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Abstract In this paper, the current advances in chemical injection method of
polymer flooding are reviewed. The ultimate goal of polymer flooding for EOR
process is to improve tertiary oil recovery by increasing the overall oil driving
efficiency as a result of the improvements in injected fluid’s viscosity and mobility
ratio. However, it was found that there were some limitations of polymer flooding.
Hence, this paper will be reviewing studies on combinations of polymer flooding
with other chemical methods by various researchers. Polymer flooding and its
combinations with other flooding methods discussed in this paper are: polymer,
alkaline polymer (AP), micellar polymer (MP), nanoparticles injection with poly-
mers (NP) and alkaline surfactant polymer (ASP). The working principle, resis-
tance, effectiveness and field application of each flooding method are also reviewed
and compared.
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IFT Interfacial tensions
ASP Alkaline-surfactant polymer

Introduction
Background
Conventional oil extraction

Oil recovery can typically be broken down into three major sections depending on
the production life of a reservoir, namely primary, secondary and tertiary recovery.
In the oil and gas industry, primary and secondary oil recoveries are categorized as
conventional oil extraction methods, whereas tertiary oil recovery is called
enhanced oil recovery (EOR) method.

The primary recovery phase can be characterized by the natural driving energy
that initially occurs in the reservoir being used as the medium to recover the crude
oil to the surface as well as the additional artificial lift mechanism used together
with the natural drive energy. Primary phase recovery is basically known as a low
recovery process where it only recovers oil less than 30% of the original oil in place
(OOIP), depending on the reservoir characteristics.

The secondary oil recovery phase or the widely known water flooding method is
the injection of external fluid (water and/or gas) mainly for pressure maintenance.
With secondary recovery, certainly more oil can be recovered, between 30 and 50%,
depending on the reservoir characteristics. However, with only these two major
methods of oil recovery, we are actually leaving behind almost 50-70% of crude oil
in the reservoir; thus, providing a need to study the ways of recovering more crude
oil through the third and final process, the tertiary oil recovery phase.

Tertiary recovery (enhanced oil recovery)

EOR is not just characterized by the injection of the fluids, but it is also
engineered to change the physics of the down-hole system in a way that is
favorable to us. Tertiary recovery phase (EOR) consists of three major flooding
systems which are used to mobilize the crude oil trapped in the porous rocks
(reservoir rocks) by increasing the sweep efficiency and reducing the viscosity of
the crude oil. Based on the US Department of Energy, the three major techniques
used are the chemical flooding, miscible flooding and thermal flooding. One of
the advantages of the chemical flooding as compared to the other flooding
method in general is the huge variety of different methods being used in the
oilfield such as alkaline, surfactants, polymers, engineered water and foam
methods. Despite all of the others, polymer flooding is the most efficient and
broadly used method for the EOR in the oilfield.
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Problem statement

In the face of declining oilfields and at the time where recovering hydrocarbon is
becoming more difficult, effective technique is the key to recover more oils from a
mature oilfield. Based on a survey, the average recovery factor of oilfields around
the world is estimated to be 40%, which leads to a large amount of discovered oil to
be left behind in the reservoir despite an existing production well. The current
situation in the world explains the problem faced where the oil demand is increasing
while the oil production capacity is decreasing. The growing demand in the
petroleum industry and the crucial need for a better recovery method are the main
reasons for interests on many EOR scheme implementations around the world.

Objectives and paper outline

Polymer flooding is carried out using several types of chemical injection such as the
injection of water-soluble polymer alone or integration of polymer with a surfactant
(surfactant polymer injection, SP) or/and alkaline solution (alkaline-surfactant
polymer injection, ASP). From recent studies on nanotechnology, the injection of
nanoparticles with the polymer had emerged as one of the effective polymer
flooding method. Therefore, in this paper, various types of polymer injections are
discussed in detail and the processes are reviewed in general. The reservoir
characteristics are also important factors that affect the type of polymer flooding
used in the EOR method applied. The type of polymer flooding used for EOR also
has to be compatible with the reservoir properties and characteristics such as the oil
trapping and facies type. The aim of this paper is to compare all of the compatible
reservoir characteristics with respect to the type of polymer flooding method of
EOR.

Literature review

EOR refers to the improved oil recovery with oil saturation reduction lower than the
residual oil saturation [1]. Usually, EOR can yield up to 35% of oil recovery;
depending on the reservoir drive type, viscosity of oil as well as permeability of the
reservoir, and the yield may drop to about 5% if the condition is not favorable [2].
Various methods have been applied in the industry to obtain a high yield of EOR,
such as miscible gas flooding [3, 4], chemical flooding [5-7], thermal flooding [8]
and microbial flooding [9, 10].

