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EXECUTIVE SUMMARY 

Prospective CO2 storage resource estimates for application to saline formations at the national, 
regional, and basin scale are required to assess the potential for carbon capture, utilization, and 
storage (CCUS) technologies to reduce CO2 emissions. Both private and public entities 
worldwide rely on CO2 storage resource estimates for broad energy-related government policy 
and business decisions. As prospective estimates, they embody inherent uncertainties arising 
from simplifying assumptions and data limitations pertaining to subsurface geology. CO2 
storage-resource estimates provide important bounds for energy planning at the national and 
regional levels. Several methods have been developed to provide storage-resource estimates, 
originating with efforts as early as 1993. This study compares estimates that several commonly 
used methods produce when applied to common data sets to assess the impact that the choice of 
method has on the results. 

The methods assessed in this study include the following: 

 CSLF: Bachu (2007): This method was developed for the Carbon Sequestration 
Leadership Forum (CSLF) and assumes open-boundary conditions; it is detailed in Bachu 
et al. (2007) 

 DOE-NETL Atlas I, II (2007, 2008): This method was developed for the first and 
second editions of the United States Department of Energy-National Energy Technology 
Laboratory (DOE-NETL) Carbon Sequestration Atlas of the United States and Canada; it 
assumes open-boundary conditions and is detailed in DOE-NETL (2007, 2008) 

 DOE-NETL Atlas III, IV (2010, 2012): This method was developed for the third and 
fourth editions of the DOE-NETL Carbon Sequestration Atlas of the United States and 
Canada; it assumes open-boundary conditions and is detailed in DOE-NETL (2010a, 
2012) and Goodman et al. (2011) 

 USGS: Brennan et al. (2010): This probabilistic method was developed by the United 
States Geological Survey; it assumes open-boundary conditions and is detailed in 
Brennan et al. (2010). An updated USGS method is currently in press (Blondes et al., 
2013) 

 Szulczewski et al. (2012): This migration- and pressure-limited method can be applied to 
both open-boundary and closed-boundary conditions and is detailed in Szulczewski et al. 
(2012) 

 Zhou et al. (2008): This method can be applied to both closed-boundary and semi-
closed-boundary conditions and is detailed in Zhou et al. (2008) 

The following general trends were determined for the methods for the median CO2 storage 
resource estimates (i.e. the 50th percentile):  

1) The closed-boundary method by Zhou et al. (2008), typically, reports the lowest CO2 
storage resource 

2) The open-boundary method by USGS: Brennan et al. (2010), typically, reports the 
highest CO2 storage resource 
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3) In most cases, the migration limited estimates by Szulczewski et al. (2012) are similar to 
the closed-boundary estimates provided by Zhou et al. (2008) for CO2 storage resource 

4)  The open-boundary estimates by CSLF: Bachu et al. (2007), DOE-NETL Atlas I, II 
(2007, 2008), and DOE-NETL Atlas III, IV (2010, 2012) typically fall between the open-
boundary estimates by USGS: Brennan et al. (2010) and closed-boundary estimates by 
Zhou et al. (2008) for CO2 storage resource 

Statistical conclusions stemming from a pair-wise comparison of stochastic inputs using the 
Šidák inequality to control for false positives arising from multiple comparisons are as follows:  

1) In almost all open-boundary method cases the methods do not differ in a statistically 
significant way in each of the saline formation cases that were studied 

2) Although there are definite differences in the underlying assumptions for open- and 
closed-boundary methods, for most of the saline formation cases that were studied the 
variability in underlying parameters was still so great that the estimates of CO2 storage 
resource from the closed-boundary method could not be statistically distinguished from 
those generated by the open-boundary methods. In some cases, however, the open-
boundary methods do give statistically significant different results when compared to the 
closed-boundary method.  

3) In general, the uncertainty in the underlying parameters has a much greater impact on 
overall estimates of CO2 storage resource than the choice of method does, especially 
within subsets of methods defined by their boundary assumptions 
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1. IMPORTANCE OF PROSPECTIVE CO2 STORAGE METHODOLOGIES FOR 
SALINE FORMATIONS 

Prospective CO2 storage resource estimates for application to saline formations at the national, 
regional, and basin scale are required to assess the potential for carbon capture, utilization, and 
storage (CCUS) technologies to reduce CO2 emissions. Both private and public entities 
worldwide rely on CO2 storage resource estimates for broad energy-related government policy 
and business decisions. Prospective estimates of CO2 geologic storage resource are subject to 
relatively large uncertainties, however, because the assessments rely on simplifying assumptions 
due to the deficiency or absence of data from the subsurface associated with areas of potential 
storage in saline formations and the natural heterogeneity of geologic formations in general, 
resulting in undefined rock properties. As site characterization progresses to individual CO2 
storage sites, additional site-specific data will likely be collected and analyzed that will allow for 
the refinement of prospective CO2 storage resource estimates and development of CO2 storage 
capacities. Until such detailed characterization can be documented, dependable prospective CO2 
storage estimates are essential to ensure successful widespread deployment of CCUS 
technologies (Bachu et al., 2007; Bradshaw et al., 2007; Goodman et al., 2011). 

Initiatives for assessing CO2 geologic storage potential have been conducted since 1993. These 
initiatives vary from an overview description of assessment tools to a detailed, comprehensive 
method (Bachu et al., 2007; Bradshaw et al., 2007; DOE NETL, 2007, 2008, 2010a; Economides 
and Ehlig-Economides, 2009; Gorecki et al., 2009; Koide et al., 1992; Szulczewski and Juanes, 
2009; Szulczewski et al., 2012; van de Meer, 1993; van de Meer and Egberts, 2008a; van de 
Meer and Egberts, 2008b; van de Meer and Yavuz, 2009; Zhou et al., 2008).  Prospective CO2 
storage estimates have been published for regions in the United States (DOE NETL, 2010a), 
Canada (NACSA, 2012), Mexico (NACSA, 2012), Japan (Takahashi et al., 2009), Ireland 
(Lewis et al., 2009), India (Garg and Shukla, 2009), Greece (Koukouzas et al., 2009), China 
(Dahowski et al., 2009), Poland (Radoslaw et al., 2009), and South Africa (Surridge and Cloete, 
2009) using various methods that require deterministic or probabilistic input parameters. 
Although dependable prospective CO2 storage estimates are essential to ensure successful 
deployment of CCUS technologies, it is difficult to completely assess the uncertainty of these 
estimates without knowing how the current methods targeted at prospective CO2 storage resource 
estimates for saline formations compare to one another. 

In this study, we compare prospective CO2 methods for development of geologic storage 
estimates for CO2 in saline formations to determine if the method used for estimation of storage 
resource significantly impacts the results. The purpose of this study is not to validate data sets, 
endorse methods, or release CO2 estimates for specific formations. This study compares methods 
using the same input data to assess significant differences between the various methods. 
Specifically, six publicly-available, transparent methods were applied to 13 saline formation data 
sets. 

The methods applied are listed as follows: 

 CSLF: Bachu (2007): This method was developed for the Carbon Sequestration 
Leadership Forum (CSLF) and assumes open-boundary conditions; it is detailed in Bachu 
et al. (2007) 
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 DOE-NETL Atlas I, II (2007, 2008): This method was developed for the first and 
second editions of the United States Department of Energy-National Energy Technology 
Laboratory (DOE-NETL) Carbon Sequestration Atlas of the United States and Canada; it 
assumes open-boundary conditions and is detailed in DOE-NETL (2007, 2008) 

 DOE-NETL Atlas III, IV (2010, 2012):  This method was developed for the third and 
fourth editions of the DOE-NETL Carbon Sequestration Atlas of the United States and 
Canada; it assumes open-boundary conditions and is detailed in DOE-NETL (2010a, 
2012) and Goodman et al. (2011) 

 USGS: Brennan et al. (2010): This probabilistic method was developed by the United 
States Geological Survey; it assumes open-boundary conditions and is detailed in 
Brennan et al. (2010). An updated USGS method is currently in press (Blondes et al., 
2013) 

 Szulczewski et al. (2012): This migration- and pressure-limited method can be applied to 
both open-boundary and closed-boundary conditions and is detailed in Szulczewski et al. 
(2012) 

 Zhou et al. (2008): This method can be applied to both closed-boundary and semi-
closed-boundary conditions and is detailed in Zhou et al. (2008) 

The authors worked accordingly with the corresponding authors of the methods applied in this 
study to ensure that each method was applied to the general saline formation data sets correctly. 

The saline formations targeted were characterized by Szulczewski et al. (2012). While detailed 
information regarding the formations is available (Szulczewski et al., 2012), location names were 
not used in order to focus the study on comparing methods and to avoid implying any specific 
endorsement of this data set. 



Comparison of Publicly Available Methods for Development of Geologic Storage Estimates for Carbon Dioxide in 
Saline Formations  

5 

2. OVERVIEW OF SELECT PROSPECTIVE CO2 STORAGE METHODS FOR 
SALINE FORMATIONS  

Methods for CO2 storage in saline formations selected for this comparison study were publicly-
available, referenced in the literature, and transparent in that all input parameters were defined 
and could be readily applied to an existing data set. These methods target CO2 storage resource 
estimates which represent the fraction of pore volume in a formation of interest that will be 
occupied by CO2 injected through drilled and completed wellbores. CO2 storage resource 
estimates consider only physical trapping of CO2 (Bachu et al., 2007; Kopp et al., 2009; Xie and 
Economides, 2009). Economic, legal, and regulatory considerations are not included in these 
methods. Injectivity issues are considered by one method (Szulczewski et al., 2012). All methods 
assumed these basic criteria: (1) pressure and temperature conditions in the saline formation are 
adequate to keep the CO2 liquid or supercritical; (2) a suitable seal system, such as a caprock, is 
present to limit vertical flow of the CO2 to the surface; and (3) a combination of hydrogeologic 
conditions isolates the CO2 within the saline formation. The methods target CO2 storage resource 
estimates at a high-level such as the national, regional, basin or formation scale. At present, a 
universal standard CO2 storage classification structure is not generally accepted although several 
CO2 storage classifications systems have been proposed (Bachu et al., 2007; Burruss et al., 2009; 
DOE-NETL, 2010c; Gorecki et al., 2009; IEAGHG, 2009).  Site-specific CO2 storage estimates 
are not considered in these methods. 

The boundary conditions for the saline formation subsurface comparison were considered to be 
open or closed, depending on the method. Open systems are permeable fluid-filled reservoirs 
where in-situ fluids will either be displaced away from the injection location into other parts of 
the formation and/or into neighboring formations or managed by means of fluid production, 
treatment, and disposal in accordance with current technical, regulatory, and economic 
guidelines (Birkholzer and Zhou, 2009; Gorecki et al., 2009; IEAGHG, 2009; Nicot, 2008; Zhou 
et al., 2008). Subsequently, the primary constraints on the percentage of pore space that can be 
filled with CO2 in open systems are due to displacement efficiencies, rather than pressure 
increases, although there will often be a need to define a maximum bottom-hole injection 
pressure to reduce risks associated with injection (Gorecki et al., 2009; IEAGHG, 2009; Zhou et 
al., 2008). Closed systems are fluid-filled reservoirs where in-situ fluid movement is restricted 
within the formation by means of impermeable barriers (Birkholzer and Zhou, 2009; Gorecki et 
al., 2009; IEAGHG, 2009; Nicot, 2008; Zhou et al., 2008). Storage volume in closed systems is 
then constrained by the compressibility of the formation’s native fluid and rock matrix (van de 
Meer, 1992, 1993, 1995; van de Meer and Egberts, 2008a; van de Meer and Yavuz, 2009). In 
addition, the CO2 injection pressure cannot exceed the maximum allowable pressure of the 
formation, and no mechanism for pressure relief (such as brine production) is considered 
(Burruss et al., 2009; Gorecki et al., 2009; Zhou et al., 2008). The very low compressibility of 
formation fluids and rocks limit the capacity of closed systems to a very small percentage of total 
pore volume (Gorecki et al., 2009; Xie and Economides, 2009; Zhou et al., 2008).  

