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Abstract: Surfactant-polymer (SP) flooding has been demonstrated to be an effective method to
recover oil in the enhanced oil recovery (EOR) stage when water flooding is no longer relevant.
Theoretically, adding surfactant causes the reduction of the interfacial tension between oil and
water in pores, therefore reducing the residual oil saturation, whereas the sweep efficiency will be
significantly improved by the polymer injection as a result of proper mobility control. With regard to
the well patterns, water flooding has demonstrated a high productivity in horizontal wells. Recently,
other EOR processes have been increasingly applied to the horizontal wells in various well patterns.
In this study, the efficiency of SP flooding applied to horizontal wells in various well configurations is
investigated in order to select the best EOR performance in terms of either a technical or economical
point of view. Furthermore, the reservoir is assumed to be anisotropic with four different layers that
have same porosity but different permeability between each layer. The study figures out that, the
utilization of a horizontal injector and producer always gives a higher oil production in comparison
with the reference case of a conventional vertical injector and producer; however, the best EOR
performances that demonstrate the higher oil recovery and lower fluid injected volume than those of
the reference case are achieved when the production well is located in bottom layers and parallel with
the injection well at a distance. While the location of producer decides oil productivity, the location
of injector yet affects the uniformity of fluids propagation in the reservoir. A predefined feasibility
factor is also taken into consideration in order to reject the infeasible cases that might give a high oil
production but require a higher injected volume than the reference case. This factor is used as an
economic parameter to evaluate the success of the EOR performance. The simulation is carried out
in a quarter five-spot pattern reservoir with the support of the Computer Modeling Group (CMG)
simulator. Understanding the predominant EOR performance of SP flooding in horizontal wells will
help to select the best plan to obtain the highest oil recovery when considering economic issues.

Keywords: surfactant-polymer flooding; horizontal well; multilayer; chemical flooding; enhanced
oil recovery

1. Introduction

Recently, the utilization of horizontal wells to recover trapped oil in the enhanced oil recovery
stage has been developed as the significant well patterns installed in conventional reservoirs.
Improvements in horizontal well technologies have been demonstrated to be technically and
economically attractive compared to the use of only conventional vertical wells [1]. Many previous
works have investigated the success of horizontal well patterns on water flooding and achieved
considerable conclusions. The first experiment of horizontal wells utilizing water flooding carried
out by Hadia and Chauhari has shown the significant increase of ultimate oil recovery by horizontal
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well after the oil production stopped from conventional vertical wells configuration [2]. Popa and
Ploiesty found that the pressure loss along a horizontal section of the well will influence the sweep
efficiency of water flooding without considering the well patterns [3]. Furthermore, the work of
Clippea clarified the uniform degree of fluid flux within the reservoir by verifying different values
of the pressure drawdown between the heel and toe of the horizontal section for either injectors
or producers [4]. The numerical studies of Algharaib on water-flooding processes concluded that
increases in the lengths of the horizontal wells do not result in a linear increase in the additional oil
recovery [5]; however, a long horizontal well was not necessary for recovering the trapped oil in a
heterogeneous reservoir [6]. In terms of risk analysis, Dai et al., have investigated the uncertainty
metrics affecting the enhanced oil recovery (EOR) performances by CO2 injection in heterogeneous
reservoirs using Monte Carlo simulation; they concluded that reservoir permeability, porosity and net
thickness are crucial parameters controlling the CO2 injection process as well as oil and gas recovery
rate [7,8].

This work focuses on the utilization of horizontal wells for surfactant-polymer (SP) flooding in a
heterogeneous reservoir. Many well combinations will be installed, which include various horizontal
section lengths, directions of wells with respect to each other, and locations of wells. It is known that
two horizontal wells facing each other are the most favorable configuration [9,10]. The horizontal
wells can provide cost effective solution in terms of productivity [11,12], however, the length of the
well and, obviously, the long project life caused by the long horizontal well should be considered,
and the injectivity reduction (when injecting polymer) can significantly affect the economics [13].
Different layers are proposed for the reservoir system to investigate the effects of the locations where
the horizontal wells will be installed. In addition, the heterogeneous reservoir complicates the EOR
processes owing to the unstable and unpredictable performance [14,15].

