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Abstract: Heavy-oil resources represent a large percentage of global oil and gas reserves, however,
owing to the high viscosity, enhanced oil recovery (EOR) techniques are critical issues for extracting
this type of crude oil from the reservoir. According to the survey data in Oil & Gas Journal, thermal
methods are the most widely utilized in EOR projects in heavy oil fields in the US and Canada,
and there are not many successful chemical flooding projects for heavy oil reported elsewhere in
the world. However, thermal methods such as steam injection might be restricted in cases of thin
formations, overlying permafrost, or reservoir depths over 4500 ft, for which chemical flooding
becomes a better option for recovering crude oil. Moreover, owing to the considerable fluctuations in
the oil price, chemical injection plans should be employed consistently in terms of either technical or
economic viewpoints. The numerical studies in this work aim to clarify the predominant chemical
injection schemes among the various combinations of chemical agents involving alkali (A), surfactant
(S) and polymer (P) for specific heavy-oil reservoir conditions. The feasibilities of all potential
injection sequences are evaluated in the pre-evaluation stage in order to select the most efficient
injection scheme according to the variation in the oil price which is based on practical market values.
Finally, optimization procedures in the post-evaluation stage are carried out for the most economic
injection plan by an effective mathematic tool with the purpose of gaining highest Net Present
Value (NPV) of the project. In technical terms, the numerical studies confirm the predominant
performances of sequences in which alkali-surfactant-polymer (ASP) solution is injected after the
first preflushing water whereby the recovery factor can be higher than 47%. In particular, the oil
production performances are improved by injecting a buffering viscous fluid right after the first
chemical slug rather than using a water slug in between. The results of the pre-evaluation show
that two sequences of the ASP group have the highest NPV corresponding to the dissimilar applied
oil prices. In the post-evaluation, the successful use of response surface methodology (RSM) in the
estimation and optimization procedures with coefficients of determination R? greater than 0.97 shows
that the project can possibly gain 4.47 $MM at a mean oil price of 46.5 $/bbl with the field scale of a
quarter five-spot pattern. Further, with the novel assumption of normal distribution for the oil price
variation, the chemical flooding sequence of concurrent alkali-surfactant-polymer injection with a
buffering polymer solution is evaluated as the most feasible scheme owing to the achievement of the
highest NPV at the highly possible oil price of 40-55 $/bbl compared to the other scheme.

Keywords: chemical flooding; heavy oil; alkaline-surfactant-polymer flooding; response surface
methodology; optimization; EOR
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1. Introduction

Heavy oil is one of the major commercial deposits on Earth, with the three largest reserves
belonging to Russia, Canada and Venezuela; in particular this type of crude oil is the main resource
in Northern Alberta in Canada [1,2]. Basically, heavy oil is defined as crude oil which has a viscosity
ranging from 100 to 10,000 cp and gravity smaller than 20 °API; thus, the requisite oil recovery
methods face many challenges compared to those used for conventional oil reservoirs [1]. Recently,
the utilization of chemical flooding has become an attractive and feasible method for recovering a
large volume of heavy oil when the traditional thermal methods are not suitable, as in the case of thin
pay-zone reservoirs or when overlying permafrost exists [3]. Many previous works have demonstrated
the proper applications of alkaline (A)-surfactant (S)-polymer (P) injections in the Enhanced Oil
Recovery (EOR) stage for both conventional and heavy-oil reservoirs. Atsenuwa, et al. classified heavy
oil with viscosities that ranged from 50 to 50,000 cp, they pointed out that the capillary forces between
water and heavy oil are higher than those between water and light oil [4]. Asghari and Nakutnyy
carried out experimental work on the application of polyacrylamide for extracting heavy oil; they
concluded that a polymer concentration in the injected fluid higher than 5000 ppm is required to
effectively recover oil for injection rates of less than 29.6 m>/day [5]. Nevertheless, by using polymer
with viscosities in the range of 2000-5000 cp to sweep the trapped oil by core-flood tests, Bodino et al.
observed an insignificant increase in the recovery factor when the viscosity of the polymer solution
was changed from 3 to 60 cp [6]. In terms of the use in offshore heavy-oil reservoirs, Kang and Jian
presented the main problems on oil recovery and concluded that the water salinity was the most
important factor affecting the success of polymer flooding processes [7]. Alsofi et al. demonstrated that
the streamline simulation scheme showed better performance than the conventional simulation scheme
for polymer core-flood tests; further, they determined that the polymer solution should be injected as
soon as possible before any water flooding for achieving the best outcomes [8]. In contrast, Zhou et al.
conducted experiments on various chemical flooding sequences and showed the importance of a
second polymer slug after the first chemical injection with an injected water slug in between [9]. They
also found that the polymer was the most dominant element in chemical flooding, and the polymer
concentration was the crucial factor in enhanced heavy oil recovery. Even though core-flood tests
are always carried out in laboratories before executing any pilot tests in the field, Yooybari et al.
found that prediction of the oil recovery using core-flood investigations was unreliable compared to
the use of field measurements; they stressed that the most important part of a successful polymer
flooding process must be derived on the basis of the screening procedures from the viewpoints of
either technical or economic feasibility [10].

