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Enhanced oil recovery (EOR) techniques can
significantly extend global oil reserves once oil prices
are high enough to make these techniques economic.
Given a broad consensus that we have entered
a period of supply constraints, operators can at
last plan on the assumption that the oil price is
likely to remain relatively high. This, coupled with
the realization that new giant fields are becoming
increasingly difficult to find, is creating the conditions
for extensive deployment of EOR. This paper provides
a comprehensive overview of the nature, status and
prospects for EOR technologies. It explains why
the average oil recovery factor worldwide is only
between 20% and 40%, describes the factors that
contribute to these low recoveries and indicates which
of those factors EOR techniques can affect. The paper
then summarizes the breadth of EOR processes, the
history of their application and their current status.
It introduces two new EOR technologies that are
beginning to be deployed and which look set to enter
mainstream application. Examples of existing EOR
projects in the mature oil province of the North Sea
are discussed. It concludes by summarizing the future
opportunities for the development and deployment
of EOR.

2013 The Authors. Published by the Royal Society under the terms of the
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by/3.0/, which permits unrestricted use, provided the original author and
source are credited.
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1. Introduction
The majority of oil companies today are focusing on maximizing the recovery factor (RF) from
their oilfields as well as maintaining an economic oil rate. This is because it is becoming
increasingly difficult to discover new oilfields. Most of the sedimentary basins that might contain
oil have already been explored and new discoveries tend to be small. Those basins that remain
unexplored are in remote and environmentally sensitive areas of the world (e.g. the Arctic and
the Antarctic). Although there are huge volumes of unconventional hydrocarbons, such as the
very viscous oils, oil shales, shale gas and gas hydrates, many of the technologies for exploiting
these resources are either very energy intensive (e.g. steam injection into heavy oil), politically or
environmentally sensitive (e.g. as seen in recent adverse press coverage of ‘fraccing’ to recover
shale gas) or are not yet ready to be applied at scale.

The average RF from mature oilfields around the world is somewhere between 20% and
40% [1–3]. This contrasts with a typical RF from gas fields of between 80% and 90%. At current
production rates existing proven oil reserves will last 54 years [4]. This is probably as good as
it has ever been. Improving oil recovery to that typical of gas fields could more than double the
time for which oil is available or alternatively allow for increased production rates. This would
provide more time for an increasingly energy-hungry world to develop alternative energy sources
and technologies.

Crude oil and natural gas are found in large underground deposits (usually termed reservoirs
or pools) in sedimentary basins around the world. The largest oil reservoir in the world (the Arab
D limestone in Ghawar in Saudi Arabia) is approximately 230 km long and 30 km wide and 90 m
thick [5]. While most commercially exploited minerals and ores exist as solid rocks and have to
be physically dug out of the ground, oil and gas exist as fluids underground. They occupy the
connected pore space (figure 1) within strata of sedimentary rocks (figure 2), typically sandstones
or carbonates.

Oil and gas are extracted by creating pressure gradients within the reservoir that cause the
oil and/or gas to flow through the interconnected pores to one or more production wells. In
most oilfields the pressure gradients are maintained by injecting another fluid (usually water
but sometimes gas and termed ‘water flooding’ or ‘gas flooding’, respectively) into the reservoir
through injection wells. The injected water displaces the oil and occupies the pore space that it
originally occupied. By contrast, gas fields are normally exploited simply by reducing the pressure
at the production well using compressors. The gas in the reservoir expands as the pressure drops
and thus flows to the production well.

Enhanced oil recovery (EOR) involves injecting a fluid into an oil reservoir that increases oil
recovery over that which would be achieved from just pressure maintenance by water or gas
injection. For lighter oils, these processes include miscible gas injection [6,7], water alternating
gas (WAG) injection [8], polymer flooding [9], flow diversion via polymer gels [10] and the use of
surfactants [11]. For more viscous (so-called heavy) oils these processes include steam injection
and air injection (leading to in situ combustion) [12]. The majority of EOR processes used today
were first proposed in the early 1970s at a time of relatively high oil prices.

Improved oil recovery (IOR) is a term that is sometimes used synonymously with EOR [13]
although it also applies to improvements in oil recovery achieved via better engineering and
project management, e.g. identifying volumes of oil that have been bypassed during water
injection using seismic surveying and then drilling new wells to access those oil pockets [14,15].
It was first introduced in the late 1980s when the oil price dropped and as a result there was
less interest in EOR technologies. At this time there were significant improvements in computer
processing speed, computer memory and seismic analysis [16]. Improved computing power
enabled engineers to build more complex geological models and thus estimate the effect of
reservoir heterogeneity on flow [17–19]. Improved seismic analysis algorithms combined with
more powerful computers meant that engineers and geoscientists could use ‘four-dimensional’
seismic surveying, involving the comparison of seismic data taken at different times, in
combination with reservoir simulation to identify bypassed volumes of oil on the scale of
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Figure 1. A thin section through an oil-bearing sandstone showing how the oil (dyed blue) and water (dyed yellow) occupy
the spaces between the sand grains. The pore space was originally filled with water before oil migrated into the reservoir rock
displacing the water.

Figure 2. Photograph of the Bridport sands that are exposed in cliffs near West Bay, UK. These rocks form one of the reservoirs
in the Wytch Farm oilfield that is found near Bournemouth, UK. (Online version in colour.)

hundreds of metres horizontally and tens of metres vertically [16]. Developments in measurement
while drilling [20] and a new capability to drill deviated, horizontal and multi-lateral wells meant
that engineers could target these bypassed accumulations very accurately and drain them.

Using combinations of traditional EOR and IOR technologies it has been possible to achieve
RFs of between 50% and 70% [21,22] for some fields but this is still less than the typical RF for a gas
field. It is believed that much of this remaining oil is trapped or bypassed in volumes that cannot
be accessed by IOR technologies, on lengthscales that cannot be resolved by seismic surveying or
accessed by drilling new wells.

New and improved EOR processes are needed to access this remaining oil and improve RFs
further while maintaining economic oil production rates. This paper will review existing and
emerging EOR technologies, discussing the underlying science, its application and its limitations.
In particular, it will focus on recent advances in our understanding of the nature of wettability
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in rocks and discuss the opportunities arising from the much wider range of polymers that
is now available commercially. These two factors have driven a renewed interest in existing
EOR technologies and the development of new methods. We will concentrate primarily on the
recovery of conventional, light oil from fields that have already been or are about to be developed.
The recovery of heavy and unconventional oils will not be discussed in any detail, nor will we
consider the recovery of oil by IOR techniques except in passing.

2. Why is recovery so low?
Water flooding is currently the preferred recovery technique for most reservoirs because of the
higher sustained oil production rates, and the overall higher RFs, that are obtained compared
with the case if water were not injected. Oil production without injection is often termed primary
recovery. This is because the first wells drilled in a field development are typically production
wells to enable oil production and thus the start of income from a field. Where reservoir pressure
is well above the bubble point, primary production can be continued for some time before
additional pressure support is required to prevent gas coming out of solution in the reservoir.

During depletion, oil flows through the production wells to the surface because the pressure
at the base of the well exceeds that exerted by the hydrostatic head of the column of oil in the
well. Initially, this occurs naturally but over time the oil rate tends to decrease as the reservoir
pressure decreases. In the absence of water injection, pumping may be used to maintain oil rate
at economic levels. If reservoir pressure falls below the oil bubble point pressure, gas that was
initially dissolved in the oil will come out of solution and, because it has a much lower viscosity,
will flow preferentially to the production well. At the same time the viscosity of the remaining oil
increases, reducing its mobility further. This will reduce the oil production rate further (although
it may increase the total (oil plus gas) production rate through reducing the hydrostatic head in
the well). Water (or gas) injection is usually applied before this happens so as to maintain reservoir
pressure above the bubble point. For this reason, it is sometimes known as secondary recovery.

Water flooding is relatively cheap, especially for offshore fields because of the ready
availability of seawater, although care has to be taken to ensure that the injected water does not
result in unwanted, adverse reactions in the reservoir. In some cases injected brines may react
with the naturally occurring water in the reservoir (termed connate water) to form scale while
injecting very pure water rather than brine may result in clay swelling. Both of these may block
the rock pores and reduce the rock permeability. The cost of drilling additional wells for injection
is more than outweighed by the increased oil rates that result. Re-injection of gas (produced along
with the oil) is used when there is no easy, economic way to export it for sale.

The factors affecting RF from water flooding (and gas flooding) can be understood by
considering the following approximate relationship [23]:

RF = EPS × ES × ED × EC, (2.1)

where (i) RF is the recovery factor which is defined as the volume of oil recovered over the volume
of oil initially in place (OIIP), both measured at surface conditions. (ii) EPS is the microscopic
displacement efficiency. This describes the fraction of oil displaced from the pores by the injected
water, in those pores which are contacted by the water. (iii) ES is the macroscopic sweep
efficiency—the proportion of the connected reservoir volume that is swept by the injected fluid(s).
This is principally affected by heterogeneity in rock permeability and by gravitational segregation
of the fluids. (iv) ED is the connected volume factor—the proportion of the total reservoir volume
connected to wells. This represents the fact that sealing faults or other low-permeability barriers
may result in compartments of oil that are not in pressure communication with the rest of the
reservoir. (v) EC is the economic efficiency factor, representing the physical and commercial
constraints on field life such as facilities life, capacity to deal with produced gas and water,
reservoir energy (the reservoir pressure may become so low that fluids cannot be produced).
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It can even be seen that if each of the efficiency factors is a very respectable 80% then the
overall RF is only 41%. Increasing RF therefore requires each of these factors to be increased to
close to 100%.

EOR methods are targeted at increasing EPS and ES while IOR methods also aim to increase ED

and to some extent ES. Improving EC is mainly the role of the production and facilities engineers
but is also affected by EOR methods if these reduce the amount of water and gas produced
alongside the oil, enabling oil to be produced for longer before economic limits are reached.

(a) Factors influencing microscopic displacement efficiency
The typical microscopic displacement efficiency from a water flood is 70% or less. This is mainly
because oil ganglia become trapped in the pore space by capillary effects [24,25] but EPS is also
affected by the relative permeability characteristics of the rock [26], which control the relative
mobility of the oil and water when moving through the pore space.

The importance of pore-scale capillary effects on a displacement can be quantified by the
capillary number

Ca = vμ

γ
, (2.2)

where v is the interstitial velocity, μ is the fluid viscosity and γ is the interfacial tension (IFT)
between the displaced and displacing fluid. When Ca < 10−5 flow is dominated by capillary
effects and, in particular, capillary trapping is likely to occur. The typical interstitial velocity in
an oilfield displacement (distant from the wells) is approximately 10−5 m s−1 while the viscosity
of a typical light oil is similar to that of water (approx. 10−3 Pa s). The IFT between brine and oil
is approximately 70 mN m−1 so for a typical water flood the capillary number is approximately
2.5 × 10−7. It is generally not possible to apply a sufficiently large pressure gradient between
wells to significantly increase the interstitial velocity or to maintain this velocity while injecting a
high-viscosity fluid, thus the only way for a reservoir engineer to increase the capillary number
is to reduce the IFT. Based on the above calculations this means that the IFT between the oil
and the displacing fluid has to be less than approximately 0.1 mN m−1 in order to minimize
capillary trapping.

