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GOLDEN, CO.–Enhanced oil recovery projects traditionally
ebb and flow in sync with commodity prices. With oil prices in
the range of $40-$75 a barrel over the past few years, it is no sur-
prise that the number of projects combining EOR processes with
advanced monitoring and well technologies are increasing.

Advances in monitoring systems and well technologies in
the oil and gas industry have allowed innovative reservoir per-
formance and production operation tracking, which leads to im-
proved sweep efficiency, increased oil recovery and extended
reservoir production life. However, reservoirs with poor finan-
cial performance generally do not justify the use of advanced
monitoring and well technologies, especially when prices are
low. Therefore, the decision to acquire the data needed in mon-
itoring systems and to install smart completion technology or
downhole sensors, among others, should always provide for a
cost/benefit analysis.

Without a doubt, advanced monitoring and well technologies
have contributed to maximizing oil recovery and asset values.
However, to evaluate their impact on EOR, it is first necessary
to analyze onshore and offshore field experiences separately.
This analysis then leads to a review of improved oil recovery
(IOR) techniques, new drilling and production technologies, and
primary and secondary recovery processes (Figure 1).

Recognizing that primary and secondary production schemes

generally result in recoverable reserves in the range of 30-40
percent, the gas and oil industry has been focused more on IOR
and related technologies in the past decade (with the exception
of EOR projects), especially in offshore field development plans.

Onshore Versus Offshore

EOR onshore projects have been influenced strongly by eco-
nomics and crude oil prices during the past two decades. Initi-
ating EOR projects depend on how prepared and willing in-
vestors are to manage EOR risk and economic exposure, and
to weigh the availability of more attractive investment options.
The history of EOR field projects clearly shows that they have
been applied mainly in onshore fields because of the constraints
of offshore platforms, the cost per barrel of offshore produc-
tion facilities, and the volatility of oil prices.

In addition, steam injection, carbon dioxide, and polymer
flooding have dominated onshore EOR projects. Although the
number of steam injection projects has declined in the United
States since the late 1980s (Figure 2), steamflooding still is the
dominant EOR process in heavy oils worldwide. At the same
time, steam-assisted gravity drainage (SAGD) was consolidat-
ed as an in-situ recovery process in the Athabasca oil sands.
Carbon dioxide floods, mainly as water-alternating gas (WAG),
are becoming more widespread, and CO2 sequestration com-
bined with EOR methods contribute to the growing interest in
this recovery strategy. 

With regards to EOR chemical methods, oil production has
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Production Enhancement

• Artificial lift optimization
• Well stimulation/conformance
• Well reactivation/recompletion
• Debottlenecking/upgrading facilities

Secondary Recovery

• Water injection
• Hydrocarbon gas injection

Drilling

• Infill drilling
• Well conversions
• Well pattern changes
• Re-entries
• Deepening
• Horizontal/multilateral wells

Enhanced Oil Recovery

• Steam injection
• Air injection
• Steam assisted gravity Drainage 
(SAGD)
• Polymer flooding
• Alkali-Polymer (AP)
• Alkali-Surfactant-Polymer (ASP)
• CO2 flooding
• WAG

IOR

Overview of Improved Oil Recovery
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Source: Oil & Gas Journal and Norwest Questa Engineering database.
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been negligible around the world except in Russia and China,
where polymer flooding is the most important EOR chemical
process. However, at current oil prices, some operators are look-
ing at chemical methods such as alkali surfactant polymer (ASP)
to revitalize mature waterflooded reservoirs. Finally, it must be
recognized that the application of EOR processes (other than steam
flooding, SAGD, CO2, and polymer flooding) has been limited,
either in the number of projects or the size of the projects.

Offshore field development relies more on drilling and well
completion technologies and comprehensive monitoring pro-
grams for primary and secondary recovery (gas flooding and
waterflooding). Regarding offshore EOR experiences, WAG
floods have been the most-used EOR method in the past decade,
especially in the Norwegian North Sea. 

Among different WAG projects ongoing or proposed in off-
shore fields, one of particular interest began in November 2002
at Dulang Field, Malaysia. This project re-injected produced
gas with CO2 content close to 50 percent. It represents a proj-
ect that may provide key operational insights for combined CO2
EOR/sequestration floods in offshore fields in the future. The
other most important offshore EOR project has been the mas-
sive nitrogen injection begun in 2000 in the giant Cantarell com-
plex, Yucatán Peninsula, in the Bay of Campeche, Mexico. 