Chemical flooding is an EOR method where chemical agents are injected into the
oil reservoirs to distort the oil reservoir’s equilibrium after the conventional and
physical recovery (primary and secondary recovery). Chemical flooding can be
categorized according to the main chemical agents used in the flooding process [11].
The common chemical flooding applied in the industry are polymer flooding
[12-14], alkaline flooding [15, 16] and surfactant flooding [17-20].
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Polymer flooding

Polymer flooding is one of the most favorable EOR processes in many oil reservoirs
[21]. Polymer flooding has commonly been applied in sandstone reservoir, and it is
also the most applied chemical flooding method in sandstone reservoirs [22]. Kamal
et al. [23] reviewed a polymer system that can be used in polymer flooding from the
view of rheology, adsorption, stability and field applications. The potential polymer
systems for EOR are polyacrylamide [24, 25], partially hydrolyzed polyacrylamide
[26, 27], co-polymers of acrylamide [28, 29], hydrophobically modified associating
polymers [30], thermoviscosifying polymers [31, 32], cationic polymers [33] and
biopolymers [24].

Zaitoun et al. [34] presented their pilot studies on polymer flooding in the Pelican
Lake pool, Alberta. They were able to increase about 5% of tertiary oil recovery in
comparison to water flooding by using polymer flooding under the conditions of oil
viscosity ranging from 1000 to 25,000 mPa.s and temperature of 15 °C. In 2005,
another pilot study was done to study the effects of polymer flooding in the recovery
of heavy oil of viscosities ranging from 2000 to 5000 mPa.s. The results reported
that the pilot oil field has an increment of 15-21% of heavy oil recovery [35].
However, there are some limitations on polymer flooding, such as low tolerance of
temperature, poor salinity resistance and high susceptibility to oxidative degradation
[36]. Due to these limitations, the study on combinations of other flooding methods
with polymer flooding are introduced, such as micellar polymer (MP) flooding,
alkaline polymer (AP) flooding, alkaline-surfactant polymer (ASP) flooding and
nanosilica polymer (NP) flooding.

Alkaline polymer (AP) flooding

Blehed and El-Sayed [37] studied the implementation of EOR in Safaniya oilfield in
Saudi Aramco using AP flooding. A scaled quarter five-spot model with Safaniya
crude oil was set up with the formulation of xanthan-NaOH with a concentration of
0.10/1.0, and the overall recovery yield was 70%. In [38], a study of AP flooding
was also presented in EOR in David Pool, Lloydminster, Alberta, Canada. The
results showed that the surfactant in the injected fluid was required to be of
formulation 0.80 wt% Na,CO; and 600 mg/L Pusher 1000E with softened water
with 6660 mg/L total dissolved solids and not more than 10 mg/L hardness. With
this formulation, an additional 21% of original OOIP was recovered as compared to
the water injection.

Yang et al. [39] conducted a pilot study in the Yangsanmu oilfield to study AP
flooding during freshwater supply shortage. Based on the research, usage of anti-salt
polymer and using an active alkali were able to increase oil recovery with an
additional 22.8% even when initiated at a water cut of 90%. In [40], laboratory-scale
research was reported on AP flooding for heavy oil recovery using channeled
sandpacks, with concentration of heavy oil recovery of 0.40% NaOH, 0.20%
Na,COj3 and 1000 mg/L polymer, and the tertiary oil recovery in their study was
found to be up to 30%.
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The effects of the addition of alkali in polymer flooding had been studied by
many researchers. Blehed and El-Sayed [37] and Wu et al. [40] reported that AP
flooding improved the mobility ratio of injected fluid in oil reservoirs. In some
studies, AP flooding showed better sweep efficiency in comparison to polymer
flooding [37, 39—41]. Under high water-cut conditions, with some modifications, AP
flooding still showed a positive result in EOR [39, 42]. The findings by [16, 40, 41]
also showed that the low initial viscosity enhanced the injectivity of the injection
fluid.

Nanoparticles injection with polymer (NP) flooding

Zhu et al. [43] studied the rheological and EOR properties of nanosilica particles
hybridized with hydrophobic association of partially hydrolyzed polyacrylamide
(HAHPAM) under simulated conditions of high-temperature and high-salinity oil
reservoir. The results had shown that a combination of nanosilica particles—
HAHPAM has a higher viscosity and elastic modulus compared to HAHPAM alone.
The shear resistance and long-term thermal stability in synthetic brine were
improved by the addition of nanosilica to the HAHPAM. The core test also showed
that nanosilica-HAHPAM combination had a 5.13% higher recovery than
HAHPAM alone.

Yousefvand and Jafari [44] had also done a study on the performance of
nanosilica in polymer flooding of heavy oil reservoir with the presence of salt. The
research was set up with a strongly oil-wet five-spot glass micromodel saturated
with heavy oil and analyzed by an image processing technique. The displacement
mechanism was analyzed and the oil recovery efficiency of flooding test was
determined from the experiment. The results showed that with the presence of
nanosilica in the polymer, the viscosity of the injection fluid was improved. The
wettability to water wet was able to be changed by nanosilica particles in some of
the micromodels. The application of NP flooding resulted in an additional 10%
increase in tertiary oil recovery in heavy oil reservoir under brine condition for this
research.