Although the utilization of polymer mainly aims to improve the sweep efficiency by properly
controlling the mobility of the displacing fluids, alkali and surfactant were also considered as the most
effective agents for making the oil moveable by reducing the interfacial tension (IFT) between oil and
water (O-W). Dong et al. investigated the displacement mechanisms of alkaline-surfactant flooding
by using the glass micromodel, the results showed that alkaline injection formed the water-in-oil
(W/O) emulsion and effectively blocked the water channels, therefore improved the sweep efficiency;
furthermore, the addition of a dilute surfactant to an alkaline solution could form an oil-in-water
(O/W) emulsion, which makes the heavy-oil droplets moveable [11]. Theoretically, alkali generates
an in-situ surfactant in the reservoir by reacting with the natural acid components of the oil, and
this agent also can partly alter the rock wettability in some specific rock systems [12,13]. Pei et al.
demonstrated the highly sensitive effects of alkali on the IFT properties for heavy oil with low
acid number compared to the oil with high acid number [14]. In their experimental works, they
also determined a cost-effective EOR process when utilizing alkaline flooding for acidic heavy-oil
reservoira; in particular, NapCO3 performed better than NaOH in terms of lowering the IFT value.
Basically, the combination of alkali, surfactant, and polymer in appropriate concentrations helps to
drastically improve the heavy oil production compared to the use of individual agents [15-17]. In the
work of Luo et al., surfactant—polymer flooding has been demonstrated to be a favorable combination
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for a heavy-oil sample from Western Canada when the alkaline solution was prone to cause severe
scaling near the wellbore region; they determined that it was difficult to form the O/W emulsion with
a SP system owing to its high viscosity, thereby decreasing the oil recovery enhancement level [18].
Further, the work of Feng et al. affirmed the ineffective application of the combined ASP flooding
due to the severe problems of emulsification as well as precipitation [19]. Moreover, SP flooding
could increase the recovery factor by 13%-20%, which was significantly higher than single polymer
flooding under the same conditions. However, they found that only the surfactant could not reduce
the IFT between O-W to the desired ultralow value. On the contrary, the combined ASP flooding
was demonstrated to be more attractive than SP flooding in the work of Bataweel and Nasr-EI-Din
in terms of reaching the ultralow IFT and high tertiary heavy oil recovery [20]. Therefore, the most
effective combinations so far are still of concern owing to the dependences on the reservoir conditions,
oil properties, laboratory testing conditions, and feasible practical application in the field.

Among the disputes concerning chemical use, there are controversies regarding the use of
optimization algorithms as they must be perfectly applied to obtain the highest profit or maximize
the ultimate oil recovery with the lowest time and cost expenses. The work of Zerpa et al. evaluated
the optimization algorithms of surrogate models for various scenarios of ASP flooding in terms of
the objective function and oil recovery factor for conventional oil reservoirs. They investigated the
use of multiple surrogates for identifying alternative optimal solutions corresponding to different
regions of the design space [21]. Moreover, the response surface approach for ASP flooding proposed
by Zerpa et al. proved to be an effective mathematic methodology for optimizing the chemical
slug size in comparison with the suggested volume from a laboratory design [22]. Regarding real
applications in the field, a response surface has been considered to optimize the alkali and surfactant
concentrations in the clastic reservoir of the Angsi field in the Malay basin, as in the published works
of Ghadami et al. [23]. They concluded that it was not necessary to take into account all of the
parameters in the sensitivity analysis; instead, only the effects of the important designed chemical
parameters such as the chemical concentrations, initiation time, or slug sizes needed to be investigated.
Although there are few published works that use the RSM methods in the sensitivity analysis and
optimization of chemical flooding so far, this mathematical tool has been successfully applied in other
geological uncertainty processes. The main effect method which displays first-order Sobol indices for
the response surface was used for uncertainty and sensitivity analysis on assessing the CO; injectivity,
area of review and gas migration rate in the work of Dai et al. for carbon sequestration [24]. In the
recent research of Dai et al. the response surface analysis was conducted by using the multi-variate
adaptive regression spline for the risk factor metric in CO; injection and storage [25]. From the results,
the obtained coefficients of determination, RZ, were higher than 0.95 and absolutely indicated the
reliable representation of the response models for evaluating the interactions of CO,, oil, gas and brine
water for CO,-EOR environmental issues. Moreover, the study of Pan et al. about uncertainty analysis
of CO,-EOR processes concluded that the determination value R? larger than 0.9 was acceptable
for predicting the physical behaviors of the processes by the integrated RSM and Monte Carlo
algorithms [26].

As there are many controversies regarding the utilization of chemicals for viscous oil recovery, this
work investigates the flooding performances of different potentially combined chemical agents for the
enhanced heavy-oil recovery by numerical studies in order to determine the most efficient combination
for specific reservoir conditions. A heavy-oil reservoir model with quarter five-spot pattern is in
the STARS simulator of the Computed Modelling Group (CMG). Both the injector and producer are
horizontal wells installed in the near-bottom layers owing to the high productivity [27]. All possible
potential chemical flooding sequences are grouped and investigated separately before carrying out the
pre-evaluation stage where the general commercial assessments are primarily considered. The fixed
chemical costs and the variation in the oil price are proposed for the economic pre-evaluation instead
of fully applying the financial terms of the project. In the economic post-evaluation, the quadratic
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response surface models are applied for the purpose of optimizing the final net present value (NPV) as
well as the uncertainty of the calculated NPV according to the oil price variation.

