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ABSTRACT

Today, an increased emphasis on the distribution, potential volume,
and cost to develop CO2 geologic sequestration resources exists. In
the presence of climate change, the need tomake accurate and clearly
understandable assessments of carbon sequestration potential, which
can be used by the government and industry to plan for technology
deployment, has never been greater.We compare three CO2 storage
assessment methodologies: the approach applied by the U.S. De-
partment of Energy in its Carbon Atlas III, the modified U.S. Geo-
logical Survey methodology, and the CO2 Geological Storage
Solutions methodology. All three methodologies address storage re-
sources in porous geologic media in sedimentary basins, namely oil
and gas reservoirs and saline formations. Based on our analyses, these
methodologies are similar in terms of computational formulation.
We find that each of the proposed methodologies is science and en-
gineering based. As such, they are important in identifying the geo-
graphical distribution of CO2 storage resource and regional carbon
sequestration potential at the national and basin-scale levels for use
in energy-related government policy and business decisions. Policy
makers need these high-level estimates to evaluate the prospective
function that carbon capture and sequestration technologies can play
in reducing CO2 emissions over the long term. The value of these
high-level assessments of CO2 storage resource is to help inform de-
cisionmakers in governments and industry as to whether carbon cap-
ture and sequestration is a climate mitigation option worth pursuing
in particular regions.
University in 2009 and currently serves as a vis-
iting assistant professor in the Carnegie Mellon
University Department of Statistics. His research
interests include stochastic modeling of fields,
surfaces, and networks, and computational sta-
tistical methods.
INTRODUCTION

Basin-scale CO2 storage resource assessments in one form or another
have been conducted for approximately two decades (McKelvey,
Bobak Karimi � Department of Geology and
Planetary Science, University of Pittsburgh, Pitts-
burgh, Pennsylvania

Bobak Karimi is a Ph.D. student at the University
of Pittsburgh. His research focuses on geophysicalCopyright ©2012. The American Association of Petroleum Geologists/Division of Environmental

Geosciences. All rights reserved.
DOI:10.1306/eg.06011212002

Environmental Geosciences, v. 19, no. 3 (September 2012), pp. 105– 124 105



modeling of tectonic settings including Turkey,
Bolivia, and Pennsylvania. His research includes
stress and strain accumulation through modeling
and multidisciplinary validation, as well as three-
dimensional construction of subsurface units as
potential inputs for said models.

Angela Goodman � National Energy Technol-
ogy Laboratory, Department of Energy, Pittsburgh,
Pennsylvania

Angela Goodman is a physical scientist at the Na-
tional Energy Technology Laboratory. She earned
a B.A. degree and a Ph.D. in chemistry from Central
College and the University of Iowa, respectively.
Her research interests include CO2 sequestration
in geologic reservoirs with respect to storage ca-
pacity; CO2 capture from power plants using metal
organic frameworks; and characterization of
gas, liquid, and solid interactions using infrared
spectroscopy.

Kristin M. Carter � Bureau of Topographic
and Geologic Survey, Pennsylvania Department of
Conservation and Natural Resources, Pittsburgh,
Pennsylvania

Kristin Carter has been a geologist with the Penn-
sylvania Geological Survey since 2001 and currently
serves as Chief of the Petroleum and Subsurface
Geology Section in Pittsburgh, Pennsylvania. She
researches oil, gas, and subsurface geology for
the Commonwealth and also enjoys petroleum
history. Before her employment with the Pennsyl-
vania Geological Survey, Kristin worked for nearly
a decade in the environmental consulting field.
Kristin received her M.S. degree in geological sci-
ences from Lehigh University in 1993 and her
B.S. degrees in geology and environmental science
from Allegheny College in 1991.

ACKNOWLEDGEMENTS

This material is based on the work sponsored by
the U.S. Department of National Energy Technology
Laboratory under award no. FE0004000, CP-686,
to Carnegie Mellon University, Pittsburgh, Penn-
sylvania. We thank Granger Morgan for key tech-
nical advice.

EDITOR ’S NOTE

This manuscript was reviewed by three reviewers
and accepted for publication by Michele L. Cooney.

106 Comparative Analysis of Carbon Dioxide St
1972; van der Meer, 1992; Bergman and Winter, 1995; National
Energy TechnologyLaboratory (NETL), 2006, 2008, 2010; Bradshaw
et al., 2004;Dilmore et al., 2008; Bradshawet al., 2009; Burruss et al.,
2009; Michael et al., 2009a, b; Brennan et al., 2010; Goodman et al.,
2011). Today, an increased emphasis on the distribution, potential
volume, and cost to develop CO2 geologic sequestration resources
exists (Alley et al., 2007; van der Meer and Egberts, 2008; Dooley,
2010; Szulczewski et al., 2012). In the presence of climate change,
the need to make accurate and clearly understandable assessments of
carbon sequestration potential, which can be used by the government
and industry to plan for technology deployment, has never been
greater.

To implement carbon capture and sequestration (CCS) in in-
dustry applications, it is also essential to consider whether the re-
moval of CO2 from the atmosphere is best achieved through
underground geologic storage or use for other purposes. The latter
is referred to as “carbon capture, use, and storage,” and this term is
becoming increasingly interchangeable with CCS. The most com-
mon and well practiced options for CO2 use are enhanced oil recov-
ery and enhanced gas recovery petroleum production. Storage
resource assessments related to enhanced oil recovery and enhanced
gas recovery are not covered by this study.

The CO2 sequestration capacity that can actually be used is a
subset of the total resource, constrained by external factors, much
as oil and gas reserves are a subset of the total resource (McKelvey,
1972). Capacity assessments must include economic, legal, and reg-
ulatory constraints on physical sequestration resource estimates.
Under the most favorable geologic, economic, and regulatory sce-
narios, 100% of the estimated CO2 sequestration resource may then
be considered as CO2 storage capacity (Bradshaw and Bachu, 2007).
These scenarios are unlikely, however, because such ideal conditions
are rarely present.

This study compares three CO2 storage resource assessment
methodologies: the approach applied by the U.S. Department of
Energy (DOE) in its Carbon Atlas III (National Energy Technology
Laboratory [NETL], 2010), the modified U.S. Geological Survey
(USGS) methodology (Brennan et al., 2010), and the CO2 Geologi-
cal Storage Solutions (CGSS) methodology (Bradshaw et al., 2009;
Spencer et al., 2011).

CapturedCO2 can be stored in different types of subsurface geo-
logic formations. To be suitable for carbon sequestration, geologic
media must have (1) sufficient capacity and injectivity and (2) a seal
that will preclude the escape of CO2 and its return to the atmosphere
over geologically long periods. Geologic environments that could po-
tentially be used as permanent repositories for anthropogenic CO2

include depleted and/or depleting oil and gas reservoirs, deep saline
formations, unminable coal beds, and shale and basalt formations.
All three methodologies listed above address storage resources in
porous geologic media in sedimentary basins, namely oil and gas res-
ervoirs and saline formations. Methods to estimate the CO2 storage
orage Resource Assessment Methodologies



potential of unminable coal beds as well as shale and ba-
salt formations are not considered in this article.

Trapping Mechanisms

Several studies that examine the mechanisms of CO2

trapping in the subsurface exist (Dullien, 1992; Metz
et al., 2005; Bennion and Bachu, 2006; Burton et al.,
2009). Metz et al. (2005) described four of these trap-
ping mechanisms: structural and stratigraphic hydro-
dynamic trapping (physical), residual CO2 trapping
(physical), solubility trapping (geochemical), and min-
eral trapping (geochemical). The time scales associated
with geochemical trapping mechanisms are much larger
than those of physical trapping mechanisms and be-
come important when talking about very long-term re-
tention, that is, greater than thousands of years (Metz
et al., 2005).