2. Reservoir Description

A quarter five-spot pattern reservoir is applied to investigate the effectiveness of EOR processes by
SP flooding. A reservoir model has been built in the STARS black-oil simulator (Computer Modelling
Group, Calgary, AB, Canada) for a field scale of 600 ˆ 600 ˆ 68 ft3 with 15 ˆ 15 ˆ 8 gridblocks in
Cartesian coordinates. A large area between horizontal wells is recommended as a result of achieving
better economic terms due to the efficiency of controlling the operated wells [16]. The reservoir
porosity is assumed to be constant over the reservoir; however, the permeability changes vertically,
corresponding to different layers. In total, the reservoir consists of four equal-thickness layers, in
which the horizontal permeability changes from 300 to 1200 md (milli-Darcy), as presented in Table 1.
The ratio of the vertical to horizontal permeability is also equal between layers and set as 0.1 uniformly
over the reservoir.

Table 1. Reservoir parameters.

Reservoir Model Properties Values

Grid 15 ˆ 15 ˆ 8

Porosity 0.2

Horizontal permeability
Layer 1 1200 md
Layer 2 1000 md
Layer 3 500 md
Layer 4 300 md

Initial oil saturation 0.5

Depth 396.34 m

Reservoir pressure 4.136 MPa
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The fluids contained in the pore volumes are oil and connate water; no gas exists within the
reservoir. At the start of the simulation, the oil saturation was set to 50% of the pore volume, with
water-flooding residual-oil saturation as high as 35% for the entire reservoir. The reservoir rock system
is described as being water-wet condition. Reservoir properties partly refer to the previous reliable
work of Najafabadi [17].

3. Well Combination Case Studies

3.1. Reference Case

The combination of one vertical injector and one vertical producer (V-V) is established as the
reference case before investigating the other cases. Both wells are fully completed and perforated over
the reservoir thickness. The wellhead locations of both wells in the reference case are also fixed for
all of the other well combinations. Conventionally, the use of two vertical wells like this is always
relevant in EOR projects in terms of economic and technical issues. By perforating throughout the
reservoir, it is evident that the producing well can produce oil flowing in all bearing layers. In addition,
the displacing fluids from the injector can also approach and effectively sweep the entire reservoir
after the EOR project has been properly designed.

3.2. Horizontal Injector–Vertical Producer

This case considers the SP flooding performance for fluids injected from a horizontal well (H)
when the producer is a vertical well (V). The producing well is completed in the same manner as
the reference case, whereas the horizontal section of the injector is perforated along the Y-axis. The
well combinations for this case only differ by changes in the horizontal well, including the change in
length, the change in direction, and finally, the change in the location of the horizontal section. The
terminations of all combinations are defined in Table 2.

Table 2. Well pattern descriptions of the H-V case.

Injector Full Length Short Length Straight Line

Layer 1 H 1-V HS 1-V H 45-1-V
Layer 2 H 2-V HS 2-V H 45-2-V
Layer 3 H 3-V HS 3-V H 45-3-V
Layer 4 H 4-V HS 4-V H 45-4-V

In Table 2, Full length means that the horizontal section is along entire the Y-axis, and Short length
(S) refers to a length that is half of the horizontal section of Full length. This work also investigates
the case in which the horizontal section is on-line between the two wells, termed Straight line, where
the names of the well combinations of this type are assigned by the number 45 to indicate the angle
between this line and the Y-axis. The numbers 1, 2, 3, and 4 in Table 2 clearly indicate the layer where
the horizontal well is located.

3.3. Vertical Injector–Horizontal Producer

This case is the opposite of the previous case, where the producer is a horizontal well, and
the injector is a vertical well. Similarly, the horizontal well is also changed with respect to the
length, direction, and location, whereas the vertical well is the entire thickness of the reservoir. The
terminations of all combinations of this case are summarized in Table 3, where Full length, Short length,
and Straight line are defined in the same manner as the previous case above.

Even though this case is the inverse case of the horizontal injector–vertical producer case, the
success of the EOR processes are different between these two cases. Theoretically, the previous case
mainly investigates the sweep efficiency of SP flooding for different injection well patterns, whereas
this case tries to understand the oil production performance of dissimilar horizontal well patterns.
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Table 3. Well pattern descriptions of the V-H case.

