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ABSTRACT

Inconsiderable fraction of the hydrocarbon can be produced by the natural drive of the reservoir. Practical
knowledge has proven that when the reservoir pressure is depleted, the recovery factor nearly reaches 20%. Some of heavy
fluid reservoirs cannot be produced by all natural energy drivers. As a result, improved oil recovery is introduced as a
strategy to increase oil recovery. Prior implementing an improved oil recovery process in a field, it is essential to
investigate its potential for achievement. However, the objective of this project is to evaluate the improved oil recovery in a
sandstone reservoir is considered in this study. GEM compositional reservoir simulator has been utilized, having injection
and production wells. A model is developed to perform history matching with a field production data to verify the model
results and to examine an improved oil recovery method on cumulative production and recovery factor. The results showed
that the water flooding has insignificant impact on the cumulative oil production, while implementing horizontal
production wells had improved and doubled the reservoir performance by a factor of 2 and reducing oil saturation from

80% to 30%.
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INTRODUCTION

Improved oil recovery (IOR) is a method of oil
extraction that assists in recovering additional oil from
mature oil fields via implementing different technologies.
The majority of reservoirs are subjected to various IOR
processes following the primary recovery. The natural
driving mechanism of the reservoir controls the ultimate
recovery of petroleum during primary phase of
production; such solution gas drive, gas-cap drive, liquid
and rock compressibility drive, natural water influx, and
combination of these drives. Primary oil recovery from
reservoirs is affected by reservoir rock and fluid
properties, and formation heterogeneities.

Techniques of improved oil recovery methods
are classified to a couple of groups, which are secondary
production and enhanced oil recovery (EOR) methods.
Secondary production methods involve fluid injection, and
they are targeted at providing further energy in order to
increase the production level once well production rates
decline during primary recovery. Such processes consist of
water flooding and natural gas injection that can recover
up to 20-60% of stock tank oil in place (STOIIP). Since a
considerable amount of oil is left after primary and
secondary production schemes, the ideal aim of EOR
processes is to mobilize the “residual” oil capacity in the
reservoir and reduce the operational expenditure, while
maximizing the return on capital. This process can be
attained by enhancing microscopic oil displacement and
volumetric sweep efficiencies. Oil displacement efficiency
can be augmented by reducing oil viscosity, capillary
forces or interfacial tension with a particular flooding
method. Processes here include all techniques, which
utilize external sources of energy and/or materials to
improve oil recovery that cannot be produced
economically by conventional means; they are broadly
classified as thermal (steam flooding, hot water flooding,

and in situ combustion) and non-thermal (chemical flood,
miscible flood, and gas drive) Suman et al., 2014).
Alternatively, enhanced oil recovery methods are called
tertiary oil recovery processes, which can generate an
additional of 35-75% STOIIP from the reservoir.

Therefore, EOR techniques have significantly
increased in the last 20 years due to depleting reservoirs. It
is a fact that approximately 70% of the oil and gas
production in the world comes from the matured oil fields;
therefore, this number indicates the potential for
investments in EOR. Furthermore, the exploration rate of
new fields has declined over the years due to several
factors such as higher exploration cost, and drop oil price
(Alvarado, 2010). Many studies are available into open
literature, have been conducted to investigate the
performance of various methods of IOR (Crawford, 1971;
Taber, 1997, Mathiassen, 2003; Barillas et al., 2008;
Meyer, 2009; Amao, 2009; Zakirov et al., 2012; Suman et
al., 2013, Hasanvanda and Golparvar, 2014; Cavanagh
and Ringrose, 2014).