The ability of a formation to store CO2 depends not
only on its porosity and permeability characteristics, but
also on its associated trapping mechanism(s). Reservoir
traps are formed when a permeable reservoir rock is
overlain or, otherwise, sealed by a low-permeability cap-
rock. A structural trap is created by structural defor-
mation (i.e., where folds and/or faults occur), and
stratigraphic traps are created by facies changes, uncon-
formities, or lateral and vertical changes in permeability.
In all cases, a physical barrier to flow exists—the fluid
cannot migrate out of the formation once it has been in-
jected (Bennion and Bachu, 2006). The caprock serves
as a barrier and prevents theCO2 leakage to the surface.
Bachu (2008) demonstrated that, in residual trapping, gas
bubbles are left behind a migrating CO2 plume when
water moves back into pore space during an imbibition
cycle, after it was expelled from the pore space during
a drainage cycle. These residual CO2 bubbles are immo-
bilized by capillary forces. In solubility trapping, CO2 dis-
solves in the formation brine. Finally, in mineral trapping,
dissolvedCO2 reacts with host rocks and ions in formation
water to precipitate carbonate minerals (Bachu, 2008).

ESTIMATION OF SEQUESTRATION RESOURCE
AND CAPACITY

Concepts and Approaches

Methodical evaluation of geologic CO2-sequestration
resources at large scales dates back nearly two decades;
thus, a substantial body of literature examining seques-
tration potential at the national, regional, or basin level
exists (van der Meer, 1992; Bergman and Winter,
1995; Bachu, 2003; Bradshaw et al., 2004; National En-
ergy Technology Laboratory (NETL), 2006, 2008, 2010;
Bachu et al., 2007; Dilmore et al., 2008; Burruss et al.,
2009; Dahowski et al., 2009; Frailey, 2009; Frailey and
Finley, 2009; Michael et al., 2009a, b; Brennan et al.,
2010; Goodman et al., 2011; Szulczewski et al., 2012).
Studies on sequestration resource evaluation at a basin
scale help us to understand how CCS technologies may
work in theory; these studies provide a preliminary as-
sessment of the prospective impact of CCS technology
deployment on CO2 emission reduction at the national
or regional level. The value of these studies is to inform
decision makers as to whether CCS is a climate mitiga-
tion option worth pursuing in those regions (Bachu et al.,
2007; Dooley, 2010).

Some published studies examine analytical equa-
tions as a means of providing a quick spatial character-
ization of a CO2 plume using minimal information for
a given range of reservoir conditions. Nordbotten et al.
(2005) presented a solution for viscosity-dominated re-
gimes.Dentz andTartakovsky (2009) introduced an ana-
lytical expression and used a calculation technique to
account for buoyancy-dominated regimes. Szulczewski
and Juanes (2009) presented a sharp-interface mathe-
matical model of CO2 migration in deep saline forma-
tions,which accounts for gravity override, capillary trap-
ping, natural groundwater flow, and the shape of the
plume during the injection period. The main outcome
is an analytical equation that defines the ultimate foot-
print of the CO2 plume and the time scale required for
complete trapping. The model is suitable for storage re-
source estimates by capillary trapping at the basin scale.

Other models have been developed to examine the
amount of CO2 that can be sequestered given the con-
straints on reservoir pressure (Zhou et al., 2008; Mathias
and Hardisty, 2009). Because these types of analytical
models consider pressure, they also allow injectivity con-
straints on capacity to be considered, that is, the rate at
which CO2 can be injected into a specific geologic for-
mation is limited by pressure conditions.

Models considering injectivity or the spatial extent
of injected CO2 require a significant amount of infor-
mation on reservoir properties and, as such, may only
be applied in cases where reservoir parameters are well
known, for example, for screening candidate reservoirs
for a specific CO2 sequestration project. For the assess-
ment of the sequestration potential of deep saline for-
mations on a basin scale, implementation of analytical
Popova et al. 107



techniques is difficult because little is typically known
about the subsurface structure of the formation(s) and
the reservoir properties.

A body of work that examines issues relating to
CCS regulation also exists. The CCSReg Project (2009,
2010) examined the technical capabilities, legal frame-
work, regulatory rulemaking, and administrative proce-
dures that must be developed to make deep geologic
sequestration of CO2 a practical reality in the United
States. Ghaderi and Keith (2009), McCoy and Rubin
(2009), and Gresham et al. (2010) considered issues
such as safety, environmental quality, reliability, liabili-
ty, cost effectiveness, project financing and manage-
ment, long-term stewardship, and political and social
feasibility associated with the life cycle of a CCS proj-
ect. Such findings are necessary for storage capacity as-
sessments, which include economic, legal, and regulatory
constraints on physical sequestration resource estimates.

Ideally, CO2 storage resource estimates should be
made on the basis of detailed geologic and geophysical
analysis andmodeling. However, high-level assessments
are required to understand where public and private
resources should be focused, as well as to provide a re-
gional understanding of the function that CCS can play
in reducing emissions. Whereas site assessments re-
quire detailed geologic and reservoir simulationmodel-
ing to determine if the site has the capacity to contain
the volumes proposed for injection, basin-scale esti-
mates need a more general, aggregated approach to al-
low high-level assessment of the total potential resource.
When a CO2 sequestration industry emerges, storage
resource and capacity estimates will be considered a
commodity.

The relationship between resource and capacity is
much like the relationship between resources and re-
serves in theNationalOil andGasAssessment (NOGA)
classification (Department of Interior, 2008), but with
the additional caveat that CO2-storage capacity esti-
mates must meet economic and regulatory require-
ments at the time of the storage assessment. Specifically,
resources are estimated quantities of a commodity, which
exist at a given time within a given geographic area or
jurisdiction. Resources are of two types: discovered
(in-place) and undiscovered (inferred). Reserves are es-
timated quantities of a commodity, which are known to
exist and are economically recoverable from known ac-
cumulations. Technology, economic, and regulation
cutoffs are used to define reserves as a subset of resources.
Similarly, a CO2 resource estimate is defined as the vol-
ume of porous and permeable sedimentary rocks, which
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is accessible to injected CO2 via drilled and completed
wellbores and includes estimates of geologic storage re-
flecting physical constraints but does not include eco-
nomic or regulatory constraints. A CO2 capacity esti-
mate includes economic and regulatory constraints,
such as land use, minimum well spacing, maximum in-
jection rate and pressure, number and type of wells, op-
erating costs, and proximity to a CO2 source.

The methodologies explored in this article—DOE
(National Energy Technology Laboratory [NETL],
2010), USGS (Brennan et al., 2010), andCGSS (Spencer
et al., 2011)—classify aCO2 resource as a volume of po-
rous sedimentary rocks available for CO2 storage and
accessible to injected CO2 under current technologies.
These methodologies address the technically accessible
resource that may be available using present-day geo-
logic and engineering knowledge and technology for
CO2 injection into geologic formations. The investi-
gated methodologies are not intended for CO2-storage
capacity assessment.

The DOE, USGS, and CGSS methodologies con-
sider only physical CO2 trapping mechanisms (i.e.,
structural, stratigraphic, and residual trappings), not
geochemical trapping mechanisms (i.e., solubility and
mineral trappings). Because time scales associated with
geochemical trapping mechanisms are much larger
than those of physical trapping mechanisms, the former
play an important function only when considering very
long-term retention (i.e., hundreds to thousands of
years) (Metz et al., 2005; Bennion and Bachu, 2006;
Burton et al., 2009). Because these threemethodologies
are intended to assess CO2 storage resource available for
immediate use, dissolution in brine andmineral precipi-
tation are not considered in the estimates presented
herein.

The methods for estimating subsurface volumes in
porous and permeable geologic formations used by
these approaches are widely applied in the oil and gas
industry for underground natural gas storage, ground-
water assessments, and underground disposal of fluids.
By and large, thesemethods can be divided into two cat-
egories: static and dynamic. Whereas dynamic methods
involve injection volumes and reservoir pressure calcula-
tions, static models require only rock and fluid proper-
ties. Static methods include volumetric models and
compressibility; dynamic methods use decline curve
analyses, mass (or volumetric) balance, and reservoir sim-
ulation results.