A brief description of the select CO2 storage methods and how we applied the methods to the 
saline formations in this study is in the following sections. 
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2.1 CO2 STORAGE CAPACITY ESTIMATION: METHOD AND GAPS (CSLF: 
BACHU ET AL., 2007) 

This method stems from the Technical Group Taskforce on CO2 storage estimates led by the 
Carbon Sequestration Leadership Forum (CSLF) (Bachu et al., 2007). In this effort, multi-
faceted aspects of CO2 storage capacity estimation were examined including types of geological 
media, operating time frames, resource-reserve pyramid classification, and assessment of scale 
and resolution.  

For saline aquifers, the boundary conditions are considered to be open. The general equation 
used for storing CO2 in structural and stratigraphic traps as static trapping is: 

 Mେ୓మୣ ൌ V୲୰ୟ୮ϕሺ1 െ S୵୧୰୰ሻρCOଶCୡ ൌ Ahϕሺ1 െ S୵୧୰୰ሻρCOଶCୡ                         (1) 

where MCO2e is the effective storage capacity as designated in the resource-reserve classification 
pyramid by CO2 mass representing a subset of the theoretical capacity (Bachu et al., 2007). This 
estimate usually changes with the acquisition of new data and or knowledge. Vtrap is the 
geometric volume of the structural or stratigraphic trap down to the spill point, ϕ is the porosity, 
Swirr is the irreducible water saturation, CO2 is the CO2 density at the temperature and pressure 
of the aquifer, Cc is a capacity coefficient that incorporates the cumulative effects of trap 
heterogeneity, CO2 buoyancy and sweep efficiency, and A and h are the trap area and average 
gross thickness, respectively. At the time of publication of Bachu et al. (2007), no values in the 
literature were available for this capacity coefficient, which is site-specific and must be 
determined through numerical simulations and/or field work. Recent work by the International 
Energy Agency Greenhouse Gas (IEAGHG) R&D Programme (IEAGHG, 2009) cites Cc at the 
formation and site-specific scale specific to this method. Formation (Cc) values range between 
2.4% and 10% based on their 10th to 90th percentiles. The IEAGHG (2009) also determined that 
the CSLF method is equivalent to the DOE method as long as the same parameters are applied to 
each method. Worldwide CO2 storage estimates are primarily based on either CSLF or DOE 
methods.   

In this comparison effort, baseline values for parameters A, h, ϕ, (1-Swirr) and CO2 shown in 
Equation 1 were applied to the CSLF: Bachu et al. (2007) method for each saline formation (see 
Appendix A for baseline values for saline formations A through M). For the capacity coefficient, 
we applied the following formation Cc*(1-Swirr) values cited by the IEAGHG (2009) as a 
function of lithology based on their 10th, 50th, and 90th percentiles: Clastics (1.86, 2.70, and 
6.00)%; Dolomite (2.58, 3.26, and 5.54)%; and Limestone (1.41, 2.04, and 3.27)%.   

2.2 U.S. DOE METHOD FOR THE DEVELOPMENT OF GEOLOGIC STORAGE 
RESOURCE FOR CARBON DIOXIDE AT THE NATIONAL AND REGIONAL 
SCALE [DOE-NETL ATLAS I, II (2007, 2008) AND DOE-NETL ATLAS III, IV 
(2010, 2012)] 

The U.S. Department of Energy (DOE) method is intended for external users such as the 
Regional Carbon Sequestration Partnerships (RCSP), future project developers, and 
governmental entities to produce prospective CO2 resource assessments of potential CO2 storage 
reservoirs in the United States and Canada at the regional and national scale (DOE NETL, 2007, 
2008, 2010a; Goodman et al., 2011). The method, however, is general enough to be applied 
globally. The CO2 storage estimates are considered to be prospective storage resources according 
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to the DOE storage classification structure (DOE-NETL, 2010c). The CO2 storage resource 
reported in DOE’s assessment is intended to be distributed online by a geographic information 
system in the National Carbon Sequestration Database and Geographic Information System 
(NATCARB) (DOE NETL, 2010b) and made available in hard copy in the Carbon Sequestration 
Atlas of the United States and Canada (DOE-NETL, 2007, 2008, 2010a, 2012). The DOE-NETL 
Atlas I, II (2007, 2008) method was developed for the first and second editions of the Carbon 
Sequestration Atlas of the United States and Canada; it assumes open-boundary conditions and is 
detailed in DOE-NETL (2007, 2008). The DOE-NETL Atlas III, IV (2010, 2012) method was 
developed for the third edition of the Carbon Sequestration Atlas of the United States and 
Canada; it assumes open-boundary conditions and is detailed in DOE-NETL (2010a) and 
Goodman et al. (2011). DOE’s method will be regularly refined, incorporating results of the 
Development Phase projects conducted by the RCSPs from 2008 through 2018. Estimates will be 
formally updated every two years in subsequent versions of the Carbon Sequestration Atlas of 
the United States and Canada.  

Structural and hydrodynamic trapping are initially the dominant trapping mechanisms and are the 
focus of the DOE method. The boundary conditions are considered to be open. The volumetric 
equation to calculate the CO2 storage resource mass estimate (GCO2) for geologic storage in 
saline formations for DOE-NETL Atlas I, II (2007, 2008) and DOE-NETL Atlas III, IV (2010, 
2012) is: 

 Gେ୓మ ൌ A୲h୥ϕ୲୭୲ρEୱୟ୪୧୬ୣ                                                  (2) 

Where At is the total geographical area that defines the basin or region being assessed for CO2 
storage, hg is the gross thickness of the saline formation for which CO2 storage is assessed within 
the basin or region defined by At, ϕtot is the total porosity in volume defined by the net thickness, 
 is the density of CO2 evaluated at the pressure and temperature that represents storage 
conditions anticipated for a specific geologic unit averaged over hg and At.  

Esaline is the CO2 storage efficiency factor that reflects a fraction of the total pore volume that is 
filled by CO2. In DOE-NETL Atlas I, II (2007, 2008), efficiency is averaged over four stochastic 
simulation cases that are based on 1) normal distributions with one standard deviation, 2) normal 
distributions with one half standard deviation, 3) uniform distributions, and 4) a mixture of 
distributions such as normal, lognormal, and uniform. For DOE-NETL Atlas I, II (2007, 2008), 
efficiency  ranged between 0.7% and 4.7% based on their 15th to 85th percentiles (DOE-NETL, 
2007, 2008). In DOE-NETL Atlas III, IV (2010, 2012),  Esaline for saline formations as estimated 
by Monte Carlo sampling is based directly on the range of their 10th and 90th percentiles for net-
to-gross thickness, effective-to-total porosity, volumetric displacement, and microscopic 
displacement as reported by IEAGHG (2009) (Goodman et al., 2011). Because no documented 
data for the net-to-total area term are available, it was assumed that CO2 will occupy between 
20% and 80% of the formation for the purposes of Monte Carlo sampling simulations.  For 
DOE-NETL Atlas III, IV (2010, 2012), Esaline factors range between 0.40% and 5.5% based on 
their 10th to 90th percentiles (DOE-NETL, 2010a).   

CO2 storage resource estimates for DOE-NETL Atlas I, II, III, and IV were calculated by Monte 
Carlo simulation using the program GoldSim (see Appendix B for the GoldSim Model 
description for DOE-NETL Atlas I, II and III). Baseline values for parameters At, hg, ϕtot, and  
shown in Equation 2 were applied to the DOE-NETL Atlas I, II (2007, 2008) and DOE-NETL 
Atlas III, IV (2010, 2012) methods  for each saline formation (see Appendix A for baseline 
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values for saline formations A through M).  For DOE-NETL Atlas I, II (2007, 2008), Esaline 
values applied were 0.7, 2.1, and 4.7% based on their 15th, 50th, and 85th percentiles. For DOE-
NETL Atlas III, IV (2010, 2012), Esaline values applied were based on lithology at their 10th, 50th, 
and 90th percentiles and are as follows: Clastics (0.5, 2.0 and 5.4) %; Dolomite (0.64, 2.2, and 
5.5) %; and Limestone (0.40, 1.5, and 4.1) %.   

2.3 A PROBABILISTIC ASSESSMENT METHODOLOGY FOR THE EVALUATION 
OF GEOLOGIC CARBON DIOXIDE STORAGE (USGS: BRENNAN ET AL., 2010) 

In 2007, the Energy Independence and Security Act (Public Law 110-140) authorized the United 
States Geological Survey (USGS) to conduct a national assessment of potential geologic storage 
resources for CO2 in cooperation with the U.S. Environmental Protection Agency (EPA) and the 
DOE. As a result of this legislation, USGS developed a method that is intended to be used by the 
USGS’s geologists for assessments of CO2 storage resource in the United States at scales ranging 
from regional to sub-basinal in which storage assessment units are defined on the basis of 
common geologic and hydrologic characteristics (Brennan et al., 2010). The USGS plans to 
report CO2 storage assessments stemming from this Act in 2013. An updated USGS method is 
currently in press (Blondes et al., 2013). As described by Brennan et al. (2010), this method 
estimates the technically accessible storage resource by probabilistic assessment, which is the 
mass of CO2 that can be stored in the pore volume of the saline storage formation. The boundary 
conditions are considered to be open. This resource is the product of CO2 density and storage 
volume, which is the fraction of the pore volume that will retain injected CO2. The storage 
formation pore volume (SFPV) is calculated and then allocated between the pore volume available 
for buoyantly trapped CO2 and residually trapped CO2: 

SF୔୚ ൌ 	Aୗ୊T୔୍ϕ୔୍                                                            (3) 

where ASF is the area of storage assessment unit, TPI is the mean thickness of the net porous 
interval, and ϕPI is the mean porosity. The buoyant trapping and residual trapping are calculated 
separately because they are modified by different geologic uncertainties and storage efficiencies. 
Storage efficiency is the value that represents the fraction of the total available pore space that 
will retain free-phase CO2. The technically accessible storage volume (TASV) for the storage 
formation as a whole is the summation of the buoyantly and residually trapped CO2: 

 TAୗ୚ ൌ 	R1ୗ୚ ൅ R2ୗ୚ ൅ R3ୗ୚ ൅ Bୗ୚                                           (4) 

where R1SV, R2SV, R3SV are the residually trapped CO2 storage volume for rock class 1, where 
permeability is greater than 1 darcy (d), class 2, where permeability ranges between 1 millidarcy 
and 1 darcy, and class 3, where permeability is less than 1 millidarcy. BSV is the buoyantly 
trapped CO2 storage volume. Buoyant trapping efficiencies range between 10% and 60% and 
residual trapping efficiencies range between 1% and 15% by rock class based on their 5th and 
95th percentiles. The technically accessible storage resource by CO2 mass is determined by 
multiplying the TASV by the density of CO2 by using a probabilistic distribution of the density of 
CO2 calculated by the assessment team based on the upper and lower depth boundaries of the 
storage formation, temperature and pressure gradients appropriate for the area, and an equation 
of state for CO2. 