Producer Full Length Short Length Straight Line

Layer 1 V-H 1 V-HS 1 V-H 45-1
Layer 2 V-H 2 V-HS 2 V-H 45-2
Layer 3 V-H 3 V-HS 3 V-H 45-3
Layer 4 V-H 4 V-HS 4 V-H 45-4

3.4. Horizontal Injector–Horizontal Producer

Either the sweep efficiency or productivity is studied for this case by assuming that both the
injector and producer are horizontal wells. Many different well combinations are investigated by
interchanging the horizontal injection and producing wells, including the horizontal section location
and the direction and length of the well. Similar to the previous cases, there is no perforation on the
vertical section of the wells; only the horizontal sections are completed. All combinations are divided
into six distinct groups as follows:

‚ H-H: Full length horizontal injector and producer. Two wells are located in an inverted line drive
pattern, where the horizontal length is the entire Y-axis. The interchanges of this group come from
the location changes by placing the wells in different layers. Table 4 presents the combinations
of the H-H group, where the number again indicates the layer where injector, producer, or both
wells are completed.

Table 4. Well pattern descriptions of H-H group.

Injector
Producer Layer 1 Layer 2 Layer 3 Layer 4

Layer 1 H 1-H 1 H 1-H 2 H 1-H 3 H 1-H 4
Layer 2 H 2-H 1 H 2-H 2 H 2-H 3 H 2-H 4
Layer 3 H 3-H 1 H 3-H 2 H 3-H 3 H 3-H 4
Layer 4 H 3-H 1 H 4-H 2 H 4-H 3 H 4-H 4

‚ H-HS: Full length horizontal injector and short length horizontal producer. This group has
the same well pattern as H-H; however, the length of the horizontal section of the producing
well is only half of the full length. This group is analyzed for all interchange combinations, as
summarized in Table 5.

Table 5. Well pattern descriptions of the H-HS group.

Injector
Producer Layer 1 Layer 2 Layer 3 Layer 4

Layer 1 H 1-HS 1 H 1-HS 2 H 1-HS 3 H 1-HS 4

Layer 2 H 2-HS 1 H 2-HS 2 H 2-HS 3 H 2-HS 4

Layer 3 H 3-HS 1 H 3-HS 2 H 3-HS 3 H 3-HS 4

Layer 4 H 3-HS 1 H 4-HS 2 H 4-HS 3 H 4-HS 4

‚ HS-H: Short length horizontal injector and full length horizontal producer. As the opposite of
H-HS, this group alters the injection well from full length to short length, and the horizontal
producing well from short length to full length, as presented in Table 6.
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Table 6. Well pattern descriptions of the HS-H group.

Injector
Producer Layer 1 Layer 2 Layer 3 Layer 4

Layer 1 HS 1-H 1 HS 1-H 2 HS 1-H 3 HS 1-H 4
Layer 2 HS 2-H 1 HS 2-H 2 HS 2-H 3 HS 2-H 4
Layer 3 HS 3-H 1 HS 3-H 2 HS 3-H 3 HS 3-H 4
Layer 4 HS 3-H 1 HS 4-H 2 HS 4-H 3 HS 4-H 4

‚ HS-HS: Short length horizontal injector and Short length horizontal producer. The combinations
are presented in Table 7.

Table 7. Well pattern descriptions of the HS-HS group.

Injector
Producer Layer 1 Layer 2 Layer 3 Layer 4

Layer 1 HS 1-HS 1 HS 1-HS 2 HS 1-HS 3 HS 1-HS 4
Layer 2 HS 2-HS 1 HS 2-HS 2 HS 2-HS 3 HS 2-HS 4
Layer 3 HS 3-HS 1 HS 3-HS 2 HS 3-HS 3 HS 3-HS 4
Layer 4 HS 4-HS 1 HS 4-HS 2 HS 4-HS 3 HS 4-HS 4

‚ H 45-H 45: Both the horizontal injector and producer are oriented along a straight line between
the two wells. As explained previously, the number 45 indicates the angle between this line and
the Y-axis. However, from a technical point of view, the two wells are placed such that they are
not located in the same layer. The combinations are summarized in Table 8.

Table 8. Well pattern descriptions of the H45-H45 group.

