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Impact of Innovations on Future Energy
Supply - Chemical Enhanced Oil Recovery
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Abstract: The International Energy Agency (IEA) expects an increase of global energy demand by one-third during
next 20 years together with a change in the global energy mix. A key-influencing factor is a strong expected
increase in oil and gas production in the United States driven by ‘new’ technologies such as hydraulic fracturing.
Chemical enhanced oil recovery (CEOR) is another strong growing technology with the potential of a step change
innovation, which will help to secure future oil supply by turning resources into reserves. While conventional
production methods give access to on average only one-third of original oil in place, the use of surfactants and
polymers allows for recovery of up to another third of this oil. In the case of polymer flooding with poly acrylamide,
the number of full field implementations has increased in recent years. In the meantime new polymers have been
developed to cover previously unmet needs — such polymers can be applied in fields of high salinity and high
temperature. Use of surfactants is in an earlier stage, but pilot tests show promising results.
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Importance of Crude Oil

In the last century a tremendous shift
took place as crude oil replaced coal as the
most important fossil fuel, as described by
Yergin in a very impressive way.[!l Huge
amounts of oil were available from the end
of 19% till mid-20"™ century. Compared to
coal, for a long time oil was cheaper and
engines with mineral oil as fuel ran bet-
ter and faster. Especially the last point was
of high significance for mobility — use in
civil or military purposes. After the Second
World War crude oil from the Middle East
enabled competitive industry in Europe to
be quickly rebuilt. In 2011 global oil con-
sumption reached a level of 87.4 million
barrels per day.[2! The transportation sector
is currently responsible for more than half
of crude oil consumption.23] Passenger
cars, trucks, ships, airplanes and some
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trains rely on mineral oil products such as
diesel. The same is true for the vehicles in
the food production sector.l3l For house-
hold heating oil is still used on a significant
level, but other sources such as natural gas
are more dominant.4!

Interesting Changes in the Future

The International Energy Agency
(IEA) published its annual world energy
outlook at the end of 201221 and predicted
that global energy demand will increase
by at least 30% during the next 20 years,
mainly driven by the fast-growing coun-
tries in Asia (e.g. China, India). Despite
significant regional differences, global
oil consumption will grow mainly due to
transportation of people and freight. The
number of cars will double, and more and
more diesel trucks, in particular, will be
needed for transportation of goods (a re-
sult of booming economies and increased
private consumption caused by elevated
living standards). With regard to passenger
cars other power sources such as electric-
ity can have a significant share as pointed
out by Yergin.5! However, it is expected by
IEA that 99.7 million barrels crude oil per
day will be needed in 2035 (versus 87.4
million barrels per day in 2011). Much will
depend on Iraq and its capability to strong-
ly enlarge its oil production. Not many new
oil fields have been discovered in the last
years, and many reservoirs operated by es-
tablished processes are starting to decline
in production. As a matter of consequence,

one would assume that the task of increas-
ing global oil production would be chal-
lenging. However, IEA has described a
very surprising exit scenario, which would
have been unthinkable just a couple of
years ago. Of all countries United States of
America (USA) will become in roughly 10
years from now on the largest oil producer
of the world.[2l What are the reasons?