In this comparison effort, all parameters were treated stochastically in the Monte Carlo 
simulation program GoldSim for the USGS: Brennan et al. (2010) method (See Appendix C for 
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GoldSim Model description). Minimum, baseline, and maximum values in a triangular 
distribution were applied to ASF, TPI, ϕPI, CO2 density, and residual trapping efficiency (see 
Appendix A for baseline values for saline formations A through M). Buoyant trapping was set to 
0% because the caprock for the saline formation data sets was assumed to be roughly linear 
ensuring that structural trapping would not occur at the top of an anticline or in a tilted fault 
block (Szulczewski et al., 2012). Minimum, baseline, and maximum values for residual trapping 
efficiency as a function of permeability are as follows: Class 1 with permeability greater than 
0.9869233 µm² (1 d):  (1, 5, and 7) % efficiency, Class 2 with permeability between 
0.9869233x10-3 µm² and 0.9869233 µm² (1 md and 1000 md): (1, 7, and 15) % efficiency, and 
Class 3 with permeability less than 0.9869233x10-3 µm² (1 md): (0, 0, and 7) % efficiency.  
Eleven saline data formation sets were found to have Class 2 permeability. Two formations were 
found to have Class 1 and 2 permeability ranges where it was assumed that Class 1 accounted for 
5% and Class 2 accounted for 95% of permeability range. Technically accessible CO2 storage 
estimates are reported at their 5th, 50th, and 95th percentiles. 

2.4 LIFETIME OF CARBON CAPTURE AND STORAGE AS A CLIMATE-CHANGE 
MITIGATION TECHNOLOGY (SZULCZEWSKI ET AL., 2012) 

According to Szulczewski et al. (2012), the storage capacity of a saline aquifer is the maximum 
amount of CO2 that could be injected and securely stored under geologic constraints, such as the 
aquifer’s size and the integrity of its caprock. Both residual trapping, in which zones of CO2 
become immobilized by capillary forces, and solubility trapping, in which CO2 dissolves into the 
groundwater are considered. This method is applicable to both open and closed systems 
depending upon the geology of the formation of interest. How much CO2 can be trapped in the 
pore space of the formation is partitioned by CO2 trapping and migration-limited capacity, a time 
independent component, and CO2 capacity due to limitations on the injection rate through 
pressure dissipation and pressure-limited capacity, a time dependent component. Accordingly, 
CO2 storage supply is constrained by CO2 dissipation and pressure-limited capacity for short 
injection times and CO2 trapping and migration-limited capacity for longer injection times.  
Thus, the total CO2 storage supply estimate is determined by the more conservative capacity 
curve: the dissipation and pressure-limited curve or the CO2 trapping and migration-limited 
curve. This method reports CO2 storage capacities at several injection times between 25 years 
and 600 years. 

The mass of CO2 (Ct) stored for the CO2 trapping and migration-limited method at the basin 
scale, is calculated by: 

C୲ ൌ ρ୥L୲WHϕሺ1 െ S୵ୡሻ
ଶ

க౐
                                                         (5) 

where g is the CO2 density, Lt is the length of domain for migration model, W is the width of 
the well array, H is the net aquifer thickness, ϕ is the porosity, Swc is the connate water 
saturation, and 2/T is the efficiency factor. The efficiency factor is calculated using a reservoir 
model to simulate CO2 migration through an aquifer as well as solubility and capillary trapping.  

The mass of CO2 (Cp) stored for the CO2 dissipation and pressure-limited method at the basin 
scale, is calculated by:  
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C୮ ൌ ρ୥HWට
୩౗౧ୡ୘

ஜ౭
	
୔౜౨౗౧	ିሺ஡౥ା஡౭തതതത୥ୈሻ

ସ୮෥ౣ౗౮
                                              (6) 

where g is the CO2 density, H is the net aquifer thickness, W is the width of the well array, kaq is 
the aquifer permeability, c is the compressibility, T is the temperature, w is the brine viscosity, 
Pfraq is the fracture pressure, o is the density, w is the brine density, g is the gravitational 
acceleration, D is the depth to the top of aquifer, and pmax is maximum dimensionless pressure. 

This comparison effort is focused on time-independent storage resource in the absence of 
injectivity limitations. Therefore, only the CO2 trapping and migration-limited capacity was 
considered. This is equivalent to the reported capacities by Szulczewski et al. (2012) in the limit 
of long injection times. The storage volumes reported by Szulczewski et al. (2012) had reached 
the volumetric limit by 300 years for 12 of the 13 formations used in this comparison. For the 
13th, the time-independent resource was communicated to us directly by the authors. In this 
comparison effort, the CO2 trapping and migration-limited CO2 storage resource estimates were 
used directly from Szulczewski et al. (2012) for each saline formation considered. Szulczewski 
et al. (2012) reported baseline storage capacities based on a normal distribution where one 
standard deviation is used as an appropriate measure of uncertainty from the probability density 
function. Because of the assumed normality of the distribution, one standard deviation was taken 
to be the half-range of the 16th and 84th percentiles of baseline storage capacity. 

2.5 A METHOD FOR QUICK ASSESSMENT OF CO2 STORAGE CAPACITY IN 
CLOSED AND SEMI-CLOSED SALINE FORMATIONS (ZHOU ET AL., 2008) 

As described in detail by Zhou et al. (2008), this is a simple method for assessing the storage 
capacity of closed and semi-closed storage formations.  In this comparison study, only closed 
systems were considered. The basic principle is that CO2 injection into these systems will lead 
pressure build-up, because an additional volume of fluid needs to be stored. The injected CO2 
displaces an equivalent volume of native brine, which may either be stored in the expanded pore 
space due to compression of the rock, or be stored in the expanded pore space in the seals. The 
method is designed to provide capacity estimates at early stages of site selection and 
characterization, when quick assessments of multiple sites may be needed and site 
characterization data is sparse. More specifically, the estimated pressure increase caused by 
injection and storage of a specified volume of CO2 can be compared to a sustainable pressure 
threshold, which is the maximum pressure that the formation can sustain without geomechanical 
damage. Alternatively, one may determine the maximum CO2 volume that can be injected 
without jeopardizing the geomechanical structure of the formation seal system. 

In a closed system for saline formations, the available volume for storage of CO2 is provided 
only by the expansion of the pore volume in the formation and seals and the increased brine 
density in response to pressure buildup in the storage formation. It is implied that in-situ mobile 
fluids will neither be displaced by the injected CO2 into distant parts of the same formation or 
neighboring formations, nor be managed by means of fluid production, treatment, and disposal in 
accordance with current technical, regulatory, and economic guidelines.   

The storage capacity by CO2 mass for the closed systems (MCO2(tI)) is: 

Mେ୓ଶሺt୍ሻ ൌ 	 ൫β୮ ൅ β୵൯∆Pሺt୍ሻρV୤ ൌ ൫β୮ ൅ β୵൯∆Pሺt୍ሻρϕ୤AB୤                           (7) 
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where p and w are the pore compressibility and native brine compressibility, respectively, P is 
the sustainable pressure build-up at time tI, and  is the CO2 density at temperature and pressure 
of the formation. Vf is the volume of the formation and is equal to the initial porosity (	ϕf), 
horizontal area (A), and gross thickness (Bf) of the formation. The storage efficiency (E) in a 
closed system is derived by simplifying Equation 7. 

 E ൌ 	 ൫β୮ ൅ β୵൯∆Pሺt୍ሻ                                                      (8) 

Reported efficiency factors for saline formations with closed boundaries range between 0.35% 
and 1% near the CO2 injection well (Economides and Ehlig-Economides, 2009; Gorecki et al., 
2009; Okwen et al., 2010; van de Meer, 1992, 1993, 1995; van de Meer and Egberts, 2008a; van 
de Meer and Yavuz, 2009; Xie and Economides, 2009; Zhou et al., 2008).   

In this comparison effort, the storage resource was calculated stochastically by the Monte Carlo 
simulation program GoldSim for the method by Zhou et al. (2008) (see Appendix C for 
GoldSim Model description). The parameters, p, w,  ϕf, A, and Bf, were treated stochastically 
assuming the values for each quantity follow a triangular distribution and P was treated 
deterministically (see Appendix A for baseline values for saline formations A through M). CO2 
storage estimates are reported at their 10th, 50th, and 90th percentiles. 
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3. DESCRIPTION OF SALINE FORMATION DATA SET 

A recent publication authored by Szulczewski et al. (2012) provides detailed input parameters 
regarding saline formations throughout the United States. This data set has been peer-reviewed 
and is readily available to the public (Szulczewski et al., 2012). Szulczewski et al. (2012) 
selected rectangular volumes representative of various formations found in the United States that 
met the following criteria: 1) the depth must exceed 800 m so that CO2 is stored efficiently as a 
high-density, supercritical fluid; 2) the aquifer and caprock must be laterally continuous over 
long distances; and 3) there must be very few faults that could serve as leakage pathways. In the 
selected rectangular volumes, it was assumed that the caprock is roughly linear ensuring that the 
CO2 could be trapped by hydrodynamic, residual, and solubility trapping. Structural trapping, 
where the CO2 is trapped at the top of an anticline or in a tilted fault block, and mineral trapping, 
where dissolved CO2 reacts with the reservoir rock to form carbonate minerals, were not 
considered. Select data and formations from Szulczewski et al. (2012) were applied as input 
parameters for the six methods discussed above. Parameters selected directly from Szulczewski 
et al. (2012) for comparison of methods for saline formations A through M include the following 
and are listed in Appendix A: net aquifer thickness (H), length of trapping-model domain (LT), 
width of well array (W), porosity (), CO2 density (g), connate water saturation (Swc), aquifer 
permeability (kaq), surface temperature (Ts), temperature gradient (GT), depth to the top of the 
aquifer (D), brine density (w,), and salinity (s). Formations with salinity less than 1% were 
omitted in order to concur with drinking water regulations stated by the EPA (EPA, 2010).   