All three methodologies address two boundary
condition assumptions: open and closed systems. Open
Assessment Methodologies



boundary conditions imply that in-situ formation fluids
are displaced away from the injection well into other
parts of the formation or into adjacent formations.
Conversely, closed systems are fluid-filled formations
where fluid movement is restricted within the forma-
tion boundaries by impermeable barriers. Storage vol-
ume in the closed system is constrained by the compres-
sibility of the native fluids and rock matrix of the
formation. It is difficult to collect hydrodynamic data
on a basin-scale level to characterize closed-system
boundary conditions. Expectedly, the authors of the
three methodologies evaluated in this article base their
storage resource calculations on open systems in which
in-situ fluids are either displaced away from the injec-
tion zone into other parts of the formation or otherwise
managed.

Because detailed site injectivity and pressure data
are generally not available before CO2 injection or col-
lection of field measured injection rates and pressure
dynamics, all three methods use static volumetric mod-
els based on commonly accepted assumptions about
in-situ fluid distribution in porous media and fluid dis-
placement processes. The volumetric methods use a
relatively simple description of (1) formation topology
that includes formation thickness and area, (2) forma-
tion porosity, and (3) some type of factor that reflects
the pore volume that injected CO2 can fill.

Applicability

Subsurface units suitable for geologic CO2 sequestra-
tion are regarded as those located approximately 800 m
(2625 ft) or more below ground surface, such that the
increased pressure and temperature at depth are in excess
of the critical point of CO2. This means that CO2 in-
jected at these temperatures and pressures will be in a
supercritical condition. Fluids in a supercritical state, in-
cluding CO2, typically exhibit gaslike viscosity, re-
ducing resistance to flow relative to a liquid, and
liquidlike density, reducing the volume required to
store a given mass of fluid. Carbon dioxide exists as a
supercritical fluid at a temperature and a pressure
above a critical point: 304 K (87.53°F) and 7.38 MPa
(1070.38 psi; 73.8 bar), respectively. The 800-m
(2625-ft) criterion is only an approximation and varies
somewhat depending on the geothermal gradient and
formation pressure at a given site (Bachu, 2003).

Whereas the CGSS approach does not recommend
any specific screening criteria, theDOEandUSGSmeth-
odologies clearly define requirements for the formation
depth. The DOE recommends considering only forma-
tions deeper than 800 m (2625 ft, or the depth needed
to ensure that CO2 is in a supercritical phase) but does
not explicitly specify a lower depth limit. The USGS rec-
ommends formation depth limits of 914 m (2999 ft) and
3962 m (13,999 ft). The lower vertical limit of 3962 m
(13,999 ft) for a potential storage formation (SF) is based
on the imputed CO2 injection depth at pipeline pres-
sures without additional compression at the surface
(Burruss et al., 2009). Additionally, both methodolo-
gies recommend excluding from CO2 resource esti-
mates those formations with water having a salinity
less than 10,000 mg/L (or ppm) total dissolved solids
(TDS) regardless of depth to ensure that potentially po-
table water-bearing units according to the Safe Drinking
Water Act are not included or potentially affected by se-
questration activities (Environmental Protection
Agency [EPA], 2009, 2011).

DEPARTMENT OF ENERGY METHODOLOGY

For several years, a group of researchers led by Dr. Scott
Frailey at the Illinois State Geological Survey has col-
laborated through the DOE’s Regional Sequestration
Partnerships Initiative to develop this approach. The
methodology has been used in the three generations of
the National Carbon Atlas (National Energy Technol-
ogy Laboratory [NETL], 2006, 2008, 2010). The most
recent version of the DOE methodology is also pre-
sented in Goodman et al. (2011). The DOE Carbon
Atlas III (National Energy Technology Laboratory,
2010, p. 23) specifies the targeted storage resource as
follows: “Carbon dioxide storage resource estimates in
Carbon Atlas III are defined as the fraction of pore vol-
ume of sedimentary rocks available for CO2 storage and
accessible to injected CO2. Storage resource assessments
do not include economic or regulatory constraints.”

Oil and Gas Reservoirs

As a result of exploration for and production of hydro-
carbons, oil and gas reservoirs are among the better
known and characterized parts of a porous sedimentary
formation. Oil and gas reservoirs are discrete and sto-
chastically distributed over the host formation.

In the case of oil and gas reservoirs that are not in
hydrodynamic contact with an aquifer, the pore space
previously occupied by the produced hydrocarbons
becomes, by and large, available for injected CO2. In
Popova et al. 109



reservoirs that are in hydrodynamic contact with an
underlying aquifer, formation water enters the reservoir
as the pressure decreases because of production, reduc-
ing the pore volume available for CO2 storage. Carbon
dioxide injection can, to some extent, drive water out,
thus making more pore space available for CO2. How-
ever, not all of the pore space previously occupied by
formation fluids will become available for CO2 because
some residual fluids may remain within the pore space
due to capillary trapping.

The CO2 storage resource is calculated according
to:

GCO2 ¼ A hnjeð1� SwiÞ B rCO2std Eoil=gas ð1Þ

where

GCO2
= mass estimate of oil and gas reservoir CO2 stor-

age resource (M)
A = area of the oil or gas reservoir that is being assessed

for CO2 storage (L2)
hn = net thickness (net oil and gas column height in the

reservoir [L])
je = average effective porosity in volume defined by

the net thickness (L3/L3)
Swi = average initial water saturation within the total

area (A) and net thickness (hn) (L
3/L3)

B = fluid formation volume factor; converts standard oil
or gas volume to subsurface (L3/L3) volume at reser-
voir pressure and temperature (fraction)

rCO2std = standard density of CO2 evaluated at standard
pressure and temperature (M/L3)

Eoil/gas = CO2 storage efficiency factor, the volume of
CO2 stored in an oil or gas reservoir per unit volume
of original oil or gas in place (fraction)

The efficiency factor per se reflects the fraction of
the total reservoir pore volume from which oil and/or
gas has been produced and that can be filled by CO2.
The CO2 storage efficiency factor E involves the origi-
nal oil or gas in place and the recovery factor and can be
derived based on experience or reservoir simulations.
Factors not considered include CO2 miscibility into
oil, dissolution of CO2 into brine, and water flooding.
An appropriate reservoir volume factor (B) should be
used to scale oil or gas volume to subsurface volume
at reservoir pressure and temperature. Because CO2

storage resources for oil and gas reservoirs are reported
at the field level, assessment on a basin level can be per-
formed by summing up individual field estimates.
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Saline Formations

By definition, a deep saline formation is a body of porous
rock, which meets the depth conditions for CO2 stor-
age and which contains water with TDS greater than
10,000 mg/L (ppm). This specific threshold is defined
according to the SafeDrinkingWaterAct (Environmental
ProtectionAgency [EPA], 2009), stating that any ground-
water with salinity less than 10,000 mg/L (ppm) TDS has
the potential to be used as a water supply regardless of
depth. Therefore, the potential storage resources for CO2

in formations with salinities lower than 10,000 mg/L
(ppm) are excluded from assessment. Generally, any
given saline formation is amember of a sedimentary suc-
cession in a certain sedimentary basin or province.

TheDOEdifferentiates between physical and chem-
ical CO2 trapping mechanisms. Because chemical trap-
ping mechanisms are time-dependent processes requir-
ing hundreds to thousands of years to unfold, DOE does
not consider these mechanisms in calculating CO2 stor-
age resources at the basin and regional scales. The DOE
methodology focuses on buoyant (structural and strati-
graphic) and residual trappings, because, initially, those
are the leading trapping mechanisms.

GCO2 ¼ At hgjtot rCO2std Esaline ð2Þ

where

GCO2
= mass estimate of saline formation storage re-

source (M)
At = total area that defines the basin or region being

assessed for CO2 storage (L2)
hg = gross thickness of saline formation (L)
jtot = total porosity that accounts for the total volume

of pore space (L3/L3)
rCO2

= density of CO2 evaluated at a pressure and a
temperature that represent storage conditions ex-
pected for a given formation averaged over h and A
(M/L3)

Esaline= CO2 storage efficiency factor that reflects a
fraction of the total pore volume that is filled by
CO2. Esaline factors fall in between 0.40 and 5.5%
over the 10th to 90th percentile range.

