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ABSTRACT 
 
 

A series of numerical simulations of carbon dioxide (CO2) injection were conducted as part of a program 
to assess the potential for geologic sequestration in deep geologic reservoirs (the Rose Run and Copper 
Ridge formations), at the American Electric Power (AEP) Mountaineer Power Plant outside of New 
Haven, West Virginia.  The simulations were executed using the H2O-CO2-NaCl operational mode of the 
Subsurface Transport Over Multiple Phases (STOMP) simulator (White and Oostrom, 2006).  The 
objective of the Rose Run formation modeling was to predict CO2 injection rates using data from the core 
analysis conducted on the samples. 
 
A systematic screening procedure was applied to the Ohio River Valley CO2 storage site utilizing the 
Features, Elements, and Processes (FEP) database for geological storage of CO2 (Savage et al., 2004).  
The objective of the screening was to identify potential risk categories for the long-term geological 
storage of CO2 at the Mountaineer Power Plant in New Haven, West Virginia.  Over 130 FEPs in seven 
main classes were assessed for the project based on site characterization information gathered in a 
geological background study, testing in a deep well drilled on the site, and general site conditions.  In 
evaluating the database, it was apparent that many of the items were not applicable to the Mountaineer 
site based its geologic framework and environmental setting.  Nine FEPs were identified for further 
consideration for the site.  These FEPs generally fell into categories related to variations in subsurface 
geology, well completion materials, and the behavior of CO2 in the subsurface.  Results from the 
screening were used to provide guidance on injection system design, developing a monitoring program, 
performing reservoir simulations, and other risk assessment efforts.  Initial work indicates that the 
significant FEPs may be accounted for by focusing the storage program on these potential issues.  The 
screening method was also useful in identifying unnecessary items that were not significant given the site-
specific geology and proposed scale of the Ohio River Valley CO2 Storage Project.  Overall, the FEP 
database approach provides a comprehensive methodology for assessing potential risk for a practical CO2 
storage application. 
 
An integrated numerical fate and transport model was developed to enable risk and consequence 
assessment at field scale.  Results show that such an integrated modelling effort would be helpful in 
meeting the project objectives (such as site characterization, engineering, permitting, monitoring and 
closure) during different stages.  A reservoir-scale numerical model was extended further to develop an 
integrated assessment framework which can address the risk and consequence assessment, monitoring 
network design and permitting guidance needs.  The method was used to simulate sequestration of CO2 in 
moderate quantities at the Mountaineer Power Plant.  Results indicate that at the relatively low injection 
volumes planned for pilot scale demonstration at this site, the risks involved are minor to negligible, 
owing to a thick, low permeability caprock and overburden zones.  Such integrated modelling approaches 
coupled with risk and consequence assessment modelling are valuable to project implementation, 
permitting, monitoring as well as site closure. 
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EXECUTIVE SUMMARY 
 

 
Reservoir Simulations- Numerical simulations of CO2 injection were conducted as part of a program to 
assess the potential for geologic sequestration in a deep brine reservoir at AEP’s Mountaineer Power 
Plant in New Haven, West Virginia.  Site characterization data, including borehole logs, core samples and 
hydraulic tests (Gupta et al., 2005), were used to develop simulations of CO2 injection into the Rose Run 
and Copper Ridge formations under several scenarios, such as vertical and horizontal wells, full-scale and 
small-scale injection, injection pressure variations, and two- or three-dimensional model configurations.   
 
Numerical simulation of CO2 injection into deep geologic reservoirs requires modeling complex, coupled 
hydrologic, chemical, and thermal processes, including multi-fluid flow and transport, partitioning of CO2 
into the aqueous phase, and chemical interactions with aqueous fluids and rock minerals.  The simulations 
conducted for this investigation were executed with serial and parallel versions of the STOMP-WCS 
(water, CO2, salt) simulator (White and Oostrom, 2006).  STOMP has been verified against other codes 
used for simulation of geologic disposal of CO2 as part of the GeoSeq code intercomparison study (Pruess 
et al., 2002). 
 
The objective of the Rose Run formation modeling was to predict CO2 injection rates using data from the 
core analysis conducted on the Rose Run formation samples.  A 129.5 ft interval was included in the 
model, between the true depths of 7711 to 7840.5 ft below Kelly Bushing (bKB), with low permeability 
zones at the top and bottom acting as caprock.  To address uncertainty related to the availability of core 
data from only one well, several geostatistical realizations of the formation geology were used, all 
calibrated to formation transmissivity measured during hydraulic tests.  The injection phase was assumed 
to last for three years, with a 17-year recovery period.  The resulting CO2 injection rates after three years 
of injection varied between 56 and 589 ktonne/year, with an average value of 315 ktonne/year.  The total 
CO2 injected over this three-year period varied from 393 to 2631 ktonnes, with an average value of 1323 
ktonnes.  The radius containing 100% of the supercritical CO2 mass varied between 2716 ft and 5688 ft, 
with an average value of 4276 ft, although most (90%) of the supercritical CO2 is contained within an 
average radius of 3490 ft, and half (50%) is contained within an average radius of 2114 ft.   
 
Pilot-scale injection into the Rose Run formation was simulated with constant CO2 injection rates varying 
from 11 to 165 ktonnes/year.  Simulations were carried out with porosity/permeability distributions that 
proved to have the lowest, mean and highest injectivities.  Of interest in respect to potential monitoring 
well location is the radial extent of measurable changes in CO2 saturation in the formation.  The radius 
containing all (100%) of the injected supercritical CO2 varied from 1085 for the 11 ktonne/year injection 
rate to 4243 ft for the 165 ktonne/year injection rate.  However, the radius may be decreased with lateral 
wells or by injecting into both the Copper Ridge and Rose Run. 
 
Several three-dimensional simulations of CO2 injection into the Rose Run formation were run to assess 
the effect of a horizontal well, a scenario with a 2% regional dip, and multiple wells.  The vertical well 
base case was repeated in 3D.  The total CO2 injected for the three-dimensional base case is 681 ktonnes, 
less than the two-dimensional base case (1096 ktonnes).  A 1000-ft horizontal well is able to inject 11% 
more CO2 over a three-year period than a vertical well, and a 2100-ft horizontal well is able to inject 26% 
more CO2 over the same period.  The amount of CO2 injected for a three-dimensional model with a 2% 
regional dip, 681 ktonne, was identical to the vertical well injection simulation with no regional dip.  The 
total amount of CO2 injected in three years by the six vertical wells was 3565 ktonnes , which is 5.2 times 
greater than a single, vertical injection well. 
 