Practically, the consideration of both technical and economic aspects—as in this work—assist
considerably in understanding the performances of disparate flooding processes, thereafter properly
selecting the most outstanding flooding sequences, and finally contributing to comprehensive
evaluations for the uncertainty analysis. As there has been no published consideration of an RSM for
the optimization of enhanced heavy oil recovery by chemical flooding, the novel approach described
in this work will promisingly contribute to the real project assessment with a simpler but still effective
tool. Moreover, as the chemical flooding processes have been integrated into the STARS simulator and
demonstrated to have high accuracy level of simulation by previous works [28], the three-dimension
(3D) numerical results of this study can be certainly acceptable and reliable for reference by the industry.

2. Reservoir Model

The 3D model of a specific heavy-oil reservoir consisting of five different permeable layers is
built. Either the porosity or permeability are interpolated by using the geostatistical function of the
simulator, with the range values of 0.28-0.35 for the porosity throughout the entire reservoir and
a range values of 700—4000 mD for the absolute permeability, as listed in Table 1. Generally, these
assumptions are necessary to simplify the reservoir model as a multi-layer system when closely
adopting the practical conditions of a real reservoir. The dimensions of the reservoir in a quarter
five-spot pattern are 114.33 x 114.33 x 10.67 m® with a designed grid system of 30 x 30 x 5 gridblocks.
The initial setup conditions of the reservoir were partly obtained from the work of Zhou et al. [9].
The horizontal injection and production wells are installed so that they are completely parallel with
alength of 110.2 m. In terms of the wettability, the reservoir rock is assumed to be a water-wet rock
system with the water saturation of 25% at the initial time, and only two phases (oil and water) are
considered for the simulation runs.

Table 1. Parameters used for the initial reservoir conditions.

Initial Reservoir Condition Value
Grid size 30 x 30 x 5 cells
Thickness 10.67 m
Initial reservoir pressure 2.76 MPa
Reservoir temperature 32°C
Porosity 0.28-0.35
Horizontal permeability (ky,) 700-4000 mD
Vertical permeability (ky) 0.1k mD
Fluid Properties
Qil saturation 0.75
Oil gravity 12 °API
Oil viscosity 1202 cp
Residual oil saturation after water flooding 0.37
Initial salinity (for all blocks) 20,000 ppm

Obviously, the reservoir conditions are completely adequate for utilizing chemical flooding
according to the published screening criteria of the hydrocarbon formation types and initial fluid
properties as well as well pattern design of the heavy-oil reservoir. In detail, the reservoir temperature
is much less than 93.3 °C which is the limit point for surfactant and alkaline flooding, while polymer
solution can maintain its viscosity at 99 °C [29]. Furthermore, as other requirements such as the
nonexistence of gas cap or aquifer, absolute permeability higher than 10 mD, formation water salinity
not over 50,000 ppm and the smallest moveable oil saturation of 30%, the considered reservoir is a
great candidate for deploying chemical injection in term of technical aspects.
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3. Flooding Strategies

Many previous works have demonstrated successful injection plans by using either single or
combined chemical flooding to improve heavy-oil production. A very early pilot test in the Gudong oil
field including four injectors and nine producers observed successful results, in which the ultimate oil
recovery by ASP flooding increased by 13.4% compared to water flooding, where the oil recover rate
could reach 76.6 t/day [30]. The later commercial tests of ASP flooding in the Central Xinger area of the
Dagqing oil field with a total of 45 wells also demonstrated satisfactory production performance, where
the oil rate could be up to 180 t/d and the obtained oil recovery by ASP flooding was nearly 21.52%
of the original oil in place (OOIP) [31]. Further, the most recent report in 2014 of Oil & Gas Journal
presented the officially successful polymer flooding projects in the Pelican Lake field, with a total
oil production rate higher than 3180 m3/day. With thin pay zones and highly viscous oil properties,
the utilization of chemical flooding has been proposed to extract the crude oil in the west-central part
of Saskatchewan (Canada) as the thermal method is unsuitable and water flooding could only recover
8.5% of the OOIP in some reservoirs [18].

Theoretically, the use of alkali aims to generate an in-situ surfactant/soap by reacting with the
natural acids in oil in order to reduce the IFT between O-W, which makes the removal of crude oil
easier thereafter [32,33]. Furthermore, the penetration of the alkaline solution into the crude oil causes
the formation of a W/O emulsion, thereby reducing the mobility of the displacing fluids and diverting
the injected fluids into the unswept region, resulting in an improvement in the sweep efficiency [34].
A synthetic surfactant is mainly employed to reduce the IFT between O-W by forming a microemulsion
with a limited range of concentrations [35]. The combination of alkali and the synthetic surfactant
(AS) helps to reduce the IFT between O-W in higher level, thereby remedying the issues of alone
alkaline injection, such as generating insufficient IFT reduction due to the lack of the in-situ generated
surfactant due to low acid contents in oil [36]. However, the injected fluids for AS flooding still have
very low viscosity compared with that of crude oil; therefore, the improvement in the mobility is
not considerable to sweep the reservoir thoroughly, and causing the water channel as a consequence.
The injection of the polymer solution is a unique method for increasing the viscosity of the displacing
fluids, thereby significantly improving the sweep efficiency as a result of better mobility control and
water channel mitigation. In addition, in a multi-layer system, the injected water containing polymer
also develops the crossflow between the low- and high-permeability layers that is resulted from the
shear-thinning behavior of the polymer solution [37]. The contemporary injection of alkali, synthetic
surfactant, or both of them with the polymer solution will increase the displacement efficiency as the
result of the IFT reduction at high level, combining with the improvement on the sweep efficiency
by enlarging the oil swept area caused by blocking the water channel assistant, thereby enhancing
the final oil recovery [38]. In summary, the most relevant possibility for combined chemical injection
can basically be AS or ASP solutions. Further, the fluid slug injected after the preflushing water and
before the final postflushing water should also be taken into consider in order to perfectly enhance the
flooding performance.