Cheraghian [45] had investigated the effect of NP flooding in heavy oil industry
under brine condition. The aim of the study was to analyze the effects of nanosilica
particles on the viscosity of the injection fluid and recovery increment in enhanced
heavy oil recovery. The sample of the heavy oil was obtained from a South Iranian
oilfield, with a viscosity of 1320 mPa.s. The results indicated that nanosilica
particles were able to provide higher viscosity, and the flooding test showed a very
positive result where there was an 8.3% increment in the EOR in comparison with
the common polymer flooding after one pore volume injection. These results
showed the potential of NP flooding to be applied in the EOR to reduce the
composition of nanosilica used to increase the recovery efficiency.

Micellar polymer (MP) flooding

One of the major characteristics of polymer flooding is its synergistic iteration with
surfactant flooding, creating a polymeric surfactant also known as micellar polymer
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(MP) flooding. Polymer functions to increase the viscosity of floodwater, while the
surfactant acts as the emulsifier that increases the interfacial tension (IFT) of the
floodwater.

An initial test was done in the Shengli oilfield by the implementation of dilute
MP flooding to determine the efficiency of this flooding technique and further
development of EOR for future application in the Shengli oilfield. Since its first
injection in June 2004, trial results have shown a rapid decrease in water cut and an
increase in oil production rate. Based on the latest field results, water cut has
diminished from 98.2% in 2004 to 85.2% in 2007, a 13% shrink from the initial
value. Meanwhile, oil production has been rising rapidly at an initial rate of 34 tons
per day to 193 tons per day, with a growth of 159 tons per day [46].

Holm and Robertson [47] reported that MP flooding has the potential to improve
the sweeping efficiency of solutions due to high brine permeability as it was found
from their research that MP flooding had recovered about 70% of the residual oil.
Thomas and Ali [48] also demonstrated the potential of MP flooding for EOR as the
recovery of MP flooding was able to recover original oil of 50% or more for most
cases in their study. Das et al. [49] also demonstrated the feasibility of MP flooding
to be applied in Upper Assam Basin in India, as their core sample test with black
liquor as micelle showed significantly higher maximum recovery of 56% as
compared to surfactant flooding with maximum recovery of 40%.

Alkaline-surfactant polymer flooding

Another prominent type of flooding is ASP flooding. In Daqing oilfield, this
technology is used on the industrial scale with a recovery rate of oil found to be over
20% [50]. The other chemical oil recovery methods possess several disadvantages
such as reduced adsorptive value in surfactant flood and diluted alkaline flood after
long periods [51]. Conversely, ASP flooding does not encounter this problem. In
addition, ASP flooding has the advantage of the multitude of chemical phase
properties as well as monitoring of natural surfactant generation, which makes it
much preferable to the other existing tertiary recovery [52].

Currently, Daqing oilfield is arguably the largest oilfield implementing ASP
flooding in large scale since September 1994 [53, 54]. The result has shown that
ASP flooding increased 60% of the oil production rate under a sandstone layer with
porosity of 26% and permeability of 1.426 pm? Propositions made in [55]
suggested for the development of weak alkali ASP flooding or alkali-free SP
flooding to lessen the impact of strong alkali such as that shown in pilot test results
in Dagqing oil field [56-58]. Other oilfields in Gudong, Karamay and Shengli are
some examples of Chinese ASP flooding projects at the present today which showed
favorable EOR rate [59, 60]. In Gudong, recovery efficiency increases with oil
production rate amassing up to 1490 barrels per day at peak conditions as compared
to the initial rate of 630 barrels per day [61]. Laboratory tests had also indicated the
technical feasibility of using organic alkali in ASP flooding to be applied in high-
temperature condition of 95 °C in Shuanghe oilfield with total recovery percentage
of 66.3% [62].
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ASP flooding applications in Canada such as in Alberta (a medium gravity oil
pool) increased the production from 300 barrels per day to 1502 barrels per day in
December 2007. In the USA, ASP projects established in the state of Wyoming are
flourishing [63]. In West Kiehl oil plant in Wyoming, the project had shown an
increase in oil recovery up to 26% OOIP in only 2.5 years. In Cambridge, the oil
increments that resulted from the injection was estimated to be 1.143 million
barrels. In Tanner field which consists of Minneulsa B sand with 20% porosity and
200 mD permeability, ASP flooding increased up to 17% oil recovery [64]. The
result of ASP flooding in Lawrence oilfield, Illinois, with Bridgeport sand with 20%
porosity and 200 mD permeability, was satisfactory as the oil well production
increased from 1 to 12% [65].

Viraj oilfield in India is composed of sandstone and siltstone of 30% porosity.
Results have shown that water cut was diminished from 83.5 to 71.4%, while oil
production rate increased from 24.4 to 98.23 m*/day [66]. In another pilot ASP
flooding in Jhalora, an additional displacement efficiency of about 23% of oil
initially in place (OIIP) with the initial production rate of the oilfield of 2030 bbls
per day had increased to a cumulative oil gain of approximately 47,000 bbls after
injection of about 0.17 PV ASP slug [67]. Lagomar LVA-6/9/21 oilfield in Lake
Maracaibo was studied for suitability for ASP flooding, with 24% reservoir porosity
and permeability in the range of 58—1815 mD which resulted in oil recovery of 48%
after the injection [68, 69].