The pilot-scale injection of 82.5 ktonne/year into the Rose Run formation was repeated with the addition 
of geochemical reactions between injected CO2 and formation minerals.  A simple geochemical model of 
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the Rose Run formation was developed based on Schlumberger’s Elemental Analysis (ELAN) of the well 
logs, which indicates that dolomite is the predominant mineral in the Rose Run formation, except in the 
sandy layers, where quartz is the most prevalent primary mineral.  Smaller amounts of illite and anhydrite 
are present, with lesser amount of calcite in some intervals.  Pyrite does not appear to be present in 
significant quantities.  The important aqueous speciation reactions were determined via batch chemistry 
simulations with EQ3/6.  Reactive transport simulations with equilibrium and kinetic reactions were 
conducted with STOMP/ECKEChem.  During the 4-year injection and 6-year recovery period, 
carbonate dissolution does not significantly affect the rate of carbon sequestration in the Rose 
Run formation. 
 
The objective of the Copper Ridge formation modeling was to predict CO2 injection rates using wireline 
log data calibrated to the results of hydraulic testing.  A 260-ft thick interval was simulated between the 
true depths of 8053 to 8313 ft below ground surface (bgs) (survey depths of 8100 to 8360 ft bKB), with 
CO2 injection into a 140-ft thick interval between the true depths of 8113 to 8253 ft bgs (survey depths of 
8160 to 8300 ft bKB).  The injection phase was assumed to last for three years, with a 17-year recovery 
period.  The total CO2 injected over this three-year period varied from 1575 to 3288 ktonnes, with an 
average value of 2246 ktonnes.  The radius containing 100% of the supercritical CO2 mass varied 
between 7539 ft and 9897 ft, with an average value of 7978 ft, although most (90%) of the supercritical 
CO2 is contained within an average radius of 6289 ft, and half (50%) is contained within an average 
radius of 3547 ft. 
 
Pilot-scale injection into the Copper Ridge formation was simulated with constant CO2 injection rates 
varying from 11 to 165 ktonne/year.  Simulations were carried out with porosity/permeability 
distributions that proved to have the lowest, mean and highest injectivities.  Of interest with respect to 
potential monitoring well location is the radial extent of measurable changes in CO2 saturation in the 
formation.  The radius containing all (100%) of the injected supercritical CO2 varied from 1481 ft for the 
11 ktonne/year injection rate to 4243 ft for the 165 ktonne/year injection rate. 
 
The two-dimensional base case simulation for the Copper Ridge formation was repeated in 3D.  The total 
amount of CO2 injected for the 3D simulation, 1607 ktonnes, falls within the range predicted by the 
multiple 2D realizations. 
 
The pilot-scale injection of 82.5 ktonne/year into the Copper Ridge formation was repeated with the 
addition of geochemical reactions between injected CO2 and formation minerals.  A simple geochemical 
model of the Copper Ridge formation was developed based on Schlumberger’s Elemental Analysis 
(ELAN) of the well logs, which indicates that dolomite is the predominant primary mineral in the Copper 
Ridge formation.  Smaller amounts of illite and anhydrite are present, with lesser amount of calcite in 
some intervals.  Pyrite does not appear to be present in significant quantities.  The important aqueous 
speciation reactions were determined via batch chemistry simulations with EQ3/6.  Reactive transport 
simulations with equilibrium and kinetic reactions were conducted with STOMP/ECKEChem.  During 
the 4-year injection and 6-year recovery period, carbonate dissolution does not significantly 
affect the rate of carbon sequestration in the Copper Ridge formation. 
 
The results of these simulations provide design guidance for injection and monitoring strategies, 
protocols, and permits for a demonstration project for CO2 injection in these deep saline formations as 
well as support for integrated risk assessments.  The results of simulations of CO2 injections into the Rose 
Run and Copper Ridge formations, using permeability and porosity distributions based on geostatistical 
analysis, indicate that they are capable of receiving commercial-scale injection of CO2 (up to several 
hundred thousand tonnes per well annually). 
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Risk Assessment - A preliminary risk assessment was completed to analyze potential risks associated 
with the CO2 storage project at the Mountaineer test well site.  The evaluation was based on general CO2 
storage application or test-scale storage system.  In the risk assessment, a “features, events, and process” 
(FEP) screening was completed to identify items to consider in operating a CO2 storage system at the test 
location.  An integrated risk model was developed and applied to the Mountaineer site to evaluate 
potential for leakage and behavior of CO2 into the environment.    
 
The FEP database was developed by Quintessa to assess safety and performance of geological storage of 
CO2 (Savage et al., 2004).  The database is a generic list of all possible features, events, and processes 
that should be considered in any storage project.  This systems analysis approach has been used for 
numerous applications, most notably radioactive waste disposal.  An FEP screening approach was 
selected for the Ohio River Valley CO2 Storage Project to aid in design of the injection system.  The 
objective of the screening was to identify the main FEPs to be considered for the project.  The general 
screening approach was to analyze each item in the generic FEP database against the corresponding site-
specific conditions at the Mountaineer site.   
 
Initial screening identified items that were beyond human control, policy issues related to CO2 storage 
concept, or legacy issues beyond the scope of a pilot-scale demonstration.  The next level of screening 
examined the remaining FEP items in relation to site characterization results.  If site information 
convincingly eliminated any concerns regarding the FEP, it was removed from further analysis.  The 
remaining FEP items were compiled and analyzed to determine how they may affect the CO2 storage 
project.  Lastly, recommendations were made on how system design, monitoring, and storage application 
may be customized to address the FEPs identified in the screening.   
 