The objective of this paper is to evaluate the
additional oil recovery in which recovery processes
considered include water injection and drilling horizontal
and vertical wells in a depleted sandstone oil reservoir in
which a reservoir model (GEM) was developed using
history matching with field production data in order to
verify the model results. It is effective for modelling any
type of reservoir where the importance of the fluid
composition and their interactions are essential to the
understanding of the recovery process. The study will not
explain the effect of reducing CO; emission and
sequestration which can be stored into the reservoir upon
flooding.
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METHODOLGY

Description of the reservoir model

In this paper, a compositional simulation model
was built using CMG GEM module (Version 2009.11,
Computer Modelling Group Limited). The reservoir
simulation model was 3-Dimensional (3D) with a real
field production history. The reservoir model consists of
3,500 grids, with grid blocks of 25 x 35 x 4 and
corresponding dimensions of 9022 x 14354 x 587 ft.
Figure-1 displays the reservoir model used in this study in
3D.

Figure-1. 3-D grid model of an oil field with production
and injection wells.

The reservoir model is assumed to have
homogeneous porosity and permeability in all directions
where the average porosity is calculated to be 11% but
each layer has its permeability value. The producer wells
were positioned at the middle and right grid blocks as
shown in Figure-1 where the injector well was allocated at
various locations to investigate its effect. The available
data for the crude oil includes its composition, density,
and viscosity are presented in Table-1. The PVT model
was constructed using CMG Winprop module (Version
2009.11) and tuned based on the available information.
The model temperature in all the simulation runs was
selected to be constant at 215°F. The general properties of
the simulation model are presented in Table-2.

Table 1. The composition of reservoir fluid.

Composition Oil mole fraction | Gas mole fraction
Hys 0.00 0.00
C0, 3.20 11.23

Ny 0.00 0.50
o 3.50 71.54
Ty 1.50 10.20
Ty 2.30 1.40
1-Cy 3.20 2.50
n-Cy 2.10 1.10
1-Cs 2.50 040
n-Cs 1.70 0.40
Cg 3.50 043
Cre 76.50 0.30

Table 2. Reservoir model and fluid properties.

Properties Value
Average Length (ft) 022
Average Width (ft 14354
Average Thickness (ft) 587
Layer 1 0.1
22 Layer 2 20
Permeability (md) Laier 3 700
Layer 4 100
Vertical to Horizontal Permeability 0.9
Ratio (K /F) )
Reservoir Bulk Volume, W, (ft) 11.99x 109
Average Porosity, ¢ 0.11
Reservoir Pore Volume, PV (ft%) 162x10°
Cornact Water Saturation, B, 0.2
Initial Reservoir Pressure, P; (pst) 4059
Top of Reservoir (i) 9770
Reservoir Temnperature (°F) 215
Rock Compressibility (psi-) 1.38x 104
Critical Water Saturation 0.2
Residual Oil for Water-Oi1l Table 0.4
Residual Oil for Gas-Liquid Table 0.2
Crude oil density (kg/m®) 8635
APT gravity 320AFT

The aquifer layer is implemented underneath the
oil layer using data related to the aquifer system into GEM
simulator. This statement has supported by the high water
cut of 40% at the initial production period of nine months
as shown in (Figure-2). Also it can be seen that the water
cut reaches almost 80% in 1998, which indicates the
reservoir is supported by a strong water layer, therefore;
this reservoir is classified as water drive mechanism where
an additional material balance calculation is done to
confirm the theory (refer to Appendix A). Moreover, no
flow boundary conditions were assumed at the boundaries
surrounding the reservoir in which reservoir edges could
also be considered as a constant pressure boundary,
however; there is no information along the boundaries of
the reservoir.
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Figure-2. Water cut percentage in the reservoir.
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History matching

A history matching run was used to verify
simulation data with the field data. The oil rate and
cumulative water production data were matched
simultaneously on two production wells named Well 2 and
8 using the oil rate as a controlling parameter. Figure-3
and 4 display the final results of history matching for the
simulated monthly oil and water production rate well data.
The oil water relative permeability data was obtained at
the end of the history matching study by a trial and error
process. No liquid and gas relative permeability data were
present. Thus, a gas relative permeability curve was
generated by CMG’s GEM corresponding relative permea-
bility generation tool. The relative permeability curves of
gas and water incorporated in the simulation model are
shown in (Figure-5). It was assumed that the curves are
the same for drainage and imbibitions. The capillary
pressure among the oil and water was neglected for this
study.
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Figure-3. Water production history matching.
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Figure-4. Oil production history matching.