Storage Efficiency Factor for Saline Formations

Efficiency factor, Esaline, is a scaling coefficient that incor-
porates the cumulative effects of formation heterogeneity
(geologic layering),CO2 buoyancy, and sweep efficiency.
Assessment Methodologies



No distinction is made between CO2 stored by various
mechanisms. More specifically, for saline formations,
the CO2 storage efficiency factor is a function of uncer-
tainty in input formation parameters such as area (A),
gross thickness (hg), and total porosity (jtot). Addition-
ally, four displacement efficiency constituents—areal,
vertical, gravity, and microscopic—incorporate different
physical barriers that restrain CO2 from occupying
100% of the formation pore volume. Because it is difficult
to discriminate the areal, vertical, and gravity displacement
terms for a heterogeneous geologic unit, these terms are
integrated by DOE into a single volumetric displacement
term, EV, following the International Energy Administra-
tion Greenhouse Gas R&D Programme (2009) report.

Efficiency estimates use statistical properties in-
cludingmean values, standard deviation, ranges, and dis-
tributions, which describe formation parameters. Little
information is known regarding the statistical character-
istics of saline formations because formation properties
are not well characterized. Based on results of previous
research, DOE assumes that saline formations do not
differ essentially from oil and gas reservoirs (Bachu
et al., 2007; Burruss et al., 2009; Gorecki et al., 2009;
International Energy Administration Greenhouse Gas
R&D Programme, 2009; Kopp et al., 2009a, b). The
DOE uses values provided by the International Energy
Administration Greenhouse Gas R&D Programme
(2009) for the 10th and 90th percentiles of geologic
and displacement parameters for the clastic, dolomite,
and limestone lithologies for saline formations.

Equation 3 defines the individual parameters needed
to estimate the CO2 storage efficiency factor Esaline for
saline formations:

Esaline ¼ EAn=At Ehn=hg Eje=jtot Ev Ed ð3Þ

where

EAn/At = the net-to-total area ratio, the fraction of the
total basin or region area that is suitable for
CO2 storage

Ehn/hg = the net-to-gross thickness ratio, the fraction of the
total geologic unit that meets minimum porosity
and permeability requirements for injection

Eje/jtot = the effective-to-total porosity ratio, the frac-
tion of total porosity that is interconnected

Ev = the volumetric displacement efficiency that inte-
grates the areal displacement efficiency (the frac-
tion of planar area surrounding the injection well
that CO2 can contact), the vertical displacement
efficiency (the fraction of vertical cross section or
thickness with the volume defined by the area that
can be contacted by the CO2 plume from a single
well), and the gravity displacement efficiency (the
fraction of net thickness that is contacted by CO2

as a consequence of the density and mobility differ-
ence between CO2 and in-situ water)

Ed = the microscopic displacement efficiency, the frac-
tion of water-filled pore volume, which can be re-
placed by CO2

In the DOE methodology, efficiency for saline for-
mations, as estimated byMonteCarlo sampling, is estab-
lished based on the P10 and P90 percentiles provided by
the International Energy Agency Greenhouse Gas R&D
Programme (2009) as follows:

Ehn/hg, fraction of total geologic unit that meets the
minimum porosity and permeability requirements
for injection (0.13–0.76)
Eje/jtot, fraction of total porosity that is effective,
that is, interconnected (0.53–0.77)
Ev, combined fraction of immediate volume sur-
rounding an injection well, which can be contacted
by CO2 (0.16–0.57)
Ed, fraction of pore space unavailable because im-
mobile in-situ fluids (0.27–0.76)

Because no recorded data for the net-to-total area
ratio are available (values will be very site specific), it
was assumed that CO2 could be stored in between 20
and 80% of the formation for the purposes of these sim-
ulations (National Energy Technology Laboratory
[NETL], 2006, 2008). The area EAn/At, thickness Ehn/hg,
and porosity Eje/jtot components establish the frac-
tion of the volume, which is suitable for CO2 sequestra-
tion. The volumetric displacement component (Ev)
corrects for the effective CO2 plume shape. The micro-
scopic displacement component (Ed) accounts for the
pore volume accessible by CO2.

Efficiency (Esaline) is estimated from the individual
efficiency coefficients in equation 3 byMonteCarlo sim-
ulation. Each individual factor in equation 3 is specified
by a fraction, p, ranging between 0 and 1. To represent
this fraction in Monte Carlo simulations, the log-odds
normal distribution, also known as the logistics normal
distribution, is selected. This distribution for p is prop-
erly constrained to the range (0,1), and the distribution
parameters can be readily computed from the P10 and
P90 ranges of geologic and displacement parameters
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presented by the International Energy Administration
Greenhouse Gas R&D Programme (2009).

In the log-odds normal distribution, the transformed
variableX ¼ lnð p

1�pÞ is normally distributed. The values
of P10 and P90 determine X10 and X90, which are then
used to compute mx and d. With parameters deter-
mined, XQl can be readily sampled with Monte Carlo
techniques. Then, the simulated X value is converted
back to the respective p value by the inverse equation:
p ¼ ð 1

1þe�XÞ. In applications of the DOE methodology
to date, the parameters are assumed and sampled in-
dependently (Goodman et al., 2011). However, should
data become available to estimate correlation among pa-
rameters, these could be incorporated in future studies.

The saline formation efficiency factors encompass
a range from a 10th percentile of 0.40% to a 90th per-
centile of 5.5% for clastic, dolomite, and limestone
lithologies. In comparison, the previous versions of
the Carbon Sequestration Atlas of the United States and
Canada reported the saline formation efficiency factors
ranging from 1 to 4% over the P15 and P85 percentiles
(NETL, 2006, 2008). P10 and P90 present lower and
upper bounds, respectively, which define a likely range
of efficiency factors. This range reflects various deposi-
tional environments and corresponding lithologies of
saline formations that occur in North America.

U.S. GEOLOGICAL SURVEY METHODOLOGY

The methodology proposed by USGS is consistent with
the resource-reserve pyramid concept (Bachu et al.,
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2007; Bradshaw and Bachu, 2007; International Energy
Administration Greenhouse Gas R&D Programme
(2009); Goodman et al., 2011) and equivalent with
the definition of a CO2 resource estimate as defined
by theDOE. The USGS approach is similar to probabil-
istic natural resource assessments in the USGS NOGA
and treats the geologic commodity of subsurface pore
space as a resource that can be assessed in a similar way
to other natural resources. The methodology devel-
oped by the USGS uses the concept of the storage as-
sessment unit (SAU), “a mappable volume of rock that
consists of a porous flow storage unit and a bounding
regional sealing formation. Within the SAU, the po-
rous flow unit is defined as the storage formation (SF)”
(Brennan et al., 2010, p. 7). Any part of the SF that is not
beneath the seal formation is excluded from the SAU. A
schematic cross section through a SAU is illustrated in
Figure 1.

In this conceptual framework, sedimentary basins
are subdivided into a series of SAUs. The USGS meth-
odology is based on two major calculations—those of
(1) the buoyant trapping storage resource and (2) the
residual trapping storage resource. The technically ac-
cessible storage resource for the SF as a whole is a sum
of the buoyant trapping storage resource and residual
trapping storage resource.

Buoyant Trapping

Injected into the subsurface as a separate fluid, CO2

displaces formation water and forms a buoyant plume
migrating updip beneath a seal away from the injection
Figure 1. Schematic cross
section through a storage as-
sessment unit (modified from
Brennan et al., 2010).
Assessment Methodologies



site. When CO2 encounters a trap enclosed by the seal,
the buoyant fluid continues to displace the formation
water, forming an accumulation in the same way that
hydrocarbons accumulate. The USGS methodology
defines the pore space within large geologic structures
that retain CO2 in this manner as buoyant trapping.
Because many of these structures include petroleum
reservoirs, and production data are available from the
oil and gas industry, the USGS base their buoyant trap-
ping storage resource estimates (BSR) on data from pe-
troleum reservoirs that have more than 500,000 barrels
of oil equivalent (BOE).