Artificial water (or simply “water”) is generated by adding salt to clean water. The base cases of
the flooding strategies for all sequences are presented in Table 2. Principally, all sequences are initiated
with a preflushing water slug and terminated with a postflushing water slug. The concentrations of
the individual flood types are designed as follows:

=  Water flooding: complete water injection throughout the project.

= A—2.08% in volume (vol %) alkali in the solution.

= AS—(proceeding after A) 3.9 vol % alkali combined with 4.2 vol % surfactant in the solution.

= AS—(proceeding after W) 1.68 vol % alkali combined with 0.04 vol % surfactant in the solution.

= ASP(15)—2.12 vol % alkali combined with 0.132 vol % surfactant and 540-ppm polymer in the
solution. Initially, the fluid has a viscosity of nearly 15 cp.
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= ASP(20)—2.12 vol % alkali combined with 0.132 vol % surfactant and 680-ppm polymer in the
solution. Initially, the fluid has a viscosity of approximately 20 cp.

= P(15)—550-ppm polymer in the solution. Initially, the fluid has a viscosity of approximately 15 cp.

= P(20)—690-ppm polymer in the solution. Initially, the fluid has a viscosity of nearly 20 cp.

Table 2. Injection strategies of the flooding sequences.

Injected Schedules Flooding Sequence A AS P ASP
Water Flooding - - - -
(A) Group
W-A-AS-W 1.5 years 1 year - -
W-A-AS-P(15)-W 1.5 years 1 year 1 year -
W-A-AS-P(20)-W 1.5 years 1 year 1 year -
W-A-ASP(15)-W 1.5 years - - 1 year
W-A-ASP(20)-W 1.5 years - - 1 year
(AS) Group
W-AS-W - 2 years - -
W-AS-P(15)-W - 2 years 1 year -
W-AS-P(20)-W - 2 years 1 year -
W-AS-W-P(15)-W - 2 years 1 year -
(ASP) Group
W-ASP(15)-W - - - 3 years
W-ASP(20)-W - - - 3 years
W-ASP(15)-P(15)-W - - 1 year 3 years
W-ASP(15)-P(20)-W - - 1 year 3 years
W-ASP(15)-W-P(15)-W - - 1 year 3 years
- - - 1st: 3 years
W-ASP(15)-W-ASP(15)-W } ) } 2nd: 1 year
- - - 1st: 3 years
W-ASP(15)-W-ASP(15)-W } ) } 2nd: 1 year
- - - 1st: 3 years
W-ASP(20)-W-ASP(15)-W ) ) ) 2nd: 1 year
(P) Group
W-P(15)-ASP(15)-W - - 1 year 2 years
W-P(20)-ASP(15)-W - - 1 year 2 years

Note: 1st and 2nd indicate first and second chemical slugs, respectively.

On the basis of the first chemical slug type after preflushing with water, the flooding sequences can
be divided into four main groups of flooding, namely (A), (AS), (ASP), and (P), as presented in Table 2.
These groups are analyzed separately before being considered for a comprehensive evaluation. The
similar injection strategies in each group with a final oil rate of 1.59 m3/day were proposed in order to
better compare the effectiveness of the chemical changes in the sequences. The specific concentrations
of the flood types were selected on the basis of the results of IFT measurements and the viscosity of the
injection fluids. Figure 1 shows the fundamental chemical properties used for the simulation studies
including the IFT characteristics and the viscosity behavior of the polymer solution. On the basis of
the chemical data, the wettability condition of rock-fluid properties will be changed according to the
interpolation scheme of the simulator when surfactant concentration increases. In detail, the addition
of surfactant causes a reduction of IFT and an increase of capillary number, therefore lowering the
residual oil saturation and straightening the relative permeability curves [39].

Following the default sets of critical capillary number in STARS (CMG), the residual oil saturation
of zero can be obtained from the capillary number (N¢) of 1.2 x 10~ and the relative permeability
curves can become straight line when N reaches 2.3 x 1071
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Figure 1. Chemical properties used for the simulation: (a) the dependence of IFT values of O-W on
the alkaline concentrations corresponding with no surfactant and 0.2 wt % surfactant in the solution;
(b) viscosity behavior of the polymer solution.

The relative permeability curves for the initial conditions and after being interpolated are
presented in Figure 2.
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Figure 2. Progression of relative permeability curves following the increase of surfactant: (a) initial
condition; (b) intermediate curves formed by interpolation scheme; (c) straighten curves.

4. Results and Discussion
4.1. Base Cases

4.1.1. (P) Group—Polymer Solution is the First Chemical Slug

A single polymer solution was injected in one year after about 0.017 pore volume (PV) of
preflushing water flooding and followed by an ASP injection. The purpose of using a polymer
for the first chemical slug is to mitigate the formation of displacing-fluid channeling that follows
afterward. ASP injection after a short polymer flooding substantially increases the oil production as a
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result of the easier movement of viscous oil due to the strong reduction in the IFT as well as the proper
mobility of the displacing fluids. However, the increase of oil production can be observed close to
the end of ASP injection or at the beginning of the final water injection afterward. As presented in
Figure 3, the oil cuts of both chemical sequences increase from the middle of the ASP injection stage
until nearly 1 PV of total injected fluids, from approximately 10% to 20%, before gradually decreasing.
However, in the complete water flooding, the oil cut continuously decreases without any restoration
until the end of the process.
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Figure 3. Oil production performance of water flooding and two flooding sequences of the (P) group
in which the first injected polymer solutions have viscosity of 15 and 20 cp.