Both capillary and relative permeability effects are also influenced by the wetting behaviour of
the rock in which the oil is found. As discussed in the previous paragraph, if the rock is water wet
then there is a higher residual oil saturation (the proportion of oil which remains permanently
trapped by capillary effects at the pore scale). This is caused by the growth in the water film
on the rock surface during water injection, which ultimately leads to water bridging at the pore
throats (so-called snap-off [27]; figure 3) trapping droplets of oil within the pores. As a result, little
oil is produced after water breakthrough at the production well unless a higher pressure drop is
applied (which is impractical in most cases).

If the rock is oil wet, then the proportion of oil trapped by capillary effects is much lower,
as oil continuity is maintained over the rock surfaces and through the pore throats, but water
breakthrough is earlier and there is a long period of time during which oil and water are produced
simultaneously. The net result is that overall recovery is generally higher [28] if the reservoir rock
is oil wet but only after a very large throughput of water.

Most oil reservoir rocks are thought to have a heterogeneous wettability, usually termed
‘mixed wettability’, in that larger pores and throats have both water- and oil-wet surfaces but
smaller pores remain mainly water wet [29,30]. It is believed that the reservoir rock changes
from an initially water-wet state to this mixed wettability state after the migration of oil into
the reservoir [31,32]. Polar compounds in the oil alter the wettability of the rock by a range
of interactions including precipitation of asphaltenes, acid–base interactions and ion binding
between charged sites on the pore walls and polar hydrocarbon moieties involving higher valency
ions in the water that shares the pore space with the oil [31,33–35]. The wettability of reservoir
rock thus depends upon its mineralogy, the crude oil composition, the connate water composition
and the pore size distribution.
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Figure 3. Illustration of oil trapping in a water-wet rock. (a) At discovery the sand grains are coated with a thin water film
and the pores are filled with oil; (b) as water flooding progresses the water films become thicker until (c) the water films join
and oil continuity is lost.

During water flooding in a mixed wettability rock oil and water drain simultaneously through
the pore space, snap-off is reduced as most throats have both oil- and water-wet surfaces and
thus there is less capillary trapping of oil. This simultaneous drainage of water and oil through
the pore space behind the water front combined with the lower residual oil saturation means that
more oil is recovered than when the rock is either water or oil wet [36,37].

Increasing microscopic displacement efficiency depends upon finding ways to (i) reduce
capillary effects, by reducing the oil–water (or gas) IFT, and (ii) modify the rock wettability to
the optimum mixed wettability state.

(b) Factors influencing macroscopic sweep efficiency
The macroscopic sweep efficiency of a water flood is principally affected by the geological
heterogeneity in the reservoir, which controls the spatial distribution of porosity and permeability.
Rock permeability is dependent on the number, size and connectivity of the pores in the rock.
The permeability of a typical reservoir rock is approximately 10−13 m2. A very good reservoir
rock might have permeability as high as 10−11 m2 while a permeability of 10−15 m2 would be
considered very poor. It is controlled by the size of the sediment grains from which the rock
was formed, their packing and the subsequent diagenesis (chemical alteration) and cementation
(mineral deposition) around those grains. The patterns of grains forming a sedimentary rock
depend upon the depositional environment in which the original sediments were formed. These
result in permeability heterogeneities with lengthscales from millimetres to kilometres (figure 4).

Higher permeability channels or layers (often described as ‘thief zones’) through the rock
are one common, adverse manifestation of geological heterogeneity. The injected water flows
preferentially through these zones, bypassing volumes of oil contained in the lower permeability
portions of the reservoir. This results in early water production along with the oil and a reduced
RF (figure 5).

A particular problem is that the distribution of permeability in a reservoir is usually
very uncertain. It is possible to infer the general characteristics of the heterogeneity from
the depositional environment and sometimes to correlate specific rock layers between wells,
but there is virtually no information about the detailed permeability distribution on smaller
lengthscales (e.g. [39,40]). This means that statistical approaches, often based on limited numbers
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50 cm

(a)

(b)

6 m

273 m

Figure 4. Examples of the types of geological heterogeneities encountered in sandstone oil reservoirs. These examples come
from rocks deposited in a deltaic environment. (a) Photograph of a heterolithic facies with permeability variations on a
centimetre lengthscale vertically and a 10 cm lengthscale horizontally (after Jackson et al. [38]). (b) Interpreted picture of tidal
bar deposits. The lengthscale of these heterogeneities is approximately 100 m. (Online version in colour.)

water

oil

273 m

6 m

Figure5. Anumerical simulationof awater flood throughaheterogeneous reservoir. Flow is from left to right. Theoil is coloured
red and the water saturation is shown in shades of blue. The water has flowed preferentially through the higher permeability
parts of the reservoir, resulting in early water breakthrough at the production well and regions of bypassed oil that will not be
recovered.

of realizations of the possible reservoir heterogeneity, are needed when attempting to predict
reservoir performance (e.g. [19]).

The effect of geological heterogeneity is exacerbated if the injected fluid has a much lower
viscosity than the oil, as is the case when gas is injected instead of water [41–45]. This effect is
characterized by the mobility ratio M, which compares the mobility of the saturating (S) and
displacing (D) phases in the porous medium

M = μSkrD(Sor)
μDkrDS(Swc)

, (2.3)

where krD(Sor) is the relative permeability of the porous medium to the displacing phase at
the residual oil saturation Sor, krDS(Swc) is the relative permeability of the oil to the displacing
phase at the immovable water saturation Swc and μ is the viscosity of the fluid. This is derived
from the Darcy equation [46]. The viscosity component of this equation is usually dominant.
Even in a homogeneous reservoir, the macroscopic sweep will be reduced when M > 1 owing
to unstable viscous fingering ([43,47–49]; figure 6), where fingers of the displacing fluid develop
along the gas–oil interface, rather than the more efficient even contact zone. A typical oil–water
viscosity ratio is about 2 while a typical gas–oil viscosity ratio is about 20 [49]. In most cases, it
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miscible gas oil

Figure 6. A numerical simulation of viscous fingering seen when low-viscosity gas displaces higher viscosity oil. The viscosity
ratio in this simulation is 10. Flow is from left to right. (Online version in colour.)

is channelling caused by the reservoir heterogeneity rather than viscous fingering that dominates
macroscopic sweep.

Macroscopic sweep may also be affected by gravitational segregation but this is more often
observed in gas–oil rather than water–oil displacements because of the higher density contrast
between gas and oil [6]. The gas tends to rise above the oil because of its low density and then
flow rapidly along the top of the reservoir in an unstable gravity tongue [50] because of its low
viscosity. This can result in very early gas breakthrough and poor vertical sweep efficiency.

Improving the macroscopic sweep efficiency depends upon finding techniques that minimize
the impact of geological heterogeneity. This is usually achieved by a mixture of viscosity
modification of the injected fluid and/or flow diversion in which the water is diverted from
the higher permeability zones in the reservoir into the lower permeability rock still containing
displaceable oil. In gas floods, it is also important to minimize gravitational segregation.

3. Overview of conventional enhanced oil recovery processes
As noted above, the purpose of EOR technologies is to improve the microscopic displacement
efficiency and/or the macroscopic sweep efficiency over that obtained from water flooding.
Traditionally these involved adding chemicals to the injected water to change its viscosity and/or
reduce the IFT with oil, or injecting other fluids into the reservoir (such as carbon dioxide, nitrogen
or hydrocarbon gases) that have a very low IFT with the oil (less than 0.1 mN m−1). Most EOR
processes are thus more expensive to implement than a conventional water flood and only become
economically attractive for larger oilfields and when the oil price is high.

(a) Miscible gas injection
Miscible gas injection is an EOR process that improves microscopic displacement efficiency by
reducing or removing the IFT between the oil and the displacing fluid (the miscible gas). When
used after a water flood this has the effect of re-establishing a pathway for the remaining oil
to flow through and results in a very low residual oil saturation (2% has been measured in
reservoir cores recovered from gas swept zones [51]). The drawback of this process is that the
gas is both less viscous and less dense than the oil. As a result, these schemes often have a
lower macroscopic sweep efficiency as they are adversely affected by viscous fingering [43,47–49],
heterogeneity [42,44] and gravity [49,50].

The injected gas may be hydrocarbon gas, carbon dioxide or nitrogen depending on what
is available and the reservoir conditions. CO2 is miscible with oil at a relatively low pressure
and temperature but obviously requires a source of CO2. Past applications were in fields near
natural sources of CO2 [52,53]. It can result in problems with corrosion of steel pipe unless care is
taken in the design of wells, flowlines and facilities [54] as well as provision for the separation of
the CO2 from the hydrocarbon gas when produced. Nitrogen requires a relatively high reservoir
pressure for miscibility and involves the use of additional equipment to separate it from the air.
As a result, it has not been widely used [53]; the Mexican supergiant Cantarell field is the best
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known example [55]. Hydrocarbon gas is usually readily available from the field itself or adjacent
fields and is thus most widely used, especially in fields where there is no ready market for the
gas [22,51,53,56]. In most cases, however, the produced gas that was originally associated with the
oil has to be artificially enriched with heavier components in order to make it miscible or nearly
miscible with the oil. It may also have to be supplemented with gas from other sources or water
injection (see §3b) because the volume of produced gas, when re-injected, may not be sufficient to
maintain reservoir pressure above the minimum miscibility pressure (MMP).

It is more usual for the injected hydrocarbon gas to be nearly miscible with the oil rather than
miscible on first contact. Miscibility then develops between the fluids through the exchange of
components, commonly referred to as multi-contact miscibility, resulting in the gas becoming
heavier as it passes through the oil and/or the oil becoming lighter [6,7]. However, even if the gas
does not achieve full miscibility with the oil there are likely to be pore-scale displacement benefits
compared with a water flood as gas components may dissolve in the oil, causing its volume to
increase and its viscosity to reduce. As a result it is possible for an immiscible gas flood to result
in a lower residual saturation than a water–oil displacement.

(b) Water alternating gas
WAG injection is an EOR process that was developed to mitigate the technical and economic
disadvantages of gas injection. It is the most widely applied and most successful traditional EOR
process [8,56].

It involves the injection of slugs of water alternately with gas although sometimes the two
fluids are injected simultaneously (termed SWAG). Usually the gas is first contact miscible or
multi-contact miscible with the oil but this is not always the case. Injecting water alternately with
the gas reduces the volume of gas required to maintain reservoir pressure. It also reduces the
tendency for the gas to finger or channel through the oil as the presence of mobile water in
the pore space reduces the gas mobility through relative permeability effects [6]. Vertical sweep
efficiency is also improved as water, being heavier than oil, tends to slump towards the bottom of
the reservoir while the gas, being lighter, rises to the top [8].

Although the majority of WAG applications in the field have been successful, the incremental
recovery achieved is generally less than that predicted [8,56]. Early gas breakthrough and a
reduced macroscopic sweep, owing to channelling or gravity over-ride, are common. In addition,
there are often operational problems. In particular, injectivity can be lower than expected owing to
a reduced total fluid mobility near the well as a result of three-phase relative permeability effects
and/or a reduced hydrostatic head in the injection well during gas injection.