In general, the average for oil recovery factor had increased by 21.8% of OOIP
with average oil cut reduction of 18% of the initial oil recovered. The desirable
achievement was due to the excellent results of oil displacing agents, as well as
desirable reservoir properties and oil displacement ability which are patterned and
spaced well for ideal sweep efficiency [70]. The reservoirs with ASP flooding
application also range from low temperature to high temperature, as well as low
salinity to high salinity [71].

However, a few drawbacks of ASP flooding are the alkaline nature of the solution
used in ASP flooding which causes scaling and corrosion as well as the
emulsification of oil and water that causes difficulty in wastewater treatment
[16, 57, 72].

Another venture that had been in discussion by several papers is the possibility of
growth in offshore applications for ASP flooding in oil recovery. A number of
researches had been done in the design and preparation of pilot projects for ASP
flooding in Malaysia’s St. Joseph oilfield and Venezuela’s La Salina oilfield
[68, 73-75].

Methodology
Polymer flooding

Polymer flooding has been applied in the petroleum industry for more than 40 years
[24] and can increase recovery up to 5-30% of OOIP [76].
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Due to the research efforts contributed by researchers for the past two decades,
there had been new developments on the knowledge of reservoir engineering, oil
recovery mechanisms, solution properties, physical and numerical simulations and
efficient prediction method of the polymer flooding technology [77].

Working principle of polymer flooding

Polymer is the material that plays a vital role in the application of enhanced oil
recovery technology. A typical polymer flooding project involves mixing and
injection of polymer over an extended period of time until about one-third to half of
the reservoir pore volume has been injected. The polymer “slug” is followed by
continued long-term water flooding to drive the polymer slug and the oil bank in
front of it toward the production wells. The polymer would then be injected
continuously over a period of years to reach the desired pore volume. When water is
injected into a reservoir, it will find the path of least resistance to the lower pressure
region of the offset producing wells. If in any situation the oil in the place has higher
viscosity than the injected water, the water will finger through the oil which would
result in low sweep efficiency or bypassed oil [24]. One of the routine screening
parameters used for preliminary analysis of reservoir is the mobility ratio that
represents the effects of relative permeability and viscosity of water and oil on
fractional flow based on Darcy’s Law [78].

The addition of polymer into the reservoir will increase the viscosity of water and
reduce the relative permeability of the water in the reservoir and then increases oil
recovery due to increase of fractional flow [14]. The displacement of the oil by the
water will be efficient and piston-like if the mobility ratio is 1 or less, whereby, if
the mobility ratio is more than one, the more mobile water will finger through the oil
and leave the regions of in-swept oil behind [79].

According to the principle of mobility ratio, water-soluble polymers can be used
to increase the viscosity of the water phase, while reducing the permeability of
water to the porous rock and thereby creating a more efficient and uniform front to
displace oil from the reservoir [14]. The effect can be obtained at various reservoir
conditions where mobile oil saturation is greater than zero. However, the significant
effect can only be obtained in the reservoir if the value of permeability, k, is big,
which indicates high mobile oil saturation. In the oil characteristics aspect, the value
will be significant in light oil reservoir as its viscosity is low and its permeability is
great [80]. Mobility ratio (M) is defined as the ratio of mobility (1) of the displacing
fluid (water) to the mobility of the displaced fluid (oil), where mobility is
permeability (x) divided by viscosity (¢) [81], as can be seen in Eq. 1 (Source:
[811):

M= Awater o Kwater/ Hywater ) (1)

Aoil Koil / Hoil

The ideal properties for mobility control agents can be summarized as follows:
low cost or high cost-effectiveness, tolerance of high injection activity, effective
when mixed with reservoir brines which is up to 20% of the total dissolved solid,
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resistance to mechanical degradation, 5-10 years’ stability at reservoir temperature,
resistance to microbial degradation, low retention in porous rock, effective in the
presence of oil or gas and low sensitivity to oxygen gas, hydrogen sulfide, pH or
oilfield chemicals.

Type of polymers used in polymer flooding

Recently, the most used polymers are hydrogel polymer, polyacrylamides, HPAM,
Xanthan Gum and biopolymer. Hydrogel polymers have been used for many years
in EOR applications to control the mobility of injected water. These polymers are
non-Newtonian fluids which are also called as pseudo-plastic fluids, because their
viscosity is a function of the cut rate [76].

Hydrogel polymers are usually used with surfactants and alkali agents for
increasing the sweep efficiency of tertiary recovery floodings [24].

Polyacrylamide is a synthetic polymer that relies on the combination of high
molecular weight and chain expansion due to repulsion of pendant ionic groups along
the polymer chain to thicken and viscosify aqueous fluids [82]. There is a variety of this
polymer available from several manufacturers. Generally, the performance of a
polyacrylamide depends on its molecular weight and its degree of hydrolysis. Partially
hydrolyzed polyacrylamide (HPAM) is one of the polyacrylamide groups that has the
shape of a straight chain polymer of acrylamide monomers, some of which has been
hydrolyzed. The molecule is a flexible chain structure known as a random coil and,
since it is a polyelectrolyte, it will interact with ions in the solution.