Innovations for Unlocking
Condensates and Tight Oil in USA

Aninnovationis aninvention thatis suc-
cessful in the market.[o! It includes also the
case where basics of the technology used
have been known for long time, but other
important factors did not fit. This could be,
for example, missing further development
of technology to match current challenges,
price, legislation, competing technologies
and so on. But if all things come together
an innovation can take place. This was the
case with hydraulic fracturing, which has
been known since end of the 1940s. It was,
however, fifty years later when Mitchell
Energy found out how to use this technol-
ogy to break up shale rock and produce
shale gas — an unconventional resource.[!
Combined with the horizontal drilling
technique, huge amounts of gas have been
made accessible with the effect that shale
gas has become cheaper than natural gas.
In fact, the strong oversupply of the market
has led to a decrease in the economics of
many shale gas projects. Therefore, the fo-
cus has shifted to gas reservoirs, which also
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contain liquid compounds — so-called con-
densates. Their quality is comparable with
high-quality light oil, and condensates can
be sold at a high price. In 2010 roughly 10
million barrels per day were produced.b!
During the next 20 years this rate could
almost double. However, since the produc-
tion rate declines after a certain point, a
significant number of new wells will have
to be drilled to maintain the production
rate. Hydraulic fracturing combined with
horizontal drilling is also used to produce
tight oil. Hess has started to work on in this
area and in 2010 produced 400,000 barrels
per day from a formation in USA called
Bakken. Taking into account other forma-
tions in the USA, production could be five-
times higher in 2020.

Beside the attractiveness of shale gas
production there is also a debate on its en-
vironmental consequences, as mentioned
by Yergin.l!

Chemical Enhanced Oil Recovery

There are also alternative technologies,
which could have a significant impact on
future energy supplies. One strong, grow-
ing technology to maintain or even im-
prove total oil production is chemical en-
hanced oil recovery (CEOR). It is applied
in developed conventional oil fields with
known petroleum reserves. In case of water
flooded fields, most of the infrastructure
for CEOR is already in place. Compared
to exploration of an unknown field, invest-
ment risk is strongly reduced. To put it in
other words, CEOR has the potential of a
step change innovation.

Before going into further details, first of
all some basics about the production pro-
cess in conventional fields are mentioned.
Oil recovery can be divided into three dif-
ferent stages.l”] Primary recovery is driven
by natural forces that are present in the res-
ervoir, which can be a natural gas cap or
an aquifer. These forces push oil towards
the producing well. Usually only 5-10%
of original oil in place (OOIP) can be pro-
duced. Once the pressure drops additional
wells are drilled, and water, for example, is
injected to re-increase pressure. This phase
of production is called secondary recovery.
More oil is produced (incremental oil), but
over time water breaks through. Oil is by-
passed and water flows directly from the
injector to the producer well — the so-called
water cut increases with time. Fig. 1 shows
breakthrough of water leading to a by-pass
of oil-bearing zones. Sooner or later much
more water than oil is produced, and the
water cut can go up to 90% or higher. With
secondary oil recovery (water flooding or
injection of immiscible gas to maintain
pressure) another 20-25% of OOIP are on
average accessible.

Injector
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Fig. 1. Water flooding.
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Atacertain oil price level other methods
also become economical. These methods
are summarized under the field of tertiary
oil recovery, also known as enhanced oil
recovery (EOR). They cover use of steam,
gas, microbes, or chemicals. Depending
on the geology of the reservoir and the oil
quality, chemical enhanced oil recovery
(CEOR) has the potential to produce much
more OOIP than other EOR methods. On
average up to another one-third of OOIP
can be produced by use of chemicals such
as surfactants and polymers. This means
high production rates can be maintained
in mature fields over a long time, and ul-
timate recovery yields can be significantly
improved. As this amount is similar to that
of primary and secondary recovery, up to
65% of OOIP is accessible in total (by
combination of primary, secondary, and
chemical enhanced oil recovery).

CEOR is not a new technology. As
shown in Fig. 2, during the oil crisis in the
1970s production could not keep pace with
the increase in price.l8! In this time basic
research programs were started to explore
use of suitable surfactants and polymers
for enhanced oil production. After the oil
price dropped mid-1980s, CEOR was not
economic anymore, and most activities
were stopped. Due to a huge price increase
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at the beginning of the new century, CEOR
became attractive again, even on a long-
term perspective. Research activities have
been restarted. In addition polymers and
surfactants have been developed further
to enable their use under demanding field
conditions and thereby to cope with previ-
ously unmet market needs.