TheUSGSmethodology is applied in two steps. First,
the buoyant trapping pore volume (BPV), “a geologically
determined, probabilistic distribution of the volume of
the SF that can storeCO2 by buoyant trapping” (Brennan
et al., 2010, p. 10), is calculated. The USGS proposes
some default values to generate the BPV distribution:

1. The minimum BPV input is determined as the vol-
ume of known recovery of petroleum, scaled to sub-
surface volumes.

BPV MIN ¼ KRRES ¼f½ðKROIL þ KRNGLÞ
þ ½FVFOIL� þ ½KRGAS FVFGAS�g ð4Þ

where

KRRES = volume estimate corrected to reservoir condi-
tions (L3)

KROIL = the known recovery of oil (L3)
KRNGL = the known recovery of natural gas liquids

(L3)
FVFOIL = the formation volume factor for oil and nat-

ural gas liquids (fraction)
KRGAS = the known recovery of gas (L3)
FVFGAS = the formation volume factor for gas (fraction)

2. To evaluate a median BPV, an intermediate or best
guess estimate of buoyant trapping, the USGS uses
the reported mean values for USGS NOGA undis-
covered petroleum resource volumes. These mean
resource volumes allocated to the SF are scaled to
reservoir conditions using equation 4. The corrected
undiscovered NOGA volumes are then added to the
KRRES value to estimate the median BPV.

3. The USGS methodology does not specify how to es-
timate maximum BPV. They suggest, however, that
the maximum BPV input should include some esti-
mate of the volume of the total pore space that is
within large enclosures. It is likely that several dry
traps exist within the SF, and it is desirable to incor-
porate their volume into KRRES. However, because
no known available data sets on dry trap attributes
exist, evaluating any volume relevant to USGS
NOGA or KRRES values will be difficult.

A range of BPV values reflects the variety of basin-
specific conditions and can be evaluated in several ways.
The USGS methodology suggests that the assessment
geologist should estimate the buoyant trapping pore vol-
ume using the best engineering judgment and all avail-
able geologic data.

The buoyant trapping storage resource (BSR) is cal-
culated. The buoyant trapping storage efficiency (BSE)
is generally assumed to be lower than reservoir hydro-
carbon saturation because it is impossible for a rela-
tively low-viscosity supercritical CO2 fluid to displace
100% of a high-viscosity fluid, such as oil or water. The
buoyant trapping storage efficiencies used by USGS are
based on experimentally derived relative permeability
curves (Bennion and Bachu, 2006; Burton et al., 2009).
These values will likely change, however, when more
research or field data become available. A probabilistic
distribution of the density of CO2 is computed by the
assessment geologist based on an equation of state for
CO2, the upper and lower depth boundaries of the SF,
and geothermal and pressure gradients relevant for the
region. The buoyant trapping storage resource (BSR) is
obtained according to:

BSR ¼ BPV BSE rCO2
ð5Þ

where

BSR = mass estimate of the buoyant trapping storage re-
source (M)

BPV = pore volume available for buoyant trapping (L3)
BSE = storage efficiencyof buoyantCO2 storage (fraction)
rCO2

= density of CO2 evaluated at a pressure and a
temperature that represent storage conditions ex-
pected for a given SF (M/L3)
Residual Trapping

The methodology used by USGS to estimate the resid-
ual trapping storage resource is based on a multistep
procedure. The first step of the assessment process is
to define the SFpore volume. The proposed relationship
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for calculating pore volume in the SF is a probabilistic
product as follows:

SFPV ¼ ASV TPI fPI ð6Þ

where

SFPV = pore volume of the SF (L3)
ASV = the mean area of the SF (L2)
TPI = the mean thickness of the porous interval (ft),

where the porous interval is defined as the strati-
graphic thickness of the SF with a porosity of 8%
or higher (L)

fPI = the mean porosity of the porous interval (fraction)

The pore volume available for the residual trap-
ping is defined as the remaining SFPV that is not ac-
counted for the buoyant storage resource. A single
value is selected from the simulated BPV distribution,
and then this value is subtracted from the SFPV chosen
in the same Monte Carlo iteration:

RPV ¼ SFPV � BPV ð7Þ

where

RPV = residual trapping pore volume (L3)
SFPV = pore volume of the SF (L3)
BPV = pore volume of the SF (L3)

Next, theUSGSbreaks up the residual pore volume
into three rock classes or injectivity category allotments
depending on permeability, as presented in Table 1.

This approach assumes that the assessment geol-
ogist will obtain permeability values from databases, ex-
isting literature, and any other available sources. Based
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on these permeability values, the percentages of the
SF that comprise each class are estimated. Little is known
about reservoir properties for these parts of the SF be-
cause of limited field observations. Because the storage
efficiency values are notwell constrained, theUSGSpro-
poses to use a standard set ofminimum,mode, andmax-
imum values based on modeled values from Gorecki
et al. (2009). Using permeability data from the SF, the
RPV is then allocated between these three classes (R1PV,
R2PV, and R3PV).

The proposed relationship for calculating the resid-
ual storage resource for each rock class is:

RSR ¼ RPV RSE RPV rCO2
ð8Þ

where

RSR = the residual trapping storage resource as a prob-
abilistic product (M)

RPV = the residual trapping pore volume (L3)
Table 1. Rock Classes or Injectivity Category Allotments within a Storage Formation (from Brennan et al., 2010)
Rock Class
 Permeability
 Storage Efficiency (based on Gorecki et al., 2009)
Class 1
 High, >1 d
 Storage efficiency values for these rocks are generally lower than class 2 rocks as a result of
high mobility of a CO2 plume and lack of pore-scale residual trapping.
Class 2
 Moderate,
1 md–1 d
Highest storage efficiency values as a result of the presence of full range of potential residual
trapping types.
Class 3
 Low, <1 md
 Low storage efficiency values, with minimum and mode values approaching or equal to zero,
given that little CO2 will enter these rocks without artificially fracturing the rock. However,
maximum values for different lithologies are considered, covering the possibility that some
mass of CO2 could enter and be stored within this part of the storage formation.
Table 2. Suggested Storage Efficiency Ranges, Based on the Set

Modeled by Gorecki et al. (2009)
Rock Class
Assessment Methodologies
Suggested Storage Efficiency Values
Class 1
 Minimum, 1%

Mode, 5%
Maximum, 7%

Class 2
 Minimum, 1%
Mode, 7%

Maximum, 15%
Class 3
 Minimum, 0%

Mode, 0%
Maximum, 7%



RSE = the residual trapping storage efficiency, sampled
from the predetermined probability distributions.
The suggested storage efficiency ranges are provided
in Table 2 (fraction)

rCO2
= the density of CO2; a probabilistic distribution

of the density of CO2 is calculated by the assessment
team based on the upper and lower depth bound-
aries of the SF, temperature and pressure gradients
appropriate for the area, and an equation of state for
CO2 (M/L3)
Technically Accessible Storage Resource

The technically accessible storage resource (TASR) for
the entire SF is determined by an iterative summation
of buoyant and residual trapping storage resources as
follows:

TASR ¼ BSR þ R1SR þ R2SR þ R3SR ð9Þ

where

TASR = the technically accessible storage resource (M)
BSR = the buoyant trapping storage resource (M)
R1SR = the residual trapping class 1 storage resource (M)
R2SR = the residual trapping class 2 storage resource (M)
R3SR = the residual trapping class 3 storage resource (M)
Storage in Oil and Gas Reservoirs

Because storage in oil and gas reservoirs is a special case
of buoyant trapping, it can be estimated using the
KRRES values determined in the buoyant trapping sec-
tion. The volumetric relationship used in the USGS
methodology is:

KRRSR ¼ KRRES BSE rCO2
ð10Þ

where

KRRSR = oil and gas reservoir storage resource, the known
recovery replacement storage resource (M)

KRRES = the known recovery corrected to a volume at sub-
surface conditions calculated in equation 4 (L3)

BSE = the buoyant storage efficiency (fraction)
rCO2

= the density of CO2; a probabilistic distribution of
the density of CO2 is calculated by the assessment team
based on the upper and lower depth boundaries of
the SF, temperature and pressure gradients appro-
priate for the area, and an equation of state for CO2

(M/L3)

The storage efficiency distribution for the oil and gas
reservoirs used for this resource estimation is the same as
the buoyant storage efficiency values described above.