In general, the FEP risk items identified in the screening fell into three categories:  1) variations in 
subsurface geology; 2) well completion materials; and 3) behavior of CO2 in the subsurface.  Geologic 
heterogeneities in the storage reservoir were seen as having the potential to affect pressures and fluid 
migration in the reservoirs.  Interlayering of dolomite and sandstone was observed in the Rose Run 
sandstone, although Rose Run is laterally continuous in the seismic survey and regional maps.  Well 
completion materials were identified as a category that should be considered in the storage project since 
they may affect containment along the injection well.  Since no other wells penetrate the reservoir nearby, 
this issue mainly applies to the injection well and any future monitoring wells that penetrate the storage 
reservoir.  FEP items relating to the properties of CO2 and interactions of CO2 were also identified in the 
screening process.  CO2 solubility and aqueous specification were mainly considered an important process 
because the formation brines is very concentrated with total dissolved solids of more than 300,000 mg/L.   
 
A reservoir-scale numerical model was utilized with an integrated assessment framework to address the 
risk and consequence assessment.  The modelling approach is ‘integrated’ in two senses: (1) modelling of 
the entire geosystem (including the host formation) overburden with the vadose zone, the shallow sub-
surface and the surface (air, soil and water) environments which are the ultimate risk receptors; (2) use of 
the same underlying modelling framework to assess the fate and transport of injected CO2 and tracers, 
risk and consequence assessment and sensor-based monitoring network design.  The method was used to 
simulate sequestration of CO2 in moderate quantities at the Ohio River Valley CO2 Storage Project. 
  
An integrated numerical fate and transport model, using the STOMPCO2 code (White and Oostrom, 
2006) as the basis, was developed and used for modeling key issues (which include injectivity, seepage 
and leakage of CO2, risk and consequence assessment) related to the Mountaineer project.  This model 
differs from other simulations performed for the Mountaineer project (Bacon et al., 2006) in that it 
includes the entire rock column and does not account for heterogeneity in the injection interval.  A typical 
injection field on the Mountaineer site was used as a test source of potential CO2 leakage, and leaking 
CO2 concentrations and fluxes as the key measures of risk and consequence to humans, animals, biota, 
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property, agriculture, and water resources.  A detailed model consisting of 39 lithology layers and 122 
distinct hydraulic properties, which represents the Mountaineer field site data from the injection horizons 
all the way to the surface through the vadose zone, was developed.    Simulations were conducted 
assuming two-dimensional radial symmetry about the injection well by injecting CO2 in an interval 
aligned to the vertical boundary of the Rose Run formation. 
 
Three different simulation cases were run to assess the leakage of CO2 into the caprock.  Case 1 (base 
case; rock hydraulic conductivities) was obtained from site characterization.  Cases 2 and 3 are modified 
from Case 1 to cause increasingly leaky cap rock zones.  In Case 2, three artificial vertical permeability 
zones above the host formation were created away from the injection well at locations 16 ft (5 m), 211 ft 
(64 m) and 579 ft (176 m).  The hydraulic conductivities were increased to 20 times the value as in the 
base case.  In Case 3, the artificial hydraulic conductivities from the caprock to the ground surface were 
randomly increased to 10 times the value as in the base case using a random bit generator.  A total 
injection period of 10 years was conducted for Cases 1 to 3 assuming a well pressure gradient of 0.7 psi/ft 
and an injection length of 14 ft (4.3 m) from the bottom of the host formation. 
 
An injection rate of 6167 m3/year, over a 10 year injection period, was predicted by the model.  It should 
be noted that this test injection volume is significantly less than the injection volumes anticipated at field 
scale implementation of sequestration projects, which may typically inject several thousand cubic meters 
of CO2 per day.  The supercritical CO2 extended to around 800 ft (244 m) in the radial direction and 
penetrated into 20 ft (6 m) into the caprock after the injection stopped.  After 80 years of equilibration, the 
penetration depths into the caprock are about 20 ft (6 m), 180 ft (55 m) and 80 ft (24 m) for Cases 1, 2 and 
3, respectively.  Case 2 indicates that leakage through a rock containing high permeability zones, such as 
an abandoned well or fractures, poses the highest risk.     
 
In the next stage of modeling, semi-analytical approaches were used to model the leakage of CO2 from a 
typical host formation and its distribution in the various environmental media surrounding the 
sequestration field.  The objective of such modeling is to identify and preliminarily assess the key 
phenomena that mediate the leakage of CO2 and the CO2 fluxes and concentrations in each of the 
environmental media, which serve as the necessary inputs to the consequence and risk assessment 
calculations.   
 
The simulation results indicate that, at the relatively low injection volumes planned for pilot-scale 
demonstration at this site, the risks involved are minor to negligible, owing to a thick, low permeability 
caprock and overburden zones.  Such integrated modelling approaches coupled with risk and consequence 
assessment modelling are valuable to project implementation, permitting, monitoring and site closure. 
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Section 1.0  INTRODUCTION 
 
 

Concerns about global warming have prompted research into the mitigation of greenhouse gases, such as 
carbon dioxide (CO2), through methods such as geologic sequestration and enhanced terrestrial uptake in 
soils and plants.  During the last few years, there has been increasing research on injection of CO2 from 
large point sources into deep rock formations for enhanced oil and gas recovery and CO2 sequestration in 
saline reservoirs.  The deep saline reservoir storage options are considered attractive because regional 
saline reservoirs with large storage capacities exist throughout the United States (Bergman and Winter, 
1995).  Battelle has been evaluating the feasibility of these options under funding from the U.S. 
Department of Energy (DOE) and other sources including industry.  Until recently the focus has been on 
using pre-existing data and samples for reservoir and geochemical simulations and laboratory experiments 
to understand the underlying processes and injection feasibility (Gupta et al., 1998; Smith et al., 2002;; 
Gupta et al., 2004).  Based on the encouraging findings of these previous investigations, the focus of 
research is now progressing toward field investigations and demonstration of CO2 injection in deep 
geologic reservoirs. 
 
The current project is a significant step in this direction.  Battelle has been funded by the DOE’s National 
Energy Technology Laboratory to investigate the feasibility of geologic sequestration of CO2 in the Ohio 
River Valley Region.  American Electric Power (AEP), BP, the Ohio Coal Development Office (OCDO) 
of the Ohio Department of Development, and Schlumberger are providing additional financial and in-kind 
sponsorship.  In addition, AEP is providing land at its Mountaineer Power Plant in New Haven, West 
Virginia, as the project host site.   
 