Obviously, the increase in the solution viscosity from 15 to 20 cp corresponding with the increase
of the polymer concentration from 550 to 690 ppm did not improve the oil production; in contrast,
it slightly worsened the oil recovery performance. In detail, with a final oil rate of 1.59 m3/day,
the W-P(15)-ASP(15)-W sequence recovered approximately 42.7% of the oil in place (OIP) after a total
of 2.35 PV of liquids had been injected, whereas the oil recovery of the W-P(20)-ASP(15)-W sequence
was 42.6% with 2.41 PV of injected liquids. The results also points out the very low injectivity of water
flooding, with 1.27 PV of injected fluids, compared to that of chemical flooding, demonstrating the
effective reduction in the IFT as well as the improvement in the sweep efficiency of the chemical agents
buffered by the postflushing water.

4.1.2. (A) Group—Alkali Solution is the First Chemical Slug

In this group, an alkaline solution is the first chemical slug after a preflushing water injection
and followed by an AS or an ASP slug. Theoretically, the use of the alkaline solution aims to form a
W /O emulsion which decreases the mobility of the displacing fluids and enlarges the swept area [15].
The utilization of the combination of alkali and surfactant afterward could yield more progressive
reduction on the IFT than the utilization of the single alkali solution. However, the opposite issue
occurs when the AS solution easily flows and bypasses the oil as a result of the broken W/O emulsion,
thereby leaving a substantial oil volume behind [40]. The ineffective performance of W-A-AS-W
flooding is evidently shown in Figure 4 in comparison with the other chemical flooding sequences.

As presented in Figure 4, the sequence without buffering polymer only produced approximately
33.4% of the OIP after injecting 1.94 PV liquids; this injected volume was absolutely higher than those
of W-A-AS-P(15)-W and W-A-AS-P(20)-W sequences, even though the oil recovery is inversely lower.
In detail, using the buffering polymer solution after an AS injection really improved the oil production
performance, with 37.1% and 37.6% of the OIP were recovered corresponding with the injections of
550-ppm and 680-ppm polymer solutions, respectively. This evidently demonstrates that the injection
of a polymer solution is an effective way to remedy the circumstances in which the displacing fluids
overflow or bypass the crude oil. However, the ASP solution is the better buffering fluid after an
alkaline injection in this group.
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Figure 4. Oil production performance of water flooding and the sequences of the (A) group.
The injections of a buffering ASP solution after the first alkaline flooding prove to be more efficient
than using an AS slug with a buffering polymer solution, whereas the sequence without a buffering
viscous fluid results in the worst performance owing to the severe oil bypassing mechanism.

As shown in Figure 4, the alkaline injection followed by 0.3 PV of the ASP(15) solution results
in the recovery of 41.3% of the OIP, whereas 42.0% of the OIP is obtained with the injection ASP(20)
solution in one year, indicating an improvement in the sweep efficiency corresponding with the
increase of the polymer concentration in the ASP solution. These results again confirm that the relevant
application of the combined ASP solution as the second injected agent makes the oil properly moveable
with a buffered water injection, which is easily recognized by the sudden increases of the oil cuts after
the second chemical slug is injected.

4.1.3. (AS) Group—Combined Alkali-Surfactant Solution is the First Chemical Slug

The injection of a combined AS solution after the first preflushing liquid exhibits relatively
inefficient sweep performance, even in cases where a polymer solution is used for buffering. In detail,
the W-AS-W sequence only produces 33.5% of the OIP after a total of 2.35 PV of displacing fluid has
been injected, whereas in the sequences that use a buffering polymer after an AS injection, the oil
recoveries are 36.5% and 36.9% for the W-AS-P(15)-W and W-AS-P(20)-W sequences, respectively
(Figure 5).
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Figure 5. Oil production performance of water flooding and the sequences of the (AS) group.
The employments of AS solution right after the preflushing water does not improve the oil recovery
significantly compared to water flooding even when using a buffering polymer solution.
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Further, the utilization of a water slug between two chemical injections, as in the W-AS-W-P(15)-W
sequence, also does not improve the recovery factor, basically demonstrating the low possibility of
extracting considerably a considerably large oil volume after an AS injection.

From the results for this group, it is realized that the combined AS flooding should not be the first
chemical injection, even though this combination results in an ultralow IFT of the W-O. This is also
the crucial difference between heavy oil and conventional crude oil, in which the residual oil is more
favorably moveable with a significant reduction in the IFT [41].

4.1.4. (ASP) Group—Combined Alkali-Surfactant-Polymer is the First Chemical Slug

From the numerical results of the other groups, the (ASP) group presumably offers better
performance by employing the most favorable combination of chemical flooding conditions. However,
in terms of the mobility ratio between the displacing fluid and the displaced fluid, the value is still not
favorable owing to the extremely high viscosity of the crude oil [42]. Therefore, the improvements in
the EOR performances are still within a limited range, despite the properly designed injection strategies.
As presented in Figure 6, the use of only one chemical slug, as in W-ASP(15)-W and W-ASP(20)-W
sequences, results in final oil recoveries of 43.2% and 44.1%, respectively, and is much more effective
than complete water flooding in terms of either the oil production or liquid injectivity. These results

again confirm the enhancement in the oil recovery when increasing the viscosity of the ASP solution
from 15 to 20 cp.
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Figure 6. Oil production performance of water flooding and the sequences of the (ASP) group: (a) first
chemical slug is 15 cp ASP solution; (b) first chemical slug is 20 cp ASP solution. The repeated injections
of ASP solution with a slug of water in between achieve the highest oil recovery than the sequences
using a buffering polymer solution.