Remaining Oil Saturation &
Capillary Number

Oil production is affected by several
factors such as well arrangement between
injector and producer, type of rock and its
heterogeneity, or the quality of the oil. As
shown in Fig. 1 the injection of water leads
to only a certain level of oil production. On
a macroscopic level, the displacement of
oil by water is inefficient, because water
mobility is higher than the mobility of oil.
Water usually has a lower viscosity com-
pared to crude oil, and it flows through
the ground more easily. On a microscopic
level another factor plays an important
role — the so-called capillary number N 18]
One has to keep in mind that crude oil is
located in porous rocks such as sandstone
or carbonate. The capillary number N, is
the ratio between viscous forces and capil-
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lary forces that retain the oil in porous me-
dia. Fig. 3 illustrates a qualitative picture
of the experimentally found microscopic
displacement efficiency in dependence
of capillary number N_. The microscopic
displacement efficiency represents how
easily oil is removed. As presented by
Shah, the form of the curve relies on the
pore size distribution.[®l For example a nar-
row distribution leads to a shallow slope
of the curve. At the end of water flooding
the capillary number N_ is around 10°.
Displacement efficiency is around one-
third, which is in good correlation with the
recoverable oil by primary and secondary
production methods. To increase ultimate
oil recovery, the capillary number has to be
increased by several orders of magnitude.
In other words, we need to climb closer to
the top of the S-curve. The formula in Fig.
3 discloses ways in which this target can
be achieved for water-wet conditions. The
capillary number N_ is proportional to the
viscosity and velocity of displacing phase
and inversely proportional to the interfa-
cial tension. Viscosity can be increased by
applying a thickener for the water phase.
However, this alternative is limited by the
maximum pressure that can be applied to
the reservoir without damaging it, and the
energy needed to displace a viscous fluid.
More promising is the option to decrease
interfacial tension between oil and water
by 3—4 orders of magnitude. This mobiliz-
es trapped oil and thereby lowers remain-
ing oil saturation significantly.

The importance of the interfacial ten-
sion can be explained by the Laplace equa-
tion, as shown in Fig. 4. An oil droplet has
to be deformed to pass the pore neck of a
water-wet stone. As pressure is inversely
proportional to the radius of a sphere, the
pressure of spherical segment with radius
r, is larger than pressure of the spherical
segment with radius r,. This means that a
capillary pressure prevents flow of the oil
droplet. Capillary pressure can be mini-
mized by lowering interfacial tension, G.

Thickening of Water with Polymers

An effective way to thicken water is to
dissolve high molecular weight and/or stiff
polymers. Aqueous solutions of such poly-
mers improve sweep efficiency by mobil-
ity control as shown in Fig. 5.

Standard thickeners like poly acrylates
known from other applications cannot be
used, because salinity of the reservoir im-
pedes the ability of the polymer to extend
and viscosify. Ions in the water shield an-
ionic groups, which are needed for elec-
trostatic repulsion and thereby expansion
of the polymer chain. In the presence of
small amounts of water hardness, the poly-
mer chain is wrapped around bivalent cat-
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Fig. 5. Effect of polymers.

ions and viscosity is decreased further (the
polymer could even precipitate). Partially
hydrolyzed high molecular weight poly
acrylamides are more salt tolerant and
provide suitable viscosity in the presence
of even few 10000s ppm total dissolved
salt (TDS). However, a further increase of
salinity leads to decrease in viscosity and
increase in adsorption into the formation
of rock. Increase of temperature leads to
a decrease in viscosity, too. At tempera-
tures of 100°C and higher the polymer

starts to chemically degrade by hydrolysis
(transformation of acrylamide groups into
carboxylic acid groups), and tolerance to
water hardness is lost. The biopolymer
xanthan has salt tolerant hydroxyl groups,
and viscosity is not affected even at high
salinity. However, xanthan is not widely
used because of its limited temperature
stability and because of severe injection is-
sues caused by insoluble residual biomass
particles from the fermentation production
process.