The overall project is aimed at providing an understanding of the viability of carbon capture and 
sequestration as a method to reduce greenhouse gas emissions by laying the groundwork for an integrated 
demonstration of CO2 capture and geologic sequestration at a meaningful scale.  Specific activities in the 
current project include a review of local geology, a seismic survey, a deep test boring, computer 
modeling, and risk assessment/stakeholder dialogue.  In the end, the goal of the project is to lay the 
groundwork for a well capable of injecting CO2 at meaningful rates to enhance knowledge of the 
practicality of geologic sequestration of CO2.  No CO2 injection is planned at this time.   
 
This topical report describes numerical simulations and risk assessment performed for the CO2 storage at 
the Mountaineer site.  The numerical simulations are based on site specific characterization data and 
testing from the test well at the Mountaineer site.  Injection simulations were completed to determine 
overall injectivity in the Rose Run sandstone and the Copper Ridge “B-zone.”  Results were analyzed to 
determine estimated operational limits, storage mechanisms, and the behavior of the CO2 in the storage 
target.  Smaller, test-scale injection simulations were also completed to support activities related to a 
pilot-scale carbon capture and sequestration system.  The main risk assessment tasks included a “features, 
events, and processes” (FEP) screening of the site for CO2 storage.  Additionally, an integrated risk 
analysis was completed for the project. 
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Section 2.0  NUMERICAL SIMULATIONS 
 
 
Numerical simulations of CO2 injection were conducted as part of a program to assess the potential for 
geologic sequestration in deep geologic reservoirs, the Rose Run formation and the Copper Ridge 
formation, at the American Electric Power (AEP) Mountaineer Power Plant in West Virginia.  AEP’s 
Mountaineer Power Plant and its vicinity in the Appalachian Basin have been characterized for geologic 
sequestration potential through drilling and testing in a 9,190 ft deep well (Gupta et al., 2005).  Site 
characterization data have been used to simulate CO2 injection under several scenarios, such as vertical 
and horizontal wells, full-scale and small-scale injection, injection pressure variations, and two or three 
dimensional model configurations.  Reservoir tests at the site suggest that the Rose Run sandstone and 
portions of the Copper Ridge Dolomite are potential storage reservoirs, and that they are conducive to 
hydraulic fracturing to further increase injectivity.   
 
2.1 Rose Run Formation 

 
Wireline logs and core samples (Jagucki et al., 2006) from the Rose Run formation showed a higher 
porosity and permeability zone approximately 14 ft thick, between 7733 to 7747 ft true depth below Kelly 
Bushing (bKB).  The Kelly Bushing on the drilling platform was 18 ft above the ground surface.  The 
Rose Run formation extends over an interval of 116 ft, but core samples above 7733 ft (true depth) show 
intrinsic permeabilities below 0.001 mD.  In the interval of 7747 to 7869 ft bKB, core samples show 
generally lower intrinsic permeabilities, with isolated values reaching 4 mD and a single high value of 35 
mD.   
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Figure 2-1.  Porosity and Permeability from Wireline Log and Core Samples of the 

Rose Run Formation 
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Schlumberger’s Elemental Analysis (ELAN) of the well logs was performed to evaluate the mineral 
proportions in the open hole boring interval.  ELAN uses a matrix inversion technique to find a 
volumetric solution matching predefined sets of minerals and fluids with input logging curves based on 
response equations.  In the Rose Run formation (Figure 2-2), Dolomite is the predominant mineral, except 
in the sandy layers, where quartz is the most prevalent primary mineral.  Significant amounts of illite, 
anhydrite are present, likely as secondary minerals, with lesser amount of calcite in some intervals.  Pyrite 
does not appear to be present in significant quantities. 
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Figure 2-2.  Mineral Proportions from ELAN Analysis of Wireline Log of the Rose Run 

Formation 
 
 
Two 600 mL downhole hydrochemical samples were collected in the Rose Run formation on March 20, 
2004.  An activated-valve, downhole Kuster sampling device was lowered to a depth of 7,484 ft within 
the test tubing string.  This sampling depth was approximately 250 above the top packer setting used to 
isolate the Rose Run test interval.  The fluid within the test tubing was swabbed down to a depth of 
~1,000 ft.  The downhole MFE shut-in tool was then opened causing the inflow of Rose Run formation 
fluid into the test tubing system.  After ~70 min of inflow, the sampling vessel was lowered by wireline to 
the targeted 7,484 ft depth.  The downhole Kuster sampling valves were activated using a clock/timer 
system.  The swab/sampling event was repeated a second time, with inflow to the test tubing and 
downhole sampling. The samples were labeled Rose Run formation fluid #1 and #2 (Table 2-1). 
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Table 2-1.  Results of Inorganic Analyses for March 2004 Downhole Sampling Event 
 

Analyte Units Rose Run 
Formation 

Fluid 
#1(a) 

Rose Run 
Formation 

Fluid 
#2(a) 

Li mmol/kg 4.92 4.95 
Na mmol/kg 2399 2359 
Mg mmol/kg 125 124 
Al mmol/kg 0.0003 0.0004 
SiO2 mmol/kg 0.12 0.1 
K mmol/kg 467 440 
Ca mmol/kg 756 742 
Mn mmol/kg 0.04 0.04 
Fe mmol/kg 0.01 0.01 
Rb mmol/kg 0.07 0.07 
Sr mmol/kg 13.5 13.1 
Ba mmol/kg 0.04 0.04 
I mmol/kg <0.0007 <0.0007 
Br mmol/kg 7 15 
Cl mmol/kg 3526 4701 
SO4 mmol/kg 1.65 1.82 
HCO3 mmol/kg 2.2 2.25 
Cl/Br molar ratio 497 322 
K/Na molar ratio 0.19 0.19 
Ca/Mg molar ratio 6.05 5.98 
Ca/Sr molar ratio 56.03 56.56 
å Cations meq/L 5,589 5,475 
åAnions meq/L 4,238 5,649 
Charge bal. percent 14% -2% 
a. Unfiltered    

 
 