The utilization of the buffering polymer solution evidently shows a recovery factor improvement;
however, it is also shown that the injection of the polymer immediately after ASP flooding gives
better results than the use of a water slug size in between. In detail, the W-ASP(15)-P(15)-W sequence
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produces approximately 46.7% of the OIP after injecting 2.2 PV liquids, whereas the oil recovery
of the W-ASP(15)-W-P(15)-W sequence is 45.6% for an equal injected volume (Figure 6). Further,
the increase in the oil recovery as observed is not very significant according to the increase of viscosity
of the polymer solution, as demonstrated by the small improvement in the oil recovery between the
W-ASP(15)-P(20)-W and W-ASP(15)-P(15)-W sequence.

4.1.5. Economic Pre-Evaluation

From the results of various chemical flooding sequences, it is easily recognized that the sequences
of the (ASP) group result in the predominant EOR performances compared to the other groups.
Figure 7 shows a comparison of the performances of all high-potential chemical flooding sequences
versus water flooding in terms of the cumulative oil production with a final oil rate of 1.59 m3/day.
As presented, the W-ASP(20)-W-ASP(15) results in the highest oil production but also needs the highest
injected volume, whereas the representatives of the (P) group perform better than those of the (A)
group. Owing to inefficient sweeping and unfavorable EOR performance, the sequences of the (AS)
group are not considered for the economic evaluation.

r—‘Valer flooding
W-P(15)}ASP(15)-W

’ <« W-A-ASP(15)-W
W-A-ASP(20)-W

W-ASP(15) W

< W-ASP(20)-W

W-ASP(15)-W-P(15)-W

W-ASP(15)-B(15)-W
4~ W-ASP(20)-W-ASP(15)} W

Cumulative Produced Oil (thousand m?)

05 1 15 2 25 3
Injected Volume (PV)

Figure 7. Comparison of the cumulative oil production between the most potential flooding sequences
of each group and water flooding. The sequence W-ASP(20)-W-ASP(15)-W performs the highest oil
production and also requires highest injected volume.

The oil price and the costs of the chemical agents are taken into account when computing the
general profit of the EOR stage. For the chemical costs, the unit price of alkali, surfactant, and polymer
are listed in Table 3 [43].

Table 3. Chemical costs.

Chemical Type Price Unit

Polymer price 3.68 $USD/kg
Surfactant price 4.06 $USD/kg
Alkali price 1.32 $USD/kg

The oil price is taken from the forecasted results of the EIA group as shown in Figure 8a. This work
assumes a range of 30-60 $/bbl for the oil price variation, corresponding to a normal distribution with
the mean value of 46.5161 $/bbl. The comprehensive comparison for different possible sequences is
clearly presented in Table 4. From the table, the ultimate recovery factors at the equal final oil rate for
all sequences do not exhibit large different, with the maximum difference being less than 7%. However,
the sequence results in the highest oil recovery yet consumed also the highest chemical expense;
in particular, the total cost of this sequence is much higher than the other. Therefore, presumably the
repeat of injecting ASP solution might not be economic, despite achieving the best technical results.
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Figure 8. (a) The historical and forecasted oil price (www.eia.gov); (b) Normal distribution of the oil
price: probability density and cumulative distribution curves, with the maximum, minimum and mean
values are 60, 30 and 46.5 $/bbl, respectively.

Table 4. Detail comparison of different flooding sequences in terms of recovery factor, total injected
volume and chemical expenses.

Flooding Sequences Recovery Factor (%) Injected Volume (PV) Total Chemical Expense ($)
W-P(15)-ASP(15)-W 42.69 2.35 588,813
W-A-ASP(15)-W 41.30 2.47 670,533
W-A-ASP(20)-W 41.98 2.40 588,939
W-ASP(15)-W 43.22 2.39 743,436
W-ASP(20)-W 4413 244 562,662
W-ASP(15)-W-P(15)-W 45.58 2.15 764,705
W-ASP(15)-P(15)-W 46.75 2.16 761,886

W-ASP(20)-W-ASP(15)-W 47.44 2.72 1,131,358

Indeed, the commercial issue—as presented in Figure 9, which clearly shows that
W-ASP(20)-W-ASP(15)-W is not the relevant option for any oil price value. In detail, with values below
37 $/bbl, the W-ASP(20)-W sequence achieves the highest NPV, but the W-ASP(15)-P(15)-W sequence
still provides the most economic strategy when the oil price is higher than 37 $/bbl.

NPV ($MM)

+— Water flooding
«—W-P(15)-ASP(15)-W

— W-A-ASP(15)-W

W-A-ASP20)-W

«+—W-ASP(15)-W

o— W-ASP(20)-W

+—W-ASP(15)-W-P(15)-W

«—W-ASP(15)-P(15)-W

<+— W-ASP(20)-W-ASP(15)-W

30 35 40 45 50
0il Price ($/bbl)

55

60

Figure 9. NPVs of different potential chemical flooding sequences and water flooding according to the
change of the oil price from 30 to 60 $/bbl.

