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Introduction  

Carbon capture and sequestration (CCS) technology is advancing, and possible 

applications range from enhancing recovery of oil to mitigating effects of climate change.  

There are three general options for carbon capture being pursued; currently, post-

combustion capture is the most highly developed option.  The reader is referred to an 

excellent review by Rubin and colleagues which surveys these options and highlights 

current difficulties associated with carbon capture (e.g., cost; Rubin et al., 2012).  The 

focus of this briefing paper will be on post-capture stages of CCS.  CO2 must be 

transported to and sequestered in appropriate geological formations.  Consequently, this 

paper will examine the need for CCS, transportation and sequestration of CO2, and one 

sequestration option in particular, enhanced oil recovery (EOR).  To illustrate these 

concepts, examples of CCS and EOR located in the West will be described. 

Value of CCS  

There are three certainties that lend value to CCS.  First, combustion of fossil 

fuels results in CO2 formation.  When this combustion product is associated with human 

activity, it is termed anthropogenic CO2.  Second, CO2 concentration in the Earth’s 

atmosphere has increased markedly since the beginning of the Industrial Age.  CO2 is a 

so-called greenhouse gas, meaning that it traps some fraction of infrared energy reflected 

from the Earth’s surface.  This trapping of energy elevates temperatures at the Earth’s 

surface.  While less certain, a majority of climate scientists hypothesize that increased 

atmospheric concentration of CO2 is causally linked to anthropogenic CO2 formation.  

Third, injection of CO2 enhances recovery of oil from mature oil fields while 

sequestering CO2.  These three certainties make CCS important to consider.  

The two principal sources of anthropogenic CO2, both in the U.S. and in the 

world as a whole, are the electrical power-generating and transportation sectors (Wilcox, 



2012).  There has been much emphasis on capturing CO2 from fossil fuel-fired power 

generation plants.  They are stationary sources of CO2 and relatively few in number, and 

therefore amenable to carbon capture.  The transportation sector is currently less 

amenable due to its mobile and much more numerous CO2 sources. 

Major stages of CCS 

The schematic figure below illustrates the major stages of CCS.  CO2, a 

byproduct of electrical power generation from fossil fuels (2 in figure), is available for 

capture.  After capture, CO2 is compressed prior to being transported by pipeline (3).  It 

is then injected (4) and sequestered in deep saline aquifers and depleted oil and gas fields 

(5), the two principal options currently available.  Alternatively, captured CO2 can be 

used for enhancement of oil and/or gas recovery (1), and in this process be sequestered in 

the hydrocarbon-bearing formation. Sequestration of CO2 can occur offshore (e.g., North 

Sea), as indicated in the figure, or onshore, as would likely occur in North America. 

 

(figure from Haszeldine, 2009) 



Transportation and sequestration 

After capture, CO2 must be transported by pipeline to its site of sequestration.  

For transportation CO2 is compressed, at a minimum of 31 C and 7.38 MPa (~55,355 

mmHg), to the supercritical phase (Kaldi et al., 2009).  In its supercritical phase, CO2 has 

properties of both a liquid and gas and is therefore denser than in exclusively gaseous or 

liquid form.  This has economic benefits for transportation.  

Captured CO2 has typically been vented rather than sequestered, so experience 

with CO2 sequestration is limited.  Nonetheless, there are two types of geological 

formations as promising options for carbon sequestration:  deep saline aquifers, with an 

estimated worldwide sequestering capacity of 1000-10,000 gigatonnes of CO2, and 

depleted oil and gas fields, with an estimated 675- to 900-gigatonne capacity for 

sequestration (Kaldi et al., 2009).  Advantages of saline aquifers include their wide 

distribution and large storage capacity, whereas disadvantages are limited geological and 

engineering data and, consequently, unknown containment potential.  Advantages of 

depleted oil and gas fields include an abundance of geological and engineering data and 

proven containment potential (i.e., hydrocarbon trapping for geological history time 

frames); pore collapse and, as a result, limited storage capacity are potential 

disadvantages.  Additional options for sequestration are deep (unmineable) coalbeds and 

oceanbeds.  