Injector
Producer Layer 1 Layer 2 Layer 3 Layer 4

Layer 1 - H 45-1-H 45-2 H 45-1-H 45-3 H 45-1-H 45-4
Layer 2 H 45-2-H 45-1 - H 45-2-H 45-3 H 45-2-H 45-4
Layer 3 H 45-3-H 45-1 H 45-3-H 45-2 - H 45-3-H 45-4
Layer 4 H 45-4-H 45-1 H 45-4-H 45-2 H 45-4-H 45-3 -

‚ H-H (P): For this group, it is assumed that two horizontal wells are oriented perpendicular (P) to
each other and not located in the same layer, as presented in Table 9.

Table 9. Well pattern descriptions of the H-H (P) group.

Injector
Producer Layer 1 Layer 2 Layer 3 Layer 4

Layer 1 - H 1-H 2 (P) H 1-H 3 (P) H 1-H 4 (P)
Layer 2 H 2-H 1 (P) - H 2-H 3 (P) H 2-H 4 (P)
Layer 3 H 3-H 1 (P) H 3-H 2 (P) - H 3-H 4 (P)
Layer 4 H 4-H 1 (P) H 4-H 2 (P) H 4-H 3 (P) -

3.5. Liquid Injection Strategies

After defining the well configurations, the same EOR processes for most simulations will be
proposed, including the bottom-hole pressure, injection rate, producing rate, and injection strategies
as follows:
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‚ The bottom-hole pressure is set to be maintained at a maximum of 6.89 MPa for the injector and a
minimum of 0.689 MPa for the producer.

‚ The highest liquid injection rate and production rate are 636 m3/day.
‚ Fluid injection strategy: Water is injected for one year (2000); after that, starting in 2001, 0.83 vol.

% surfactant is continuously injected with artificial water. From 2002 to 2004, 400 ppm polymer is
added to the injected fluid; then, no more polymer is injected until the end of the EOR project.

‚ All simulations will be stopped when the oil rate reaches approximately 15.9 ˘ 0.79 m3/day and
declines continuously thereafter.

First, water flooding is carried out as a regular practical EOR process. After conventional water
flooding, the residual oil in the reservoir remains in a discontinuous phase owing to oil droplets
trapped by capillary forces [18]. In order to produce a large amount of the remaining oil, it is necessary
to inject efficient agents in combination with water [19]. A surfactant is the best candidate for adding
agents for the purpose of successfully reducing the interfacial tension between oil and water to an
ultralow value [20], whereas a polymer is used to control the mobility of the displacing fluids effectively.
In particular, the use of a polymer in chemical agents in a high-permeability multilayered reservoir
system enhances the crossflow between the low and the high permeable layers resulting from the
shear-thinning behavior of the polymer solution [21]. In addition, the salinity of the artificial water has
to be considered in terms of the degree of adsorption of the surfactant-slug compositions [22].

4. Discussion of Results

All of the combinations have been simulated and categorized on the basis of the EOR performance
of the reference case. In that case, approximately 4.4 PV (pore volume) fluids were injected
for 1589 days. The final oil rate reached 16.69 m3/day, and approximately 82% of the oil in place
(OIP) was recovered for the V-V combination. The results for the other combinations have been
divided into three categories according to the following standards:

‚ Category A: Combinations that have a higher oil recovery and injected fluid volume than the
reference case. This category will be further examined to determine whether or not these
combinations are acceptable on the basis of the feasibility factor.

‚ Category B: Combinations that have a higher oil recovery but lower injected fluid volume than
the reference combination. Obviously, all combinations in this category will be considered to be
completely acceptable from a technical point of view.

‚ Category C: Combinations that have a lower oil recovery than the reference combination. These
combinations are completely rejected owing to the infeasibility of deploying the EOR project.