(c) Chemical flooding
Chemical flooding is a term that is used to describe the addition of chemicals to the water.
Depending on the process, these may change the IFT of water with oil (usually surfactants and
alkalis) and/or make the water viscosity match that of the oil (polymers). Chemical flooding has
been an option for EOR since the mid-1960s [57]. Early projects using polymer alone were soon
supplemented by adding surfactants [58] developed to reduce the water–oil IFT and increase the
recovery. Soon afterwards alkalis were added to reduce adsorption of the chemicals by the rock
and form added surfactants from charged oil molecules in the reservoir [59].

4. Polymer flooding
One means of achieving a more favourable mobility ratio, and thus improve macroscopic sweep,
in a water flood is to viscosify the water. This has most often been achieved using high molecular
weight water-soluble polymers of 2-propenamide (acrylamide) and 2-propenoic acid (acrylic
acid) as the partly neutralized sodium salt in a ratio of about 70 : 30 of polymer to acid by
weight [60,61]. The polymers typically have a molecular weight (or relative molecular mass)
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of 9–25 million daltons. When dissolved in water, the solutions have a viscosity that depends
on the polymer concentration, polymer molecular weight, temperature, water salinity and the
concentration of divalent ions. Other polymers, such as xanthan gum [60,61], have been used
for the benefit of the improved viscosity yield in more saline water, but these have often been
consumed by anaerobic sulfate-reducing bacteria resident in oil reservoirs causing the generation
of dissolved hydrogen sulfide (commonly known as known as ‘souring’).

Polymer flooding can recover a substantial increment of the oil in place, typically 8%, at an
additional cost of between US$8 and US$16 per incremental barrel [62], but even after 46 years
there are difficulties that limit the use of this technology [61]. Large volumes are needed to
make the process work at the field scale. The polymers are most effectively supplied as a dried
powder but the equipment needed to dissolve them at suitable rates is bulky and there may not
be space for this to be retrofitted on offshore platforms. The resultant solutions are vulnerable
to shear damage at high shear rates (over about 1000 s−1) and are particularly damaged by
extensional shear. Increasing the viscosity of the injected fluid inevitably makes it more difficult
to inject that fluid into the reservoir and, if the polymer solution has not been properly prepared,
debris may actually plug the pore space around the well-bore [63]. Once in the reservoir, the
polymer molecules are unstable at temperatures above approximately 70◦C depending on the
water salinity and ionic composition. The mechanisms of thermal degradation are hydrolysis of
the amide groups to acid followed by ‘salting out’ (precipitation, mainly driven by the interaction
of the acid groups with calcium ions) of the polymer, or free radical (redox) depolymerization
resulting in smaller molecules with a lower viscosity.

These difficulties have not prevented the use of polymer flooding in the industry but have
limited its extent, with most of the use being in China [64], initially as the result of government
policy requiring oil companies to maximize recovery. The recent rise in oil price has initiated a
renaissance of the technique among the international oil companies with applications underway
in Angola [65] and Oman [66] as well as many being planned for other regions including the UK
North Sea [67].

5. Alkaline surfactant polymer flooding
Alkaline surfactant polymer (ASP) flooding aims to improve microscopic displacement efficiency
by reducing the IFT between the water and oil through the addition of a surfactant to the water,
while matching the oil and water mobility through the addition of polymer [68]. Alkali is also
added to the water to reduce adsorption of the surfactant onto the pore walls and to control
the local salinity to ensure minimum IFT. It can also alter the rock wettability [68–70]. Alkali–
surfactant mixtures have also been used to improve macroscopic sweep during WAG. In this
process, the gas mobility is further reduced by adding alkali and surfactant to the injected water
and thus creating a foam within the pore space [68,71,72]

Like polymer flooding, ASP flooding can significantly improve RFs [73–75] with incremental
costs quoted to be as low as $2.42 per incremental barrel for an onshore field [76]; however,
like polymer flooding, there are a number of difficulties which have limited widespread
field application, especially offshore [61]. Operational difficulties include the large volumes of
chemicals that have to be transported to remote sites and then stored on platforms where
space is limited. Additional produced fluid processing is needed as ASP flooding results in the
production of emulsions with droplets as small as 10 µm in diameter. Finally produced fluids
(containing the ASP chemicals) need to be disposed of without impacting the environment.
Technical difficulties include the fact that the chemical mix needs to be carefully designed for
the fluids to be encountered in the field. ASP flooding works best with relatively low-salinity
water (often optimal performance is achieved by the use of a salinity gradient during injection of
the different stages), but, offshore, seawater is the only source of injection water so desalination
or alternative chemicals may be required.

Despite these difficulties, ASP flooding was applied onshore in the early 1980s when the oil
price was high. There has been a recent resurgence of interest as oil prices have increased to the

 on October 25, 2014rsta.royalsocietypublishing.orgDownloaded from 

http://rsta.royalsocietypublishing.org/


11

rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A372:20120320

.........................................................

point where the process is once again economic but the only recent large field-scale application
outside Daqing [73] in China is in Oman [75].

(a) Flow diversion
The final type of EOR process commonly applied in light oil reservoirs is that of flow diversion.
Unlike other EOR processes, flow diversion does not involve displacing the oil with another
fluid, from injection to production well. Instead it involves changing the path of the injected
water (or gas) through the reservoir so it contacts and displaces more oil. Until recently, this was
typically achieved by injecting a polymer solution with a suitable cross-linker into the higher
permeability zones of the formation around the injection well. After injection was complete
the polymer and cross-linker reacted to form a gel in the near well-bore region which reduced
the absolute permeability of that zone and/or its relative permeability to water [76–80]. The most
widely applied treatment of this type consisted of polyacrylamide as the polymer and a Cr(III)–
carboxylate complex as the cross-linker [78], although other polymers and cross-linkers are used
if the reservoir is particularly hot [81] or the water is saline.

The object of the exercise is to reduce the permeability [78,79] and/or relative permeability [80]
of a zone or zones in which water or gas is preferentially flowing. After a successful treatment
more water (or gas) will flow into adjacent oil-bearing zones, displacing the oil therein.

Using careful target selection and evaluation and, detailed planning, placement and reagent
formulation, many treatments have recovered profit above cost and have been declared
commercial successes [79,82,83]. At their best the benefits from such treatments can endure for
many years [83], e.g. a well in the Prudhoe Bay field continued producing a high proportion of oil
compared with water for 5 years after treatment. In many other cases, however, no benefits were
observed or died out after weeks or months [77,83].

In order for this type of flow diversion treatment to be successful, the treated zone needs to be
physically isolated from adjacent oil-bearing zones by impermeable shales that extend from the
injection well to the production well. If this is not the case then (i) gel may also form in the
hydrocarbon-bearing zones, reducing oil production and reducing injectivity/productivity, or
(ii) water will simply flow around the zone containing the gel and enter the thief zone further
into the reservoir (figure 7) [84]. This is a significant limitation as there are not many reservoirs
where the shales are in the right place and laterally extensive, and it is difficult to determine
whether such a laterally extensive shale is indeed continuous.

6. Enhanced oil recovery deployment
As noted above there are significant practical and economic challenges as well as technical
challenges that need to be addressed before EOR technologies can be deployed in the field.
Reviewing the development of gas injection as an EOR technology in the North Sea provides
insight into the challenges that newer EOR technologies are likely to face in a harsh offshore
environment.

We examine a North Sea gas injection EOR scheme that has been in operation for a number of
years: the Magnus field in the UK Continental Shelf (UKCS). It is the most northerly producing
field in the UK sector of the North Sea. It originally contained approximately 2.4 × 108 m3 (or 1.5 ×
109 barrels) of oil (measured at surface conditions). Like most oilfields, one company operates the
field (in this case BP with 85% equity) although it is co-owned by a number of other companies
(in this case JX Nippon Exploration & Production (7.5%), Eni (UK) Ltd (5%) and Marubeni North
Sea Ltd (2.5%)) [85–88].

The field was initially developed by peripheral water flooding with oil production beginning
in 1983. A plateau oil production rate, of 24 000 m3 at standard conditions per day (sm3 day−1),
was maintained until 1995, when seawater broke through to wells at the crest of the reservoir.
At this stage approximately 40% of the OIIP had been recovered. The remaining oil was believed
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water injection production

‘thief ’ zone water

water
continuous shale

gel ‘plug’

water

(b)

(a)

(c)

Figure 7. Diagram showing (a) how a high-permeability thief zonemay result in bypassing of oil in higher permeability zones,
(b) how a gel plugmay successfully divert thewater into lower permeability layers if the thief zone has zero permeability shales
top and bottom and (c) how in the absence of those shales the gel plug will only result in a partial improvement of sweep. The
water will flow back into the high-permeability thief zone once the plug has been passed. (Online version in colour.)

to be partly trapped on the pore scale (as residual oil) and partly bypassed owing to reservoir
heterogeneity with further oil remaining up-dip of the production wells.

Although the residual oil saturation, trapped within the pores, was relatively low at 25% [86],
it still presented a favourable target for EOR because of the large volume of OIIP. Surfactant
and polymer flooding were ruled out because of the high reservoir temperature (115◦C). The
chemicals existing at that time would have degraded rapidly at these conditions. CO2 injection
was also deemed infeasible because of the lack of CO2 supply and also the costly changes to
wells, facilities and pipelines that would have been required to cope with the associated corrosion
[55,86]. Nonetheless, the geology of Magnus was felt to create a favourable target for miscible gas
injection. The reservoir is formed of repeated layers, in each of which the permeability increases
with depth. This increases the tendency of water to sink under gravity towards the bottom of the
reservoir, but reduces the tendency of injected gas to segregate upwards, thereby increasing
the vertical sweep from the gas.

The injection of hydrocarbon gas was determined to be the best EOR option, as the Magnus
oil is sufficiently light and the reservoir pressure sufficiently high for miscibility to be achieved at
reservoir conditions with hydrocarbon gas that was relatively lean in heavier components [87,88].
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Figure 8. Daily oil production rate (average over a month) from the Magnus field from the start of production in 1983. WAG
injection was started in 2002 and by 2005 it was clear that the decline in oil production had been reduced. The oil rate expected
without EOR was estimated using numerical simulation. stb, stock tank barrel. (Online version in colour.)

Nonetheless, this option only became reality when suitable gas became available from a number
of fields located to the west of the Shetland Islands.

The EOR scheme that was finally implemented in 2002 uses WAG injection. New gas
enrichment facilities had to be built at the Sullom Voe Terminal in the Shetland Islands plus over
400 km of new pipeline to transport the gas. The injection rate was maintained as high as possible
to limit gravity segregation of the injected gas and water. By 2005, the previous decline in oil rate
had been arrested and a secondary plateau in oil production rate was achieved (figure 8). By 2010
some 3.2 × 109 sm3 of gas had been injected into four gas injection wells yielding 1.8 × 106 sm3 of
incremental oil overall and contributing 40% of the oil production rate in 2010 [88].

Delivering this additional oil required significant changes to both the operation of the field and
the way its performance was monitored. This is because operating an EOR WAG injection scheme
is inherently more complex than operating a primary recovery process or water injection scheme.
Four aspects of this additional operational complexity are described below.