The methods by CSLF: Bachu et al. (2007), DOE-NETL Atlas I, II (2007, 2008), DOE-NETL 
Atlas III, IV (2010, 2012), and Zhou et al. (2008) require gross thickness, while the methods by 
USGS: Brennan et al. (2010) and Szulczewski et al. (2012) require net thickness. Gross thickness 
is the mean thickness of the saline formation for which CO2 storage is assessed within the basin 
or region defined by the area. Net thickness considers a percentage of the gross thickness that 
meets a set of minimum standards based on porosity and permeability within the basin or region 
defined by the area. For methods that use gross thickness, the net thickness percentage is 
incorporated into the efficiency factor. As described in the U.S. DOE method, net-to-gross 
thickness efficiency was estimated by Monte Carlo sampling for saline formations based directly 
on the 10th and 90th percentiles of net-to-gross thickness as reported by IEAGHG (Goodman et 
al., 2011). Mean net-to-gross thickness efficiency as a function of lithology was calculated to be 
0.48 for clastics, 0.41 for dolomite, and 0.35 for limestone formations. Gross thickness (Hg) was 
estimated by dividing the net thickness for individual saline formations provided in the article by 
Szulczewski et al. (2012) by net-to gross thickness efficiency (see Figure 1 and Appendix A for 
information regarding saline formations A through M). Black solid error bar lines represent the 
minimum and maximum thickness as calculated by the uncertainty analysis provided in the 
article by Szulczewski et al. (2012).   
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Figure 1. Saline formation net and gross thickness. Green bars: baseline net thickness in 
meters (m) for individual saline formations directly provided in the article by Szulczewski et 
al. (2012). Blue bars: baseline gross thickness in meters (m) estimated by dividing the 
baseline net thickness by a net-to-gross thickness efficiency term. The mean net-to-gross 
thickness efficiency term as a function of lithology was calculated to be 0.48 for clastics, 0.41 
for dolomite, and 0.35 for limestone formations. Black solid error bar lines represent the 
minimum and maximum thickness as calculated by the uncertainty analysis provided by 
Szulczewski et al. (2012). See Appendix A for tabulated values for formations A through M. 
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Pore compressibility, brine compressibility, and sustainable pressure build-up are required by the 
closed system method authored by Zhou et al. (2008). Pore compressibility (p) varies widely 
depending upon subsurface material. Szulczewski et al. (2012) set an average compressibility for 
each formation to 1x10-10 Pa-1 because little or no data was available for compressibility of the 
aquifers and caprocks chosen in their work. The IEAGHG (2009) reported pore compressibility 
between 2.8x10-10 Pa-1 and 6.9x10-10 Pa-1 as a function of lithology and depositional environment 
based on numerical simulation and data from the average global database of hydrocarbon 
reservoir properties. Zhou et al. (2008) reported pore compressibility for deep formations ranging 
from (4.5x10-11 to 4.5x10-9) Pa-1.  Others reported compressibility for sandstones and limestones 
between (1x10-11 and 1x10-10) Pa-1 (Domenico and Schwartz, 1998; Fjar et al., 1991). In this 
study, pore compressibility (p) is set to range between 1x10-10 Pa-1 and 5x10-10 Pa-1. Brine 
compressibility (w) for each formation was directly calculated as described by Battistelli et al. 
(1997) while assuming the brine could be represented by a sodium chloride solution. Sustainable 
pressure build-up refers to a pressure that the storage formation can accommodate without 
undergoing geo-mechanical damage such as microfracturing and fault reactivation of the sealing 
structures (Neuzil, 2003). In this study, sustainable pressure build-up (P) was calculated by 
taking 50% of the initial hydrostatic pressure at the top of the storage formation of interest (see 
Appendix A). The initial hydrostatic pressure was calculated by multiplying the depth at the top 
of the formation (D) by the hydrostatic pressure gradient for fresh water (0.009792 MPa/m) 
(Schlumberger, 2012). 
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4. RESULTS - COMPARISON OF SIX PUBLICLY-AVAILABLE CO2 STORAGE 
METHODS TO 13 SALINE FORMATION DATA SETS 

4.1 COMPARISON OF ALL METHODS [CSLF: BACHU ET AL. (2007), DOE-NETL 
ATLAS I, II (2007, 2008), DOE-NETL ATLAS III, IV (2010, 2012), USGS: 
BRENNAN ET AL. (2010), SZULCZEWSKI ET AL. (2012), AND ZHOU ET AL. 
(2008)] 

The methods by CSLF: Bachu et al. (2007), DOE-NETL Atlas I, II (2007, 2008), DOE-NETL 
Atlas III, IV (2010, 2012), USGS: Brennan et al. (2010), Szulczewski et al. (2012), and Zhou et 
al. (2008), were applied to 13 saline formation data sets labeled A-M. Low, middle, and high 
estimates of CO2 storage resource for the methods are represented in Figure 2 for formations A 
through F and Figure 3 for formations G through M. Note the change in scale on the y-axis in 
Figures 2 and 3. The specific input parameters for formations A through M are tabulated in 
Appendix A. Location names were not used in order to focus the study on comparing methods 
and to avoid implying any specific endorsement of this data set. Figures 2 and 3 allow for direct 
comparison of estimates of CO2 storage resource among the methods.  The solid multi-color bars 
represent the middle CO2 storage resource estimates, which are based on their 50th percentile. 
The black solid error bars represent low and high estimates of CO2 storage resource at the 10th 
and 90th percentiles, respectively.   

Low, middle, and high CO2 storage estimates derived from each method are compiled in 
Appendix D.  The methods by CSLF: Bachu et al. (2007), DOE-NETL Atlas III, IV (2010, 
2012), and Zhou et al. (2008) produce CO2 storage resource at the 10th, 50th, and 90th percentiles. 
The method by DOE-NETL Atlas I, II (2007, 2008) produces CO2 storage resource values at the 
15th, 50th, and 85th percentiles. The method by USGS: Brennan et al. (2010) produces CO2 
storage resource values at the 5th, 50th, and 95th percentiles. The method by Szulczewski et al. 
(2012) produces a low, baseline, and high storage estimate where one standard deviation is used 
as an appropriate measure of uncertainty from the probability density function.  Because of the 
assumed normality of the distribution, one standard deviation was taken to be the half-range of 
the 16th and 84th percentiles of the storage values. 
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Figure 2. Multi-colored bars represent estimates of CO2 storage resource in gigatonnes (GT) 
at the 50th percentile for Formations A through F for the following methods: CSLF: Bachu 
et al. (2007), DOE-NETL Atlas I, II (2007, 2008), DOE-NETL Atlas III, IV (2010, 2012), 
USGS: Brennan et al. (2010), Szulczewski et al. (2012), and Zhou et al. (2008).  Black solid 
error bars represent low and high estimates of CO2 storage resource based on their 10th and 
90th percentiles, respectively.  See Appendix D for tabulated values for percent probability 
ranges specifically prescribed by each method. 
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Figure 3. Multi-colored bars represent estimates of CO2 storage resource in gigatonnes (GT) 
at the 50th percentile for Formations G through M for the following methods: CSLF: Bachu 
et al. (2007), DOE-NETL Atlas I, II (2007, 2008), DOE-NETL Atlas III, IV (2010, 2012), 
USGS: Brennan et al. (2010), Szulczewski et al. (2012), and Zhou et al. (2008). Black solid 
error bars represent low and high estimates of CO2 storage resource as represented by their 
10th and 90th percentiles, respectively. See Appendix D for tabulated values for percent 
probability ranges specifically prescribed by each method. 
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This study attempted to apply uniform input parameters for each method; however, certain 
methods required some input parameters to be different. Inputs for length, width, porosity, and 
CO2 density, for example, were consistently applied for each method. Gross or net thickness was 
applied as prescribed by the method. In the cases where gross thickness was used, the efficiency 
factor accounted for the net-to-gross thickness where the fraction of total geologic unit meets the 
minimum porosity and permeability requirements for injection. In the cases where net thickness 
was used, the efficiency factor did not account for net-to-gross thickness. As discussed in more 
detail below, the efficiency term itself was unique to each method. 

Aside from these differences, the following general trends were determined for all of the 
methods [CSLF: Bachu et al. (2007), DOE-NETL Atlas I, II (2007, 2008) and DOE-NETL Atlas 
III, IV (2010, 2012), USGS: Brennan et al. (2010), Szulczewski et al. (2012), and Zhou et al. 
(2008)] for the median CO2 storage resource estimates (i.e. the 50th percentile):  

1) The closed-boundary method by Zhou et al. (2008), typically, reports the lowest CO2 
storage resource 

2) The open-boundary method by USGS: Brennan et al. (2010), typically, reports the 
highest CO2 storage resource 

3) In most cases, the migration limited estimates by Szulczewski et al. (2012) are similar to 
the closed-boundary estimates provided by Zhou et al. (2008) for CO2 storage resource 

4)  The open-boundary estimates by CSLF: Bachu et al. (2007), DOE-NETL Atlas I, II 
(2007, 2008), and DOE-NETL Atlas III, IV (2010, 2012) fall between the open-boundary 
estimates by USGS: Brennan et al. (2010) and closed-boundary estimates by Zhou et al. 
(2008) for CO2 storage resource 

In order to compare the methods with more rigor and determine if any of these methods produce 
statistically significant differences in CO2 storage resource, a pair-wise comparison of the results 
obtained from each method was carried out, using the Šidák inequality to control for false 
positives arising from multiple comparisons (Abdi, 2007). The family-wise confidence level for 
each set of comparisons for a particular formation was set at the 95% confidence level.   

Although more powerful multiple comparison methods, such as control of the false discovery 
rate (Benjamini and Hochberg, 1995), have been developed recently, the decision to use the 
Šidák inequality in this report was made because of its ability to be used to compute uncertainty 
intervals as well as for hypothesis testing and its general applicability for any type of dependence 
among the parameters studied. The procedure of Benjamini and Hochberg (1995) requires a set 
of p-values as inputs and therefore is most naturally suited for hypothesis testing. Benjamini and 
Yekutieli (2005) published a generally-applicable method for controlling the false coverage rate 
of multiple confidence intervals for selected parameters, but it was not used here since 
uncertainty intervals for all pair-wise differences of the parameters are reported and no parameter 
selection has been carried out.  

The following methods were compared in pairs: CSLF: Bachu et al. (2007), DOE-NETL Atlas I, 
II (2007, 2008), DOE-NETL Atlas III, IV (2010, 2012), USGS: Brennan et al. (2010), 
Szulczewski et al. (2012), and Zhou et al. (2008). This allowed for fifteen different comparison 
scenarios, or all possible pairs of six methods. 
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Because the results for each method were computed using stochastic input values generated by 
the GoldSim Monte Carlo simulation software1, it seemed natural to compare the results from 
each method using Monte Carlo simulation as well. The probability distribution for each pair-
wise difference between methods was simulated by reading the GoldSim simulation output for 
each method into the open-source statistical software R (R Development Core Team, 2008) and 
then computing pair-wise differences. Since the GoldSim output for each method is a vector of 
50 000 individual simulated values, the result for each pairwise difference is a vector of 50 000 
differences. Quantiles from the distribution of these values were then used to determine an 
uncertainty interval for each comparison using the Šidák inequality to set the confidence level for 
each individual interval to achieve the desired family-wise confidence level for all comparisons 
within each formation. 

After obtaining an approximation to the probability distribution for each difference, the values 
were smoothed using a kernel density estimation procedure with the R function density and 
plotted, as shown in Appendix F for formations A through M. 

This type of uncertainty analysis, based on the propagation of probability distributions, is a 
standard approach to uncertainty analysis in the measurement science community. The rationale 
and techniques for this method are laid out in the Supplement 1 to the Guide to the Expression of 
Uncertainty in Measurement written by the Joint Committee on Guides in Metrology (JCGM, 
2008). 

The R code used to carry out the pair-wise comparison is given in Appendix E. 

Using this approach, the open-boundary methods in general gave estimates that do not 
statistically differ from one another at the 95% confidence level. Figures 4 and 5 and Table 1 
show a combined summary of the pair-wise statistical analysis for formations A through M); the 
individual pair-wise analyses of formations A through M is compiled in Appendix F. In these 
analyses, a statistically significant result is evident when the difference in the estimated CO2 
storage resource does not contain zero. Statistically different method pairs are highlighted in 
yellow. In the case for Formation H, for example, the method pairs USGS: Brennan et al. (2010) 
and Zhou et al. (2008); CSLF: Bachu et al. (2007) and Zhou et al. (2008); and Szulczewski et al. 
(2012), and Zhou et al. (2008) were found to be statistically different. In the case for Formation 
G and J, no methods were found to be statistically different. Importantly, the estimates for the 
open-boundary methods were not found to differ statistically, as mentioned in general above. 