CO2 GEOLOGICAL STORAGE
SOLUTIONS METHODOLOGY

The CGSS methodology was developed for the 2009
Queensland CO2 Geological Storage Atlas through the
Queensland Carbon Geostorage Initiative. The CGSS
methodology includes the following key steps and as-
sumptions: (1) examine regional seal and reservoir dis-
tributions, their quality and characteristics, and iden-
tifying defined storage fairways; (2) determine CO2

density curves for each geologic province and use these
to better estimate in-situ CO2 density in vertical layers
of 100 m (328 ft) or more in the subsurface; (3) use
migration-assisted storage (MAS) trapping as a major
mechanism for subsurface CO2 storage at the indus-
trial scale; and (4) include in the assessments only the
volume of rock that is likely to be permeated by a mi-
grating CO2 plume.
Migration-Assisted Storage Trapping

According to the CGSS methodology, in the process of
residual trapping, only a thin layer beneath the base of
the seal will be affected by the migrating plume, and
the residual gas saturation (RGS) associated with the
immobilized part of the plume will represent only a
small percentage of the available pore volume of the
reservoir. In the absence of a reservoir simulationmodel,
a regional volumetric assessment should attempt to ac-
count for these limiting factors.

The CGSS methodology uses the following
assumptions.

• The reservoir is considered homogeneous.
• Initial injection occurs in a single well over the entire

thickness of the reservoir.
• Formation water is displaced radially and uniformly

away from thewell bore during injection (the pressure-
driven phase of a storage project).

• The injected affected cylinder of CO2 that develops
around the wellbore only extends out to a radius of
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2.5 km (1.55 mi) (beyond this, gravity-driven forces
begin to override the pressure-driven forces).

The CGSS methodology considers the CO2 stor-
age within the injection-affected cylinder around the
well to be, ideally, only a function of reservoir gas satu-
ration: Sg = 1 – Sw(irr), where Sw(irr) is the irreducible wa-
ter saturation of the pore space. When injection ceases,
formation water moves by imbibition (gravity-driven
phase) back into the original injection-affected cylinder,
and the ultimate storage within it is now a function of
the RGS. Figure 2 is a representation of a siliciclastic
pore environment, illustrating how residual gas and for-
mation water may occupy the pore space after injection.
The remaining mass of gas (1 – Sw(irr) – Sgr, where Sgr is
RGS) needs to be stored outside of the original injection-
affected cylinder. This mass rises to the top of the reser-
voir and migrates underneath its seal. The total lateral
distance that the CO2 plume can migrate away from
the injection well is a function of Sgr and the thickness
of the migrating plume.

The CGSS approach uses simulation models that
suggest that migration plumes will rarely be thicker
than 25 m (82 ft) in most homogeneous reservoirs and
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are commonly much thinner. More specifically, the 2009
QueenslandCO2Geological Storage Atlas assumes a gener-
ic migrating plume thickness of 15 m (49 ft); Sw(irr) is set
consistent with known basin values of 35%, and a MAS
reservoir efficiency factor is calculated for each reservoir.
The thicker the reservoir, the smaller the efficiency fac-
torwill be. For example, at 15m (49 ft), it is 100%; at 50m
(164 ft), it is approximately 30%; and at thicknesses greater
than 150 m (492 ft), the efficiency factor is less than 10%.
The MAS reservoir efficiency factor provides only an ap-
proximation for any given site, but it serves to reduce un-
realistic regional maximum volumetric estimates.

By and large, in porous rocks, RGS increases with
(1) decreasing porosity, sorting, and grain size and (2)
increasing cementation and clay content. It is difficult to
estimate RGS without rock core samples, and for re-
gional assessments, available estimation methods are
limited. Various authors quote ranges of 0.05 to 0.95
for RGS (Holtz, 2003; Juanes et al., 2006).Using an em-
pirical method published byHoltz (2003) and using the
10% cutoff porosity, the CGSS approach calculates
RGS values between 0.2 and 0.6. However, the conser-
vative value of Sgr = 0.1 is applied when calculating final
regional CO2 potential storage volumes. The discounted
Figure 2. (A) Thin-section photomicrograph of the Oriskany Sandstone from Ohio Core 3583, 1269 m (4164 ft), illustrating detrital
quartz grains (Q) and dolomite (D) fabric in this sample. (B) Cartoon illustration based on the photomicrograph, showing how formation
water and residual gas may occur in the pore space of a reservoir rock.
Assessment Methodologies



volumetric relationship proposed by the CGSS meth-
odology is:

MCO2 ¼ RVf Sg rCO2
E ð11Þ

where

MCO2
= mass of CO2 (M)

RV = total reservoir rock volume, discounted for the
average CO2 plume thickness (L3)

f = porosity as an average total effective pore space of
RV (fraction)

Sg = the gas saturation within the above pore space as a
fraction of the total pore space, either as Sgr for RGS
trapping or 1 – Sw(irr) for conventional trapping,
where Sgr is the residual gas (CO2) saturation and
Sw(irr) is the irreducible water saturation (fraction)

rCO2
= the density of CO2 at the temperature and pres-

sure at the given reservoir depth (M/L3)
E = MAS reservoir storage efficiency factor, calculated

for each reservoir assuming a migrating plume thick-
ness of 15 m (49 ft)

Storage Efficiency Factor

The CGSS methodology considers that only a thin
layer beneath the seal will be affected by the migrating
plume (Figure 2). In the 2009 Queensland CO2 Geolog-
ical Storage Atlas, a generic migrating plume thickness
of 15 m (49 ft) is assumed. Migration-assisted storage
reservoir-efficiency factors are calculated for each
reservoir—the thicker the reservoir, the smaller this num-
ber will be. Storage efficiency factors are back calculated
for three sedimentary basins assessed in the 2009Queens-
land CO2Geological Storage Atlas using the CGSSmeth-
odology. The results of that comparison are presented in
Table 3. Each of the gross rock pore volumes of the as-
sessed reservoir-seal pairs for the three basins are multi-
plied by 4% with an assumed generic CO2 density of
700 kg/m3 (43.7 lb/ft3). As shown, these CO2 resource
estimates are orders of magnitude greater than the
CGSS methodology estimates. The back-calculated
storage efficiency factors for the three basins using the
CGSS approach are derived to be 0.1 to 0.15%—more
than an order of magnitude lower than values calculated
using other volumetric methodologies.

FINDINGS

In this section, we present the results of our comparative
study of the three CO2-storage assessment methodolo-
gies used by the DOE, USGS, and CGSS. Tables 4–8
provide side-by-side comparisons across methodologies
in terms of physical setting, physical processes, key equa-
tions, input parameters, and storage efficiencies.