Improved oil recovery (IOR) method

In this study, the reservoir was simulated to be
depleted naturally. In the normal scenario, when the
reservoir is unable to produce by the natural energy, water
flooding is introduced to recover the oil, till the producer
well is shut-in at the economic constraint. However, the
condition of this reservoir is different from the usual case
due to the presence of a strong water aquifer, which is
characterized as water drive reservoir. Hence, the reservoir
pressure is maintained by the aquifer and water injection
would not have significant impact on the oil production.

As seen in (Figure-6), the water injection has
not improved significantly the reservoir performance due
to aquifer presence. On the other hand, the oil saturation in
the reservoir is still remaining at high level after ten years
of production as shown in (Figure-8a) due to the presence
of heavy oil fluid. The consequence of heavy oil
properties, it prevents the flow of oil towards the
production wells. Therefore, the reservoir is still at the
state of initial oil saturation conditions of 80%. Moreover,
the oil saturation seen only decreasing around the vertical
production wells, while the production from the reservoir
boundary is not withdrawn towards existing production
wells. Therefore, in order to improve the oil recovery in
the secondary stage, two horizontal wells were drilled to
increase the contact area with the reservoir in order to
maximise the production.

As two horizontal wells were drilled after one
year of nine months of production history with 3 months
interval between two wells to provide a sufficient time for
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the drilling to take place. The location of two horizontal
wells is shown in (Figure-8b). The injector and horizontal
wells were drilled in the layer 2 instead of other layers due
to the high permeability ratio (K./Ky) of 0.9 and all
reservoir layers are in communication with each other.
Therefore, the oil from layer 4 is able to flow into the
horizontal wells with the aid of gravity forces. However,
layer 1 was not chosen due to the low permeability ratio of
0.1 md, which indicates a shale formation.
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Figure-5. Relative permeability of (a) oil-gas system and
(b) oil-water system.

The result of drilling two horizontal wells
shows a significant impact on the oil production where the
oil recovery increased to 35% as presented in (Figure-7).
Hence, the production was doubled the existing recovery
of 18% due to the additional horizontal wells. From
(Figure-6), the cumulative oil of 27 MMbbl was achieved
at 2006 where the horizontal wells were drilled, while the
profit of the oil recovery is equivalent to $1.35 billion US
dollar if the oil price is $50 dollar per barrel.

Therefore, the drilling cost of two horizontal
wells will be covered, and a high profit can be obtained.
After two horizontal wells were drilled, the oil saturation
is reduced to between 30-50% as shown in (Figure 8-b).
Therefore, as the reservoir approaches the tail of natural

drive production and the remaining saturations have to be
produced using EOR method.
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Figure-7. Oil recovery factor using improved oil recovery
approaches.
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Figure-8. Oil Saturations: (a) after nine months of
production and (b) after two horizontal wells drilled.

CONCLUSIONS

In this study, a compositional simulation model
was built and run using CMG software where sub module
GEM was utilized to study the performance of horizontal
wells in an oil reservoir located in east of Malaysia. A
history matching study was performed to validate
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simulation results with the field data. From this research
work, the following conclusions were drawn:

»  The water-injection method demonstrates that it is not
preferable technique for such kind of reservoir.

*  When horizontal production wells were drilled, they
show a significant impact on the oil recovers where it
becomes double.

= A Sensitivity study should be performed in the future
to evaluate further petroleum recovery using a tertiary
technique since the oil has been produced naturally
and using waterflooding.
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NOMENCLATURE

ECOR =Erhanced Oil Recovery

ChG = Computer Modelling Group
QOIF = Criginal Oil in Place
IOE.  =TImproved Oil Recovery
nkibbl  =Mdillion Barrel
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