  

                                                 

 

1The models used to describe the uncertainty in the input values for each method are described in Appendix C. 
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Figure 4. Simultaneous 95% uncertainty interval for all pair-wise differences between all 
methods for Formations A-H. Statistically different method pairs are highlighted in yellow. 
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Figure 5. Simultaneous 95% uncertainty interval for all pair-wise differences between all 
methods for Formations I-M. Statistically different method pairs are highlighted in yellow.   
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Table 1. Summary of all pair-wise differences between methods at the 95% uncertainty 
interval for Formations A-M. The crossed boxes (X) represent statistically different method 
pairs.  

Formation 

Pair‐wise Differences  A  B  C  D  E  F  G  H  I  J  K  L  M 

USGS ‐ CSLF                                        

USGS – Atlas I, II                                        

USGS – Atlas III, IV                                        

USGS ‐ Szulc.  X                                     

USGS ‐ Zhou        X  X  X  X     X                

CSLF – Atlas I, II                                        

CSLF – Atlas III, IV                                        

CSLF ‐ Szulc.  X  X     X                            

CSLF ‐ Zhou  X     X  X  X  X     X  X     X  X  X 

Atlas I, II – Atlas III, IV                                        

Atlas I, II ‐ Szulc.                                        

Atlas I, II ‐ Zhou                                        

Atlas III, IV ‐ Szulc.                                        

Atlas III, IV ‐ Zhou                                        

Szulc. ‐ Zhou                       X              X 

 

Statistical conclusions stemming from a pair-wise comparison of differences in the CO2 storage 
resource between different methods at each of the 13 sites, using the Šidák inequality to control 
for false positives potentially arising from the multiple comparisons within each site, are as 
follows:  

1) For the open-boundary methods, in almost all cases the methods do not differ in a 
statistically significant way in each of the saline formation cases that were studied 

2) Although there are definite differences in the underlying assumptions for open- and 
closed-boundary methods, for most of the saline formation cases that were studied the 
variability in underlying parameters was still so great that the estimates of CO2 storage 
resource from the closed-boundary method could not be statistically distinguished from 
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those generated by the open-boundary methods. In some cases, however, the open-
boundary methods do give statistically significantly different results when compared to 
the closed-boundary method.  

3) In general, the uncertainty in the underlying parameters has a much greater impact on 
overall estimates of CO2 storage resource than the choice of method does, especially 
within subsets of methods defined by their boundary assumptions. 

4.2 COMPARISON OF DOE-NETL ATLAS III, IV (2010, 2012) METHOD WITH THE 
OTHER METHODS [CSLF: BACHU ET AL. (2007), DOE-NETL ATLAS I, II (2007, 
2008), USGS: BRENNAN ET AL. (2010), SZULCZEWSKI ET AL. (2012), AND 
ZHOU ET AL. (2008)] 

A specific analysis of the comparison of the DOE-NETL Atlas III, IV (2010, 2012) method to 
the other methods is shown in Figures 6 through 12 for formations A through M. These figures 
show distributions of the differences in the storage resource estimated by the Atlas III, IV 
method and each of the other five methods, (a) CSLF, (b) Atlas I, II, (c) USGS, (d) Szulczewski 
et al., and (e) Zhou et al. In all cases, the uncertainty bounds based on these distributions contain 
zero at the 95% confidence level, demonstrating that the results from the Atlas III, IV method do 
not differ statistically from the results from the other methods for this data set. The middle red 
lines, which indicate the median value for each distribution, provide a measure of how well the 
methods compare; as can be seen, methods (a) CSLF, (b) Atlas I, II, (c) USGS, and (d) 
Szulczewski et al., compare very well. A complete set of analyses for the Atlas III, IV method 
are provided in Appendix F. 
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Figure 6. Summary graphs for Formations A and B, comparing the predicted distributions 
of the pair-wise differences between the method used in the DOE/NETL Atlas III, IV with 
(a) CSLF, (b) Atlas I, II, (c) USGS, (d) Szulczewski et al., and (e) Zhou et al.  
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Figure 7. Summary graphs for Formations C and D, comparing the predicted distributions 
of the pair-wise differences between the method used in the DOE/NETL Atlas III, IV with 
(a) CSLF, (b) Atlas I, II, (c) USGS, (d) Szulczewski et al., and (e) Zhou et al. 
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Figure 8. Summary graphs for Formations E and F, comparing the predicted distributions 
of the pair-wise differences between the method used in the DOE/NETL Atlas III, IV with 
(a) CSLF, (b) Atlas I, II, (c) USGS, (d) Szulczewski et al., and (e) Zhou et al. 
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Figure 9. Summary graphs for Formations G and H, comparing the predicted distributions 
of the pair-wise differences between the method used in the DOE/NETL Atlas III, IV with 
(a) CSLF, (b) Atlas I, II, (c) USGS, (d) Szulczewski et al., and (e) Zhou et al. 
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Figure 10. Summary graphs for Formations I and J, comparing the predicted distributions 
of the pair-wise differences between the method used in the DOE/NETL Atlas III, IV with 
(a) CSLF, (b) Atlas I, II, (c) USGS, (d) Szulczewski et al., and (e) Zhou et al. 
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Figure 11. Summary graph for Formations K and L, comparing the predicted distributions 
of the pair-wise differences between the method used in the DOE/NETL Atlas III, IV with 
(a) CSLF, (b) Atlas I, II, (c) USGS, (d) Szulczewski et al., and (e) Zhou et al. 
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Figure 12. Summary graph for Formations M, comparing the predicted distributions of the 
pair-wise differences between the method used in the DOE/NETL Atlas III, IV with (a) 
CSLF, (b) Atlas I, II, (c) USGS, (d) Szulczewski et al., and (e) Zhou et al. 
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4.3 COMPARISON OF THE CO2 STORAGE EFFICIENCY FOR ALL METHODS: 
CSLF: BACHU ET AL. (2007), DOE-NETL ATLAS I, II (2007, 2008), DOE-NETL 
ATLAS III, IV (2010, 2012), USGS: BRENNAN ET AL. (2010), SZULCZEWSKI ET 
AL. (2012), AND ZHOU ET AL. (2008) 

As discussed previously, efficiency was a uniquely applied by each method. Carbon dioxide 
storage efficiency gauges the fraction of the accessible pore volume that will be occupied by the 
injected CO2. In general, a generic efficiency can be broadly applied to formations of interest or 
a unique efficiency can be calculated for individual formations. Each method in this comparison 
effort defines and describes the application of storage efficiency in different ways. In most open 
boundary methods, the fraction of accessible pore volume is typically estimated by the use of 
geologic terms: area, thickness, and porosity; and displacement terms: areal, vertical, gravity, 
and microscopic displacement (Lake, 1989). In closed systems, the fraction of accessible pore 
volume is estimated by compressibility of the formation, compressibility of the in-situ fluid, and 
the maximum allowable pressure. Other open and closed boundary methods approximate 
efficiency with capillary trapping numbers and mobility factors (Szulczewski and Juanes, 2009). 

In addition to accessing the fraction of accessible pore volume, the efficiency term also 
accommodates CO2 trapping mechanisms, lithology properties, and rock permeability class. For 
example, structural trapping, while not considered in the data input model by Szulczewski et al. 
(2009), is incorporated in the efficiency term prescribed by the CSLF: Bachu et al. (2007), DOE-
NETL Atlas I, II (2007, 2008), DOE-NETL Atlas III, IV (2010, 2012), USGS: Brennan et al. 
(2010), and Zhou et al. (2008) methods. While the USGS: Brennan et al. (2010) method offers 
the flexibility to adjust the percentage of CO2 structural trapping, the other three methods do not.  
Hydrodynamic and residual trapping were considered for all methods except by Szulczewski et 
al. (2012), where only residual and solubility trapping were considered.   

Comparison of the CO2 storage efficiency uniquely applied by each method is not useful because 
of the wide variety of definitions and rules prescribed by the individual methods for applying 
efficiency. Thus, we developed the concept of a general efficiency that would allow comparison 
among all the methods by defining an overall efficiency that is equal to the total estimate of CO2 
storage resource predicted by each method divided by the total reservoir pore space available for 
CO2 storage specific to each formation.  

Overall	Efϐiciency ൌ 	 ୘୭୲ୟ୪	େ୓మୗ୲୭୰ୟ୥ୣ	୉ୱ୲୧୫ୟ୲ୣ	୳୬୧୯୳ୣ	୲୭	ୣୟୡ୦	୫ୣ୲୦୭ୢ	ሺୋ୘ሻ

୘୭୲ୟ୪	ୖୣୱୣ୰୴୭୧୰	୔୭୰ୣ	ୗ୮ୟୡୣ	ୱ୮ୣୡ୧ϐ୧ୡ	୲୭	ୣୟୡ୦	୤୭୰୫ୟ୲୧୭୬	ሺୋ୘ሻ
            (9) 

Under this definition, the overall efficiency is normalized and CO2 storage efficiency can be 
directly compared amongst the six methods. This then allows us to attribute the differences in 
estimates of CO2 storage resource predicted by each method to differences in the efficiency 
value.   

Direct comparisons of low, middle, and high estimates of CO2 storage efficiency for the methods 
are represented in Figures 13 and 14. The solid multi-color bars represent the median CO2 
storage efficiency values (the 50th percentile). The black solid error bars represent low and high 
estimates of CO2 storage efficiency values at the 10th and 90th percentiles, respectively. Low, 
middle, and high CO2 storage efficiency prescribed by each method are compiled in Appendix 
G. The methods by CSLF: Bachu et al. (2007), DOE-NETL Atlas III, IV (2010, 2012), and Zhou 
et al. (2008) produce CO2 storage efficiency at the 10th, 50th, and 90th percentiles. The method by 
DOE-NETL Atlas I, II (2007, 2008) produces CO2 storage efficiency at the 15th, 50th, and 85th 
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percentiles. The method by USGS: Brennan et al. (2010) produces CO2 storage efficiency at the 
5th, 50th, and 95th percentiles. The method by Szulczewski et al. (2012) produces a low, baseline, 
and high storage efficiency where one standard deviation is used as an appropriate measure of 
uncertainty from the probability density function. Because of the assumed normality of the 
distribution, one standard deviation was taken to be the half-range of the 16th and 84th percentiles 
of the storage efficiency.   

The overall efficiencies for the open system methods CSLF: Bachu et al. (2007), DOE-NETL 
Atlas I, II (2007, 2008), DOE-NETL Atlas III, IV (2010, 2012), and USGS: Brennan et al. 
(2010) range between 1.5% and 3.6% at the 50th percentile. The efficiency for the closed system 
method by Zhou et al. (2008) ranges between 0.3% and 1.2% at the 50th percentile. The 
efficiency for the method by Szulczewski et al. (2012), which considers migration-limited 
storage based on the geology of the formation, ranges between 0.4% and 7.2% at the 50th 
percentile. All values are compiled in Appendix G. 
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Figure 13. Multi-colored bars represent overall efficiency for CO2 storage estimates at the 
50th percentile for formations A through F for the following methods: CSLF: Bachu et al. 
(2007), DOE-NETL Atlas I, II (2007, 2008), DOE-NETL Atlas III, IV (2010, 2012), USGS: 
Brennan et al. (2010), Szulczewski et al. (2012), and Zhou et al. (2008). Black solid error bars 
represent low and high estimates of overall CO2 storage efficiency as represented by the 10th 
and 90th percentiles of overall efficiency, respectively. See Appendix G for tabulated values 
for percentiles specifically prescribed by each method. 
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Figure 14. Multi-colored bars represent overall efficiency for CO2 storage estimates at the 
50th percentile for formations G through M for the following methods: CSLF: Bachu et al. 
(2007), DOE-NETL Atlas I, II (2007, 2008), DOE-NETL Atlas III, IV (2010, 2012), USGS: 
Brennan et al. (2010), Szulczewski et al. (2012), and Zhou et al. (2008). Black solid error bars 
represent low and high estimates of overall CO2 storage efficiency as represented by the 10th 
and 90th percentiles, respectively. See Appendix G for tabulated values for percentiles 
specifically prescribed by each method. 
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5. CONCLUSION 

Several different resource estimation methods [CSLF: Bachu et al. (2007); DOE-NETL Atlas I, 
II (2007, 2008); DOE-NETL Atlas III, IV (2010, 2012); USGS: Brennan et al. (2010); 
Szulczewski et al. (2012); and Zhou et al. (2008)] were applied to a wide range of different sites. 
As is typical for these types of estimates for carbon storage in saline fields, the data sets were 
very sparse. This study attempted to apply uniform input parameters for each method; however, 
certain methods required some input parameters to be different. Inputs for length, width, 
porosity, and CO2 density, for example, were consistently applied for each method. Gross or net 
thickness was applied as prescribed by the method. The efficiency term was unique to each 
method. 

