 - A10 models.

2. Utilization of a modern algorithm to model compl ex fault geometry. A modern algorithm for modeling the
complex fault geometries in the Baram field wasduskhis algorithm is fully automated, data drivemdaable to model
complex geometries that would not have been passisihg more conventional pillar gridding or binangthods.

The algorithm consists of a modified binary apptodsee Hoffman et al. (2008)]. It builds faults ngi‘triangularized

surfaces’ instead of 'pillars’ in a pillar base Imet The utilization of surfaces to model fault®yides flexibility and

removes the restrictions of the pillar based metlt@dilts no longer have to be terminated by otrgastle dipping fault will

not result in dipping grid pillars, and complex famteractions (crossing faults, half-lambda faulalf-Y faults, and other
similar geometries) are no longer an issue.

The usage of surfaces to model faults is adoptad fthe binary approach. However, the conventioivary method requires
a strict definition of foot-wall and hanging-walties for each fault. Therefore, partial fault pieagéon could not be modeled.
The current method describes a compound faultioelship which identifies each section of faultsncated by others. The
combination (surface-based faults and a compoutadiorship description) has generated a very flexitault modeling
algorithm. All challenging fault geometries in Bara have successfully been modeled and several dzampe shown in
Figure 3.

3. Nested stratigraphic modeling.  The stratigraphic horizons were modeled usingeetltevel nested approach. The first
level included the seismically defined horizons ahe 2 level included individual or combined "parasequetic These
models were very quick to run and allowed the ojatition of the large-scale geometry before the tamesuming % level
stratigraphic modeling of individual reservoirs wearried out. The nested horizon modeling framewisrillustrated in
Figure4.

The nested process also makes the QC process aadienore efficient. It is started with only seismiterpreted horizons,
and involves well picks. After the framework is satered to have good quality, it is frozen and wsed basis for generating
the next level detail of the horizon model. For glienmodels, the advantage of doing horizon modsdlinguch way is not
substantial. However, when it comes to modelingiantgfield, focused directly on over thirty-thousamell picks and
hundreds of zones at once, it can be an extreradlgus and error prone process.

In addition to the nested approach, the Baram borinodel no longer implements continuous surfagemputs. Instead,
surfaces are defined uniquely in fault blocks whicliress cases of reverse faults or requiremdmive multi-z description
easily. A fault block here refers to a software aliggion of the area/block in respect of surrougdiiaults and is not
necessarily a closed system, often relating ta fxitapolation. It is more a result of a softwargficial intelligent algorithm
and has no relation with the geology.

4. Parallel property modeling. To accommodate the tight project timeframes, arovative project management
approach was adopted during the property modelias@. The model was split into key stratigraphierirals to enable the
parallel execution of the property population wtoldf. Several Geomodellers worked concurrently dyrihis process,
shortening the timeframe, improving the QC procass, maintaining a good quality model as a re3iie work process is
illustrated inFigure 5. After the parallel property modeling, the modsése re-combined for integrated reservoir simutatio

There are significant associated risks with thigrapch, i.e. :

* Model inconsistency due to some level of subjedtiterpretation involved during the property modgli

e Substantial differences of duration required betwgeomodellers to complete tasks and which woulstrabt the
generation of the integrated model on schedule.

The risks mainly derive from differing knowledgedacapability levels of the team members, whichdgially a common
theme of most sub-surface projects. To overcongeptiblem, a universal, fit for purpose propertydeling technique was
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designed. The main idea was to find common geocdbgispects of modeled reservoirs and a consistagtol describing
reservoir heterogeneity. All the ideas were themifeated in a high level workflow as outlined kiigure 6. The workflow
served as a guideline and milestone check duriegptioperty modeling process, and hence consisé=uits both from
modeling and the timeframe perspective were attdénd detailed description of the workflow together kvithe underlying
concept is elaborated below.

Common Geological Aspect.

The modeled reservoirs cover the A5, A6, A7, A8, A8d A10 intervals. Out of the interval modeledlyaa limited core was
acquired over sections of the A6, A7, and A10 nesies. Despite the limited coverage, the stratiiapdevelopment
intersected provided a good overview of the dejmysit system’s evolution.