(a) Water alternating gas changeovers
The aim was to operate two wells on gas injection and two wells on water injection at any given
time, swapping them between water and gas injection at appropriate intervals. It was intended
that equal reservoir volumes of water and gas would be injected during each cycle. The operation
to change each well over from water to gas injection, and vice versa, takes 3 days and involves
physically removing the injection line for one phase and replacing it with the injection line for
the other phase. These changeovers need to be scheduled in advance to fit in with other planned
platform activities. Unfortunately, they are perceived by the platform staff as low priority with
little associated cost in delaying them, although in reality delaying changeover reduces the benefit
of the WAG process by changing the effective WAG ratio. This is illustrated by a combination of
events that occurred in late 2008 that resulted in one of the gas injection wells being temporarily
shut-in. This caused a change to the effective WAG ratio in the remaining gas injection well. This
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in turn resulted in more gas being produced, because the gas mobility was not being reduced
by a following slug of injected water, to the extent that the ability of the platform to manage the
volume of returned gas was exceeded. Consequently, production from all the EOR production
wells was cut back, reducing the oil production rate.

(b) Measurement of gas flow rate
Accurate measurement of gas volumes over time, and allocation to the various injection and
production wells, is important to maintain efficient WAG scheduling and thus the overall
efficiency of the EOR process. This meant that all wells that inject gas should have individual flow
meters. These would not be required for an ordinary water flood. Even retro-fitting flow meters
to these wells was challenging as it competed for offshore time against another major project to
construct additional drilling slots, and later against drilling activity.

(c) Reservoir pressure management
Average reservoir pressure in those parts of the reservoir subject to the WAG scheme has to be
maintained above the MMP of 34.5 × 106 Pa. However, this is also the pressure rating for the
EOR production wellheads, which in turn places an upper limit on the reservoir pressure. After
allowing for safety margins and worst case conditions in which the production tubing would be
full of gas, this combination of MMP target and wellhead pressure rating created a narrow range
for the reservoir pressure. As a result, the reservoir pressure must be routinely measured in those
parts of the reservoir subject to WAG, which would not be done for an ordinary water flood.

(d) Gas supply
The injected gas is imported from other producing oilfields. Operational issues at these other
fields have led to a variable gas supply at Magnus, resulting in a less efficient sweep through the
reservoir.

7. Emerging enhanced oil recovery technologies
The traditional EOR technologies (miscible gas/WAG and chemical flooding) for improving
microscopic displacement and macroscopic sweep have been around for a long time but
significant technical, operational and economic difficulties (such as discussed above) continue
to limit their application and the volume of oil recovered when they are implemented at scale.

Several completely new technologies have been developed over recent years that aim to
improve recovery using rather different mechanisms from those used by the traditional EOR
techniques. They benefit from significantly lower cost per incremental barrel, have broader
applicability, are less dependent on detailed characterization of the reservoir rock and fluids and
are less complex to implement.

In this section, we examine two of these new processes (low-salinity water flooding and deep
reservoir flow diversion), as well as considering the time taken from identification of the process
in the laboratory to implementation in the field.

(a) Low-salinity water injection
Low-salinity water injection is a recently developed EOR process that improves microscopic
displacement efficiency by modifying the reservoir wettability. As noted above, most oil reservoir
rocks have a heterogeneous or ‘mixed’ wettability. The effect of the low-salinity water is to make
these rocks slightly more (but not completely) water wet as it progresses through the reservoir.
This has the effect of mobilizing more of the oil behind the displacement front and increasing
recovery.
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The potential to use wettability alteration as the main recovery mechanism in an EOR process
has only recently become a major topic of research. This is despite the fact that it was first
recognized in 1959 by Wagner & Leach [69] and tested in the field in 1962 [89]. These workers
controlled the wettability through adjusting the pH and sodium content of the injected water.
Wettability alteration was recognized as a secondary recovery mechanism in ASP floods (resulting
from the addition of the alkali to the chemical mix in the injected water [68]) but developments of
these floods focused primarily on minimizing the IFT.

The recovery process involves injecting brine, with a low salinity and that is depleted in
divalent cations (compared with the in situ brine), into sandstone reservoirs. It should be noted
that the salinity should be as low as possible without adversely affecting flow performance. It
does not usually involve injecting pure water as this can reduce oil recovery by causing swelling
and deflocculation of some types of clay minerals and subsequent blockage of the pore space.
After the first laboratory investigations of the effect of water composition on oil recovery in
1959 [65] and 1967 [90], no further systematic laboratory studies of the effect were performed
until the 1990s [91–94]. These and other studies performed in BP (1997–2002, unpublished data)
resulted in the first field test in a single well in 2004 [95]. Several other such tests [96] led
eventually to an inter-well field trial in 2010 [97]. All confirmed that lowering brine salinity
increased oil recovery.

All the core flood and field evidence is consistent with the theory that low-salinity
water injection progressively modifies the reservoir wettability through multi-component ion
exchange [98,99]. As noted in [33], one of the mechanisms causing areas of the pore walls to be
oil wet is ion binding between the oil and mineral surface, mediated through multi-valent cations
such as Ca2+, Mg2+ and Fe2+. Injecting lower salinity water that has a reduced concentration
of these divalent cations results in this ion-bound oil being released from the mineral surface
(usually, but not exclusively, kaolinite) and that part of the surface becoming water wet. It is
important to note that this only has a slight effect on the bulk rock wettability—overall it still
has a mixed wettability. It is just slightly more water wet. Recent academic studies are providing
support for the proposed mechanism [100–103].

Seventeen years after the publication of initial investigations into the impact of water
composition on oil recovery by Jadhunandan & Morrow [92], EOR by low-salinity water injection
is about to be deployed in the second phase of the Clair field development, Clair Ridge, in the
UKCS. Reservoir condition core flood tests using Clair rock and oil showed significant benefits to
secondary low-salinity flooding with a reduction in residual oil saturation of between 5.6% and
7.6% [104].

This long time frame to take preliminary research to deployment is typical. It was a function of
the need to confirm the results under realistic reservoir conditions using real reservoir rocks and
fluids, and also to develop a sufficient mechanistic understanding to convince business managers
and partner companies that the technology was robust. Further time was taken to scale up the
technology to field scale including identification of suitable desalination plants that could be
operated safely in harsh offshore conditions.

(b) Deep reservoir flow diversion
Deep reservoir flow diversion is a recently developed EOR technique for improving macroscopic
sweep efficiency. It was recognized that, while flow diversion by polymer gels in the reservoir
adjacent to the injection well could be very successful [79,82,83], in many cases cross-flow in the
high-pressure gradient environment near the well meant that the diverted water soon flowed
back into the thief zone [84]. It was then realized that chemical treatments placed deep in the
reservoir would not be so vulnerable to this, but rather would benefit from the diversion of fluid
in the interval between the injection well and the reduced permeability zone [105].

The challenge was to identify a chemical that would only reduce the permeability of the
thief zone when it reached the right part of the reservoir. An early attempt involved using a
water-soluble polymer mixed with hydrolysed aluminium citrate as the cross-linker [103]. It was
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Table 1. Comparison of EOR processes with water flooding in terms of their microscopic displacement efficiency and
macroscopic sweep efficiency, together with a summary of their limitations.

microscopic
displacement macroscopic sweep
efficiency, Eps efficiency, Es

EOR process compared with water injection limitations

miscible gas injection + − very sensitive to heterogeneity

poor vertical sweep owing to large

density difference from water

reservoir pressure must be greater

than minimummiscibility

pressure

excess gas production. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

WAG injection + + operationally more complex

oilmay be trapped in pores bywater

if too much water injected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

polymer flooding ∼ + well injectivity owing to higher

viscosity of injected water

loss of polymer by adsorption

cost due to large volumes of

chemical required

may not be feasible in hot reservoirs

or those with saline water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ASP flooding + + complex to design, requiring analysis

of oil, water and rock chemistry as

well as geological heterogeneity

cost due to large volumes of

chemicals required

may not be feasible in hot reservoirs,

carbonate reservoirs or those

with

saline water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

low-salinity water injection + ∼ mechanism not fully understood

possible dilution of injected

low-salinity water by in situ

brine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

polymer gel treatments at injection wells ∼ + onlyworkswhere high-permeability

thief zone is isolated from other

oil-bearing zones

may not be feasible in hot reservoirs,

carbonate reservoirs or those

with saline water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(Continued.)
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Table 1. (Continued.)

microscopic
displacement macroscopic sweep
efficiency, Eps efficiency, Es

EOR process compared with water injection limitations

potential production of H2S by

sulfate-reducing bacteria in

reservoir
deep reservoir flow diversion ∼ + only works for water injection

may not be feasible in hot

reservoirs, carbonate

reservoirs or those with

saline water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

believed that the cross-linker and polymer would travel together through the reservoir and form
a permeability-reducing gel phase on heating, but this proved unreliable, probably because of
chromatographic separation of the polymer and cross-linker and/or precipitation of the metal
ion [106]. The lesson from this field trial was that the blocking agent had to travel through a
large amount of rock and that it should be a single component to prevent deactivation. It was
concluded that it should be particulate, inert and compact when travelling through the rock pores
to the target location, then when triggered should expand and block the rock pores. The trigger
selected was the temperature difference between the injected water (which coming from the
surface is initially cooler than the reservoir) and the reservoir. Over prolonged injection, cooled
zones are created around the injection well resulting in a thermal gradient between injection and
production wells.

A particle system was developed consisting of water-soluble polymer backbones linked
together with permanent cross-linker in sufficient quantity to allow them to swell significantly
in water. A larger amount of thermally breakable cross-linker was added to lock the particles
into their manufactured particle size. This was achieved by polymerizing the monomers as an
emulsion in light mineral oil [107,108].

To deploy this system, a surfactant is added to the injection water followed immediately
afterwards by the particle dispersion. The natural turbulence in the well-bore is sufficient to cause
the oil in the formulation to emulsify and the particles to be individually wetted by water. The
dispersion of particles in water continues down the injection well, into and through the pores of
the formation rock. The water-particle system travelling down the thief layers is progressively
heated by the unswept layers above and below (which do not contain injected water and are
thus at the original reservoir temperature). Eventually the water–particle system is heated to the
point where the temperature-sensitive cross-links are broken and the particles absorb the water,
swell and block the rock pores. The permeability of the rock in the thief zones is reduced and the
subsequent water injection is diverted into the oil-bearing lower permeability zones to displace
oil towards a producing well.

The technical field trial of the ‘temperature-triggered’ particles took place in 2001 [109,110]
followed by commercial field trials in 2004 through to 2007 [111–113]. Following successful
incremental oil production results, the technology deployment started in 2007. The first 19
treatments produced over 200 000 m3 of incremental oil [114]. To date approximately 80
treatments have been completed with significant incremental oil recovery over the water flood
and a success rate in excess of 80%. Pressure fall-off tests suggest that the blockages have been
formed in excess of 100 m into the reservoir, which is desirable for maximum flow diversion with
minimum decrease in water injectivity [111].
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Figure9. Daily oil production rate (average over amonth) from theUla field from start of production in 1983.WAG injectionwas
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in colour.)

Other treatments have been proposed based on intra-molecularly cross-linked polymer-
[115], salinity- [116] or pH-triggered systems [117] or pre-formed gel particles [118–120]. It
is believed for various reasons, though not universally accepted, that the intra-molecularly
cross-linked polymer systems do not propagate as far into the reservoir pore systems as the
temperature-triggered particles (e.g. [120] and the references therein).

Again it is interesting to note that it took more than 15 years for this technology to be deployed
after its initial conception leading to publication in 1992 [105].