TRENDS IN ENERGY — EFFICIENCY, RECOVERY AND PRODUCTION — THE ROLE OF THE CHEMICAL INDUSTRY

727

CHIMIA 2013, 67, Nr. 10

Lowering of Interfacial Tension
with Surfactants

Surfactants can mobilize physically
trapped oil by decreasing interfacial ten-
sion. This is schematically shown in Fig. 6.

As decrease of the interfacial tension
between oil and water has to be by several
orders of magnitude, a unique surfactant
design is needed. The lowest interfacial
tension between oil and water is achieved
when a so-called ‘microemulsion Winsor
type III’ is formed, which corresponds
to the state where the surfactant likes or
dislikes equally the oil and the water.
Surfactant is then very efficient in stabi-
lizing the oil-water interface and thereby
lowers interfacial tension to ultralow val-
ues. The microemulsion state is attained at
specific temperature and salinity, and for
the flooding to be successful these should
match the reservoir conditions. Thus, a tai-
lor-made surfactant formulation is needed
for each reservoir.

Surfactant performance can be influ-
enced by reservoir and crude oil charac-
teristics. For example temperature and
salinity can affect its solubility in water
and its tendency to adsorb at the interface.
In addition, the surfactant tail has to be
hydrophobic enough to interact with the
crude oil components (reminder: crude oil
is different for every reservoir). As crude
oil usually contains more hydrophobic
compounds than dirt in washing and clean-
ing applications, the hydrophobic surfac-
tant tail has to contain more than the usual
12—13 alkyl carbon atoms found in house-
hold detergents. Otherwise, reduction of
interfacial tension is rather small (e.g. from
20 mN/m to 1 mN/m). Furthermore, sur-
factant can be trapped by adsorption onto
the rock or by formation of viscous aggre-
gates. To offer solutions for the different
oil fields a tool box of surfactants is
needed. This allows the design of
suitable surfactant formulations matching
reservoir conditions. Anionic surfactants
such as organic sulfonates (like olefin sul-
fonates or alkyl benzene sulfonates) and
alkyl ether sulfates and non-ionic surfac-
tants such as alkyl ethoxylates are used
most often.

The use of bases such as sodium car-
bonate or sodium hydroxide transforms
carbonic acids (or their esters) present in
crude oils into natural surfactants. These
surfactants are cheap, because the bases
are inexpensive, but interfacial tension re-
duction is not large enough. Therefore, a
synthetic surfactant is needed. A suitable
combination of both delivers the needed
reduction of interfacial tension. In addi-
tion, use of a base reduces adsorption rate
of anionic surfactants on sandstone. The
rock surfaces become more negatively
charged and thus repel the anionic surfac-

water Qi'l/

‘ T L ] —

Fig. 6. Effect of surfactants.

tant. However, there are several limitations
for alkali. It cannot be used in presence of
hard water, and softening of water can be
very expensive in the case of medium or
high salinity fields. Alkali can also inter-
act with clays (swelling) and can lead to
formation of scale, which could block the
formation. Also, the formation of very vis-
cous water-in-oil emulsions can be prob-
lematic if too much natural surfactant is
formed by application of a high amount of
alkali. This can cause plugging of the for-
mation and delayed oil-water-separation of
produced liquid.

Status of Polymers and Surfactants
in CEOR

As development of surfactant formu-
lations matching reservoir conditions is
more time- and resources-consuming, the
‘easier’ polymer technology has been ap-
plied earlier on large scale. On the other
side, production of additional OOIP is lim-
ited as explained in sections before.

Today, high molecular weight par-
tially hydrolyzed poly acrylamide is used
in CEOR. Suppliers of such material are
SNF, BASF and Hengju. This chemi-
cal class was used first in USA, but the
breakthrough occurred during the 1990s in
China.l10.111 The Chinese oil field Daquing
(PetroChina, field discovered 1959) has
offered suitable conditions for polymer
flooding at medium temperature (~45 °C)
and low salinity (<7000 ppm TDS). Oil
viscosity is around 9 mPas at reservoir
conditions. By 2004 more or less half of
the area has been flooded with polymer.
Incremental oil recovery has been between
10-12% OOIP (based on the available 3.6
billion bbl OOIP). The second largest field
implementation in China has been at the
Shengli oil field (Sinopec). Polymer flood-
ing has led to additional recovery of <10%
OOIP (other parts of the field have more
challenging conditions).