HPAM, hydrolyzed polyacrylamides, is the most often used polymer in EOR
applications, especially because of its relatively low price with good viscosity
properties, and is well known for its psychochemical characteristics [83]. The
implementation of HPAM flooding is relatively easy and can significantly improve
oil recovery rate under standard reservoir conditions [84]. This polymer is available
in various molecular weights up to 30 million and can be used for temperatures up
to 99 °C depending on the hardness of the brine. Meanwhile, modified type such as
HPAMAMPS co-polymers and sulfonated polyacrylamide can be used up to
temperatures of 104 and 120 °C. It is produced generally as free-flowing powders or
as self-inverting emulsions. Previous experiences indicate that it shows high
sensitivity to salinity, presence of oil or surfactant and other chemicals. Precipitation
can also occur if there is a presence of significant concentration of divalent cations
such as Ca®" or Mg”>" due to the high degree of hydrolysis in the polymer [85].
Increased mechanical degradation can also occur in the presence of the divalent
cations during injection into porous media [86].

Xanthan Gum is a polysaccharide or usually called a biopolymer produced by the
microbial action of Xanthomonas campestris [87] on a substrate of carbohydrate
media, with a protein supplement and an inorganic source of nitrogen [88]. The
biopolymer is an extracellular slime, which forms on the surface of the cells. The
fermented broth is pasteurized to kill the microbes and precipitated from the broth
by alcohol, then concentrated. Xanthan Gum is well known to have excellent
performance in high-salinity brine. It is relatively compatible with most surfactants
and other injection fluid additives used in tertiary oil recovery formulations. This
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type of biopolymer usually produced as broth and concentrated form that can be
easily diluted to working concentrations without elaborate shear-mixing equipment.
It is important that both of the forms must be highly pseudo-plastic solutions and are
easily pumped. Some experience indicates that xanthan-type polymer usually has
cellular debris that can cause plugging. Other than that, it also has significant
hydrolytic degradation above the temperature of 70 °C. Currently, some companies
are developing new special manufacturing techniques that are able to increase its
thermal stability up to the temperature of 105 °C. Since the polymer originates from
microbial activity, it is usually injected coincidentally with an effective biocide to
prevent microbial degradation.

Alkaline polymer (AP) flooding

Although polymer flooding has been applied in the industry since the early 1960s,
polymer flooding has its own setback in which its limitation is in removing trapped
oil beads and oil layer at the surface of the rock to decrease residual oil saturation.
Due to the suitability of polymer flooding properties, a number of studies on
alkaline solution injection before the flooding of polymer solution had been done
extensively in the 1980s, and has led to the development of AP flooding [89].

In the early stage, AP flooding is applied by injecting alkali before polymer
solution flooding. The alkali injected functions to mobilize the trapped oil, then the
polymer solution is injected to provide better mobility control and efficiency of
volumetric sweep in the process of EOR [89].

AP flooding is the combination of alkaline flooding and polymer flooding
technology used in EOR. To get good yield of recovery, the polymer solution used
has to be of high viscosity. The addition of alkali will lower the viscosity of the
polymer solution due to the salt effect of the alkali. However, the hydrolysis of
polymer is catalyzed by the presence of alkali; thus, there is also a possibility that
the addition of alkali may increase the viscosity [90].

Field application of AP flooding

One of the suitable applications of AP flooding is in heavy oil reservoirs. To recover
oil from heavy oil reservoirs, the technique required to be able to plug the high-
permeability channels to increase the sweep efficiency, the fluid has to be of high
viscosity to increase the mobility or reduce the IFT of emulsification of heavy oil
with brine. In this case, common alkaline flooding and polymer flooding have
limited effects on EOR. When an alkaline solution is injected, an emulsion is
formed in situ. However, the emulsion is weak and unstable, which only penetrates
through the high-permeable and low-pressure area, yet the massive layer of heavy
oil which has low permeability remains untouched. For polymer flooding, high oil
viscosity, higher concentration and larger molecule of the polymer are used to
control the mobility, which are ineffective [40]. Besides, under brine condition, the
degradation of the polymer is increased. The disadvantages of alkaline flooding and
polymer flooding methods can be overcome by the synergic effects of alkaline
flooding and polymer flooding, making the AP flooding method feasible for
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enhanced heavy oil recovery. Using the AP flooding method, Wu et al. [40] was
able to recover up to 30% of heavy oil in channeled sandpack flood test of sample
from the Pelican Lake pool.

Working principle of AP flooding

In AP flooding, the alkali added will react with the acidic component which is found
in some crude oil to form soaps. The interfacial tension (IFT) between oil and water
is reduced by the soaps formed from the reaction between the oil and alkali, which
will further decrease the residual oil saturation (ROS). The addition of water-soluble
polymer in AP flooding is to control the mobility of the fluid to enhance the effect of
sweep and oil recovery [91]. Thus, more residual oil is displaced by AP flooding as
compared to polymer flooding and alkaline flooding.