4.2. Optimization Processes

4.2.1. Response Surface Methodology Approach

After recognizing the most economical flooding sequences for the base case, it is necessary to
extend the results for optimization in order to maximize the possible NPVs. From the pre-evaluation,



Energies 2016, 9, 711 13 of 19

the base case sequences of W-ASP(20)-W and W-ASP(15)-P(15)-W performs most effectively in terms
of either a high oil recovery or maximum NPV corresponding to the validated oil price; therefore,
the optimization processes will only focus on these sequences.

Response surfaces are proposed to estimate the objective functions from the effective designed
variables [44]. Typically, the final target NPV is always considered as an objective function. However,
as the probable oil price is taken into account, the recovery factor (RF) and the total chemical expense
until the end of the project (CC), which are two important components that mainly determine the
NPV, are analyzed in this study. For the W-ASP(20)-W sequence, the objective function is formulated
as follows:

RF = C0+ Cla + C2S + Cgp + C4w + C11ﬂ2+ C2252+ C33p2+ C44w2+ C12ﬂ5+
C13{1p + C14aw + C23Sp + C24SZU + C34pw.

)

where g, s, and p are independent variables representing the concentrations in weight percent of the
alkali, surfactant, and polymer, respectively; w is the slug size of the postflushing water; and Cy
and Cyy are coefficients (x, y: 1, 2, 3, 4). Because the total used chemical cost is independent of the
postflushing water volume, w is neglected in formula for CC, as follows:

CC = cp+ c1a + 35 + c3p + 110>+ Cyps* + C33p2+ €125 + C13ap + C35p. (2)

where ¢y and cyy are coefficients.

For the W-ASP(15)-P(15)-W sequence, it is important to note that the polymer concentrations
must be distinguished for the first and second chemical slugs as they are designed independently.
Therefore, the response surfaces RF and CC for this base-case sequence are more complicated and
depend on a higher number of coefficients denoted by By, Byy, by, and by, as follows:

RF = By + Bia + Byp1+ Bss + Bypp+ Bsw + Byia®+ Bpp1?+ Bazs?+ Bypr?+ Bssw?+ Bpaapy +
Bizas + Bigapa+ Bisaw + Byspis + Bopipa+ Bospiw + Baspa+ Bassw + Byspow.

®)

CC = bg+ bya + bopy+ bzs + bypp+ brya®+ boppi>+ bxs®+ bygpr®+ bppapy + bizas + @

biyapa+ bisaw + byzpis + bupipa+ basspa.
where p; and p; are the polymer concentrations (wt %) in the first and second chemical slugs,
respectively. Basically, the viscosity of the injected liquids will be altered following a change in
the polymer concentration. Therefore, the base-case sequences can be generally renamed as W-ASP-W

and W-ASP-P-W without mentioning the specific viscosity of the solution.

4.2.2. Economic Post-Evaluation

Table 5 presents the ranges of all variables for constructing the D-optimal three-level factorial
designs. From the technical results of the pre-evaluation, the threshold of the polymer concentration of
0.068 wt % is used to limit the viscosity of the displacing solution, which is lower than 30 cp owing to
the gradual increase in RF. For the simulations, sample sets of 23 designs for W-ASP-W and 38 designs
for W-ASP-P-W have been obtained for analysis. By matrix transformation and the least-squares
method, the coefficients were successfully calculated, as listed in Table 6.

Table 5. Constraints of the design variables (wt %).

Cases W-ASP-W W-ASP-P-W
Variables a s [4 w a p1 s P2 w
Max 14 0.6  0.068 2 14 0068 06  0.068 1.7
Min 1 0.3 0.04 1.7 1 0.04 0.3 0.04 1.1

Basecase 136 0503 0.068 1.9 136 0054 0503 0.055 147
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Table 6. Response surface coefficients for W-ASP-W and W-ASP-P-W.

Coefficients Values Coefficients Val“ﬁs Coefficients  Values Coefficients Val“ﬁs
(x10°) (x10°)

Co 0.6142 Co 0 By 0.3538 by 0.01
G 0.28 1 0.0088 By 0.0228 b 0.0093
Cy 0.0466 c2 0.0292 B, 2.2488 by —0.3635
C3 7.4985 c3 —0.1847 B3 —0.0051 b3 0.0165
Cy —0.6701 11 0.0004 By 0.2634 by —0.069
Cii 0.0215 o —0.0039 Bs 0.0048 b1y —0.002
Cxn 0.0067 33 2.3103 By —0.0149 bay 3.2961
Cs3 —27.1621 c12 —0.0035 By —3.0412 b3z 0.0008
Cys 0.3032 c13 —0.087 B33 0.0135 byy 0.1953
Ci2 0.0379 23 —0.2475 By 6.0844 bio —0.0662
Ci3 0.7571 Bss 0.1173 b1z 0.0021
Cia —0.2093 Bio 1.1032 b1s 0.0239
Cas 0.1191 Bis 0.0134 bo3 —0.2195
Cx —0.0597 B4 0.3774 N 0.3589

Bis —0.0444 b3g —0.0001

By3 1.1761

Byy 20.1639

Bys —2.8556

B3y 0.6633

Bss —0.0779

Bys —1.8925

The high coefficients of determination in Figure 10 (the R? values are greater than 0.97)
evidently indicate the accuracy of the prediction process by the RSM as well as the suitability of
the variable ranges.
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Figure 10. Estimated results of the oil recovery factor and total chemical expenses by the RSM:
(a) W-ASP-W; (b) W-ASP-P-W.
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The relationships between the designed variables and the recovery factors are visually illustrated
in Figure 11. Obviously, an increase in the chemical concentration always causes an enhancement in
the oil recovery, and the maximum RF might be achieved at the upper threshold of an individual agent.
On the contrary, the optimal values of RF are not proportional to the postflushing volume, indicating
that it is not necessary to increase volume of the buffering water in order to significantly promote oil
production for a specific final oil rate.