The following general trends were determined for the methods for the middle CO2 storage 
resource estimates, which are based on the 50th percentile:  

1) The closed-boundary method by Zhou et al. (2008), typically, reports the lowest CO2 
storage resource 

2) The open-boundary method by USGS: Brennan et al. (2010), typically, reports the 
highest CO2 storage resource 

3) In most cases, the migration limited estimates by Szulczewski et al. (2012) are similar to 
the closed-boundary estimates provided by Zhou et al. (2008) for CO2 storage resource 

4)  The open-boundary estimates by CSLF: Bachu et al. (2007), DOE-NETL Atlas I, II 
(2007, 2008), and DOE-NETL Atlas III, IV (2010, 2012) typically fall between the open-
boundary estimates by USGS: Brennan et al. (2010) and closed-boundary estimates by 
Zhou et al. (2008) for CO2 storage resource. 

Statistical conclusions stemming from a pair-wise comparison of stochastic inputs using the 
Šidák inequality to control for false positives arising from this multiple comparison effort are as 
follows:  

1) For the open-boundary methods, in almost all cases the methods do not differ in a 
statistically significant way in each of the saline formation cases that were studied 

2) Although there are definite differences in the underlying assumptions for open- and 
closed-boundary methods, for most of the saline formation cases that were studied the 
variability in underlying parameters was still so great that the estimates of CO2 storage 
resource from the closed-boundary method could not be statistically distinguished from 
those generated by the open-boundary methods. In some cases, however, the open-
boundary methods do give statistically significantly different results when compared to 
the closed-boundary method.  

3) In general, the uncertainty in the underlying parameters has a much greater impact on 
overall estimates of CO2 storage resource than the choice of method does, especially 
within subsets of methods defined by their boundary assumptions 

In a specific analysis of the comparison of the Atlas III, IV method to the other methods: 

1) In all cases, the uncertainty bounds based on these distributions contain zero at the 95% 
confidence level, demonstrating that the results from the Atlas III, IV method do not 
differ statistically from the results from the other methods for this data set 
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A direct comparison of the overall efficiency amongst the six methods produced the following 
storage efficiency ranges: 

2) The overall efficiencies for the open system methods [CSLF: Bachu et al. (2007); DOE-
NETL Atlas I, II (2007, 2008); DOE-NETL Atlas III, IV (2010, 2012); and USGS: 
Brennan et al. (2010)] range between 1.5% and 3.6% at the 50th percentile. The efficiency 
for the closed system method by Zhou et al. (2008) ranges between 0.3% and 1.2% 
percent at the 50th percentile. The efficiency for the method by Szulczewski et al. (2012), 
which considers migration-limited storage based on the geology of the formation, ranges 
between 0.4% and 7.2% at the 50th percentile.     

Most of the open system methods gave median results that were well within the uncertainty 
bounds of the others, suggesting that the uncertainty accounted for within each method is higher 
than the variability between the methods. Thus, the uncertainty in the underlying parameters has 
a much greater impact on overall estimates of CO2 storage resource than uncertainty in the 
choice of method. Assessments of CO2 storage potential made with different methods currently 
can be treated as giving comparable results relative to our typical knowledge of the relevant 
input values when assessing CO2 storage potential at a high level.  

The closed system estimates were consistently lower than those of the open system methods, but 
the estimated values from the closed system were also mostly well within the uncertainty bounds 
of the open system estimates. The fact that the closed methods often give lower results than the 
open methods suggests that statistically significant differences will ultimately be found in many 
cases, but maybe not in all cases, as uncertainty in the underlying parameters decreases. 
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APPENDIX A: 

Appendix A contains tables with detailed information for Formations A through M (see below). 

Baseline values were used directly from Szulczewski et al. (2012).  Minimum and maximum 
values were calculated by the uncertainty analysis provided by Szulczewski et al. (2012).    

Gross thickness (Hg) was estimated by dividing the net thickness for individual saline formations 
provided in the article by Szulczewski et al. (2012) by net-to gross thickness efficiency. As 
described in the DOE-NETL method, net-to-gross thickness efficiency was estimated by Monte 
Carlo sampling for saline formations based directly on the P10 and P90 ranges for net-to-gross 
thickness as reported by IEAGHG (Goodman et al., 2011).  Mean net-to-gross thickness 
efficiency as a function of lithology was calculated to be 0.48 for clastics, 0.41 for dolomite, and 
0.35 for limestone formations. 

The irreducible water saturation (Swirr) corresponds to the lowest water saturation that can be 
achieved in a core plug by displacing the water by oil or gas. The state is usually achieved by 
flowing oil or gas through a water-saturated sample, or spinning it in a centrifuge to displace the 
water with oil or gas. The term is somewhat imprecise because the irreducible water saturation is 
dependent on the final drive pressure when flowing oil or gas or the maximum speed of rotation 
in a centrifuge. The related term, connate water saturation, is the lowest water saturation found in 
situ (Schlumberger, 2012). In this study, the value of connate water saturation is used to 
represent irreducible water saturation. 

Sustainable pressure build-up refers to a pressure that the storage formation can accommodate 
without undergoing geo-mechanical damage such as microfracturing and fault reactivation of the 
sealing structures (Neuzil, 2003). As discussed by Zhou et al. (2008) , sustainable pressure build-
up (P) was calculated by taking 50 % of the initial hydrostatic pressure at the top of the storage 
formation of interest. The initial hydrostatic pressure was calculated by multiplying the depth at 
the top of the formation (D) by the hydrostatic pressure gradient for fresh water (0.009792 
MPa/m) (Schlumberger, 2012). 

Area (A) was calculated by multiplying length of the trapping-model domain (LT) by net aquifer 
thickness (H) or gross aquifer thickness (Hgross) depending upon what is prescribed by the 
method. 
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Table A.1. Formation A 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  180  200  220  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  190000  200000  210000  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.2  180000  200000  220000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.1  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  790  800  810  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  93  100  107  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  9  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  20  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  2000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  200  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  374  416  457  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  3.5E‐10  3.5E‐10  3.6E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  20  calculated in this study 

P  Sustainable pressure buildup  Mpa  10  calculated in this study 
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Table A.2. Formation B 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  360  400  440  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  95000  100000  105000  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  190000  200000  210000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  690  700  710  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  93  100  107  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  10  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  20  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  2000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  100  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  748  831  914  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  3.6E‐10  3.7E‐10  3.8E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  20  calculated in this study 

P  Sustainable pressure buildup  Mpa  10  calculated in this study 
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Table A.3. Formation C 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  1800  2000  2200  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  47500  50000  52500  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  95000  100000  105000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  490  500  510  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  366  400  438  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  20  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  30  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  1000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  50  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  3740  4156  4572  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  3.9E‐10  5.1E‐10  7.2E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  10  calculated in this study 

P  Sustainable pressure buildup  Mpa  5  calculated in this study 
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Table A.4. Formation D 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  90  100  110  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  285000  300000  315000  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  190000  200000  210000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  690  700  710  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  93  100  107  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  10  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  20  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  1000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  200  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  187  208  229  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  3.3E‐10  3.3E‐10  3.4E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  10  calculated in this study 

P  Sustainable pressure buildup  Mpa  5  calculated in this study 
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Table A.5. Formation E 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  810  900  990  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  38000  40000  42000  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  95000  100000  105000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  490  500  510  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  366  400  438  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  20  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  30  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  1000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  50  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  1683  1870  2057  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  3.9E‐10  4.4E‐10  5.0E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  10  calculated in this study 

P  Sustainable pressure buildup  Mpa  5  calculated in this study 
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Table A.6. Formation F 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  630  700  770  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  47500  50000  52500  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  95000  100000  105000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  490  500  510  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  366  400  438  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  20  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  30  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  1000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  100  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  1309  1455  1600  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  3.6E‐10  3.8E‐10  4.1E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  10  calculated in this study 

P  Sustainable pressure buildup  Mpa  5  calculated in this study 
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Table A.7. Formation G 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  450  500  550  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  85500  90000  94500  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  190000  200000  210000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.064  0.08  0.096  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  490  500  510  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  56  60  64  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  6  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  40  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  3000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  200  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  1271  1412  1553  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  4.7E‐10  5.1E‐10  5.7E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  20  calculated in this study 

P  Sustainable pressure buildup  Mpa  10  calculated in this study 
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Table A.8. Formation H 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  180  200  220  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  85500  90000  94500  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  95000  100000  105000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  690  700  710  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  813  900  997  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  20  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  20  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  1000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  10  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  374  416  457  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  3.7E‐10  3.8E‐10  3.8E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  10  calculated in this study 

P  Sustainable pressure buildup  Mpa  5  calculated in this study 
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Table A.9. Formation I 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  180  200  220  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  28500  30000  31500  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  190000  200000  210000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  590  600  610  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD 


40  100  4000  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  6  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  30  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  3000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  35  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  374  416  457  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  4.7E‐10  4.8E‐10  5.0E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  29  calculated in this study 

P  Sustainable pressure buildup  Mpa  15  calculated in this study 
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Table A.10. Formation J 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  540  600  660  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  57000  60000  63000  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  95000  100000  105000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.064  0.08  0.096  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  490  500  510  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  56  60  64  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  6  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  40  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  3000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  200  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  1525  1694  1864  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  4.3E‐10  4.7E‐10  5.1E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  29  calculated in this study 

P  Sustainable pressure buildup  Mpa  15  calculated in this study 
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Table A.11. Formation K 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  180  200  220  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  47500  50000  52500  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  95000  100000  105000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  590  600  610  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD 


40  100  4000  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  10  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  30  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  3000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  35  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  374  416  457  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  4.8E‐10  4.9E‐10  5.1E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  29  calculated in this study 

P  Sustainable pressure buildup  Mpa  15  calculated in this study 
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Table A.12. Formation L 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  13.5  15  16.5  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  66500  70000  73500  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  76000  80000  84000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.16  0.2  0.24  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  590  600  610  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  275  300  327  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  20  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  30  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  2000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  100  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  28  31  34  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  3.9E‐10  3.9E‐10  3.9E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  20  calculated in this study 

P  Sustainable pressure buildup  Mpa  10  calculated in this study 
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Table A.13. Formation M 

Symbol  Parameters  Units 
Formula for 
Uncertainty  Uncertainty  Minimum  Baseline  Maximum  Source 

H  Net aquifer thickness  m  =P/P  0.2  36  40  44  Szulczewski et al. (2012) 