 There are several criteria for evaluating a geological formation for its sequestering 

potential.  First, formations must permit cost-effective storage of CO2; this requirement 

obligates porous rock (in the case of depleted oil and gas fields) or large volumes (in the 

case of deep saline aquifers) in order to store large amounts of CO2.  Second, formations 

must prevent CO2 leakage.  CO2 can be trapped by any of a number of mechanisms, 

including structural (i.e., same mechanism as hydrocarbon trapping), hydrodynamic, 

residual gas, solubility (i.e., salinated water), and/or mineral trapping mechanisms.  

Mineral trapping is the most secure mechanism in that CO2 is incorporated into carbonate 

minerals and is therefore immobile.  The contributions of these mechanisms likely 

change over time, as illustrated in the figure below. 



 

(figure from Kaldi et al., 2009) 

Third, sequestering formations must be deep to avoid CO2 sequestration interfering with 

other geological formations such as groundwater aquifers.  In order to locate potential 

sites, regional characterization is conducted first, followed by geological characterization 

of a region to identify possible sites for sequestration.  To characterize geologically, 

several factors must be considered; storage capacity, injectivity potential, and 

containment are most important.  Finally, engineering and socioeconomic 

characterization must be carried out.  The latter estimates capital and operating costs.    

Once sequestered, monitoring is required to ensure that CO2 remains in the 

desired geological formation.  Monitoring involves direct and remote sensing 

technologies, employed both on the surface and in the injection well.  Consequences of 

CO2 leakage could be profound.  A study by Siirila and colleagues (2012), for example, 

modeled effects on human health of CO2 migration from deep sequestering formations to 

shallow groundwater aquifers.  A pH shift to greater acidity, resulting from CO2 leakage 

into groundwater, can lead to mobilization of toxic metals detrimental to human health.  



Siirila and coworkers modeled effects of arsenic and lead on carcinogenic and non-

carcinogenic risk; these two metals have a variety of deleterious human health effects.  

They found that carcinogenic and non-carcinogenic health risks had linear relationships 

with arsenic concentration; in addition, arsenic’s effects were greater than those of lead 

for both categories of health risks. 

One additional risk of CO2 sequestration, present at the time of injection into the 

desired geological formation, is induced seismicity.  Although sound engineering 

practices should minimize this risk, a recent report from a National Research Council 

committee concluded that injection of CO2 into wells poses seismic risk (Committee on 

Induced Seismicity Potential in Energy Technologies, 2012).  This risk appears to 

increase with imbalance between fluid injection and withdrawal volumes.  Such an 

imbalance would lessen if CO2 injection was used to enhance oil recovery rather than 

simply injected without any fluid removal.    

EOR - Overview 

In addition to depleted oil fields, mature oil wells represent a potential site for 

CO2 sequestration that would occur in conjunction with EOR.  Increasing the recovery of 

oil from mature fields is desirable.  Additional U.S. oil production attributable to EOR is 

currently estimated to be 300,000 barrels/day (Energy Information Administration, 2011).  

Currently, CO2 for EOR is chiefly derived from natural sources.  In the Permian basin of 

West Texas, for example, more than 80% of CO2 used in EOR is obtained from natural 

sources in Colorado and New Mexico (Wilcox, 2012).  CO2 also shows promise for 

enhancing coalbed methane and shale gas production. 

A typical oil production curve is shown below; the purpose of EOR is to shift this 

curve upward.  This additional production of oil is termed incremental production by the 

oil and gas sector. 

    

 



 

Types of EOR 

EOR can be categorized into three major types, thermal, chemical and gas 

injection, and can be applied to two major types of sedimentary rock containing 

hydrocarbons, siliciclastic and carbonate (Alvarado & Manrique, 2010).  While thermal 

and chemical EOR have been historically important, gas injection EOR has been 

assuming greater importance in the new millennium. 

Thermal EOR includes two important sub-types, cyclic steam injection and 

steam-assisted gravity drainage.  The former has been used extensively in North America 

(e.g., Kern River field in California), while the latter has been employed in oil sands such 

as the McMurray formation of Alberta (Alvarado & Manrique, 2010).  Polymer flooding 

has been the most commonly used chemical EOR option, but this option’s use peaked in 

the 1980s (Alvarado & Manrique, 2010). 