The core in the A10 reservoirs indicate a predomigashoreface dominated depositional system witmes minor tide
dominated intervals. This is marked by coarsenipgyard features together with the presence of swaless-stratification,
hummocky cross-stratification and lesser heterogesnsandstone. Cores in A6 and A7 reservoirs gipisaiggest deposition
occurred within a near shore shallow marine to el complex, consisting of a shoreface and tidteinnel depositional
environment. Log signatures support the interpimtatery well with a commonly developed coarseniqpgvard log motif.
All the inspections align with a regional concepithereby the reservoirs being modeled were depositedn overall
regressive event, particularly over the A10 reserirterval. The overall control of deposition islated to depositional
provenance, basin orientation and the underlyingctiral fabric. Synthesis of the Baram reservapaskitional concept is
then constructed and outlinedfingure 7. A common theme for the modeled reservoirs is dttdigrward, i.e : a shoreface
depositional system. The main character of theeshoe deposit is then reflected during selectiothefproperty modeling
technique.

Reservoir Heterogeneity Description.

The heterogeneity description of the reservoir isriéical part in every modeling exercise as it hdigect impact on
hydrocarbon volumetric and reservoir flow charact&he common approach is where either the geologrsd/or
sedimentologist review cores and log signature®igda facies interpretation out of the data. Thisnportant, especially in
the complex depositional setting i.e. : fluvial andbidite environments where each facies unit e a distinct geometry.
However, the approach takes time and the qualithefresult is highly dependent on the knowledge experience of the
interpreter.

The Baram property model was scheduled to be fuishithin two months. The adoption of the afore timeved approach in

the Baram case was not considered appropriate Maswnaue to the following factors:

» Four geomodellers with differing level of knowledgasd experience working concurrently on the projéidie
establishment of geological facies interpretatidlh tiverefore likely yield an inconsistent framewarnless integrated.

e The large number of wells data (150 +) and reserzones (~ 200). The detailed reservoir specifiolggical facies
interpretation will take excessive time and deleyjgct completion.

The best approach for Baram and similar studiethésefore to utilize quantitative lithology classétion as it offers
consistency and an efficient timeline. In princjphkere are two ways that lithology classificatitas been widely adopted to
conduct such classification:

a. Petrophysical based Classification.

This is where reservoir petrophysical propertieshsas volume of clay (Vcl), porosityp], and permeability (K), are used
directly, through a specific mathematical functido, create a lithological classification. The prdjgs could be used
independently or concurrently, depending on theoldgical complexity to be described. An exampleso€h classification

can be found in the following reference [see Séval.(2002) and Guo et al.(2005)].

b. Artificial intelligence classification.

In this approach, petrophysical properties are atsa as a basis of lithology classification. Hogrevather than putting them
in a general equation, the properties variationaaralyzed against, (usually) core lithological emdion, to come up with
specific trends which can then be applied to pteditbological class in the un-cored intervals. Téeare differing
methodologies that have historically been used;, flzzy logic [see Cuddy (1998)], neural netwoskd Bhatt and Bhelle
(2002) and Benzaoui et al. (2009)]. The comparisbseveral artificial intelligent methods also haween evaluated [see
Dubois et al.(2005)]. The reliability of these madls will be highly dependent on core data coversigee it serves as a
training ground for the algorithm to evaluate lithgical heterogeneity.
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Artificial intelligence classification is consideteunreliable in the Baram field, due to the limiteoke coverage providing
insufficient learning. The lithology classificatiois instead based on a density-neutron crossplat sand-silt-clay
petrophysical interpretation model. The lithologhass is described as rock type and tied back toctre lithological

interpretation. From the cores there are eightraiselements described which are then groupedfouo rock types. Rock
Type 1 corresponds to the best reservoir qualitpviced by Rock Type 2 and so fortRigure 8).

A reasonable match is observed when comparing éoiyed Rock Type to the core interpreted Rock Tgigure 9). Hence,
it was assumed that the classification could beagated towards all modeled reservoir intervalis itmportant to note that
while the Rock Type may reasonably describe persiphl variation, it does not necessarily relatéh® diagenetic facies
distribution, in this case : upper, middle, and éowhoreface.

Property M odeling Appr oach.

Using the above synthesis of geology and resehaigrogeneity, a common, fit for purpose propertygeting workflow was
set up. Porosity, both effective and total, werpytated at first, guided by shoreface deposit beteneity patterns and the
underlying depositional model concept. As discugzeiously, Rock Type is not necessarily relaedi¢netic unit facies,
hence Rock Type is not directly modeled as a prsecuof petrophysical modeling. In addition, thedmal nature of the
shoreface deposit areal transition does not strictjuire facies to be modeled as guidance forophirsical properties
population.