4.1. Category A

Category A includes seven combinations of the H-V case and 20 combinations of the H-H case,
and generally, the H-H case gives a higher oil recovery. Figure 1 shows the oil production performance
of some of the well combinations in this category. A very high oil recovery was achieved by some
predominant combinations, such as H 1-H 3, H 2-H 3, and HS 2-H 4 with 89.48%, 91.07%, and 89.70%
of the OIP produced, respectively. However, these combinations also needed a high volume of injected
fluids during the EOR processes with 6.1, 5.5, and 5.0 injection PV for well combinations H 1-H 3,
H 2-H 3, and HS 2-H 4, respectively, in comparison with the reference case. Generally, the injectivity
of all of the well combinations in this category was relatively high, although the oil sweep efficiency
partly depended on the locations of the wells. In detail, the highest volume of 6.6 PV has been injected
to recover only 85.52% of the OIP for the H 1-H 2 combination, whereas the H 4-H 3 combination
recovered more than 89% of the OIP with only 4.7 PV injected. In particular, it is evident from Figure 1
that all combinations that have horizontal producing wells located in layers 3 and 4 always give a very
high oil recovery with more than 87% of the OIP. However, the effective EOR performance is not only
based on the cumulative oil production but also on the injected volume.
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Figure 1. Oil production performance of several well combinations belonging to Category A:  
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Figure 1. Oil production performance of several well combinations belonging to Category A: (a) H-V
case and HS-V group; (b) H-H group; (c) HS-H and H-HS groups.
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In order to evaluate the results of the combinations belonging to Category A comprehensively,
this work defines a parameter called the feasibility factor (FF). This factor is simply calculated by
dividing the recovery factor (RF) by the cumulative injected fluid volume (IV) for each combination
until the end of the EOR project as follows:

FF “
RF ˆ 100

IV
(1)

Following the formula, FF of the V-V case is 82% ˆ 100/4.4 = 18.6; this value will be applied as
the standard value in order to compare FF with other combinations. The criterion for selecting the
feasible combinations is that a combination must have a value of FF that is higher than the standard
value. Figure 2 shows the values of FF for all well combinations belonging to the H-V and H-H cases.
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Figure 2. Comparison of the values of FF between the combinations in Category A and the reference
case: (a) HS-H, H-HS and H-H groups; (b) H-H group, H-V case and HS-V group.

As can be seen in Figure 2, even though there are many combinations in this category with a
high oil recovery, only two well combinations have a value of FF that is higher than 18.6, which are
H 3-V and H 4-H 3. These two combinations can be considered as effective patterns for deploying the
EOR project.

4.2. Category B

This category consists of the most effective combinations that make the EOR performance more
successful than the reference case. All well combinations in Category B belong to the H-H case. These
are H 1-H 4, H 2-H 4, H 4-H 4, H 4-HS 3, H 4-HS 4, HS 1-H 4, and H 3-H 3. These combinations not
only give the high oil recovery until the end of the EOR processes but also require less liquid volume to
be injected into a reservoir compared to the reference combination. In detail, the H 2-H 4 combination
gives the highest oil production, with nearly 92% of the OIP at 15.74 m3/day after the injection of
4.4 PV liquids, whereas the H 4-HS 3 requires 3.8 PV to recover approximately 83% of the OIP after
1379 simulation days. Figure 3 shows the oil production performance of all combinations belonging to
this category.
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Figure 3. Oil production performance of several well combinations belonging to Category B: (a) H-H
group; (b) H-H, H-HS and HS-H groups.

Again, it is easily recognized that all of the effective combinations in this category have horizontal
producers located in layers 3 and 4 (the same as Category A); therefore, it is concluded that the injection
well patterns of these combinations mainly determine the sweep efficiency and injectivity of the EOR
processes for either Categories B or A.

Obviously, if the FF is considered for Category B, it will be significantly higher than the reference
case, as shown in Figure 4.
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Figure 4 confirms that these combinations are the most relevant well patterns to consider when
carrying out EOR projects from technical and economic (in terms of the injected volume) points of view.

4.3. Category C

The rest of the well combinations are categorized in Category C as the least effective well patterns
owing to their low cumulative oil production compared to the performance of the reference case.
As illustrated in Figure 5, the maximum oil recovery factor of this group is 81.74% for the HS 3-H 2
combination after injected 4.9 PV liquids over 1371 days, whereas nearly 67% OIP has been produced
by HS 3-H 1(P) combination after 5.2 PV displacing fluid being pumped for 1420 days.
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(a) H-V and V-H cases, V-HS, HS-H (P) and H 45-H 45 groups; (b) V-H case, HS-HS, HS-H and
H 45-H 45 groups.