AP flooding has an advantage over polymer flooding and alkaline flooding as the
fluid viscosity will be lowered by the addition of alkali in the polymer solution. The
low viscosity leads to low injectivity, which is utilized in the injection of the fluid.
The fluid viscosity can also be increased to a higher viscosity by the reaction of
alkali with water and rocks. The starting injection and the later sweep efficiency are
enhanced; however, the injected polymers will be reduced by adsorption on the
rocks. Thus, the overall effect is the equilibrium of both the reduction of alkaline
and polymer concentrations [92].

Synergy of AP flooding

According to [16], a combination of alkali flooding and polymer flooding generates
synergic effects, and they are compiled as follows:

e Reduction of polymer adsorption and alkali consumption due to the mixing
effect of alkaline polymer solution.

e The collaboration of alkaline and polymer improve the sweep efficiency and
displacement efficiency of EOR. The polymer increases the viscosity of the AP
solution, which contributes to improved sweep efficiency, by transporting alkali
to the area which the alkaline solution would be unable to reach alone without
the polymer, while the alkali generates soaps to lower the IFT to displace more
oil on the rock surfaces.

e Biodegradation effect is reduced by the alkaline polymer environment generated
by AP flooding.

e The addition of alkali resulted in reduction of polymer viscosity, and having
tight formation the reduction in viscosity may enhance the injectivity near the
wellbore.

Nanoparticles injection with polymers (N/P)
The latest development in the nanotechnology field has shown us an enlightened

path to improve the recovery factor of oil in the reservoir by the injection of
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nanoparticles along with the polymer. Nanotechnology is applied in the construction
of functional materials, devices, and systems by regulating matter at the nano-scale
level, and the exploitation of their original properties and phenomena that developed
at that scale [93]. Commonly, a nanoparticle can be found in size of typically less
than 100 nm. A core and a thin shell are the two major characteristics of
nanoparticles [94].

Working principle of NP flooding

The core and thin shell might have basic structures and might consist of more than
one entity. The molecular shell consists of three different regions, tail group,
hydrocarbon chain and active head group. However in certain cases, one or more of
these regions might be missing (as shown in Fig. 1). As a polymer, the hydrocarbon
chain might be long or entirely missing, as in an ion, protecting the nanoparticles
[93]. The solubility of the nanoparticles is determined by the chemical nature of the
shell such as lipophobic and hydrophilic nanoparticles (LHP) dissolved in polar
solvent (water), and hydrophobic and lipophilic nanoparticles (HLP) dissolved in
non-polar solvents (toluene).

The unique properties of designed nanoparticles have shown promising
applications in a diverse range of fields, spanning from medicine, drug delivery,
biology, food additives, polymer composite, metal ion removal, corrosion protec-
tion, heterogeneous catalysis and improved surface properties in EOR [95].

The addition of nanoparticles can increase the ultimate oil recovery rate
approximately up to 38% [96]. Previous researches had also shown that the addition
of nanoparticles can increase the viscosity of the injected fluid approximately 35
times more than water [44]. Therefore, the mobility of the injected fluid decreases
and the sweep efficiency improves. The wettability of the medium is an essential
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mechanism in oil recovery. In relation with that, the addition of nanoparticles is able
to change the wettability condition to water wet and enhance the oil recovery. The
most commonly used material to prepare the nano-fluid is silicon dioxide nano-
powder.

To evaluate the effectiveness of nanoparticle-stabilized emulsions as a displacing
fluid for EOR, flooding experiments have been carried out using silica beads [7],
and the movement at the emulsion—water phase and emulsion—oil phase interface
was investigated during nanoparticle-stabilized emulsion flooding [97]. These
studies suggested the prospect of substantial additional oil recovery as compared to
the conventional water flooding.

Micellar polymer flooding

Micellar flooding is also called as micro-emulsion flooding and surfactant polymer
flooding [48]. The operation employs a micellar solution that disperses the
surfactant in an oleic or aqueous solvent which can solubilize large amounts of
water or oil to form either oil-in-water or water-in-oil micro-emulsions, respec-
tively. A micro-emulsion which consists of oil, surfactant and water exists in the
form of droplets with the size that is less than about 1 pm. Hence, this method
improves the microscopic efficiency of the reservoir [98]. A micro-emulsion is
defined as a stable, translucent micellar solution of oil, water that may contain
electrolytes and one or more amphiphilic compounds [99]. Micellar polymer
flooding method was first used and patented for Marathon oil company in the early
1960s [100] and simple models for prediction of MP flooding were used [101]. The
injection profile of the method consists of injecting a pre-flush to achieve the desired
salinity environment, followed by micellar slug of polymer solution along with
drive water which is graded into waterflood [48]. Figure 2 shows the injection
profile of the micellar polymer flooding method.