LT  Length of trapping‐model domain  m  =P/P  0.1  95000  100000  105000  Szulczewski et al. (2012) 

W  Width of well array  m  =P/P  0.1  95000  100000  105000  Szulczewski et al. (2012) 

 Porosity  =P/P  0.4  0.048  0.06  0.072  Szulczewski et al. (2012) 

g  CO2 density  kg/m3  P  20  790  800  810  Szulczewski et al. (2012) 

Swc  Connate water saturation  P  0.2  0.3  0.4  0.5  Szulczewski et al. (2012) 

kaq  Aquifer permeability  mD   0.03  47  50  53  Szulczewski et al. (2012) 

Ts  Surface temperature  oC  10  Szulczewski et al. (2012) 

GT  Geothermal gradient  oC/km  20  Szulczewski et al. (2012) 

D  depth to top of aquifer  m  2000  Szulczewski et al. (2012) 

w  Brine density  kg/m3  1000  Szulczewski et al. (2012) 

s  Salinity  g/L  100  Szulczewski et al. (2012) 

Hgross  Gross aquifer thickness  m  =P/P  0.2  75  83  91  calculated in this study 

Bp  Pore compressibility  Pa‐1  1E‐10  3E‐10  5E‐10  calculated in this study 

Bw  Brine compressibility  Pa‐1  3.6E‐10  3.6E‐10  3.6E‐10  Battistelli et al. (1997) 

GP  Pressure gradient for fresh water  MPa/m  0.009792  Schlumberger Oilfield Glossary 

P  Hydrostatic pressure  MPa  20  calculated in this study 

P  Sustainable pressure buildup  Mpa  10  calculated in this study 
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APPENDIX B: 

GoldSim Model of DOE-NETL Atlas I, II (2007, 2008) and DOE-NETL Atlas III, IV (2010, 
2012) methods: 
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APPENDIX C: 

GoldSim Model of USGS: Brennan et al. (2010) Method (upper right) and GoldSim Model of 
Zhou et al. (2008) Method (bottom left): 
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APPENDIX D: 

The following table compiles resource estimates (GT) between the 5th and 95th percentiles. The 
methods by CSLF: Bachu et al. (2007), DOE-NETL Atlas III, IV (2010, 2012), and Zhou et al. 
(2008) produce CO2 storage resource at the 10th, 50th, and 90th percentiles. The method by DOE-
NETL Atlas I, II (2007, 2008) produces CO2 storage resource values at the 15th, 50th, and 85th 
percentiles. The method by USGS: Brennan et al. (2010) produces CO2 storage resource values 
at the 5th, 50th, and 95th percentiles. The method by Szulczewski et al. (2012) produces a low, 
baseline, and high storage estimate where one standard deviation is used as an appropriate 
measure of uncertainty from the probability density function. Because of the assumed normality 
of the distribution, one standard deviation was taken to be the half-range of the 16th and 84th 
percentiles of the storage values. 

 

 

Prospective CO2 Storage Resource Estimates (GT) 

Formation  Percentile 

CSLF: 
Bachu et 
al. (2007) 
open 

DOE‐NETL: 
Altas I, II 
(2007, 

2008) open 

DOE‐NETL: 
Atlas III, IV 
(2010, 

2012) open 

USGS: 
Brennan et 
al. (2010) 
open 

Szulczewski 
et al. 
(2012) 

migration‐
limited 

Zhou et al. 
(2008) 
closed 

A  P5  38.2 

P10  49.5  15.1  14.2  49.1  5.2  13.8 

P15  20.2 

P16  21.2  19.5  58.7  6.7  14.5 

P50  71.8  54.8  52.4  95.5  10.0  17.2 

P84  120.4  117.2  138.3  13.3  20.2 

P85  124.1 

P90  159.6  147.7  142.8  150.5  17.0  21.1 

P95  165.1 

B  P5  33.5 

P10  43.3  13.2  12.4  43.0  47.7  12.4 

P15  17.7 

P16  18.5  17.0  51.5  61.0  13.0 

P50  62.8  47.9  45.8  83.6  88.0  15.4 

P84  105.3  102.4  121.0  120.0  17.9 

P85  108.5 

P90  139.6  129.1  124.8  131.5  153.6  18.7 

P95  144.4 
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Formation  Percentile 

CSLF: 
Bachu et 
al. (2007) 
open 

DOE‐NETL: 
Altas I, II 
(2007, 

2008) open 

DOE‐NETL: 
Atlas III, IV 
(2010, 

2012) open 

USGS: 
Brennan et 
al. (2010) 
open 

Szulczewski 
et al. 
(2012) 

migration‐
limited 

Zhou et al. 
(2008) 
closed 

C  P5  30.0 

P10  38.7  11.8  11.1  38.4  7.7  7.0 

P15  15.8 

P16  16.5  15.2  46.0  9.9  7.4 

P50  56.1  42.8  40.9  74.6  18.0  8.7 

P84  94.0  91.5  108.0  26.2  10.2 

P85  96.9 

P90  124.7  115.3  111.5  117.4  33.5  10.6 

P95  128.9 

D  P5  25.2 

P10  32.5  9.9  9.3  32.3  9.9  4.4 

P15  13.3 

P16  13.9  12.8  38.6  12.7  4.6 

P50  47.1  36.0  34.4  62.7  17.0  5.5 

P84  79.0  76.9  90.8  22.2  6.4 

P85  81.5 

P90  104.7  96.9  93.7  98.6  28.4  6.7 

P95  108.3 

E  P5  10.8 

P10  13.9  4.3  4.0  13.8  2.9  2.3 

P15  5.7 

P16  5.9  5.5  16.6  3.7  2.4 

P50  20.2  15.4  14.7  26.9  8.6  2.8 

P84  33.8  32.9  38.9  12.3  3.2 

P85  34.9 

P90  44.9  41.5  40.1  42.3  15.7  3.3 

P95  46.4 

F  P5  10.6 

P10  13.5  4.1  3.9  13.5  5.2  2.0 
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Formation  Percentile 

CSLF: 
Bachu et 
al. (2007) 
open 

DOE‐NETL: 
Altas I, II 
(2007, 

2008) open 

DOE‐NETL: 
Atlas III, IV 
(2010, 

2012) open 

USGS: 
Brennan et 
al. (2010) 
open 

Szulczewski 
et al. 
(2012) 

migration‐
limited 

Zhou et al. 
(2008) 
closed 

F  P15  5.5 

P16  5.8  5.3  16.0  6.6  2.1 

P50  19.6  15.0  14.3  26.1  12.0  2.5 

P84  32.9  32.0  37.9  17.4  2.9 

P85  33.9 

P90  43.6  40.4  39.0  41.3  22.3  3.0 

P95  44.9 

G  P5  10.8 

P10  14.3  5.8  4.2  13.8  3.0  6.8 

P15  7.7 

P16  8.1  5.8  16.6  3.8  7.1 

P50  20.7  20.9  15.2  26.9  6.6  8.2 

P84  46.0  33.2  38.9  9.2  9.5 

P85  47.4 

P90  33.2  56.4  40.3  42.3  11.8  9.8 

P95  46.4 

H  P5  7.5 

P10  9.7  3.0  2.8  9.7  8.3  1.4 

P15  4.0 

P16  4.2  3.8  11.6  10.6  1.5 

P50  14.1  10.8  10.3  18.8  14.0  1.8 

P84  23.7  23.1  27.2  17.4  2.0 

P85  24.4 

P90  31.4  29.1  28.1  29.6  22.3  2.1 

P95  32.5 

I  P5  4.4 

P10  5.6  1.7  1.6  5.5  2.1  2.9 

P15  2.3 

P16  2.4  2.2  6.6  2.7  3.0 
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Formation  Percentile 

CSLF: 
Bachu et 
al. (2007) 
open 

DOE‐NETL: 
Altas I, II 
(2007, 

2008) open 

DOE‐NETL: 
Atlas III, IV 
(2010, 

2012) open 

USGS: 
Brennan et 
al. (2010) 
open 

Szulczewski 
et al. 
(2012) 

migration‐
limited 

Zhou et al. 
(2008) 
closed 

I  P50  8.1  6.2  5.9  10.5  5.1  3.5 

P84  13.5  13.2  15.1  7.5  4.0 

P85  14.0 

P90  18.0  16.6  16.1  16.4  9.6  4.2 

P95  18.0 

J  P5  4.3 

P10  5.7  2.3  1.7  5.5  2.6  3.9 

P15  3.1 

P16  3.2  2.3  6.6  3.3  4.0 

P50  8.3  8.4  6.1  10.7  5.3  4.7 

P84  18.4  13.3  15.6  7.5  5.4 

P85  19.0 

P90  13.3  22.6  16.1  16.9  9.6  5.6 

P95  18.6 

K  P5  3.7 

P10  4.6  1.4  1.3  4.6  2.0  2.4 

P15  1.9 

P16  2.0  1.8  5.5  2.6  2.5 

P50  6.7  5.1  4.9  8.8  4.0  2.9 

P84  11.3  11.0  12.6  5.4  3.4 

P85  11.6 

P90  15.0  13.8  13.4  13.7  6.9  3.5 

P95  15.0 

L  P5  0.3 

P10  0.4  0.1  0.1  0.4  0.8  0.1 

P15  0.2 

P16  0.2  0.2  0.5  1.0  0.1 

P50  0.6  0.4  0.4  0.8  1.5  0.1 

P84  0.9  0.9  1.1  2.0  0.2 
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Formation  Percentile 

CSLF: 
Bachu et 
al. (2007) 
open 

DOE‐NETL: 
Altas I, II 
(2007, 

2008) open 

DOE‐NETL: 
Atlas III, IV 
(2010, 

2012) open 

USGS: 
Brennan et 
al. (2010) 
open 

Szulczewski 
et al. 
(2012) 

migration‐
limited 

Zhou et al. 
(2008) 
closed 

L  P85  1.0 

P90  1.3  1.2  1.1  1.2  2.6  0.2 

P95  1.3 

M  P5  0.6 

P10  0.7  0.2  0.2  0.7  1.0  0.2 

P15  0.3 

P16  0.3  0.3  0.9  1.2  0.2 

P50  1.1  0.8  0.8  1.4  1.6  0.3 

P84  1.8  1.8  2.1  2.0  0.3 

P85  1.9 

P90  2.4  2.2  2.1  2.3  2.5  0.3 

P95  2.5 
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APPENDIX E: 

Example R script used to compare differences in CO2 storage resource computed using different 
methods with stochastic inputs. All pairwise comparisons are made using the Šidák inequality to 
control for false positives arising from multiple comparisons within each site. 

Input data for the method by CSLF: Bachu et al. (2007) with limited stochastic input was 
represented by a loglogistic distribution for sandstone lithology and lognormal for limestone 
lithology. 

Input data for the method by Szulczewski et al. (2012) with limited stochastic input was 
represented by a normal distribution. 

Input data for methods by DOE-NETL Atlas I, II (2007, 2008), DOE-NETL Atlas III, IV (2010, 
2012), USGS: Brennan et al. (2010), and Zhou et al. (2008) with full stochastic input was 
empirically represented by 50 000 realizations generated by the Monte Carlo program, GoldSim. 