8. Discussion and conclusion
Crude oil is expected to supply 20–25% of the world’s energy by 2035 [121]. Most of this is
expected to come from conventional crude oil [3] and mature fields. This suggests that there will
be an increasing application of EOR in order to increase the RF and oil production rate from
these fields.

We have seen that traditional EOR technologies can be very effective at improving recovery,
especially through increasing microscopic displacement efficiency (table 1). When they are
implemented, they can be very successful, e.g. as in Magnus (figure 8) and in the Ula field in the
North Sea where almost all the oil produced is believed to come from WAG injection (figure 9).
They are, however, often complex to design, develop and operate, as we have seen through
the summary of WAG deployment in the Magnus field. Furthermore, in many mature fields
offshore (such as in the UKCS) it is impossible to implement EOR because of the lack of space
on the platforms for the additional equipment needed to inject different fluids and/or process
the produced fluids. The response to the application of these techniques, in terms of increased
oil production rate, is usually slow, typically months or years after the process is initiated. These
issues, combined with the use of large quantities of expensive chemicals or valuable hydrocarbon
gases, means that they are only economical when the oil price is high.

Traditional miscible gas EOR techniques are very sensitive to geological heterogeneity and so
additional work must be performed to evaluate the reservoir description before development
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proceeds. Chemical flooding techniques also require a good understanding of the chemical
behaviour of the rock and may need careful selection of chemical(s) that are robust to the
temperature conditions in the reservoir.

New EOR technologies are needed that are easier to design, require less specialist equipment
and produce a quicker response in terms of oil rate. This is particularly the case for mature off-
shore fields where there is little space for additional equipment on platforms. This also suggests
that companies should be planning the deployment of both new and existing EOR technologies at
the beginning of field development to ensure that there will be facilities and space to implement
EOR in due course. In many cases, maximum oil recovery is only achieved if EOR is deployed as
soon as production begins. The traditional approach of only moving to EOR after oil rates from a
water flood drop results in significant volumes of oil being bypassed.

A major challenge remains the time delay between the deployment of a given EOR process
in a field, often involving considerable extra capital and operational costs, and the response in
terms of additional oil production. The benefits from drilling additional water injection wells are
usually seen within months while it may take a year or more before incremental oil resulting from
an EOR scheme reaches the production wells.

We have discussed two emerging EOR technologies (low-salinity water injection and deep
reservoir flow diversion) that remedy some of the drawbacks of traditional EOR processes. Low-
salinity water injection is simple to plan and deploy as it is very similar to conventional water
flooding. There are no additional chemicals required or additional processing after production.
The main additional cost (and limiting factor on existing platforms) is the need for desalination
equipment. Deep reservoir flow diversion has proved to be more successful than traditional near-
well gel treatments because it is less sensitive to the nature of the geological heterogeneity in the
reservoir. It therefore requires less reservoir characterization and few reservoir simulation studies
before implementation. In addition, it does not require any upfront capital investment.

It is probable that there will be further developments in enhancing water flooding. We have
described how low-salinity water injection improves oil recovery in sandstone reservoirs by
making the rock more water wet. A similar change in wettability has been observed in chalk when
seawater enriched in Ca2+, Mg2+ and SO2−

4 is injected [122], although other workers suggest that
viscosity alteration and formation of a microemulsion between oil and water may also improve
oil recovery [123].

Further developments are probable in EOR technologies that improve macroscopic sweep. The
deep reservoir flow diversion technique described above is designed for water flooding. Similar
technologies are required for gas flooding, especially if CO2 injection for EOR and geological
sequestration of the CO2 is to succeed.

Increasing or even maintaining crude oil production to help supply the world’s energy
demand is likely to adversely affect climate change unless it is associated with geological
carbon sequestration. Oil reservoirs are ideal candidates for secure storage of anthropogenic
CO2 because they are known to have trapped oil for millions of years. CO2 injection is also
able to significantly improve oil recovery [124], although in this case there is still a net increase
in CO2 emissions, i.e. more CO2 is produced from burning the additional oil than is stored in
the reservoir by injection [125]. To achieve this will require the development of technologies
to improve the macroscopic sweep efficiency of this process in order to maximize the trapping
of CO2 in the reservoir while maximizing oil recovery and production rate. It will also require
additional political and financial support to put in place the carbon capture facilities at power
stations, the pipelines for distributing the CO2 to the oilfields and new pipelines and facilities
that are resistant to corrosion in existing oilfields [126].

Another EOR technology that we have not discussed in any detail is that of microbial
EOR. This uses native or introduced microbes to improve oil recovery via a variety of
mechanisms including flow diversion, in situ upgrading, wettability modification and generation
of biosurfactants within the reservoir [127]. Although it was first proposed by Zobell [128] in 1947
and has been the subject of much research since then [127–130], it has not been widely applied.
This is probably because it has proved to be difficult to predict performance in the field. With
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recent advances in the biological sciences and the modelling of biological processes, it is possible
that microbial EOR or methanogenesis [129] may yet be more widely applied in the future.

EOR projects are going to become increasingly common worldwide in the future, despite
concerns about greenhouse gas emissions, as demand for oil will continue to increase [3] while at
the same time it becomes harder to find new oilfields. We have not yet achieved the technological
limit in terms of the RF that can be obtained using these processes. At present, their deployment
is controlled by economic factors and operational constraints. Research continues to try and
mitigate these factors and constraints, as well as to develop more advanced and effective recovery
processes, but the challenge in all cases is to move these technologies more rapidly from the
laboratory to the field.

Acknowledgements. BP and its partners are thanked for permission to publish this material. A.C., K.W., H.F., I.C.,
T.M. and P.S. are either current or former employees of BP Exploration & Operating Company or its affiliates
which hold patents or patent applications relating to some of the technologies described in this paper. A.M.
acts as a consultant to BP in a personal capacity. All authors declare that they have no competing interest in
relation to this paper.

References
1. Sandrea I, Sandrea R. 2007 Recovery factors leave vast target for EOR technologies. Oil Gas

J. 105, 44–47.
2. Advanced Resources International. 2006 Undeveloped domestic oil resources: the

foundation for increased oil production and a viable domestic oil industry. US Department
of Energy, Office of Fossil Energy—Office of Oil and Natural Gas. See http://www.
fossil.energy.gov/programs/oilgas/publications/eor_co2/Undeveloped_Oil_Document.
pdf.

3. International Energy Agency. 2008 World energy outlook 2008. Paris, France: OECD/IEA. See
http://www.iea.org/textbase/nppdf/free/2008/weo2008.pdf.

4. BP. 2012 BP statistical review of world energy 2012. London, UK: BP. See www.bp.com/
statisticalreview.

5. Durham LS. 2005 The elephant of all elephants. AAPG Explorer, January. See http://www.
aapg.org/explorer/2005/01jan/ghawar.cfm.

6. Stalkup FI. 1983 Status of miscible displacement. J. Petrol. Technol. 35, 815–826.
(doi:10.2118/9992-PA)

7. Orr FJ Jr. 2007 Theory of gas injection processes. Copenhagen, Denmark: Tie-Line Publications.
8. Christensen JR, Stenby EH, Skauge A. 2001 Review of WAG field experience. SPE Reservoir

Eval. Eng. 4, 97–106. (doi:10.2118/71203-PA)
9. Willhite GP, Seright RS. 2011 Polymer flooding. Digital edition. Tulsa, OK: Society of Petroleum

Engineers.
10. Liang J-T, Lee RL, Seright RS. 1993 Gel placement in production wells. SPE Prod. Facilities 8,

276–284. (doi:10.2118/20211-PA)
11. Green DW, Hirasaki G, Pope GA, Willhite GP. 2011 Surfactant flooding. Digital edition. Tulsa,

OK: Society of Petroleum Engineers.
12. Ambastha A. 2008 Heavy oil recovery. SPE Reprint Series no. 61. Tulsa, OK: Society of

Petroleum Engineers.
13. Hite JR, Stosur G, Carnaham NF, Miller K. 2003 Guest editorial. IOR and EOR: effective

communication requires a definition of terms. J. Petrol. Technol. 55, 16.
14. Sneider RM, Sneider JS. 2002 New oil in old places: the value of mature field redevelopment.

In Petroleum provinces of the twenty-first century (eds MW Downey, JC Threet, WA Morgan),
pp. 63–84. AAPG Memoirs 74. Tulsa, OK: American Association of Petroleum Geologists.

15. Lumley DE. 2001 Time-lapse seismic reservoir monitoring. Geophysics 66, 50–53.
(doi:10.1190/1.1444921)

16. Heming RF. 1996 Impact of information technology on the earth sciences. Technol. Soc. 18,
297–319. (doi:10.1016/0160-791X(96))

17. Journel AG, Alabert FG. 1990 New method for reservoir mapping. J. Petrol. Technol. 42,
212–218. (doi:10.2118/18324-PA)

 on October 25, 2014rsta.royalsocietypublishing.orgDownloaded from 

http://www.fossil.energy.gov/programs/oilgas/publications/eor_co2/Undeveloped_Oil_Document.pdf
http://www.fossil.energy.gov/programs/oilgas/publications/eor_co2/Undeveloped_Oil_Document.pdf
http://www.fossil.energy.gov/programs/oilgas/publications/eor_co2/Undeveloped_Oil_Document.pdf
http://www.iea.org/textbase/nppdf/free/2008/weo2008.pdf
http://www.bp.com/statisticalreview
http://www.bp.com/statisticalreview
http://www.aapg.org/explorer/2005/01jan/ghawar.cfm
http://www.aapg.org/explorer/2005/01jan/ghawar.cfm
http://dx.doi.org/doi:10.2118/9992-PA
http://dx.doi.org/doi:10.2118/71203-PA
http://dx.doi.org/doi:10.2118/20211-PA
http://dx.doi.org/doi:10.1190/1.1444921
http://dx.doi.org/doi:10.1016/0160-791X(96)
http://dx.doi.org/doi:10.2118/18324-PA
http://rsta.royalsocietypublishing.org/


21

rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A372:20120320

.........................................................

18. Fayers FJ, Hewett TA. 1992 A review of current trends in petroleum reservoir description
and assessment of their impacts on oil-recovery. Adv. Water Resour. 15, 341–265. (doi:10.1016/
0309-1708(92)90002-J)

19. Deutsch CV, Hewett TA. 1996 Challenges in reservoir forecasting. Math. Geol. 28, 829–842.
(doi:10.1007/BF02066003)

20. Gravley W. 1983 Review of downhole measurement-while-drilling systems. J. Petrol. Technol.
35, 1439–1445. (doi:10.2118/10036-PA)

21. Toole ST, Grist DM. 2003 Oil and gas recovery behaviour in the UKCS basins. In Proc. Offshore
Europe Conf., Aberdeen, UK, 2–5 September 2003. Tulsa, OK: Society of Petroleum Engineers.
(doi:10.2118/83982-MS)

22. McGuire PL, Spence AP, Redman RS. 2001 Performance evaluation of a mature miscible
gasflood at Prudhoe Bay. SPE Reservoir Eval. Eng. 4, 318–326. (doi:10.2118/59326-MS)

23. Smalley PC, Ross B, Brown CE, Moulds TP, Smith MJ. 2009 Reservoir technical limits: a
framework for maximizing recovery from oil fields. SPE Reservoir Eval. Eng. 12, 610–629.
(doi:10.2118/109555-PA)

24. Muskat M. 1953 Oil recovery—100 per cent? Ind. Eng. Chem. 45, 1401–1405.
(doi:10.1021/ie50523a021)

25. Arriola A, Willhite GP, Green DW. 1983 Trapping of oil drops in a noncircular pore throat
and mobilization upon contact with a surfactant. SPE J. 23, 99–114. (doi:10.2118/9404-PA)

26. Buckley SE, Leverett MC. 1942 Mechanism of fluid displacement in sands. Trans. AIME 146,
107–116. (doi:10.2118/942107-G)

27. Roof JG. 1970 Snap-off of oil droplets in water-wet pores. SPE J. 10, 85–90. (doi:10.2118/
2504-PA)

28. Anderson WG. 1987 Wettability literature survey—part 6: the effects of wettability on
waterflooding. J. Petrol. Technol. 39, 1605–1622. (doi:10.2118/16471-PA)

29. Schmid C. 1964 The wettability of petroleum rocks and results of experiments to study effects
of variations in wettability of core samples. Erdoel Kohle 17, 605–609.