Beside China, large-scale poly-
mer flooding is performed nowadays in
Canada.l['213] The Pelican Lake field con-
tains heavy oil (14°API, ~2000 mPas,
roughly 4 billion bbl OOIP),l'2.14] and the
temperature and salinity are low. Primary

recovery gave around 5% OOIP. Cenovus
started polymer flooding pilots in 2004,
CNRL started in 2005, and both were
successful. CNRL expects an increase of
ultimate recovery to 17% OOIP.['21 Both
companies have increased the number of
polymer injector wells (and are continuing
to do so) — e.g. Cenovus has around 170
wells injecting polymer (76 in 2008) and
CNRL had planned to drill another 63 poly-
mer injector wells in 2012.113-15]

For surfactants, several pilot trials are
known. Mostly a combination of alkaline,
surfactants and polymer (ASP-flooding)
is used. Surfactant and alkaline deliver
ultralow interfacial tension and polymer
gives the mobility control. Usually a slug
containing the three components is in-
jected first followed by a second slug of
polymer only. For example, the former
Swiss company Ciba Specialty Chemicals
(now part of BASF) delivered hydrolyzed
poly acryl amide to two ASP-pilots in the
Cambridge field (USA) and the Daquing
field (China).l'617] The pilot in Daquing
has shown production of another 18%
OOIP due to ASP flooding. In the case of
Cambridge the combination of primary,
secondary and tertiary recovery led to pro-
duction of 60% OOIP. Several other pilots
in Daquing reported up to 25% OOIP in-
cremental recovery rate for ASP flooding.
Beside in China, ASP pilots have also been
conducted in North America (USA and
mainly Canada). Canadian oil producer
Cenovus started a pilot in 2007 at a small
part (~ 3 million bbl OOIP) of the oil field
Suffield.[!8] Primary and secondary recov-
ery were ~25% OOIP, while ASP-flooding
led to production of another ~14% OOIP.
As it is more than 10% OOIP and thereby
economical, Cenovus has decided to triple
pilot size in another heavy oil pool. Another
Canadian oil company — Husky — already
has several ASP-flooding projects at their
fields Gull Lake, Fosterton, Warner, and
Crowsnest.[13]

Promising New Products to Match
Challenging Field Conditions

In 2011 new polymers with promising
performance in laboratory tests were pre-
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sented.[19201 They are targeted to demand-
ing oil fields with high salinity.

BASF has developed a hydrophobic
associative acrylamide-based copolymer,
which shows much higher viscosity than
partially hydrolyzed poly acrylamide in
presence of seawater (35000 ppm TDS) or
high salinity water (186000 ppm TDS).[19]
In contrast to many other hydrophobic as-
sociative polymers for CEOR, it has an
unusual thermothickening behavior with a
maximum value around 60 °C. This makes
it interesting for application at elevated
temperatures.

Wintershall has presented new test
results on Schizophyllan,297 a homo-glu-
can produced by fermentation. Due to its
tertiary structure (rigid triple helix) this
biopolymer can be used even under very
harsh conditions — high salinity and high
temperature of up to 130 °C. Performance
is currently evaluated in a field test in the
German oilfield Bockstedt, which has a sa-
linity of around 186000 ppm TDS.

Outlook

As described in the last two chapters,
application of surfactants and polymers
can lead to re-vitalization of matured res-
ervoirs. The number of CEOR projects is
growing strongly. The direction for further
development of CEOR is to offer solutions
even for harsh field conditions. All these
points illustrate that CEOR is an innova-
tion with the potential of strong impact on
future energy supply.
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