Gas injection EOR is most appropriate for light, condensate and volatile oil 

reservoirs, and for carbonate formations with their low porosity and fractured 

characteristics (Alvarado & Manrique, 2010).  Natural gas, nitrogen (N2) and CO2 are the 

most common gases injected.  The injected gas and oil are miscible (i.e., mix in all 

proportions).  As a result of this miscibility, oil becomes less viscous and flows more 



easily to the wellbore (Gerritsen & Durlofsky, 2005), while CO2 is sequestered in the 

formation.  The Permian basin of West Texas is an example of a carbonate formation in 

which CO2 has been used extensively for EOR, given the availability of nearby natural 

sources of CO2 and pipelines for transportation of CO2 to this basin. 

Other EOR considerations 

Economics.  Whether CCS-EOR is economically advantageous, as is the use of 

natural CO2, depends on costs versus incomes.  Costs include those of carbon capture and 

compression, transportation, storage and EOR, while incomes include revenue from the 

incremental oil production associated with EOR and, potentially, carbon credits 

(Alvarado & Manrique, 2010).  As the figure below shows, capture and compression 

represent the most significant cost with CCS-EOR and one that is not associated with 

using natural CO2.  The figure also helps to appreciate how volatility in both oil and 

carbon prices can affect revenues and, consequently, economic viability of CCS-EOR.  In 

this figure, in August, 2009 revenues from oil sales ($75/barrel) and carbon credits 

($25/tonne CO2) nearly offset costs of CCS-EOR, whereas in February, 2009 revenues 

($40/barrel and $15/tonne) would not approach matching costs. 

 



(Cap&Compr, Capture & Compression; Transp, Transportation; EOR, enhanced oil 

recovery; Oil Rev, Oil Revenue; Tot, Total; redrawn from Alvarado & Manrique, 2010) 

Life cycle CO2 emissions.  While it is clear that use of anthropogenic CO2 in EOR 

sequesters CO2, it is less certain whether CCS-EOR will result in a net sequestration of 

this greenhouse gas.  This uncertainty stems principally from the fact that incremental oil 

production will be combusted.  Jaramillo and colleagues (2009) examined this issue using 

life cycle analysis of 5 CCS-EOR systems.  Interestingly, all projects demonstrated net 

CO2 emissions, as illustrated in the figure below.  Combustion of products derived from 

incremental oil production was the primary contributor to net emissions, rather than 

sequestration, of CO2; indeed, CO2 emissions from combustion of incremental oil alone 

exceeded that sequestered.  These considerations, as well as the economic considerations 

mentioned above, illustrate the complexity of applying CCS. 

 

(from Jaramillo et al., 2009) 

Examples of CCS-EOR 

These projects illustrate all major stages of CCS, including carbon capture, 

compression and transportation, as well as use of CO2 in EOR and, in that process, 

sequestration of this greenhouse gas. 

Weyburn-Midale project.  This project, located in Southeastern Saskatchewan, 

employs EOR to achieve incremental oil production from the mature (50-year-old) 

Weyburn-Midale carbonate oil field.  Employment of EOR has increased recovery from 



35% to 50% of oil-in-place (Whittaker et al., 2011).  Cenovus Energy began conducting 

EOR in the Weyburn field in 2000, and Apache Canada initiated use of EOR in the 

Midale field in 2005.  Total incremental production will ultimately be more than 200M 

barrels of oil, and life of this mature oil field will be extended by more than 30 years 

(Whittaker et al., 2011).  In executing EOR, more than 18M tonnes of anthropogenic CO2 

(as of 2010) have been sequestered at a depth of approximately 1500 meters.  Some CO2 

sequestration occurs during EOR (approximately 50% of injected CO2); CO2 in produced 

oil is captured and re-injected for sequestration (Whittaker et al., 2011).  The 

International Energy Agency-sponsored Weyburn-Midale CO2 Monitoring and Storage 

Project, which consists of two phases (currently in Final Phase), is gathering considerable 

stratigraphic, pressure, hydrochemical and temperature data in order to determine CO2 

movement at injection sites, and is also modeling the fate of injected CO2.  Interestingly, 

the Province of Saskatchewan has foregone sales tax revenues from the purchase of CO2, 

as well as lowered its royalty rates, to enhance project economics (Whittaker et al., 2011).   