The objective of the Rose Run formation modeling was to predict CO2 injection rates using data from the 
core analysis conducted on the Rose Run formation samples.  A 129.5 ft interval was included in the 
model, between the true depths of 7711 to 7840.5 ft bKB, with low permeability zones at the top and 
bottom acting as caprock.  Most simulations were conducted assuming two-dimensional radial symmetry 
about the well.  To address uncertainty related to the availability of core data from only one well, several 
geostatistical realizations of the formation geology were used, with all calibrated to formation 
transmissivity measured during hydraulic tests.  The effect of salt precipitation was demonstrated by 
running a simulation without salt precipitation for comparison.  Sensitivity to injection pressure gradients 
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was examined by varying modeled values between 0.55 and 0.8 psi/ft, with a median value of 0.675 psi/ft 
used as a base case.  Uncertainty in hydrologic information was addressed by varying the sandstone 
permeability and the sandstone capillary pressure-saturation characteristics.  A longer 20-year injection 
period with an 80-year recovery period was simulated.  A pilot-scale injection was simulated with 
constant CO2 injection rates varying from 11 to 165 ktonnes/yr.  Several three-dimensional simulations 
were run to assess the effect of a horizontal well, a scenario with a 2% regional dip, and multiple wells.  
The pilot-scale injection was reevaluated by including geochemical reactions involving the minerals 
present in the formation, the formation brine and injected supercritical CO2. 
 
2.2 Copper Ridge Formation 
 
Wireline log data (Jagucki et al., 2006) from the Copper Ridge formation (Figure 2-2) showed a higher 
porosity and permeability zone approximately 50 ft thick, between 8125 to 8175 ft (true depth below 
ground surface).  This high porosity zone, named the B-zone, also appears in the Bakerwell No. 1 Jarrell 
well in Gallia County, Ohio, but with considerably greater thickness (Rike, 2004).   
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Figure 2-3.  Porosity and Permeability from Wireline Log of the  

Copper Ridge Formation 
 
ELAN analysis of the well logs indicates that the Copper Ridge formation is predominantly composed of 
dolomite, with secondary amounts of anhydrite, calcite, illite, and quartz (Figure 2-4). 
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Figure 2-4.  Mineral Proportions from ELAN Analysis of Wireline Log of the Copper 

Ridge Formation 
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The objective of the Copper Ridge formation modeling was to predict CO2 injection rates using wireline 
log data calibrated to the results of hydraulic testing.  A 260-ft thick interval was simulated, between the 
true depths of 8053 to 8313 ft bgs (survey depths of 8100 to 8360 ft bKB), with CO2 injection into a 140-
ft thick interval, between the true depths of 8113 to 8253 ft bgs (survey depths of 8160 to 8300 ft bKB).  
Most simulations were conducted assuming two-dimensional radial symmetry about the well.  To address 
uncertainty related to the availability of wireline log data from only one well, several geostatistical 
realizations of the formation geology were used, with all calibrated to formation transmissivity measured 
during hydraulic tests.  The effect of salt precipitation was demonstrated by running a simulation without 
salt precipitation for comparison.  Sensitivity to injection pressure gradients was examined by varying 
modeled values between 0.55 and 0.8 psi/ft, with a median value of 0.675 psi/ft used as a base case.  
Uncertainty in hydrologic information was addressed by varying the permeability and the capillary 
pressure-saturation characteristics.  A longer 20-year injection period with an 80-year recovery period 
was simulated.  A pilot-scale injection was simulated with constant CO2 injection rates varying from 11 to 
165 ktonnes/yr.  The pilot-scale injection was reevaluated by including geochemical reactions involving 
the minerals present in the formation, the formation brine and injected supercritical CO2. 
 
2.3 Numerical Simulator 

 
Numerical simulation of CO2 injection into deep geologic reservoirs requires modeling complex, coupled 
hydrologic, chemical, and thermal processes, including multi-fluid flow and transport, partitioning of CO2 
into the aqueous phase, and chemical interactions with aqueous fluids and rock minerals.  The simulations 
conducted for this investigation were executed with serial and parallel versions of the STOMP-WCS 
(water, CO2, salt) simulator (White and Oostrom, 2006).  STOMP has been verified against other codes 
used for simulation of geologic disposal of CO2 as part of the GeoSeq code intercomparison study (Pruess 
et al., 2002). 

 
Partial differential conservation equations for fluid mass, energy, and salt mass comprise the fundamental 
equations for STOMP-WCS.  Coefficients within the fundamental equations are related to the primary 
variables through a set of constitutive relations.  The conservation equations for fluid mass and energy are 
solved simultaneously, whereas the salt transport equations are solved sequentially after the coupled flow 
solution.  The fundamental coupled flow equations are solved following an integral volume finite-
difference approach with the nonlinearities in the discretized equations resolved through Newton-
Raphson iteration.  The dominant nonlinear functions within the STOMP simulator are the relative 
permeability-saturation-capillary pressure (k-s-p) relations.  The STOMP simulator allows the user to 
specify these relations through a large variety of popular and classic functions.  Two-phase (gas-aqueous) 
k-s-p relations can be specified with hysteretic or nonhysteretic functions or nonhysteretic tabular data.  
Entrapment of CO2 with imbibing water conditions can be modeled with the hysteretic two-phase k-s-p 
functions.  Two-phase k-s-p relations span both saturated and unsaturated conditions.  The aqueous phase 
is assumed to never completely disappear through extensions to the s-p function below the residual 
saturation and a vapor pressure lowering scheme.  Supercritical CO2 has the role of a gas in these two-
phase k-s-p relations. 