30. Brown RJS, Fatt I. 1956 Measurements of fractional wettability of oilfield rocks by nuclear
magnetic relaxation method. Trans. AIME 207, 206–264.

31. Buckley JS, Liu Y. 1998 Some mechanisms of crude oil/brine/solid interactions. J. Petrol. Sci.
Eng. 20, 155–160. (doi:10.1016/S0920-4105(98)00015-1)

32. Bennett B, Buckman JO, Bowler BJF, Larter SR. 2004 Wettability alteration in petroleum
systems: the role of polar hydrocarbons. Petrol. Geosci. 10, 271–277. (doi:10.1144/
1354-079303-606)

33. Denekas MO, Mattax CC. 1959 Effects of crude oil components on rock wettability. Trans.
AIME 216, 330–333.

34. Anderson WG. 1986 Wettability literature survey—part 1: rock/oil/brine interactions and
the effects of core handling on wettability. J. Petrol. Technol. 38, 1125–1144. (doi:10.2118/
13932-PA)

35. Drummond C, Israelachvili J. 2004 Fundamental studies of crude oil-surface water
interactions and its relationship to reservoir wettability. J. Petrol. Sci. Eng. 45, 61–81.
(doi:10.1016/j.petrol.2004.04.007)

36. Salathiel RA. 1973 Oil recovery by surface film drainage in mixed-wettability rocks. J. Petrol.
Technol. 25, 1216–1224. (doi:10.2118/4104-PA)

37. Morrow NR. 1990 Wettability and its effect on oil recovery. J. Petrol. Technol. 42, 1476–1484.
(doi:10.2118/21621-PA)

38. Jackson MD, Muggeridge AH, Yoshida S, Johnson H. 2003 Upscaling permeability
measurements within complex heterolithic tidal sandstones. Math. Geol. 35, 499–520.
(doi:10.1023/A:1026236401104)

39. Martinius AW, Ringrose PS, Brostrom C, Elfenbein C, Naess A, Ringas JE. 2005 Reservoir
challenges of heterolithic tidal sandstone reservoirs in the Halten Terrace, mid-Norway.
Petrol. Geosci. 11, 3–16. (doi:10.1144/1354-079304-629)

40. Kim EB et al. 2011 Genome sequencing reveals insights into physiology and longevity of the
naked mole rate. Nature 479, 223–227. (doi:10.1038/nature10533)

41. Kuruana AK. 1976 Influence of tidal phenomenon on interpretation of pressure build up and
pulse test. APEA J. 16, 99–105.

42. Waggoner JR, Castillo JL, Lake LW. 1992 Simulation of EOR processes in stochastically
generated permeable media. SPE Formation Eval. 7, 173–180. (doi:10.2118/21237-PA)

 on October 25, 2014rsta.royalsocietypublishing.orgDownloaded from 

http://dx.doi.org/doi:10.1016/0309-1708(92)90002-J
http://dx.doi.org/doi:10.1016/0309-1708(92)90002-J
http://dx.doi.org/doi:10.1007/BF02066003
http://dx.doi.org/doi:10.2118/10036-PA
http://dx.doi.org/doi:10.2118/83982-MS
http://dx.doi.org/doi:10.2118/59326-MS
http://dx.doi.org/doi:10.2118/109555-PA
http://dx.doi.org/doi:10.1021/ie50523a021
http://dx.doi.org/doi:10.2118/9404-PA
http://dx.doi.org/doi:10.2118/942107-G
http://dx.doi.org/doi:10.2118/2504-PA
http://dx.doi.org/doi:10.2118/2504-PA
http://dx.doi.org/doi:10.2118/16471-PA
http://dx.doi.org/doi:10.1016/S0920-4105(98)00015-1
http://dx.doi.org/doi:10.1144/1354-079303-606
http://dx.doi.org/doi:10.1144/1354-079303-606
http://dx.doi.org/doi:10.2118/13932-PA
http://dx.doi.org/doi:10.2118/13932-PA
http://dx.doi.org/doi:10.1016/j.petrol.2004.04.007
http://dx.doi.org/doi:10.2118/4104-PA
http://dx.doi.org/doi:10.2118/21621-PA
http://dx.doi.org/doi:10.1023/A:1026236401104
http://dx.doi.org/doi:10.1144/1354-079304-629
http://dx.doi.org/doi:10.1038/nature10533
http://dx.doi.org/doi:10.2118/21237-PA
http://rsta.royalsocietypublishing.org/


22

rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A372:20120320

.........................................................

43. Homsy GM. 1987 Viscous fingering in porous media. Annu. Rev. Fluid Mech. 19, 271–311.
(doi:10.1146/annurev.fluid.19.1.271)

44. Araktingi UG, Orr FR Jr. 1993 Viscous fingering in heterogeneous porous media. SPE Adv.
Technol. Ser. 1, 71–80. (doi:10.2118/18095-PA)

45. Houseworth JE. 1991 Sensitivity of large-scale water/oil displacement behavior to fine-
scale permeability heterogeneity and relative permeabilities. In Proc. SPE Annu. Technical
Conf. and Exhibition, Dallas, TX, 10 June 1991. Tulsa, OK: Society of Petroleum Engineers.
(doi:10.2118/22590-MS)

46. Darcy H. 1856 Les fontaines publiques de la ville de Dijon. Paris, France: Dalmont.
47. Blackwell RJ, Rayne JR, Terry WM. 1959 Factors influencing the efficiency of miscible

displacement. Trans. AIME 217, 1–8.
48. Christie MA, Bond DJ. 1987 Detailed simulation of unstable processes in miscible flooding.

SPE Reservoir Eng. 2, 514–522. (doi:10.2118/14896-PA)
49. Claridge EL. 1972 Prediction of recovery in unstable miscible flooding. SPE J. 12, 143–155.

(doi:10.2118/2930-PA)
50. Fayers FJ, Muggeridge AH. 1990 Extensions to Dietz theory and behaviour of gravity

tongues in slightly tilted reservoirs. SPE Reservoir Eng. 5, 487–494. (doi:10.2118/18438-PA)
51. McGuire PL, Spence AP, Stalkup FI, Cooley MW. 1995 Core acquisition and analysis

for optimization of the Prudhoe Bay miscible-gas project. SPE Reservoir Eng. 10, 94–100.
(doi:10.2118/27759-PA)

52. Stalkup FI. 1978 Carbon dioxide miscible flooding: past, present and outlook for the future.
J. Petrol. Technol. 30, 1102–1112. (doi:10.2118/7042-PA)

53. Alvarado V, Manrique E. 2010 Enhanced oil recovery: an update review. Energies 3, 1529–
1575. (doi:10.3390/en3091529)

54. Stone PC, Steinberg BG, Goodson JE. 1989 Completion design for waterfloods and CO2
floods. SPE Prod. Eng. 4, 365–370. (doi:10.2118/15006-PA)

55. Sánchez JL, Astudillo A, Rodríguez F, Morales J, Rodríguez A. 2005 Nitrogen injection in
the Cantarell comples: results after four years of operation. In Proc. SPE Latin American and
Carribean Petroleum Engineering Conf., Rio de Janeiro, Brazil, 20–24 June 2005. Tulsa, OK: Society
of Petroleum Engineers. (doi:10.2118/97385-MS)

56. Awan AR, Teigland R, Kleppe J. 2008 A survey of North Sea enhanced-oil-recovery projects
initiated during the years 1975–2005. SPE Reservoir Eval. Eng. 11, 497–512. (doi:10.2118/
99546-PA)

57. Sandiford BB. 1964 Laboratory and field studies of water floods using polymer solutions to
increase oil recoveries. J. Petrol. Technol. 16, 917–922. (doi:10.2118/844-PA)

58. Gogarty WB, Tosch WC. 1968 Miscible-type waterflooding: oil recovery with micellar
solutions. J. Petrol. Technol. 20, 1407–1414. (doi:10.2118/1847–1-PA)

59. Hill HJ, Reisberg J, Stegemeier GL. 1973 Aqueous surfactant systems for oil recovery. J. Petrol.
Technol. 25, 186–194. (doi:10.2118/3798-PA)

60. Needham RB, Doe PH. 1987 Polymer flooding review. J. Petrol. Technol. 39, 1503–1507.
(doi:10.2118/17140-PA)

61. Raney K, Ayirala S, Chin R, Verbeek P. 2012 Surface and subsurface requirements for
successful implementation of offshore chemical enhanced oil recovery. SPE Prod. Oper. 27,
294–305. (doi:10.2118/155116-PA)

62. Alusta G, Mackay E, Fennema J, Armih K, Collins I. 2012 EOR vs. infill well drilling:
sensitivity to operational and economic parameters. In Proc. North Africa Technical Conf. and
Exhibition, Cairo, Egypt, 20–22 February 2012. Tulsa, OK: Society of Petroleum Engineers.
(doi:10.2118/150454-MS)

63. Seright RS, Seheult M, Talashek T. 2009 Injectivity characteristics of EOR polymers. SPE
Reservoir Eng. Eval. 12, 783–792. (doi:10.2118/115142-PA)

64. Wang D, Dong H, Lu C, Fu X, Nie J. 2009 Review of practical experience by polymer flooding
at Daqing. SPE Reservoir Eval. Eng. 12, 270–476. (doi:10.2118/114342-MS)

65. Morel D, Vert M, Gauchet R, Bouger Y. 2012 First polymer injection in deep offshore
field Angola: recent advances in the Dalia/Camelia field case. Oil Gas Facilities 1, 43–52.
(doi:10.2118/135735-PA)

66. Al-Saadi F, Amri BA, Nofli S, van Wunnik J, Jaspers HF, Harthi S, Shuaili K, Cherukupalli
C, Chakravarthi R. 2012 Polymer flooding in a large field in South Oman—initial results and
future plans. In Proc. SP EOR Conf. Oil and Gas West Asia, Muscat, Oman, 16–18 April 2012.
Tulsa, OK: Society of Petroleum Engineers. (doi:10.2118/154665-MS)

 on October 25, 2014rsta.royalsocietypublishing.orgDownloaded from 

http://dx.doi.org/doi:10.1146/annurev.fluid.19.1.271
http://dx.doi.org/doi:10.2118/18095-PA
http://dx.doi.org/doi:10.2118/22590-MS
http://dx.doi.org/doi:10.2118/14896-PA
http://dx.doi.org/doi:10.2118/2930-PA
http://dx.doi.org/doi:10.2118/18438-PA
http://dx.doi.org/doi:10.2118/27759-PA
http://dx.doi.org/doi:10.2118/7042-PA
http://dx.doi.org/doi:10.3390/en3091529
http://dx.doi.org/doi:10.2118/15006-PA
http://dx.doi.org/doi:10.2118/97385-MS
http://dx.doi.org/doi:10.2118/99546-PA
http://dx.doi.org/doi:10.2118/99546-PA
http://dx.doi.org/doi:10.2118/844-PA
http://dx.doi.org/doi:10.2118/1847--1-PA
http://dx.doi.org/doi:10.2118/3798-PA
http://dx.doi.org/doi:10.2118/17140-PA
http://dx.doi.org/doi:10.2118/155116-PA
http://dx.doi.org/doi:10.2118/150454-MS
http://dx.doi.org/doi:10.2118/115142-PA
http://dx.doi.org/doi:10.2118/114342-MS
http://dx.doi.org/doi:10.2118/135735-PA
http://dx.doi.org/doi:10.2118/154665-MS
http://rsta.royalsocietypublishing.org/


23

rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A372:20120320

.........................................................