With respect to physical setting (Table 4), the in-
vestigated methodologies are designed to assess perme-
able formations occurring in sedimentary basins. Even
so, these entities use different languages to define an
assessment unit or formation. The DOE methodology
discriminates oil and gas fields and saline formations,
the USGS methodology defines SFs within SAUs,
and the CGSS methodology identifies basin-scale reser-
voirs as permeable formations. The DOE and USGS
methodologies are consistent with a resource-reserve
pyramid concept, whereas the authors of the CGSS
methodology do not structure their approach in terms
of this framework.
Table 3. Carbon Dioxide Storage Resource Estimates for Three Basins from the Queensland CO2 Geological Storage Atlas Using the

CO2 Geological Storage Solutions Methodology, Comparing Application of a 4% Storage Efficiency Factor and a Back-Calculated Storage
Efficiency Factor (from Spencer et al., 2011)
Basin
 Area

CO2 Storage Resource CGSS*

Methodology (Mt* CO2)

CO2 Storage Resource Methodologies

Using E = 4% (Mt* CO2)
Popo
Back-Calculated
Storage Efficiency (%)
Galilee
 147,000 km2
 3430
 122,250
 0.11

(56,757 mi2)
Bowen
 180,000 km2
 340
 13,100
 0.10

(69,498 mi2)
Surat
 327,000 km2
 2300
 61,800
 0.15

(126,255 mi2)
*CGSS = CO2 Geological Storage Solutions; Mt = megatons.
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Regarding physical processes (Table 5), the DOE
methodology references structural and stratigraphic
hydrodynamic trapping as the dominant mechanism
for retaining CO2 in oil and gas fields and structural
and stratigraphic hydrodynamic and residual trappings
as the dominant mechanism in saline formations. The
USGS methodology differentiates buoyant (structural
and stratigraphic hydrodynamic) and residual trap-
pings within SFs. In the USGS method, any pore space
that is not found in a known dry structural or strati-
graphic trap is treated as residual pore space (whether
or not the principle trapping mechanism is residual
phase trapping). Thus, the USGS is using different stor-
age efficiencies to account for a lack of knowledge about
the subsurface instead ofmaking a judgment aboutwhat
mechanism is at play in trapping CO2. Unlike these two
approaches, the CGSS methodology considers only re-
sidual trapping.

All three methodologies discuss the boundary con-
dition assumptions: the two endpoints defined for po-
tential CO2 storage reservoirs are open and closed.
However, it is difficult or impossible to collect hydrody-
namic data on a basin-scale level to characterize closed-
system boundary conditions. Hence, the authors of the
proposedmethodologies base their storage resource cal-
culations on open systems in which in-situ fluids are
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either displaced away from the injection zone into other
parts of formation or managed.

In terms of dealing with uncertainty, the DOE and
USGS methodologies are probabilistic approaches,
meaning that both methodologies use Monte Carlo sim-
ulation for estimating formation parameters. Conversely,
the CGSS approach relies on a geologic prospectivity of
sedimentary basins and detailed geologic data and ap-
plies geologic, geophysical, and chemical constraints;
the CGSS methodology is deterministic.

The methodologies proposed by DOE for oil and
gas fields and by USGS for buoyant trapping in SFs
use static volumetric methods for estimating subsur-
face CO2 storage resource (Table 6A). These methods
rely on parameters that are related to the geologic de-
scription of an assessment formation, for example, thick-
ness, porosity, temperature, and pressure. The DOE
equation for the calculation of CO2 storage resource is
based on the geometry of the reservoirs (reservoir area
and thickness) and water saturation as given in reserve
databases. The CO2 storage efficiency factor involves
the original oil and gas in place and recovery factor and
can be derived based on experience, especially in cases
where good production records are available. The alter-
nate USGS volumetric equation is a production-based
formula where CO2 storage resource is calculated on the
Table 4. Physical Setting of Potential CO2 Storage Formations
DOE*
 USGS*
Assessment Methodologies
CGSS*
Regional setting
 Sedimentary basins
 Sedimentary basins subdivided
into storage assessment units
Sedimentary basins
Assessment unit or formation
 Oil and gas fields, deep
saline formations
Storage formations
 Reservoirs as permeable
formations
*DOE = Department of Energy; USGS = U.S. Geological Survey; CGSS = CO2 Geological Storage Solutions.
Table 5. Physical Processes Involved in CO2 Underground Trapping
DOE*
 USGS*
 CGSS*
Trapping mechanism
 Structural and stratigraphic
hydrodynamic trapping for
oil and gas fields; structural
and stratigraphic hydrodynamic
and residual trapping for
saline formations
Buoyant trapping (structural and
stratigraphic hydrodynamic)
within storage formations;
residual trapping within
storage formations
Residual trapping through
migration-assisted storage
trapping
Operating time frames
 Months to thousands of years
 Months to thousands of years
 Months to thousands of years

Boundary conditions
 Open system
 Open system
 Open system
*DOE = Department of Energy; USGS = U.S. Geological Survey; CGSS = CO2 Geological Storage Solutions.



basis of reservoir properties such as original oil and gas in
place, recovery factor, and in-situ CO2 density defined by
reservoir temperature and pressure. It also requires reli-
able production records—the volume of known recovery
of petroleum, scaled to subsurface volume, particularly
when cumulative production is greater than the original
oil and gas in place. In addition, according to the USGS
methodology, buoyant trapping storage resource in SFs
includes the mass of CO2 that can be stored in dry traps.
Comparing the twomethodologies, we have identified
several analogies and distinctions.

• Static volumetric storage of CO2 in free phase is
considered by both methodologies.

• Methods for CO2 storage resource calculation are
production based for both approaches, although
the DOE equation is based on reservoir geometry
and properties, as well as on oil and gas production
data. Unlike the DOE formula, the USGS equation
does not require reservoir area and thickness; it uses
known recovery of oil and gas and reservoir properties.

• The DOE methodology does not explicitly include
the volume of dry traps (without petroleum produc-
tion) in CO2 storage resource estimates for oil and
gas fields. However, the USGS approach incorpo-
rates the volume of dry traps into the CO2 storage
resource for buoyant trapping in SFs, where data
are available.

• As for storage efficiency, both methodologies use
the buoyant trapping (oil and gas fields under the
DOE classification) storage efficiency based on
known production data.

Carbon dioxide storage resource assessmentmethod-
ologies developed by the DOE for saline formations; by
the USGS, for residual trapping in SFs; and by the CGSS,
formigration-assisted storage trapping in basin-scale po-
rous reservoirs are computationally equivalent and use
volumetric-based CO2 storage estimates (Table 6B).
The volumetric models rely on parameters that are di-
rectly related to the geologic description of the sedimen-
tary basin and formation properties: area, thickness,
porosity, temperature, and pressure, where the last
two parameters define CO2 density at in-situ condi-
tions. We find both similarities and differences among
the methodologies.

• The DOEmethodology considers an assessment for-
mation as an undivided unit and provides storage re-
source calculations for the formation as a whole,
whereas the USGS methodology subdivides an SF
into three rock classes or injectivity category allot-
ments on the basis of permeability. Carbon dioxide
storage resource is determined for each class; conse-
quently, the computed values are summed itera-
tively to calculate the total residual trapping
storage resource. Unlike the DOE and USGS ap-
proaches, the CGSS methodology assumes that, in
the process of MAS trapping, only 15 m (49 ft) of
formation thickness is affected by the migrating
CO2 plume.

• Storage efficiency: The proposed methodologies in-
troduce storage efficiency factors in calculations.
The DOE methodology provides a range of values
of storage efficiency for saline formations, which
are between 0.40 and 5.5%.However, theUSGSmeth-
odology suggests that, for the calculation of residual-
trapping CO2 storage resource, a specific range of stor-
age efficiency values should be applied for each rock
class (Tables 2, 7).