An IOR survey for the North Sea determined most of IOR’s
future potential relies on:

• Hydrocarbon injection, WAG, simultaneous water and gas
injection (SWAG), foam-assisted WAG, CO2 flooding from an-
thropogenic sources, and microbial EOR/IOR (MEOR/MIOR),
based on the field experiences reported at Norne and Bokor fields
in Norway and Malaysia, respectively;

• Waterflooding, massive depressurization, and air injec-
tion; or

• Gas condensate, water additives, nitrogen, and flue gas
injection.

It is important to note that the average recovery factor in the
Norwegian Continental Shelf is reported to be 45 percent, and
has been targeted for 50 percent by the Norwegian Petroleum
Directorate. This average recovery factor has been achieved
mainly with waterflooding, gas injection and WAG, combined
with advanced monitoring and well technologies. 

On the other hand, offshore heavy oil reservoirs (API gravi-
ty lower than 19 and/or oil viscosity greater than 10 cp at reser-
voir conditions) are a challenge for operators in Brazil, China

and other regions, and no more than a 20 percent recovery fac-
tor is expected at present. The proposed alternative is to use
cold production in high productivity wells (long-reach extend-
ed horizontal wells) and water injection at a later stage. Moni-
toring by means of time-lapse or 4-D seismic is being consid-
ered to diminish infill drilling risk and consequently improve
reservoir management. 

Preliminary analysis, however, seems to show that classical
monitoring attributes are not sensitive enough (low contrast in
elastic properties) to track displacement fronts with fluid sub-
stitution for medium or heavy oil deep offshore fields under
water injection because of their similar densities.

During the past 15 years of using advanced monitoring and
well technologies, trends clearly suggest that few projects com-
bine these technologies with EOR processes.

Reservoir monitoring can be implemented using convention-
al or unconventional methods. Monitoring methods vary from
simple fluid production and injection history, pressure and tem-
perature measurements, production/injection logs, changes or
differences in production fluid chemistry, composition (e.g.,
estimates of commingled production using organic geochem-
istry methods), and tracer injection. However, only the use of
advanced monitoring methods such as 4-D seismic and optic
fibers in IOR processes will be discussed in this article.

4-D Seismic

4-D seismic reservoir monitoring, or time-lapse seismic, has
the potential to significantly increase recovery in existing and
new fields. Changes in fluid saturation, pressure and tempera-
ture during production can induce changes in a reservoir’s den-
sity and compressibility that can be detected by differentiating
repeated seismic data. As a result, seismic data can be used to
track fluid movement in the reservoir, identify unswept areas
or bypassed oil, delay injection fluid breakthrough, and opti-
mize infill well locations.

Most of the successful 4-D examples are sandstone reser-
voirs, with carbonate and chalk reservoirs successful to a less-
er extent. Additionally, most of the 4-D seismic surveys have
been run in offshore fields. A review of 4-D seismic projects
developed by Norwest Questa shows that out of 40 surveys,
only 11 were run in onshore fields (Figure 3).

While large scale offshore 4-D seismic has been performed
mostly in reservoirs under water and WAG injection, onshore
4-D seismic has been developed in waterflooding, steam injec-
tion (e.g., Cold Lake cyclic steam injection and Christina Lake
SAGD projects) and CO2 injection (e.g., Weyburn and Hall Gur-
ney fields). However, it must be recognized that onshore 4-D
seismic mostly evaluates EOR pilots prior to full-field imple-
mentation, except for the steamflood monitoring program es-
tablished at Duri Field in Indonesia. 

Although several 4-D seismic projects have been success-
ful, some limitations of the technology have been reported, in-
cluding 4-D application in stiffer and low-porous rocks such as
carbonate rocks. One of the main reasons using 4-D seismic is
difficult in this type of rock is that the changes in seismic pa-
rameters are smaller than the background 4-D noise level. How-
ever, carbonate reservoir field experiences in Canada (Weyburn
Field), Kuwait (Sabiriyah Field), and the United States (Vacu-
um and Hall Gurney fields), in combination with recent joint
industry project initiatives and research programs on 4-D seis-
mic feasibility in carbonate rocks, will provide a better under-
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standing of the technology in these types of rocks.  
Carbonate rocks also represent a crucial issue for future

CO2/EOR sequestration projects, given that at least half of the
CO2 floods ongoing in the United States are in carbonate for-
mations in the Permian Basin of Texas and New Mexico. There-
fore, safety and environmental issues will drive technology de-
velopments for CO2 storage and monitoring for a long time. At
the first industrial scale CO2 storage project in Norway (Sleip-
ner Field), 4-D seismic proved that the technology can be used
successfully to track CO2 movement in sandstone reservoirs.