 Anthropogenic CO2 is sourced from the Dakota Gasification Company’s Beulah 

coal gasification complex near Bismarck, North Dakota.  This complex produces natural 

gas (via methanation of syngas) and CO2 from low-grade lignite coal.  CO2 capture 

efficiency is approximately 50%.  After compression, CO2 is transported by a 200-mile-

long pipeline to the Weyburn-Midale oil field for EOR.                  

Hydrogen Energy California (HECA) project.  The HECA project, located near 

Bakersfield, California, is a polygeneration project in that it will both generate electrical 

power (405-MW capacity) and chemicals (fertilizer, urea ammonium nitrate, anhydrous 

ammonia; Scanlon, 2012).  Power generation will occur via integrated gasification (using 

a coal/petroleum coke mixture as feedstock) combined cycle technology, which will 

generate hydrogen (H2) that will be combusted.  In addition, some H2 will be reacted with 

N2 to produce ammonia.  The CO2 generated in the process will be captured, and then 

compressed and transported to Occidental Petroleum in the Elk Hills oil field.   

Occidental will use this CO2, forecast to be about 3M tons/year, to enhance oil 

production from the aging Elk Hills field.  Occidental estimates that incremental 



production of 5M barrels of oil/year will occur due to EOR.  In the EOR process, CO2 

will be sequestered in the Stevens reservoir of this oil field.  The HECA project is unique 

in that, unlike most EOR conducted in the U.S., anthropogenic rather than natural CO2 

will be used.  Injection wells into which CO2 is injected are classified as Class VI by the 

Environmental Protection Agency (EPA).  The Division of Oil, Gas and Geothermal 

Resources (DOGGR) of the California Department of Conservation may assume 

responsibility for regulating Class VI wells under the state’s Underground Injection 

Program that protects underground drinking water (Scanlon, 2012).  The DOGGR has not 

yet been granted responsibility for regulating these wells, given that EPA regulations for 

Class VI injection wells were only recently promulgated.  In addition the U.S. 

Department of Energy, a HECA project investor and the federal agency responsible for 

evaluating impacts of the project, and the California Energy Commission are preparing 

the environmental impact statement required by the National Environmental Policy Act, 

Additional information 

The following websites are recommended for additional information: 

1. http://www.dakotagas.com 

This is the website of the firm that gasifies coal and captures CO2 for transportation to the 

Weyburn-Midale oil field for EOR.  They provide succinct explanations of coal 

gasification, carbon capture, and transportation by pipeline. 

2. http://hydrogenenergycalifornia.com 

This is the website of the firm that is developing the polygeneration project near 

Bakersfield, California and will send captured CO2 to the nearby Elk Hills oil field for 

EOR.  The website includes simple yet informative schematic figures of their processes. 

3. http://www.undeerc.org 

This website is maintained by the University of North Dakota Energy & Environmental 

Research Center, and reflects work of the Plains CO2 Reduction (PCOR) Partnership.  

PCOR is one of seven regional partnerships funded by the U.S. Department of Energy’s 

Regional Carbon Sequestration Partnership Initiative, and includes Alberta and portions 

of Montana and Wyoming.  Additional regional partnerships with WIEB members 

include the Big Sky Carbon Sequestration Partnership (Montana, Wyoming, Idaho, 



Washington, Oregon), the West Coast Regional Carbon Sequestration Partnership 

(Arizona, Nevada, California, Oregon, Washington, British Columbia), and the 

Southwest Regional Partnership on Carbon Sequestration (Nevada, Arizona, Utah, New 

Mexico, Colorado, Wyoming).  PCOR produces the PCOR Partnership Atlas, a 

professional publication that uses maps and schematic figures to explain CCS.       
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