Working principle of MP flooding
Basically, micellar polymer processes had been developed by two different concepts

using surfactants in EOR. The first concept is a solution containing a selectively low
concentration of surfactant that is soluble in water and is injected into the reservoir

Injection , III \ . |Production
— | Formation |— g
| Water
A |
Drive Water  Mobility Micellar Preflush Water Initial Condition

Buffer Slug

Fig. 2 Injection profile of the micellar polymer flooding method (from [48])
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in relatively large pore volumes which are from 10 to 60% for the purpose of
reducing the IFT between the oil and water, and thereby increasing oil recovery,
while the second concept is the injection in a relatively smaller pore volume from 3
to 20% of oil-external surfactant solution with a relatively higher concentrated
surfactant solution injected into the reservoir for the purpose of miscible
displacement of the tertiary oil. Much effort has also been devoted in the recent
years to the theoretical understanding of multicomponent surfactant mixture [102].
The mixtures of component solutions categorized by IFT [103] are due to the free
energy of the creation of the micellar core—solvent interface and also because of the
steric and electrostatic interactions among the head groups at the micellar surface
[104] where a co-surfactant was added to the system along with low molecular
weight alcohol and an electrolyte, normally (NH4),S04 or NaCl below 0.01 dyne/
cm.

The illustration of the working principles of micellar polymer flooding can be
seen in Fig. 3. The process of injecting a pre-flush of low salinity brine followed by
micellar slug into a reservoir provides mobilizing control to move it toward
production wells. The slug is a solution which is a mixture of a co-surfactant,
surfactant, brine and oil that reduces the capillary and interfacial forces between
water and oil. The oil discharge holds out the pores where they are trapped, so that it
can be thrown away by water moving. The co-surfactant in a micellar slug matches
the viscosity of the solution, where they will stabilize and the absorption by the
reservoir rock can be prevented. An electrolyte is added to assist in adjusting the
viscosity. To boost the production, polymer-thickened water was injected for
mobility control after the micellar slug. A buffer of freshwater is usually injected
following the polymer flooding and ahead of the drive water to reduce contam-
ination of the chemical solutions and improve oil recovery of the chemicals that
dissolve in water and they are pumped into a reservoir through injection wells. This

N
SN
XSS 3

Fig. 3 Graphic illustration of the working principles of the micellar polymer flooding method (from

[13D)
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method has one of the highest recovery efficiencies of the current EOR methods, but
it is also one of the costliest to implement.

Advantages and disadvantages of MP flooding

An important property of micellar systems is their ability to solubilize a variety of
substances ranging from hydrocarbons to inorganic ions. Physical models describ-
ing solubilization processes in micellar environment consider the solubilization site
dependence on the relative hydrophobic or lyophilic nature of the substrate [105].
Strong evidence has been presented that solubilization of relatively hydrophobic
molecules or ions in the micelle-water interface is an entropically favored process
with the release of bound or interfacial water molecules as the chief driving force.
Other than that, micellar solutions enhance the solubility of hydrophobic solutes that
are otherwise only sparingly soluble in water. Also, the MP process is technically
applicable for secondary recovery or tertiary recovery [103].

However, the disadvantage of the use of MP flooding is the creation of an
extremely stable oil-in-water type of emulsion at the producing well. The presence
of even small concentrations of surfactant can produce very stable emulsions with
water-to-oil ratios (WOR) of as high as 10 or more. Such emulsions are not
amenable to breaking using conventional oilfield technology and represent both a
lost revenue to the micellar project and also an extremely difficult to treat
environmental hazard. They are also limited in use in carbonate reservoirs or where
reservoir brines contain excessive calcium or magnesium ions.

Alkaline-surfactant polymer flooding

As the name suggests, ASP flooding derives from the technology of the alkali
flooding, surfactant flooding and polymer flooding to recover residual oil in water
floods. With the injection of ASP flood, IFT reduction, mobility ratio enhancement
and sweep efficiency improvement throughout the water floods can be achieved
[106]. These improvements lead to a speedy decrease of oil-water IFT which
escalates capillary numbers by orders of the degree to the favored range for efficient
oil recovery [107].

Working principle of ASP flooding

Soap is formed from the injection of alkali that reacts with the organic acid that is
contained in crude oil, which positively counters to create ultralow IFT between the
oil and water phase with the addition of surfactant. The IFT can be controlled by pH
values as well as the ionic strength of the surfactant [108]. The surfactant infused
with alkali can decrease adsorption percentage of the surfactant and lower the IFT.
With the addition of the polymer, the viscosity of its aqueous phase rises so that the
mobility of the aqueous phase lowers. This decrease in mobility ratio greatly
increases the sweep efficiency.
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Field application of ASP flooding

In the case of ASP flooding, caustic or alkali solutions are injected into the reservoir.
The caustic solution reacts with the natural acids that are present in crude oil
(naphthenic acids) that will then in turn form into surfactants in the form of sodium
naphthenate that has similar working principles to synthetic surfactants. This allows
the reduction of IFT of oil and water phase and increases the mobility of additional
amount of oil to the oil reservoir. The alkali functions to reduce the adsorption of
the surfactant and increase the wettability of oil to an oil-wet state [109].