 
For these simulations, a well model in the H2O-CO2-NaCl operational mode of STOMP was used.  A well 
model is a type of source term that extends over multiple grid cells.  Assuming a constant pressure at the 
bottom of the well, the injection pressure at each cell in the well is determined as a function of depth.  The 
CO2 injection rate is proportional to the pressure gradient between the well and surrounding formation.  A 
complete description of the well model is included in Appendix A. 
A limited number of simulations were conducted that considered geochemical reactions involving the 
minerals present in the formation, the formation brine and injected supercritical CO2.  These simulations 
utilized the batch geochemistry solution module ECKEChem (Equilibrium-Conservation-Kinetic 
Equation Chemistry).  This add-on module to STOMP is described in an addendum to the STOMP User’s 
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Guide (White and McGrail, 2005).  ECKEChem uses an operator splitting reactive transport scheme.  The 
operating splitting scheme solves the reactive species transport separately from the reactive species 
chemistry equations.  The coupled nonisothermal multifluid flow and transport equations are solved 
sequentially with the reactive transport equations; and the reactive transport equations are solved 
sequentially as two components: 1) multifluid component and kinetic species transport and 2) batch 
chemistry.  Sequential schemes can be iterative or noniterative between the transport and chemistry 
equations.  The iterative schemes yield more integrated solutions, approaching those of the fully coupled 
schemes, but require additional computational effort.  The noniterative schemes suffer from not yielding 
fully integrated solutions for the reactive transport and coupled flow and transport equations, however, do 
have the lowest computational costs.  For the current implementation a noniterative sequential scheme 
was chosen. To reduce the number of transported species only mobile component and kinetic species are 
transported, which requires that transport properties, such as diffusion and dispersion coefficients are 
species independent.  In this mathematical formulation reactive species are either components of the 
coupled flow and transport equations (e.g., water, air, oil, CO2, CH4) or dilute solutes; where, the 
principal assumption associated with dilute solutes is that phase properties are independent of solute 
concentrations.  Reactive species that are components of the flow and transport equations are linked to the 
components via source/sink terms.   
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Section 3.0  CONCEPTUAL MODEL 
 
 
3.1 Rose Run Formation 
 
Most simulations used a CO2 injection period of three years, followed by an equilibration period of 17 
years, for a total of 20 years.  One extended production-scale simulation considered an injection period of 
20 years, followed by an equilibration period of 80 years, for a total of 100 years.  Numerical dispersion 
was minimized by constraining the time steps to maintain the Courant condition,  
 

xt
v
Δ

Δ ≤   (1) 

 
where Δt is the simulation time step, Δx is the grid spacing, and v is the fluid velocity. 
 
Simulations were executed on either a two-dimensional radial or a three-dimensional Cartesian grid.  The 
two-dimensional grid covered a vertical depth (in the Z-direction) of 129.5 ft, between the true depths of 
7711 and 7840.5 feet bKB.  The two-dimensional grid assumed horizontal radial symmetry around the 
well out to a distance of 2 miles.  The three-dimensional grid covered the same vertical depth, extending 2 
miles from the well in the horizontal X- and Y-directions.  The two-dimensional grid had a resolution of 
35 grid nodes in the horizontal X-direction and 49 nodes in the vertical Z-direction.   The three-
dimensional grid also had a resolution of 35 grid nodes in the horizontal Y-direction. Vertical grid 
spacing for both the two- and three-dimensional models varied between 1 and 4 ft.  Horizontal grid 
spacing for both models varied from 10 ft near the well to 1325 ft near the outer boundary. 

 
Based on an analysis of porosity and permeability from core samples, the Rose Run formation was 
assumed to consist of two materials with distinct hydraulic properties, designated as sandstone and 
dolomite (Figure 3-1).  In the model, the geology of the Rose Run formation was represented by spatially 
correlated random fields of porosity and intrinsic permeability that maintained the mean and variance of 
the data collected from the Rose Run formation core samples.  The porosity was assumed to be normally 
distributed and the intrinsic permeability was assumed to be log-normally distributed.  Average values 
from the Rose Run formation core samples are shown in Table 3-1. 

 
Table 3-1.  Average Properties for Rose Run Formation  

Dolomite and Sandstone Layers 

Material Porosity, % Permeability, mD 

Dolomite 1.0 5.6x10-5

Sandstone 6.3 12
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Figure 3-1.  Permeability vs. Porosity from Core Samples of the Rose Run Formation 

 
 
Random fields for the stochastic geology were generated using the geostatistical programs SISIM and 
SGSIM (Deutsch and Journel, 1998).  SISIM uses a sequential indicator simulation algorithm that was 
implemented to predict the distribution of the sandstone and dolomite layers.  SGSIM uses a sequential 
Gaussian simulation algorithm that was implemented to predict the distribution of porosity and 
permeability within the dolomite and sandstone layers.  A spherical variogram model was assumed with a 
vertical range of 13.7 ft.  Eleven realizations of porosity and intrinsic permeability fields were generated 
using different random number seeds.  A statistically meaningful investigation of heterogeneity would 
require hundreds of realizations, each requiring a day of processing time, which is beyond the scope of 
this report. 
 
Because only one well core was drilled at the site, no information about horizontal variability of porosity 
and permeability was available, except that geophysical data indicate the presence of horizontally 
contiguous layers at the site.  Therefore, one parameter needed to generate each pair of 
porosity/permeability realizations, the horizontal variogram range, was an unknown.  However, this 
parameter was determined by ensuring that each realization of porosity and permeability honored the 
transmissivity of 2.6 × 10-6 m2/s, measured by hydraulic testing (Gupta et al., 2005).  This was 
accomplished by using the model parameters and grid to be used for the CO2 injection simulations for 
simpler preliminary simulations of steady-state radial groundwater flow to a pumping well.  The 
horizontal variogram range was used as a fitting parameter to calibrate the overall transmissivity of each 
porosity/permeability realization to the measured value.  One of the resulting porosity realizations (#32) is 
shown in Figure 3-2, and the corresponding permeability realization is shown in Figure 3-3. 
 