67. Spildo K, Skauge A, Aarra MG, Tweheyo MT. 2009 A new polymer application for North Sea
reservoirs. SPE Reservoir Eval. Eng. 12, 427–432. (doi:10.2118/113460-PA)

68. Hirasaki GJ, Miller CA, Puerto M. 2011 Recent advances in surfactant EOR. SPE J. 16, 889–
907. (doi:10.2118/115386-PA)

69. Wagner OR, Leach RO. 1959 Improving oil displacement efficiency by wettability
adjustment. Trans. AIME 216, 65–72.

70. Ehrlich R, Hasiba HH, Raimondi P. 1974 Alkaline waterflooding for wettability alteration—
evaluating a potential field application. J. Petrol. Technol. 26, 1335–1343. (doi:10.2118/
4905-PA)

71. Bernard GG, Holm LW. 1964 Effect of foam on permeability of porous media to gas. SPE J. 4,
267–274. (doi:10.2118/983-PA)

72. Bernard GG, Holm LW, Harvey CP. 1980 Use of surfactant to reduce CO2 mobility in oil
displacement. SPE J. 20, 281–292. (doi:10.2118/8370-PA)

73. Shutang G, Huabin L, Zhenyu Y, Pitts MJ, Surkalo H, Wyatt K. 1996 Alkaline/
surfactant/polymer pilot performance of the west central Saertu, Daqing oil field. SPE
Reservoir Eng. 11, 181–188. (doi:10.2118/35383-PA)

74. Vargo J, Turner J, Vergnani B, Pitts MJ, Wyatt K, Surkalo H. 2000 Alkaline-surfactant-
polymer flooding of the Cambridge Minnelusa field. SPE Reservoir Eval. Eng. 3, 552–558.
(doi:10.2118/68285-PA)

75. Stoll WM, Al Sureqi H, Al-Harthy SAA, Oyemade S, de Kruijif A, van Wunnik J, Arkestijn F,
Bouwmeester R, Faber MJ. 2011 Alkaline/surfactant/polymer flood: from the laboratory to
the field. SPE Reservoir Eval. Eng. 14, 702–712. (doi:10.2118/129164-PA)

76. Clampitt RL, Hessert JE. 1975 Method of treating subterranean formations with aqueous gels. US
Patent no. 3908760.

77. Eoff L, Dalrymple D, Everett D, Vasquez J. 2007 Worldwide field applications of a polymeric
gel system for conformance applications. SPE Prod. Oper. 22, 231–235. (doi:10.2118/98119-PA)

78. Seright RS, Lane RH, Sydansk RD. 2003 A strategy for attacking excess water production.
SPE Prod. Facilities 18, 158–169. (doi:10.2118/84966-PA)

79. Sydansk RD, Southwell GP. 2000 More than 12 years experience with a successful
conformance-control polymer–gel technology. SPE Prod. Facilities 15, 270–278. (doi:10.2118/
66558-PA)

80. Sydansk RD, Seright RS. 2007 When and where relative permeability modification water-
shut-off treatments can be successfully applied. SPE Prod. Oper. 22, 236–247. (doi:10.2118/
99371-PA)

81. Moradi-Araghi A. 2000 A review of thermally stable gels for fluid diversion in petroleum
production. J. Petrol. Sci. Eng. 26, 1–10. (doi:10.1016/S0920-4105(00)00015-2)

82. Portwood JT, Lackey SH, Abel SW. Selective polymer treatments improve oil recovery in five
mature southern Oklahoma waterfloods. In Proc. SPE Improved Oil Recovery Symposium, Tulsa,
OK, 24–28 April 2010. Tulsa, OK: Society of Petroleum Engineers. (doi:10.2118/129796-MS)

83. Sanders GS, Chambers MJ, Lane RH. 1994 Successful gas shutoff with polymer gel using
temperature modelling and selective placement in the Prudhoe Bay field. In Proc. 69th SPE
Annu. Technical Conf. and Exhibition, New Orleans, LA, 25–28 September 1994. Tulsa, OK: Society
of Petroleum Engineers. (doi:10.2118/28502-MS)

84. Sorbie KS, Seright RS. 1992 Gel placement in heterogeneous systems with crossflow. In Proc.
SPE/DOE Enhanced Oil Recovery Symposium, Tulsa, OK, 22–24 April 1992. Tulsa, OK: Society
of Petroleum Engineers. (doi:10.2118/24192-MS)

85. Jayasekera AJ, Goodyear SG. 2002 Improved hydrocarbon recovery in the United Kingdom
Continental Shelf: past, present and future. In Proc. SPE/DOE Improved Oil Recovery
Symposium held in Tulsa, OK, 13–17 April 2002. Tulsa, OK: Society of Petroleum Engineers.
(doi:10.2118/75171-MS)

86. Moulds TP, Trussell P, Haseldonckx SA, Carruthers RA. 2005 Magnus field: reservoir
management in a mature field combining waterflood, EOR and new area developments.
In Proc. SPE Offshore Europe Conf., Aberdeen, UK, 6–9 September 2005. Tulsa, OK: Society of
Petroleum Engineers. (doi:10.2118/96292-MS)

87. Moulds TP, Trussell P, Erbas D, Cox DJ, Laws ED, Davies C, Strachan N. 2010 Post-
plateau reservoir management in the Magnus field. In Proc. SPE Annu. Technical Conf. and
Exhibition, Florence, Italy, 19–22 September 2010. Tulsa, OK: Society of Petroleum Engineers.
(doi:10.2118/134953-MS)

 on October 25, 2014rsta.royalsocietypublishing.orgDownloaded from 

http://dx.doi.org/doi:10.2118/113460-PA
http://dx.doi.org/doi:10.2118/115386-PA
http://dx.doi.org/doi:10.2118/4905-PA
http://dx.doi.org/doi:10.2118/4905-PA
http://dx.doi.org/doi:10.2118/983-PA
http://dx.doi.org/doi:10.2118/8370-PA
http://dx.doi.org/doi:10.2118/35383-PA
http://dx.doi.org/doi:10.2118/68285-PA
http://dx.doi.org/doi:10.2118/129164-PA
http://dx.doi.org/doi:10.2118/98119-PA
http://dx.doi.org/doi:10.2118/84966-PA
http://dx.doi.org/doi:10.2118/66558-PA
http://dx.doi.org/doi:10.2118/66558-PA
http://dx.doi.org/doi:10.2118/99371-PA
http://dx.doi.org/doi:10.2118/99371-PA
http://dx.doi.org/doi:10.1016/S0920-4105(00)00015-2
http://dx.doi.org/doi:10.2118/129796-MS
http://dx.doi.org/doi:10.2118/28502-MS
http://dx.doi.org/doi:10.2118/24192-MS
http://dx.doi.org/doi:10.2118/75171-MS
http://dx.doi.org/doi:10.2118/96292-MS
http://dx.doi.org/doi:10.2118/134953-MS
http://rsta.royalsocietypublishing.org/


24

rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A372:20120320

.........................................................

88. Brodie J, Jhaveri B, Moulds T, Mellemstrand Hetland S. 2012 Review of gas injection projects
in BP. In Proc. 18th SPE Improved Oil Recovery Symp., Tulsa, OK, 14–18 April 2012. Tulsa, OK:
Society of Petroleum Engineers.

89. Leach RO, Wagner OR, Wood HW, Harpke CF. 1962 A laboratory and field study of
wettability adjustment in water flooding. J. Petrol. Technol. 14, 206–212. (doi:10.2118/119-PA)

90. Bernard GG. 1967 Effect of floodwater salinity on recovery of oil from cores containing clays.
In Proc. SPE Annu. Conf. and Exhibition, Los Angeles, CA, 26–27 October 1967. Tulsa, OK: Society
of Petroleum Engineers. (doi:10.2118/1725-MS)

91. Jadhunandan P. 1990 Effects of brine composition, crude oil and aging conditions on
wettability and oil recovery. PhD Thesis, University of Wyoming, Wyoming.

92. Jadhunandan P, Morrow NR. 1995 Effect of wettability on waterflood recovery for crude
oil/brine/rock systems. SPE Reservoir Eval. Eng. 10, 40–46. (doi:10.2118/22597-PA)

93. Yildiz HO, Morrow NR. 1996 Effect of brine composition on recovery of Moutray crude oil
by waterflooding. J. Petrol. Sci. Eng. 14, 159–168. (doi:10.1016/0920-4105)

94. Tang GQ, Morrow NR. 1999 Salinity, temperature, oil composition and oil recovery by
waterflooding. SPE Reservoir Eng. 12, 269–276. (doi:10.2118/36680-PA)

95. Webb KJ, Black CJJ, Al-Ajeel H. 2004 Low salinity oil recovery—log inject log. In Proc. 14th
SPE/DOE Improved Oil Recovery Symposium, Tulsa, OK, 17–21 April 2004. Tulsa, OK: Society of
Petroleum Engineers.

96. McGuire PL, Chatham JR, Paskvan FK, Sommer DM, Carini FH. 2005 Low salinity oil
recovery: an exciting new EOR opportunity for Alaska’s North Slope. In Proc. SPE Western
Regional Meeting, Irvine, CA, 30 March–1 April 2005. Tulsa, OK: Society of Petroleum
Engineers.

97. Seccombe J, et al. 2010 Demonstration of low-salinity EOR at the interwell scale, Endicott
field, Alaska. In Proc. SPE Improved Oil Recovery Symp., Tulsa, OK, 24–28 April 2010. Tulsa,
OK: Society of Petroleum Engineers.

98. Lager A, Webb KJ, Black CJJ, Singleton M, Sorbie KS. 2008 Low salinity oil recovery—an
experimental investigation. Petrophysics 49, 28–35.

99. Sorbie KS, Collins I. 2010 A proposed pore-scale mechanism for how low salinity
waterflooding works. In Proc. SPE Improved Oil Recovery Symp., Tulsa, OK, 24–28 April 2010.
Tulsa, OK: Society of Petroleum Engineers.