 

# R script to compare carbon sequestration capacities computed using 

# different methods with stochastic inputs. All pairwise comparisons 

# are made using the Sidak inequality to control for false positives 

# arising from multiple comparison. 

#  

# Author: Will Guthrie, 2012‐10‐12 

# Last Change: 2012‐10‐21 

###################################################################### 

 

# read in and setup data for computation  

# user input potentially required in each section 

##### 

 

# formation name 

formation.name <‐ "friob" 

 

# read input values from methods with full stochastic output into R 

input.initial <‐ read.table("simulation‐data‐friob‐six‐
methods.txt",header=T) 

 

# combine or transform initial input as necessary 
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# generate input values from methods with limited stochastic input 

atlas3 <‐ input.initial[,1]/10^9 

usgs <‐ input.initial[,2]/10^9 

atlas12 <‐ apply(input.initial[,3:6],1,mean)/10^9 

zhou <‐ input.initial[,7]/10^9 

library(FAdist) 

cslf <‐ 
pmin(signif(rllog3(dim(input.initial)[1],0.62,2.13,11.77),5),179.54) 

mit <‐ signif(rnorm(dim(input.initial)[1],mean=8.60,sd=4.30),5) 

 

# put all input values into a single dataframe for analysis  

input.final <‐ 
data.frame(usgs=usgs,cslf=cslf,atlas12=atlas12,atlas3=atlas3,mit=mit,z
hou=zhou) 

 

# desired family‐wise confidence level for each set of comparisons 

fwcl <‐ 0.95 

 

# output file for simulated pairwise differences 

differences.filename <‐ "simulated‐differences‐friob‐six‐methods.txt" 

 

# indicator to select between plotting to a file or screen 

ptf <‐ T 

 

# output file name for graphical output 

graphics.filename <‐ "comparison‐results‐friob‐six‐methods.pdf" 

 

# output filename for uncertainty bounds 

uncertainty.bounds.filename <‐ "uncertainty‐bounds‐friob‐six‐
methods.txt" 

 

# computations ‐ no user input needed from here on 

##### 
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# compute number of methods and get method names 

n.m <‐ dim(input.final)[2] 

method.names <‐ dimnames(input.final)[[2]] 

 

#compute pair‐wise confidence level for each comparison using the 

# Sidak inequality 

pwcl <‐ fwcl^(1/choose(n.m,2)) 

 

# loop through methods and compute differences for each pair 

for(i in 1:(n.m‐1)) 

{ 

for(j in (i+1):n.m) 

{ 

 

# compute simulated differences in methods from simulated input values 

# for each method 

vn <‐ paste("delta.",method.names[i],".",method.names[j],sep="") 

assign(vn,with(input.final,get(method.names[i]))‐
with(input.final,get(method.names[j]))) 

if(i==1 & j==2) diff.values <‐ data.frame(get(vn)) else  

                diff.values <‐ data.frame(diff.values,get(vn)) 

dimnames(diff.values)[[2]][dim(diff.values)[2]] <‐ vn 

if(i==1 & j==2) dens.values <‐ data.frame(density(get(vn))$y) else  

      dens.values <‐ 
data.frame(dens.values,density(get(vn))$y) 

} 

} 

 

# write out raw differences for use in other programs and/or for 

# documentation 

orig.width <‐ options()$width 

options(width=1000) 
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sink(differences.filename) 

print(diff.values) 

sink() 

options(width=orig.width) 

 

# loop through methods and carry out computations for each pair of 

# methods 

if(ptf) pdf(graphics.filename) else par(ask=T) 

cnt <‐ 1 

uncertainty.bounds <‐ matrix(NA,nrow=choose(n.m,2),ncol=3) 

for(i in 1:(n.m‐1)) 

{ 

for(j in (i+1):n.m) 

{ 

 

# assign current difference to a temporary variable with a standard 

# name for convenience 

cdiff <‐ 
get(paste("delta.",method.names[i],".",method.names[j],sep="")) 

 

# approximate the probability density function 

kde <‐ density(cdiff) 

 

# compute the median of the distribution for each difference and  

# the associated uncertainty bounds 

md <‐ median(cdiff) 

ub <‐ quantile(cdiff,c(1/2‐pwcl/2,1/2+pwcl/2)) 

uncertainty.bounds[cnt,] <‐ c(ub[1],md,ub[2]) 

 

# plot the results 

plot(kde,lwd=3,col="blue",xlim=range(diff.values),ylim=c(0‐
0.01*max(dens.values),max(dens.values)),xlab="(Difference in CO2 
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Storage)/GT",ylab="Probability Density",main=paste("Difference 
Between",method.names[i],"and",method.names[j],"\n",formation.name)) 

 

# draw red lines indicating lower uncertainty bound, median, and upper 

# uncertainty bound on plot 

segments(kde$x[which.min((md‐kde$x)^2)],0,kde$x[which.min((md‐
kde$x)^2)],kde$y[which.min((md‐kde$x)^2)],col="red",lwd=3) 

lines(kde,lwd=3,col="blue") 

segments(kde$x[which.min((ub[1]‐kde$x)^2)],0,kde$x[which.min((ub[1]‐
kde$x)^2)],kde$y[which.min((ub[1]‐kde$x)^2)],col="red",lwd=4) 

segments(kde$x[which.min((ub[2]‐kde$x)^2)],0,kde$x[which.min((ub[2]‐
kde$x)^2)],kde$y[which.min((ub[2]‐kde$x)^2)],col="red",lwd=4) 

 

# write values of lower uncertainty bound, median, and upper 

# uncertainty bound on plot 

text(kde$x[which.min((ub[1]‐kde$x)^2)],‐
0.04*max(dens.values)/2,round(ub[1],1),cex=0.75,col="red") 

text(kde$x[which.min((md‐kde$x)^2)],‐
0.04*max(dens.values)/2,round(md,1),cex=0.75,col="red") 

text(kde$x[which.min((ub[2]‐kde$x)^2)],‐
0.04*max(dens.values)/2,round(ub[2],1),cex=0.75,col="red") 

 

# add a dotted reference line at zero 

segments(0,0,0,kde$y[which.min((0‐kde$x)^2)],lty=3) 

cnt <‐ cnt+1 

} 

} 

 

# add row and column labels to uncertainty.bounds 

dimnames(uncertainty.bounds)[[1]] <‐ dimnames(diff.values)[[2]] 

dimnames(uncertainty.bounds)[[2]] <‐ c("Lower Bound","Median","Upper 
Bound") 

 

# write out uncertainty.bounds to a file 
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sink(uncertainty.bounds.filename) 

print(uncertainty.bounds) 

sink() 

 

# add a summary plot to the results that compares the uncertainty 

# intervals for each pair of methods 

plot(rep(1:choose(n.m,2),3),uncertainty.bounds,type="n",xlab="Method 
Differences",ylab="(Difference CO2 Storage)/GT") 

segments(1:choose(n.m,2),uncertainty.bounds[,1],1:choose(n.m,2),uncert
ainty.bounds[,3],lwd=3,col="gray") 

points(1:choose(n.m,2),uncertainty.bounds[,2],pch=18,cex=1.5) 

abline(h=0,lty=3) 

title(paste("Simultaneous",fwcl*100,"% Uncertainty Intervals\nfor All 
Pairwise Differences Between Methods")) 

if(ptf) dev.off() 
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APPENDIX F: 

Individual 95% uncertainty intervals for all possible pair-wise difference comparisons between 
methods for Formations A through M.   

 

Key: 

Methods applied in this study  “The R Project for Statistical Computing” 
designation of each method 

CSLF: Bachu et al. (2007)  cslf 

DOE‐NETL Atlas I, II (2007, 2008)  altas12 

DOE‐NETL Atlas III, IV (2010, 2012)  altas3 

Szulczewski et al. (2012)  mit 

USGS: Brennan et al. (2010)  usgs 

Zhou et al. (2008)  zhou 
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APPENDIX G: 

Overall storage efficiency (%) compiled at the10th, 50th, and 90th percentiles.  

 

 

CO2 Storage Efficiency (%) 

Formation  Percentile 

CSLF: 
Bachu et 
al. (2007) 
open 

DOE‐
NETL: 

Altas I, II 
(2007, 
2008) 
open 

DOE‐
NETL: 

Atlas III, 
IV (2010, 
2012) 
open 

USGS: 
Brennan 
et al. 
(2010) 
open 

Szulczewski 
et al. (2012) 
migration‐
limited 

Zhou et 
al. 

(2008) 
closed 

A  P10  1.9  0.6  0.5  1.8  0.2  0.5 

P50  2.7  2.1  2.0  3.6  0.4  0.6 

P90  6.0  5.6  5.4  5.7  0.6  0.8 

B  P10  1.9  0.6  0.5  1.8  2.0  0.5 

P50  2.7  2.1  2.0  3.6  3.8  0.6 

P90  6.0  5.5  5.4  5.6  6.6  0.8 

C  P10  1.9  0.6  0.5  1.8  0.4  0.4 

P50  2.7  2.1  2.0  3.6  0.9  0.4 

P90  6.0  5.5  5.4  5.6  1.6  0.5 

D  P10  1.9  0.6  0.5  1.8  0.6  0.3 

P50  2.7  2.1  2.0  3.6  1.0  0.3 

P90  6.0  5.6  5.4  5.6  1.6  0.4 

E  P10  1.9  0.6  0.5  1.8  0.4  0.3 

P50  2.7  2.1  2.0  3.6  1.1  0.4 

P90  6.0  5.5  5.4  5.6  2.1  0.4 

F  P10  1.9  0.6  0.5  1.8  0.7  0.3 

P50  2.7  2.1  2.0  3.6  1.6  0.3 

P90  6.0  5.6  5.4  5.7  3.1  0.4 

G  P10  1.4  0.6  0.4  1.4  0.3  0.7 

P50  2.0  2.1  1.5  2.6  0.6  0.8 

P90  3.3  5.5  4.0  4.2  1.2  1.0 

H  P10  1.9  0.6  0.5  1.8  1.6  0.3 

P50  2.7  2.1  2.0  3.6  2.7  0.3 

P90  6.0  5.6  5.4  5.6  4.3  0.4 



Comparison of Publicly Available Methods for Development of Geologic Storage Estimates for Carbon Dioxide in 
Saline Formations  

G-2 

Formation  Percentile 

CSLF: 
Bachu et 
al. (2007) 
open 

DOE‐
NETL: 

Altas I, II 
(2007, 
2008) 
open 

DOE‐
NETL: 

Atlas III, 
IV (2010, 
2012) 
open 

USGS: 
Brennan 
et al. 
(2010) 
open 

Szulczewski 
et al. (2012) 
migration‐
limited 

Zhou et 
al. 

(2008) 
closed 

I  P10  1.9  0.6  0.5  1.9  0.7  1.0 

P50  2.7  2.1  2.0  3.5  1.7  1.2 

P90  6.0  5.6  5.4  5.5  3.2  1.4 

J  P10  1.4  0.6  0.4  1.4  0.6  1.0 

P50  2.0  2.1  1.5  2.6  1.3  1.2 

P90  3.3  5.5  4.0  4.2  2.4  1.4 

K  P10  1.9  0.6  0.5  1.9  0.8  1.0 

P50  2.7  2.1  2.0  3.5  1.6  1.2 

P90  6.0  5.6  5.4  5.5  2.8  1.4 

L  P10  1.9  0.6  0.5  1.8  3.7  0.6 

P50  2.7  2.0  2.0  3.6  7.2  0.7 

P90  6.0  5.5  5.3  5.6  12.2  0.8 

M  P10  1.9  0.6  0.5  1.8  2.4  0.5 

P50  2.7  2.1  2.0  3.6  4.0  0.7 

P90  6.0  5.5  5.4  5.6  6.4  0.8 
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