Other documented limitations of 4-D seismic are those re-
lated to the repeatability and resolution of seismic data and the
associated costs to justify the investment. However, some
methodologies for estimating the value of the information on
4-D seismic acquisitions have been proposed. These methods
are based on decision-risk analysis compared to the expected
economic value (e.g., optimum well location, increased oil re-
serves) with and without the seismic information.

Despite the reported limitations of 4-D seismic, operators,
especially in offshore fields, are considering integrating ad-
vanced monitoring and well technologies with 4-D seismic to
increase their projects’ total value. Among the technologies
considered for improved reservoir surveillance is permanent
ocean-bottom seismic combined with downhole instrumenta-
tion for fast updates of geological and reservoir models. In Val-
hall Field in the Norwegian North Sea, a fieldwide permanent
seabed seismic array was installed. From October 2003 to the
end of 2005, six surveys over five months demonstrated that
the technology is already in place to monitor a chalk reservoir
under water injection. This approach is part of the concept of
“field of the future,” i.e., fields or smart fields proposed by sev-
eral operators.

Fiber Optics

Real-time downhole flow data have been widely acknowl-
edged to be of significant value for optimizing well and reser-
voir performances. This is particularly important in controlling
high well costs and the high costs of deferred production in
complex multizone and multilateral completions. To assist in
gathering this data, the number of permanent fiber optic moni-
toring systems has dramatically increased, and they have been
installed worldwide in high-pressure and high-temperature en-
vironments.

Ten years ago, fiber optics technology was considered to be
expensive and difficult to install, with limited applicability. One
example of the difficulties occurred in Tia Juana Field,
Venezuela, when the fiber broke during steam injection because
of thermal expansion. After this experience, a new fiber optic
was installed and successfully used to monitor steam channel-
ing into the producer as well the progressive development of
the steam chamber over time. Today, fiber optics has multiple
applications in the oil and gas industry and the cost of the tech-
nology has decreased because of the experience gained and the
number of installations around the world. 

Permanent optical monitoring systems that include pressure
and temperature and distributed temperature sensing have been
reported extensively in onshore and offshore fields. Other fiber
optic applications involve single and multiphase flow-meters,
steam quality and seismic sensors, while future technology ap-
plications include distributed pressure sensing and sand pro-
duction, among others.

Permanent fiber optic monitoring systems are being or have
been installed in offshore fields in the North Sea (Douglas Field,
U.K.; Sleen Field, Netherlands), the Gulf of Mexico (Marco
Polo Field), Asia (Azeri Field, Azerbaijan), and South America
(Trinidad), among others, as part of intelligent completions of
multiple zones. Although most of the applications are for track-
ing temperature and pressure measurements in water and/or gas
injection, optical flow meters also have been reported but to a
lesser extent. Mars Field (Gulf of Mexico, October 2000), Nimr
Field (Oman, May 2001), and Mahogany Field (Trinidad, March
2002) reported the installation of optical flow meters in pro-
ducing wells. Most recently (May 2004), a single-phase flow
meter was reported in a WAG injector at Veslefrikk Field in the
Norwegian North Sea. Optical flow meters have been operat-
ing successfully for two years in water and gas injection rang-
ing in temperatures from 125 C (reservoir temperature) to be-
tween 15 degrees C and 30 degrees C during the water injection
period.

Most of the onshore EOR applications documented are, as
expected, in steam and CO2 injection projects using fiber optic
technology to monitor well and pattern performance for reser-
voir management. Some of the EOR field experiences that have
been reported are:

• Steam injection at Duri Field (Indonesia) and Cymric,
Kern River, McKittrick and West Coalinga fields (California);

• SAGD projects in Canada and a pilot at Tia Juana Field
(Venezuela); and

• CO2 WAG pilot (one injector and four producers) at
Cogdell Field (Texas).

Again, EOR field experiences with fiber optic monitoring
technologies have been limited. The main reasons are because
of the risk of failures, lack of documentation and the high ini-
tial costs because of both the technology and the volatility of
crude oil prices during the past decade. However, that could
turn around with the acquired experience of the past few years
and the rising prices of energy markets. 