100. Hassenkam T, Pedersen CS, Dalby K, Austad T, Stipp SLS. 2011 Pore scale observation of
low salinity effects on outcrop and oil reservoir sandstone. Colloids Surf. A 390, 179–188.
(doi:10.1016/j.colsurfa.2011.09.025)

101. Fogden A. 2012 Removal of crude oil from kaolinite by water flushing at varying salinity and
pH. Colloids Surf. A 402, 13–23. (doi:10.1016/j.colsurfa.2012.03.005)

102. Hassenkam T, Mitchell AC, Pedersen CS, Skovbjerg LL, Bovet N, Stipp SLS. 2012. The
low salinity effect observed on sandstone model surfaces. Colloids Surf. A 403, 79–86.
(doi:10.1016/j.colsurfa.2012.03.058)

103. Lee SY, O’Sullivan M, Routh AF, Clarke SM. 2009 Thin water layers on CaCO3 particles
dispersed in oil with added salts. Langmuir 25, 3981–3984. (doi:10.1021/la802616n)

104. Buikema TA, Mair C, Williams D, Mercer D, Webb KJ, Hewson A, Reddick CEA, Robbana
E. 2011 Low salinity enhanced oil recovery—laboratory to day one field implementation—
LoSal EOR into the Clair Ridge project. In Proc. EAGE IOR Symp., Cambridge, UK, 12–14 April
2011. See www.earthdoc.org.

105. Fletcher AJP, Flew S, Forsdyke IN, Morgan JC, Rogers C, Suttles D. 1992 Deep diverting
gels for very cost effective waterflood control. J. Petrol. Sci. Eng. 7, 33–43. (doi:10.1016/0920-
4105(92)90006-M)

106. Walsh MP, Rouse BA, Senol NN, Pope GA, Lake LW. 1983 Chemical interactions of
aluminium citrate solutions with formation minerals. In Proc. Int. Symp. of Oilfield and
Geothermal Chemistry, Denver, CO, 1–3 June 1983. (doi:10.2118/11799-MS)

107. Chang KT, Frampton H. Morgan JC. Method of recovering hydrocarbon fluids from a subterranean
reservoir. US Patent no. 6454003.

108. Chang K-T, Frampton H, Morgan JC. Composition and method of recovering hydrocarbon fluids
from a subterranean reservoir. US Patent no. 6729402.

109. Pritchett J, Frampton H, Brinkman J, Cheung S, Morgan JC, Chang KT, Williams D,
Goodgame J. 2003 Field application of a new in-depth waterflood conformance improvement
tool. In Proc. SPE Int. Improved Oil Recovery Conf. in Asia Pacific, Kuala Lumpur, Malaysia, 20–21
October 2003. Tulsa, OK: Society of Petroleum Engineers. (doi:10.2118/84897-MS)

 on October 25, 2014rsta.royalsocietypublishing.orgDownloaded from 

http://dx.doi.org/doi:10.2118/119-PA
http://dx.doi.org/doi:10.2118/1725-MS
http://dx.doi.org/doi:10.2118/22597-PA
http://dx.doi.org/doi:10.1016/0920-4105
http://dx.doi.org/doi:10.2118/36680-PA
http://dx.doi.org/doi:10.1016/j.colsurfa.2011.09.025
http://dx.doi.org/doi:10.1016/j.colsurfa.2012.03.005
http://dx.doi.org/doi:10.1016/j.colsurfa.2012.03.058
http://dx.doi.org/doi:10.1021/la802616n
http://www.earthdoc.org
http://dx.doi.org/doi:10.1016/0920-4105(92)90006-M
http://dx.doi.org/doi:10.1016/0920-4105(92)90006-M
http://dx.doi.org/doi:10.2118/11799-MS
http://dx.doi.org/doi:10.2118/84897-MS
http://rsta.royalsocietypublishing.org/


25

rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A372:20120320

.........................................................

110. Frampton H, Morgan JC, Cheung SK, Munson L, Chang KT, Williams D. 2004 Development
of a novel waterflood conformance control system. In Proc. 14th SPE/DOE Symp. on Improved
Oil Recovery, Tulsa, OK, 17–21 April 2004. Tulsa, OK: Society of Petroleum Engineers.
(doi:10.2118/89391-MS)

111. Ohms D, McLeod J, Graff C, Frampton H, Morgan JC, Cheung S, Chang KT. 2009 Incremental
oil success from waterflood sweep improvement in Alaska. SPE Prod. Oper. 25, 247–254.
(doi:10.2118/121761-PA)

112. Yañez PAP, Mustoni JL, Relling MF, Chang K-T, Hopkinson P, Frampton H. 2008 New
attempt in improving sweep efficiency at the mature Koluel Kaike and Piedra Clavada
waterflooding projects of the S. Jorge basin in Argentina. In Proc. Latin American and Caribbean
Petroleum Engineering Conf., Buenos Aires, Argentina, 15–18 April 2008. Tulsa, OK: Society of
Petroleum Engineers. (doi:10.2118/107923-MS)

113. Chang K-T, Cheung S, Frampton H, Neal P, Ng R. 2007 Update on an in-depth conformance
control system for improving waterflood efficiency. In Proc. 6th Int. Conf. on Production
Optimization—Reservoir Conformance, Profile Control, and Water and Gas Shutoff, Houston, TX,
6–7 November 2007. Tulsa, OK: Society of Petroleum Engineers.

114. Frampton H, Denyer P, Ohms DH, Husband M, Mustoni JL. 2009 Sweep improvement from
the lab. to the field. In Proc. 15th EAGE IOR Symp., Paris, France, 27–29 April 2009. See
www.earthdoc.org.

115. Smith JE. 1995 Performance of 18 polymers in aluminium citrate colloidal dispersion gels. In
Proc. SPE Int. Symp. on Oilfield Chemistry, San Antonio, TX, 14–17 February 1995. Tulsa, OK:
Society of Petroleum Engineers.

116. Chang HL, Sui X, Xiao L, Guo Z, Yao Y, Xiao Y, Chen G, Song K, Mack JC. 2006 Successful
field pilot of in-depth colloidal dispersion gel (CDG) technology in Daqing oil field. SPE
Reservoir Eval. Eng. 9, 664–673. (doi:10.2118/89460-PA)

117. Al-Anazi HA, Sharma MM. 2002 Use of a pH sensitive polymer for conformance control. In
Proc. SPE Int. Symp. and Exhibition on Formation Damage Control held in Lafayette, LA, 20–21
February 2002. Tulsa, OK: Society of Petroleum Engineers. (doi:10.2118/73782-MS)

118. Bai B, Huang F, Liu Y, Seright RS, Wang Y. 2008 Case study of preformed particle gel for in-
depth fluid diversion. In Proc. SPE Enhanced Oil Recovery Symp, Tulsa, OK, 19–23 April 2008.
Tulsa, OK: Society of Petroleum Engineers.

119. Liu Y, Bai B, Wang Y. 2010 Applied technologies and prospect of conformance control
treatments in China. Oil Gas Sci. Technol. 65, 1–20. (doi:10.2516/ogst/2009057)

120. Spildo K, Skauge A, Skauge T. 2010 Propagation of colloidal dispersion gels in laboratory
core floods. In Proc. SPE Improved Oil Recovery Symp., Tulsa, OK, 24–28 April 2010. Tulsa, OK:
Society of Petroleum Engineers. (doi:10.2118/129927-MS)

121. International Energy Agency. 2011 World energy outlook 2011. Paris, France: OECD/IEA.
122. Zhang PM, Tweheyo MT, Austad T. 2007 Wettability alteration and improved oil recovery

by spontaneous imbibition of seawater into chalk: impact of the potential determining ions
Ca2+, Mg2+ and SO2−

4 . Colloids Surf. A 301, 199–208. (doi:10.1016/j.colsurfa.2006.12.058)
123. Zahid A, Sandersen SB, Stenby EH, von Solms N, Shapiro A. 2011 Advanced waterflooding

in chalk reservoirs: understanding of underlying mechanisms. Colloids Surf. A 389, 281–290.
(doi:10.1016/j.colsurfa.2011.08.009)

124. Gozalpour F, Ren SR, Tohidi B. 2005 CO2 EOR and storage in oil reservoirs. Oil Gas Sci.
Technol. Rev. IFP 60, 537–546. (doi:10.2516/ogst:2005036)

125. McCoy ST, Pollak M, Jaramillo P. 2011 Geologic sequestration through EOR: policy and
regulatory considerations for greenhouse gas accounting. Energia Procedia 4, 5794–5801.
(doi:10.1016/j.egypro.2011.02.576)

126. Leach A, Mason CF, van’t Veld K. 2011 Co-optimization of enhanced oil recovery and carbon
sequestration. Resour. Energy Econ. 33, 893–912. (doi:10.1016/j.reseneeco.2010.11.002)

127. Bryant RS, Burchfield TE. 1989 Review of microbial technology for improving oil recovery.
SPE Reservoir Eng. 4, 151–154. (doi:10.2118/16646-PA)

128. Zobell CE. 1947 Bacterial release of oil from sedimentary materials. Oil Gas J. 46, 62–65.
129. Van Hamme JD, Singh A, Ward OP. 2003 Recent advances in petroleum microbiology.

Microbiol. Mol. Biol. Rev. 67, 503–549. (doi:10.1128/MMBR.67.4.503–549.2003)
130. Maudgalya S, Knapp RM, McInerney MJ. 2007 Microbial enhanced-oil-recovery

technologies: a review of the past present and future. In Proc. SPE Production and Operations
Symp., Oklahoma City, OK, 31 March–3 April 2007. Tulsa, OK: Society of Petroleum Engineers.

 on October 25, 2014rsta.royalsocietypublishing.orgDownloaded from 

http://dx.doi.org/doi:10.2118/89391-MS
http://dx.doi.org/doi:10.2118/121761-PA
http://dx.doi.org/doi:10.2118/107923-MS
http://www.earthdoc.org
http://dx.doi.org/doi:10.2118/89460-PA
http://dx.doi.org/doi:10.2118/73782-MS
http://dx.doi.org/doi:10.2516/ogst/2009057
http://dx.doi.org/doi:10.2118/129927-MS
http://dx.doi.org/doi:10.1016/j.colsurfa.2006.12.058
http://dx.doi.org/doi:10.1016/j.colsurfa.2011.08.009
http://dx.doi.org/doi:10.2516/ogst:2005036
http://dx.doi.org/doi:10.1016/j.egypro.2011.02.576
http://dx.doi.org/doi:10.1016/j.reseneeco.2010.11.002
http://dx.doi.org/doi:10.2118/16646-PA
http://dx.doi.org/doi:10.1128/MMBR.67.4.503--549.2003
http://rsta.royalsocietypublishing.org/

	Introduction
	Why is recovery so low?
	Factors influencing microscopic displacement efficiency
	Factors influencing macroscopic sweep efficiency

	Overview of conventional enhanced oil recovery processes
	Miscible gas injection
	Water alternating gas
	Chemical flooding

	Polymer flooding
	Alkaline surfactant polymer flooding
	Flow diversion

	Enhanced oil recovery deployment
	Water alternating gas changeovers
	Measurement of gas flow rate
	Reservoir pressure management
	Gas supply

	Emerging enhanced oil recovery technologies
	Low-salinity water injection
	Deep reservoir flow diversion

	Discussion and conclusion
	References