For most of the Rose Run simulations, in the sandstone layers, a non-hysteretic capillary pressure-
saturation characteristic, based on the Berea sandstone (Mualem, 1976), was used to describe the 
relationships between phase saturation and capillary pressure and phase relative permeability and phase 
saturation − the so-called k-s-p relations.  The capillary pressure-saturation characteristic for the dolomite 
layers was determined using high-pressure mercury injection analysis (Jagucki et al., 2006).  For the 
capillary pressure-saturation characteristics, the Brooks and Corey (1966) expression was used to describe 
the saturation-capillary pressure relations, and the Burdine (1954) pore-size distribution model was used 
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to formulate the gas and aqueous relative permeability functions.  To extend these functions below the 
residual aqueous saturation, the Fayer and Simmons (1995) extension was implemented.  The Brooks and 
Corey function with the Fayer and Simmons extension can be expressed as 
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where lrS  is the effective residual aqueous saturation, Sl is the actual aqueous saturation, ψ is the Brooks 
and Corey air-entry head (m), βgl is the gas-aqueous scaling factor, hgl is the gas-aqueous capillary head 
(m), λ is a Brooks and Corey fitting parameter, hod is the oven-dried gas-aqueous capillary head (m), and 
Slr is the actual residual aqueous saturation.  The gas-aqueous scaling factor is a function of the gas-
aqueous interfacial tension, which is a function of temperature and dissolved-NaCl concentration.  The 
Burdine pore-size distribution model combined with the Brooks and Corey capillary pressure-saturation 
function yields the following expressions for aqueous and gas relative permeabilities 

 
( )3 2/+

= lrlk S
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  (4) 
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where rlk  is the aqueous relative permeability, rgk  is the gas (CO2 phase) relative permeability, and gS  
is the effective gas saturation, given by 
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where gS is the actual gas saturation.  The k-s-p function parameters for Berea sandstone and the Rose 
Run Dolomite Layers are listed in Table 3-2. 

Table 3-2.  Brooks and Corey Function Parameters 

Formation ψ, cm λ Slr 

Berea Sandstone 42 3.033 0.299 
Rose Run Dolomite Layers 58745 1.161 0.0061 

 
Although k-s-p properties from the Berea sandstone were used for most of the Rose Run simulations in 
this report, k-s-p properties for the Hygiene sandstone and a Rose Run composite core were used for 
sensitivity cases.  Hygiene and Berea sandstones were characterized by Brooks and Corey (1964) and are 
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representative of well-cemented sandstones, although their porosities are higher than those of the Rose 
Run formation, 0.250 and 0.206, respectively.  In the well log report, Berea sandstone is noted between 
1734 and 1754 ft bgs (true depth) with an average porosity of approximately 0.13.  The Brooks and Corey 
function parameters for the Hygiene sandstone are shown in Table 3-3. 
 

 
Table 3-3.  Brooks and Corey Function Parameters for Sensitivity Cases 

Formation ψ, cm λ Slr 

Hygiene Sandstone 54 4.033 0.577
Rose Run Composite 34.9 1.357 0.0767

 
 
After many of the simulations in this report were complete, laboratory measurements of the k-s-p 
characteristics of the Rose Run formation were completed.  CO2/brine permeability was measured for 
core samples from depths between 7763.70 ft and 7869.45 ft (Lamb, 2005) for well AEP No. 1 at the 
Mountaineer site.  These survey depths correspond closely to the Rose Run formation, which lies within 
7740 to 7869.5 ft.  The brine-saturated permeabilities for four of these core samples ranged from 17.36 to 
24.24 mD.  The mercury-derived porosity for four core samples ranged from 6.5% to 8.9%, while the 
mercury-derived permeability ranged from 36.1 to 78.1 mD.   

 
A single composite core, with permeability to brine of 21 mD, was tested using gas displacement.  
CO2/brine drainage relative permeability and trapped gas saturation were measured at reservoir 
temperature and pressure.  Capillary pressure versus brine saturation was measured using mercury-
intrusion.  These data were fitted using the Brooks and Corey (1966) expression to describe the 
saturation-capillary pressure relations, and the Burdine (1954) pore-size distribution model to formulate 
the gas and aqueous relative permeability functions given in Equations 2 through 6. 

 
The model provides a good fit to the capillary pressure versus brine saturation data, and to the relative 
CO2 permeability versus saturation data, but overestimates the brine relative permeability versus 
saturation data (Figures 3-2 and 3-3).  A better fit to the brine relative permeability versus saturation data 
can be achieved by replacing Equation 4 with the following expression 
 

( )7 2/
lrlk S

λ+
=   (7) 

 
Because Equation 7 differs so greatly from the standard expression, and because the unsaturated relative 
permeability values do not align with the saturated brine permeability, the brine relative permeability data 
may be suspect.  Pending further analysis, Equation 4 was used to represent the brine relative 
permeability for the Rose Run formation. 
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Figure 3-2.  Capillary Pressure vs. CO2 Saturation for  

Composite Rose Run Core Sample 
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Figure 3-3.  Relative Permeability vs. CO2 Saturation for  

Composite Rose Run Core Sample 
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The fitted parameters are shown in Table 3-3, and may be compared to parameters from the 
Berea sandstone (Table 3-2). 

 
A downward pressure gradient of 1.11 × 104 Pa/m (0.49 psi/ft) was used to initialize the brine pressure 
field.  The pressure gradient was additionally assigned to vertical boundary surfaces located radially from 
the vertical injection well.  This assumption allows reservoir brine to leave the computational domain 
with injected CO2.  Isothermal conditions were assumed using the measured Rose Run formation 
temperature of 54°C (129°F).  Brine chemistry was modeled assuming a 5 m aqueous NaCl solution, as 
an approximation in viscosity and density to the fluid sample from the Rose Run formation, which had 
total dissolved solids of 328,000 mg/L and chloride of 200,000 mg/L.  The upper and lower boundaries 
were assumed impermeable. 
 
For simulations involving reactive transport, fourteen carbonate, silicate and sulfate aqueous species and 
4 mineral species were considered.  The mineral composition of the formation was assumed from average 
observed values from the ELAN analysis (Figure 2-2).  The dolomite layers were assumed to consist of 
88% dolomite, 8% quartz, 2% calcite and 2% anhydrite by volume.  The sandstone layers were assumed 
to consist of 88% quartz, 8% dolomite, 2% calcite and 2% anhydrite by volume.  The predominant 
aqueous species were determined by simulating the formation water in equilibrium with observed 
minerals using EQ3 (Wolery and Jarek, 2003).  Kinetic mineral dissolution/precipitation reactions were 
assumed to be governed by Transition State Theory 

 

The equilibrium and kinetic reactions used in the simulations are shown in Tables 3-4 and 3-5, 
respectively.  Values for the equilibrium coefficients at 54ºC were taken from the EQ3/6 version 8.0 
COMP database (Wolery and Jarek, 2003).  The reaction rates were calculated using a general kinetic rate 
law (Åagaard and Helgeson, 1982) 

 
( )pH

0 10
aE

RTr Ak e η
−

=   (8) 
where r is the reaction rate in mol s-1, A is the surface area in m2, k0 is the intrinsic rate constant in mol m-

2 s-1, Ea is the activation energy in kJ mol-1, R is the universal gas constant, T is temperature in degrees 
Kelvin, and η is the pH power law coefficient. 