Since fiber optic monitoring technologies can be implement-
ed gradually on a well-by-well basis and provide desirable as-
set life-cycle (primary, IOR, EOR) information, they appear to
have the potential for the greatest near-term impact, both off-
shore and onshore. Historically, conventional and unconven-
tional primary production efficiencies have been depressed
through the lack of affordable and reliable production data from
individually completed intervals.  Injection and the subsequent
production of expensive secondary and EOR fluids only com-
pound the importance of this data.  As implementation costs
decline, interpretation techniques progress, and equipment ro-
bustness improves, this technology will increasingly become
standard operating procedure throughout the industry.

Well Technologies And EOR

Drilling and well technology advances have contributed to
the development of major offshore and onshore fields. Infill
drilling of horizontal wells, multilaterals and smart well tech-
nology have been some of the reservoir management strategies
implemented at many mature fields to produce remaining re-
serves and improve reservoir sweep efficiencies. 

Given the level of maturity of horizontal well technology in
water and gas flooding and in EOR processes (steam injection,
SAGD, WAG), this discussion will focus specifically on the use
of multilateral wells and smart completions in EOR processes.
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The use of advanced drilling technologies such as multilat-
eral wells–with and without smart well completions–has been
widely reported in Brazil, China, Indonesia, the Middle East
and the North Sea.  Most of these fields either are under water
or gas injection or both. A few cases either are developing or
considering the use of WAG processes with multilateral wells,
especially in the Norwegian North Sea (Gullfaks and Oseberg
fields). On the other hand, the use of multilateral wells in heavy
oil fields has been reported in onshore Venezuela (Zuata) and
Canada (Pelican Field). In the near future, we may see EOR
thermal projects combined with these advance wells–a new
challenge for the operators of these resources.

Intelligent (“smart”) well completions enable operators to
monitor and selectively modify producing zones while on stream
and without intervention. With intelligent well completions, it
is possible to collect, transmit, and analyze completion, pro-
duction and reservoir data for dynamic reservoir management
that provides better well control and production/injection
processes. 

Smart completions have been reported in Angola, Brazil,
Brunei, China, Malaysia, Nigeria, Norway, and the Gulf of Mex-
ico. In some cases, smart well technologies are combined with
monitoring techniques such as 4-D seismic, downhole measure-
ments, tracer injection, and/or special logging programs to fa-
cilitate better production control and reservoir characterization
that access bypassed reserves mainly under secondary recovery
methods. Again, most of the fields using smart well completions
either are under primary or secondary recovery, with the excep-
tion of some WAG projects reported in the North Sea. Finally,
in the last SPE/DOE symposium on IOR, an application of smart
well technology in a CO2 WAG project at SACROC Unit, Texas,
was reported. Results are promising after a year in operation,
especially because of the presence of hydrogen sulfide.

Status And Outlook

Advanced monitoring and well technologies have made small

contributions to oil production in EOR projects. Although there
is consensus on the benefits of advanced technologies in terms
of increased reserves and recovery efficiencies and reduced
costs and risks associated with well interventions (deferred pro-
duction), the industry has not maximized the value of these
technologies. Low crude oil prices and the high volatility of en-
ergy markets have joined with high EOR and advanced tech-
nology capital investments to limit projects combining both
technologies, with some exceptions. 

However, we believe that EOR and advanced monitoring and
well technologies will continue to develop in natural environ-
ments (onshore versus offshore) until more pilots and full-field
deployments combining both technologies are a reality. The lat-
ter will strongly depend on future energy demand and crude oil
prices. Therefore, the continuous evaluation of EOR opportu-
nities and development of methodologies to estimate the eco-
nomic value of advanced monitoring and well technologies will
be required.

From the perspective of EOR projects, we think steam in-
jection, including SAGD, and CO2 EOR/sequestration will con-
tinue to grow along with future projects that combine advanced
monitoring and well technologies. CO2 EOR/sequestration is
expected to be the driver of high technological EOR projects
in offshore fields in years to come, especially if carbon seques-
tration in geologic formations becomes a strategy used to re-
duce CO2 emissions from anthropogenic sources. However, this
will depend on the purchase price of man-made CO2 and the
development of a proper legal framework in individual coun-
tries. Recent evaluations have indicated the break-even price
for CO2 injection in a North Sea field is in the range of $23 to
$33 a barrel. Therefore, a combination of high oil prices and
new low-cost CO2 separation technologies from industrial emis-
sions, especially coal-fired power plants, will be required to
justify the capital investment required to develop such projects
in the near future. ❒ 
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