Key characters of shoreface deposits are good@antchuity along the shoreline with more rapid sguodlity variation along

the depositional dip. A shoreface genetic unitgsally described as a belt with the following wveati succession: Lower,
Middle and Upper shoreface. Upper shoreface isipraixto shoreline and sediment provenance with gesdrvoir quality in

general while Lower shoreface is more distal argl paorer reservoir quality. Middle shorefaceiismy the transition zone
in between.

In the modeling workflow, proximal to distal reseivquality degradation by extracting lateral patypsend from well data is
illustrated inFigure 11. The dominant observed azimuth is N 165 E withdgmat 1 %/1000 ft for Baram-B and N 175 E with
gradient of 0.6 %/1000 ft for Baram-A respectivehhis is pretty well aligned with regional knowledghat depositional
direction is approximately perpendicular to theepashoreline. The paleo shoreline trend itsetfoiscident with the NNE-
WSW regional growth faultRigure 13). This lateral trend, unique for each modeled zwnj is combined with a regional
compactional trendrjgur e 12) guiding porosity population.

To proceed into the permeability and saturation ehdihological class becomes important. Differéthitological classes will

have different poro-perm and saturation heightti@iahips. To establish the lithological class lie 8D model, previously
populated effective porosity (Phie) and total payo@hit) were used to create rock type (RT) treiadting advantage of Phit-
Phie-RT clusters at the well location. The RT dremas then used as a secondary parameter duringoBilation using

Sequential Indicator Simulation (SIS).

Once the RT model is established, permeabilityosutated using poro-perm function [see Choo (2Pdd)jch specifies for
each rock type. Doing this alone, will heavily regtthe permeability range according to the fumetand will not reproduce
cloud variation as shown by well data. In additianthe well location, the permeability from the 8iddel will not be exactly
similar to log permeability, since the functioreiffsis basically only a best-fit line in the poresm cloud.

To overcome this weakness, cloud transform [see éfyal. (1999)] was conducted after the poro-peunction
implementation. This has two purposes: reprodupimgneability log values at well locations in the Biddel and generating
poro-perm cloud for more realistic permeability igtions against total porosity as shown by logs emdine core analysis
(RCA) data (seé-igure 10). The Combination (Poro-perm function and cloughsform) produce very encouraging results
(seeFigure 14). With only poro-perm function, there is practlgaio permeability variation for a Phit value incearock type

as demonstrated by the green lines. Cloud tramsfoption generates the variation and reprodusegoro-perm cloud
shown by logs data. The crossplot of the poro-p&Bnmodel is shown as points with different coloc@eling to rock type.

Overall, the property model result reflects thelggp setting very well and the anisotropy of th@rgface environment is
also very well represented. Petrophysical propersieow a very good continuity along shoreline.l,Stiile imposed trend
honors geological observation at the well locatias, demonstrated by some disturbed trend at théheamtern side of
Baram-A areaKigure 15) as result of tidal process intervention. Thisatigrocess signal is commonly observed towards
shallow reservoirs as expected by the regionalaggainference.
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Saturation M odeling.

Saturation was modeled using modified leverettntfion. The equation has been tested at well lamel has achieved a
satisfactory match when compared with Sw from [Bige main challenge during the exercise is to inc@fe large amounts
of fluid contact information dispersed in Baraml&idn total, there are about one thousand resep@mnpartments in Baram
with each of them having individual contacts, mpsti the three phase system (Gas-Oil-Water).

Considering the number of compartments, fluid ccindgtermination is a very tedious and challengiracess. Pressure plots
cannot be used as only 12 Repeat Formation Td3E€F)(points are considered as having initial presssaformation which
spreads across 7000 ft of reservoir sections. Shal¥ intercalations with average sand thicknesmbf 15-20 ft generally
preclude any amplitude anomaly (flat spot). Thewefdluid contact determination relies fully on fgsaturation height
function, and the statistical approach as a lasirteThe order of event priority and the respecfluid contact determination
could be referred ifable 1. The table is tabulated in terms of priority whér®il Water Contact (OWC) is observed, this
OWC will be extrapolated to Free Water Level (FWIsing Saturation Height Function (SHF). If no catdaare observed
and good saturation profile from logs was obserwee,tried to estimate the FWL by fitting the Sw\@s. If matching
between SHF and Sw log is poor, then we use tHavémalmethod to determine the FWL between Oil Dovwn(ODT) and
Water Up To (WUT), provided that the distance betw®©DT and WUT is less than 30 ft. If else failgn we use Gas Oil
Contact (GOC ) + average oil column height to deiee the FWL. About 82% of the Baram FWL was deiagd from SHF
curve fittings.