In alkaline flooding, the most suitable oil to be extracted is oil that has high
composition of organic acids and possesses large American Petroleum Institute
(API) gravity value. Reservoir or well formation structure that is favored for
alkaline flooding is sandstone over common carbonate formations. This is because
carbonate formations usually comprise calcium sulfate or calcium sulfate dehydrate
(generally known as gypsum). These compounds are alkaline in nature and thus an
alkaline injection will not cause any major differences to the formation.

However, precipitation can form from these carbonate reservoirs that can make
the extraction and recovery of oil more difficult. To solve this problem, sodium
sulfate can be used to decrease the concentration of carbonate ions and calcium ions
[52] Alkaline injections can be easily absorbed by clays, minerals or silica. The
temperature of the reservoir also affects the alkali consumption. High temperatures
can cause the alkali consumption to escalate.

While ASP flooding showed superior results than its individual counterpart
flooding of alkaline, surfactant and polymer flooding, the dangers of scaling and
corrosion occurring in the pipeline can cause the industry to search for and prefer a
method that does not use alkali solution and thus resort to utilization of weak alkali
instead of strong alkali for ASP injections. After the injection of ASP slug, it was
recorded that the viscosity of the displacing liquid as well as the emulsification and
scaling increase with the decrease of liquid production [55].

Comparison between methods

The comparisons between the each of the flooding methods are presented in
Table 1. Performance-wise, micellar polymer flooding is the best technology as it
can yield the highest oil recovery efficiency of 60%. However, it is only limited to
the carbonate reservoir. Therefore, the selection of the best polymer flooding
method relies heavily on and has to be tailored in accordance with the reservoir
conditions.

Each flooding method has its own strength and weakness; to apply these methods
in EOR, it is crucial to determine the properties of the reservoir and oil properties
before deciding on the method to be used. As each method is designed to be applied
in different conditions, by taking consideration of the properties of reservoir and oil,
the most suitable method can be determined. However, the economics should also
be taken into considerations, so that the method applied is sustainable.
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Table 1 Comparisons between various flooding methods
Flooding Polymer Alkaline Micellar polymer  Nanosilica ASP
methods polymer polymer
Cost Low Low High High Low
Expected oil  Up to 20% Up to 30% 10-60% 35% Up to 20%
recovery
efficiency
Sensitivity Resistant to Biodegradation  Limited in use in A nanoparticle With all
and mechanical effect is carbonate that has size strength of
resistance degradation reduced reservoir typically less alkaline
Resistant to Resistant Design of effective  than 100 nm polymer
microbial against high- chemical mixture Composed of and
degradation salinity is complex and two entities: polymer
Not sensitive to condition must be tailored the core and a  More
oxygen gas to the reservoir thin shell effective
hydrogen ’ and fluid than
sulfide, pH or properties of the alkaline
oi]ﬁelc{ application polymer
chemicals Resistant to and
chemical mixture polymer
degradation
Effectiveness Effective in the  Viscosity The ability to Increases the Form
presence of higher than solubilize a viscosity of the surfactants
oil and gas polymer variety of injected fluid that allow
Viscosity of flooding substances from approximately the
water Formed soap hydrocarbon to 35 times more reduction
increases that reduced inorganic than water of IFT
when injected the IFT substances The mobility of
Lowering the IFT the injected
between oil and fluid decreases
water to ultralow and the sweep
value (less than efficiency
0.01 dyne/cm) increases
Field Water—flood Heavy and Carbonate Low porosity Best with
application mobility ratio acidic oil reservoir and low sandstone
is high or t_he reservoir Emulsification of permeability formati_on
h;t;fogenelty Sandstone oil and water reservoir reservoir
ot the formation Not good
Teservoir is reservoir Homogenous witgh
hich formation
g carbonate
Light and formation
medium reservoir

gravity oils
with
viscosities up

to at least 200

cp

Limited to
reservoirs
with
remaining oil
saturation
above
residual oil
saturation
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Conclusion

The application of EOR technology has been used widely, as it increases the yield to
of oil from the reservoir by up to 30%. For the past two decades, a lot of research
has been done to improve the efficiency of polymer flooding with other chemicals to
recover more oil from the reservoir. Therefore, EOR technology is urgently needed
because of several reasons, such as the declining oil production since 1995, non-
productive primary and secondary recovery, high crude oil price, increasing energy
demand and significant oil remaining after secondary recovery which is up to 60%
of the OOIP. After comparing four of the methods that have been used in current
technologies, each technology showed which application field works the best for
each particular polymer. Some researches state that the polymer itself is not good
enough to recover more oil from the reservoir and it needs other chemical or
technology like alkaline polymer, micellar polymer, nanoparticles injection with
polymer and ASP, but still each of these new technologies has its own limitations
and some of them have less favored cost-effectiveness, but somehow these polymers
recover more oil. Performance-wise, micellar polymer flooding is the best
technology, as it yielded the highest oil recovery efficiency of up to 60%. However,
it is only limited to the carbonate reservoir. Ultimately, the selection of the best
polymer flooding method relies heavily on and has to be tailored in accordance with
the reservoir conditions. As a recommendation, more research needs to be done on
polymer flooding so that in the future we could use the new technology of polymer
that would possess all of the ideal criteria and also be able to satisfy the global
demands.
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