Ol recovery (%)

Oil recovery (%)

Oil recovery (%)
Oil recovery (%)

(b1)

Figure 11. Correlations between the design variables and the response surfaces. W-ASP-W: (al) a-s vs.
RF; (a2) a-p vs. RF; (a3) p-w vs. RF. W-ASP-P-W: (b1) a-p; vs. RF; (b2) p, -w vs. RF. Within the range
of the designs, the increases in the chemical concentration corresponding to a low injected volume of
postflushing fluid help to improve the ultimate recovery factor.

As the response functions have been obtained for the recovery factors and chemical costs, the
NPV can be directly calculated and optimized for the assumed change in the oil price. Figure 12 shows
the NPVs for thousands of different chemical concentrations among 600,000 tested cases for the range
of oil prices from 30 to 60 $/bbl and the optimized NPV for both flooding sequences. From Figure 12c,
it is easily recognized that the selection of one flooding sequence is not unique as the change in oil price
also changes the optimized result. In detail, W-ASP-W can benefit by approximately 3.5 million dollars
when the maximum dominant oil price is 38 $/bbl, whereas the W-ASP-P-W sequence is much more
favorable at the higher oil price values. The optimal concentrations corresponding to the maximum
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NPVs of the two sequences are listed in Table 7. As observed, the optimal values of all agents reach the
thresholds, indicating the possible extension of the ranges for applying the RSM for the purpose of
optimizing the NPV.

6

Most optimal case

Most optimal case

Least optimal case

Least optimal case

NPV ($MM)
NPV (SMM)

0 35 40

0il Price (§/bbl) ' . 0il Price (§/bbl)

(@) (b)

NPV ($SMM)

L
a 4

Oil Price ($/bbl)

(©)

Figure 12. NPVs for various oil prices: (a) 1000 estimated cases and the optimal case of W-ASP-W;
(b) 1000 cases and the optimal case of W-ASP-P-W; (c¢) comparison of the most optimal cases of the
two sequences.

Table 7. Optimal values of the design variables corresponding to the optimized NPV (wt %).

W-ASP-W W-ASP-P-W

a s p w a p1 S p2 w
14 0.6 0.068 1.7 14 0.068 0.6 0.068 1.1

Regarding the uncertainty in the project, as discussed previously, the work applies a normal
distribution for the oil price to assess the possible contexts of the flooding project. The possibility
number is defined by the product of the NPV and the probability as the certainty of obtaining profit
is high for a high possibility number. From the possibility curves in Figure 13, the highly possible
occurrence of the oil price falls in the range of 40-55 $/bbl, corresponding to the optimized NPV of
3.78-5.4 SMM. However, at the highest possible oil price of approximately 46.5 $/bbl, the maximized
NPV can reach 4.47 $MM. Further, for this range of oil prices, the W-ASP-P-W sequence is more
preferable for deployment than the other.

The final results evidently indicate the completely possible extension of the chemical flooding
project on a higher scale as it has been profitably applied in the quarter five-spot scale. The prudent
design of the well configuration will properly be scaled up for implementation in a real oil field.
The use of parallel horizontal wells in this work absolutely results in the best potential performances
of the flooding processes; however, the complicated well patterns after scaling up might require the
different injection plans in order to attain the highest benefit. Therefore, the consideration of well
pattern designs needs to be involved in future works in order to fully understand the feasible chemical
application on the EOR for a heavy crude oil reservoir.
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W-ASP-W

W-ASP-P-W

NPV Possibility

30 35 40 0 55 60

Oil Price ($/bbl)

Figure 13. NPV possibility curves following the normal distribution of the oil price for the most optimal
case of two sequences.

5. Conclusions

The numerical study of various chemical flooding sequences with optimization procedures using

RSM has demonstrated the feasibility of chemical flooding for enhancing heavy oil recovery from
either the technical or economics point of views. The following critical conclusions are drawn for

the results:

Combined alkali-surfactant-polymer solution has been proven as the outstanding displacing
fluid to recover heavy oil from either the technical or economics point of views. A buffering
polymer slug is also necessary for the design right after the previous chemical slug in order to
relevantly improve the sweep efficiency.

The proper application of response surface methodology, in which the coefficients of
determination are higher than 0.97 for estimation, has demonstrated that this mathematical
tool is fully qualified to optimize the chemical concentration design and support the economic
analysis. However, the range values should be extended consistently in order to investigate the
full potential of chemical employments.

For the change of oil price from 30 to 60 $/bbl, two chemical flooding schemes show the
importance of considering the effect of possible market variations on the project decision. Further,
the simply proposed statistical distribution for oil price contributes to a more confident evaluation
as well as to reduce the uncertainty of the project.

Currently, the utilization of chemical flooding for heavy oil is facing more challenges regarding the

uncertainty as well as the feasibility of the projects, particularly when the oil price is in an unfavorable
situation. Therefore, the contributory investigations and proposed methods of this work promise to be
helpful in future research as well as in practical EOR implementations in the petroleum industry.
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