The results also show that the most inefficient EOR performance is observed for the H 45-H 45
group out of all of the combinations, which exhibited a very low oil production and also required a
high injected volume compared to the reference well combination. As can be seen, the H 45-H 45-2
combination produced only 58.4% of the OIP after being injected with a 6.3 PV displacing liquid
volume, whereas the H 45-2-H 45-1 combination produced 59.3% of the OIP with a 6.4 PV injected
fluid volume. As a consequence, it is clear that all of the well combinations in Category C should be
rejected from both technical and economic points of view.

With regard to the injection well patterns, it is confirmed that the EOR process will not perform
properly if the relevant injection well is not installed in terms of either the well patterns or locations,
even though the horizontal producer is located in layers 3 and 4. Theoretically, the injection well
pattern mostly determines the directions of the displacing fluids propagating within the reservoir,
whereas the well location determines the uniformity of the swept area due to the different permeable
layers. This is apparently confirmed for the vertical injection well, which is always completed with a
full reservoir thickness; therefore, the injected fluids can flow uniformly in all layers as a result of the
injecting liquid contemporarily, whereas the producer can produce throughout the entire reservoir
thickness. In addition, this argument is demonstrated for the combinations of two full length horizontal
wells as the most predominant well pattern in terms of successful EOR. When the horizontal injector is
parallel to the horizontal producer, particularly when the two wells fully occupy the Y-axis, the injected
liquids will predominantly be oriented towards the producer rather than other aspects. However,
these horizontal combinations still give a high sweep efficiency over the whole reservoir owing to the
good mobility control of SP flooding since a polymer was injected. Obviously, it is very difficult to
obtain the most optimal EOR development by horizontal well without considering the effect of either
anisotropic permeability or well pattern parameters [23]. Therefore, the results of this work are still
restricted in terms of covering the other more complicatedly heterogeneous reservoirs in which the
orders of permeable layers are completely different.

Figure 6 clearly shows the orientations of the displacing fluids and the sweep efficiencies of three
representatives of each category through oil-saturation profiles until the end of the EOR project. In
reference case, the difference of fluid propagation velocity between layers is the result of heterogeneity,
therefore almost oil in layer 1 and 2 has been swept while a considerable amount of oil still remained
in the rest of reservoir at the end of the project. For H-H group, initially fluids flow predominantly in
the layer where the injector located, thereafter propagating in other layers with the gradual increases
of uniformity as the result of improved crossflow; however the fluids flow with higher velocity in high
permeable layer (layers 1 and 2), thus oil is swept less thoroughly in bottom layers (layers 3 and 4).
Due to that mechanism, the horizontal production well installed in bottom layers will support the
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propagation of fluids better than in high permeable layers. In H 45-2-H 45-4, a very limited area of oil
has been displaced and produced due to the close distance between two well and the opposite facing;
furthermore, in this case, the fluid flows from the injector to producer majorly depend on the interlayer
crossflow, therefore resulting the failed EOR performance.
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5. Conclusions

Nearly all interchanged well combinations have been investigated in order to select the optimistic
enhanced oil recovery performance and reject the infeasible combinations from either technical or
economical points of view in a multilayered reservoir system. The vertical injector and producer are
standardized in terms of the oil production performance and a predefined feasibility factor for the
purposes of evaluation and categorization. In total, 10 combinations in Categories A and B have been
selected on the basis of the feasibility factor; however, practically, the best one should be chosen with
consideration of all other critical factors for a real project.

From the simulation results, it is demonstrated that combinations that have a horizontal producer
located in bottom layers always give a high productivity rather than located in the higher permeable
layers. In addition, the success of EOR performance also depends on either well pattern or location
of the injector in terms of sweep efficiency. The results have proved the effectiveness of utilizing
horizontal injection well for chemical flooding, particularly when the injector is parallel and opposite
to the horizontal producer; however, selection of Short length or Full length still depends on a
comprehensive evaluation of the project.



Energies 2016, 9, 244 12 of 13

The sweep efficiency is evaluated crucially through oil saturation profile that reflects the effect of
reservoir system properties and well spacing on the fluid propagation. The close distance between
two wells presents the negative effect on enlarging the displacing fluids then limits the swept area,
while the un-uniform profile is mainly caused by the heterogeneity of the reservoir even though
the crossflow has been improved by the injected polymer. Understanding the effects of the well
combinations associated with reservoir system features on EOR performance for SP flooding will
contribute to the success of oil recovery plans in terms of technical and economic issues.
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