For GOC determination, if GOC was observed, therused GOC. If no GOC was observed and only Gas Dbov(GDT)
and Oil Up To (OUT) was observed, then we usedwalf If only OUT was observed, then, GOC is deteadiby taking
halfways between crest and OUT, lastly, if only GB&s observed, GOC was determined by using cresterage gas
column in that particular block. The most importéatdtor for using these workflows for determinirdg tFluid contacts is to
choose the real “ initial well” with the assumptiothat the logs response were true. The 'initelsiwere then used as an
anchor for saturation matching as showiriigure 16.

A customized program/script was created to asdigha@se fluid contacts automatically in each comiyp&nt, hence enabling
an automated saturation model. The script is exhgraseful in shortening timeframes, especiallyhwitequent contact
updates and during uncertainty analysis exerciBas.cross section which illustrate initial fluidrdact complexity in Baram
Field is provided in th&igure 17.

Property M odel Results.

To validate the property model result, a blind twas conducted. Commonly, this validation was ardyducted when we
have extensive lateral information from secondatadseismic). However, in case of Baram, a langaber of wells were
considered to sufficiently represent the lateraiatin of field heterogeneity. The blind test riésa very good, showing
consistent profiles between log data at wells aticheted log from the 3D moddFigur e 18).

Conclusions

A complex Giant field always poses substantial mese management challenges. Such fields are aissociated with low
recovery factors despite good reservoir quality.idtegrated interdisciplinary perspective is reqdito properly manage and
optimize the reservoir's potential.

The establishment of an integrated reservoir méateduch a field is not a trivial process, espégiahder a constrained time
frame, but still a possible task considering:

1. Continuous review and adoption of the latestlabke technology.

2. An Innovative project management approach.

3. Interdisciplinary communications to establidfit fr purpose modeling workflow.

The modelling work in Baram has set a new leveltémhnology utilization and project acceleratiomiature and complex
field reservoir management. As demonstrated, tlgnmlent of technical details and business objestinemanaging giant
fields, has now become an attainable process.
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Interpenetrating Y faults
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Faulted faults, where faults are displaced
by younger ones.

Figure 3. Examples of the challenging geometry of faultsin the Baram Field
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Figure 6. A common, high-level property modeling workflow used in the Baram static model
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Figure 12. Compactional trend of total porosity

(Phit) observed from well data
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Figure 13. Example of porosity trend extracted from wells at a specific horizon.
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Figure 14. Poro - perm 3D model cross plot

OIL - WATER interface

No Coverage
Event FWL determination (%)
1 OWC observed from Logs Extrapolate OWC to FWL using SHF 5
2 Good saturation profile from logs Estimate FWL using SHF 82
Logs saturation profile could not be matched using SHF . . .
3 ) Vertical mid-point of ODT to WUT 10
(Distance ODT to WUT : small ~ < 30 ft)
L turati fil Id not be matched using SHF
4 O,QS saturation protie cou. flotbe matched using GOC + average oil column height in the particular reservoir 3
(Distance ODT to WUT : big ~ > 30ft)
N GAS - OIL interface Coverage
0
Event GOC/FOL determination (%)
1 GOC observed from Logs GOC 5
2  GDT and OUT observed from logs Vertical mid-point between GDT to OUT 25
3 Only OUT observed from logs Vertical mid-point between Crest to OUT 60
4 Only GDT observed from logs Crest + average gas column height in the particular reservoir 10

Table 1. Fluid contact deter mination methodology
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Figure 15. Property model (Phit) result, demonstrating a good r epr esentation of a shor eface geological system. Good

continuity along shoreline with some distur bed trend indicating tidal process (NE of Baram A).
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Figure 16. Saturation matching profile at representativewell in Baram A and B. Red curveisoriginal log while blue

curve shows extraction of 3D model.
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Figure 18. Blind test result on three wells at disper sed locations showing consistency between well data and model
results.