• Unlike the DOE and USGS approaches, the CGSS
methodology assumes that only a thin layer beneath
the seal will be affected by the migrating plume. A
generic thickness migrating plume used in the 2009
Queensland CO 2 Geological Storage Atlas is 15 m
(49 ft). Migration-assisted storage reservoir effi-
ciency factors are calculated for each assessment
unit: the thicker the reservoir, the smaller this num-
ber will be, so the derived storage efficiency factors are
typically more than an order of magnitude less than
what the DOE and USGS methodologies suggest
(Tables 3, 7). For these reasons, the CGSS approach
would produce the most conservative storage esti-
mates if applied for the same assessment formation.
CONCLUSIONS AND SUMMARY

Previous efforts to assess CO2 storage resource used an
array of approaches and methodologies, using data sets
of variable size and quality and resulting in a broad range
of estimates with a high degree of uncertainty. Through
its Regional Carbon Sequestration Partnership Pro-
gram, the DOE developed standards for CO2 storage
resource estimation in oil and gas fields and deep saline
formations for producing a Carbon Sequestration Atlas
of the United States and Canada. In parallel, the USGS
generated a report that provides a coherent set of methods
for estimatingCO2 sequestration resource in SFs including
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Table 6. Key Equations and Input Parameters: Oil and Gas Fields/Buoyant Trapping and Saline Formations/Residual Trapping

DOE* USGS* CGSS*

Oil and Gas Fields Storage Formation Buoyant Trapping NA

GCO2
= A hnje (1 – Swi) B rCO2std Eoil/gas Two steps

GCO2
= mass estimate of oil and gas reservoir (1) Pore volume available for buoyant trapping –

CO2 storage resource (M)
A = area of the oil or gas reservoir (L2)

(a) The minimum BPV BPV_MIN = KRRES = {[(KROIL + KRNGL) +
[FVFOIL] + [KRGAS FVFGAS]}

hn = net thickness (L) KRRES = volume estimate corrected to reservoir conditions (L3)
je = average effective porosity (L3/L3) KROIL = the known recovery of oil (L3)
Swi = average initial water saturation (L3/L3) KRNGL = the known recovery of natural gas liquids (L3)
B = fluid formation volume factor (fraction)
rCO2std = density of CO2 evaluated at reservoir
pressure and temperature (M/L3)

FVFOIL = the formation volume factor for oil and natural gas
liquids (fraction)

KRGAS = the known recovery of gas (L3)
Eoil/gas = CO2 storage efficiency factor (fraction) FVFGAS = the formation volume factor for gas (fraction)

(b) Median BPV
Undiscovered NOGA* petroleum resource volumes scaled to
subsurface condition for the given storage formation are
added to the BPV_MIN value to estimate a median buoyant
trapping pore volume

(c) Maximum BPV BPV_MAX should include some estimate of the
volume of the total pore space that is within large enclosures.
No specific way to estimate BPV_MAX is suggested.

(2) Buoyant trapping storage resource
BSR = BPV BSE rCO2

BSR = mass estimate of the buoyant trapping storage resource (M)
BPV = pore volume available for buoyant trapping (L3)
BSE = storage efficiency of buoyant CO2 storage (fraction)
rCO2std = density of CO2 evaluated at formation pressure
and temperature (M/L3)

Saline Formations Storage Formation Residual Trapping Permeable Formation Residual Trapping

GCO2
= A hn jtot rCO2std Esaline Four steps MCO2

= RV f Sg rCO2
E

GCO2
= mass estimate of saline formation storage

resource (M)
(1) Pore volume of the storage formation
SFPV = ASV TPI jPI SFPV = pore volume of the storage
formation (L3)

MCO2
= mass of CO2 (M)

RV = total reservoir rock volume, discounted for
the average CO2 plume thickness (L

3)
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A total area (L2)
hg gross thickness of saline formation (L)

ASV = the mean area of the storage formation (L2)
TPI = the mean thickness of the porous interval (L)

f = porosity as an average total effective pore
space of RV (fraction)

j = total porosity that accounts for the total
lume of pore space (L3/L3)

jPI = average effective porosity (L3/L3)
(2) Residual trapping pore volume

Sg = the gas saturation within the above pore
space as a fraction of the total pore space

rC 2
= density of CO2 evaluated at formation

essure and temperature (M/L3)
Es ne= CO2 storage efficiency factor that reflects a

ction of the total pore volume that is filled by CO2

RPV = SFPV – BPV
RPV = residual trapping pore volume (L3)
SFPV = pore volume of the storage formation (L3)
BPV = pore volume of the storage formation (L3)
(3) Three rock classes or injectivity category allotments, R1PV,
R2PV, and R3PV, depending on permeability (as presented in
Table 1) are defined

rCO2
= the density of CO2 at the temperature and

pressure at the given reservoir depth (M/L3)
E = migration-assisted storage reservoir storage
efficiency factor, calculated for each reservoir
assuming a generic migrating plume thickness =
15 m

(4) Residual storage resource for each rock class
RSR = RPV RSE RPV rCO2

RSR = the residual trapping storage
resource (M)

RPV = the residual trapping pore volume (L3) RSE = the residual
trapping storage efficiency (fraction)

rCO2std = density of CO2 evaluated at formation pressure and
temperature (M/L3)

*D E = Department of Energy; USGS = U.S. Geological Survey; CGSS = CO2 Geological Storage Solutions; NOGA = National Oil and Gas Assessment; NA = Not Applicable.
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buoyant and residual trappings. In addition, the CGSS rec-
ommended a methodology for assessing CO2 storage re-
source in basin-scale porous reservoirs, which was used
in the 2009 Queensland CO2 Geological Storage Atlas. A
concise comparison of these methodologies is provided
in Table 8.

Based on our analyses, thesemethodologies are sim-
ilar in terms of computational formulation. Specifically,
the exploredmethodologies use static volumetric meth-
ods to calculate CO2 storage resource in open systems
and are applicable at either regional or basin-scale level.
The methodologies, however, are not intended for site
122 Comparative Analysis of Carbon Dioxide Storage Resource
screening and selection. Siting of specific CCS facilities
requires estimates of storage resource capacity for can-
didate formations, based on numerical modeling that
considers the site-specific CO2 injection rates, reservoir
properties, and dynamics of the CO2 plume.

We found that each of the proposedmethodologies is
science and engineering based. As such, they are impor-
tant in identifying the geographical distribution of CO2

storage resource and regional carbon sequestration
potential at the national and basin-scale levels for use in
energy-related government policy and business decisions.
Policy makers need these high-level estimates to evaluate
Table 7. Comparison of Storage Efficiency Factors Applied by the Department of Energy, U.S. Geological Survey, and CO2 Geological

Storage Solutions Methodologies
DOE*
 USGS*
Assessment Methodologies
CGSS*
Oil and Gas Fields
 Storage Formation Buoyant Trapping
 NA*
Storage efficiency
 Formation-specific efficiency
for the given field
10–60% formation-specific efficiency, based
on oil recovery factor for the given field
–

Saline Formations
 Storage Formation Residual Trapping
 Permeable Formation
Residual Trapping
Storage efficiency
 0.4–5.5%
 1–7% for rock class I
 0.10–0.15%

1–15% for rock class II

0–7% for rock class III
*DOE = Department of Energy; USGS = U.S. Geological Survey; CGSS = CO2 Geological Storage Solutions; NA = Not Applicable.
Table 8. Comparison at a Glance: Side-by-Side Appraisal of the Department of Energy, U.S. Geological Survey, and CO2 Geological

Storage Solutions Methodologies in Terms of Regional Setting, Trapping Mechanisms, Equations, Consistency with the Resource-Reserve
Pyramid Concept, and Uncertainty
DOE*
 USGS*
 CGSS*
Regional setting
 Sedimentary basins
 Sedimentary basins subdivided
into storage assessment units
that contain storage formations
Sedimentary basins
Trapping mechanism
 Structural and stratigraphic
trapping for oil and gas fields;
residual trapping for saline
formations
Buoyant trapping (structural and
stratigraphic) within storage
formations; residual trapping
within storage formations
Residual trapping through
migration-assisted
storage trapping
Equations and/or methods
 Volumetric
 Volumetric
 Volumetric

Resource-reserve pyramid
concept
Consistent
 Consistent
 Not specified
Dealing with uncertainty
 Probabilistic in terms of storage
efficiency
Probabilistic
 Deterministic
*DOE = Department of Energy; USGS = U.S. Geological Survey; CGSS = CO2 Geological Storage Solutions.



the prospective function that CCS technologies can play in
reducing the CO2 emissions of the nation or region
over the long term. The value of these high-level as-
sessments of CO2 storage resource is to help inform
decision makers in governments and industry as to
whether CCS is a climate mitigation option worth
pursuing in particular regions.
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