Values for the reference reaction rate and activation energy were taken from a compilation of mineral rate 
parameters (Palandri and Kharaka, 2004).  Rate parameters for the neutral mechanism were used, so the 
pH power law coefficient is assumed equal to zero. 

 
Table 3-4.  Equilibrium Reactions Used in Reactive Transport Simulations 

Equilibrium Reaction Log Equilibrium Coefficient at 54ºC 
CO2(aq) = H+ + HCO3

- -6.26 
CaCO3(aq) + H+ = Ca2+ + HCO3

- 6.54 
CaHCO3

+ = Ca2+ + HCO3
- -1.13 

CaSO4(aq) = Ca2+ + SO4
2- -2.23 

HSiO3
- + H+ = SiO2(aq) 9.55 

MgCO3(aq) + H+ = HCO3
- + Mg2+ 6.99 

MgHCO3
+ = HCO3

- + Mg2+ -1.13 
MgSO4(aq) = Mg2+ + SO4

2- -2.76 
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Table 3-5.  Kinetic Reactions Used in Reactive Transport Simulations 

Kinetic Reaction Log Equilibrium 
Coefficient at 
54ºC 

Intrinsic Rate 
Constant, k0, mol 
m-2 s-1 

Activation 
Energy, Ea, kJ 
mol-1 

Anhydrite = Ca2+ + SO4
2-  -4.67 2.07×10-1 14.3 

Calcite = -H+ + Ca2+ + HCO3
-  1.42 2.03×10-2 23.5 

Dolomite = -2H+ + Ca2+ + Mg2+ + 2HCO3
-  1.53 4.13×10+1 52.2 

Quartz = SiO2(aq)  -3.54 2.79×10+2 90.1 
 
 
 
3.2 Copper Ridge Formation 

 
Most simulations used a CO2 injection period of three years, followed by an equilibration period of 17 
years, for a total of 20 years.   
 
Simulations were executed on a two-dimensional radial grid.  The two-dimensional grid covered a 
vertical depth (in the Z-direction) of 260 ft, between the true depths of 8053 and 8313 feet bgs.  The two-
dimensional grid extended 4 miles from the well in the radial R-direction.  The two-dimensional grid had 
a resolution of 41 grid nodes in the radial R-direction, and a vertical grid resolution of 69 grid nodes.  
Horizontal grid spacing for the two-dimensional radial model varied from 10 ft near the well to 1325 ft 
near the outer boundary; vertical grid spacing varied from 1 ft in high porosity zones to 6.5 ft in 
low porosity zones. 
 
Based on an analysis of porosity and permeability from wireline log measurements, the Copper Ridge 
formation was assumed to consist of one material with a range of correlated porosity and permeability 
(Figure 3-4).  In the model, the geology of the Copper Ridge formation was represented by spatially 
correlated random fields of porosity and intrinsic permeability that maintained the mean and variance of 
the data collected from the Copper Ridge formation wireline logs.  The mean porosity was 0.0442 with a 
variance of 0.005, while the mean log permeability was -0.6056 mD with a variance of 0.4894.  The 
porosity was assumed to be normally distributed and the intrinsic permeability was assumed to be log-
normally distributed.  Because only one well core was available, no information about the horizontal 
variogram range was available, except that geophysical data indicate the presence of horizontally 
contiguous layers at the site, and the appearance of the “B-zone” in the No. 1 Jarrell well 25 miles away.  
The horizontal variogram range was assumed equal to the 2-mile radius of the model.  The resulting 
porosity realization is shown in Figure 3-5. 
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Figure 3-4.  Permeability vs. Porosity from Wireline Logs in the  

Copper Ridge Formation 
 
 
The permeability realization was calibrated to the drawdown recovery phase of a hydraulic test for a 
200 ft interval of the Copper Ridge formation (Spane, 2006).  A steady-state groundwater flow model was 
constructed with boundary conditions resulting in radial flow away from the well under a horizontal 
hydraulic gradient of 0.01 ft/ft.  In order to match the observed well pressures and corresponding flow 
rates during the hydraulic test, the permeability values were multiplied by a factor of 7.  The resulting 
permeability realization is shown in Figure 3-6. 
 
 

 
Figure 3-5.  Geostatistical Realization of Porosity Based on Wireline Logs  

in the Copper Ridge Formation 
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Figure 3-6.  Geostatistical Realization of Transmissivity-Corrected Permeabilities (Darcy) Based on 

Wireline Logs and Fluid Injection Tests in the 
Copper Ridge Formation 

 
 
There was no k-s-p data available for the Copper Ridge formation, so the Brooks and Corey function 
parameters for the Rose Run composite core (Table 3-3) and the Rose Run dolomite layers were used as 
end members (Table 3-2).  The highest permeability value in the Copper Ridge formation was assumed to 
be correlated with the Brooks and Corey function parameters for the Rose Run composite core, and the 
lowest permeability value was assumed to be correlated with the Brooks and Corey function parameters 
for the Rose Run dolomite layers.  The Brooks and Corey λ value, the residual saturation, and the log of 
the air entry pressure values were scaled with the log of permeability values. 
 
For the Copper Ridge formation, a temperature of 63°C was assumed, based on recent hydraulic testing 
(Spane, 2006).  Two fluid samples from the Copper Ridge formation showed average total dissolved 
solids of 304,000 mg/L and chloride of 185,000 mg/L. 
 
For simulations involving reactive transport, fourteen carbonate, silicate and sulfate aqueous species and 
4 mineral species were considered, as described at the end of the previous section.  The mineral 
composition of the formation was assumed from average observed values from the ELAN analysis 
(Figure 2-4).  The formation was assumed to consist of 80% dolomite, 16% quartz, 2% calcite and 2% 
anhydrite by volume.
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Section 4.0  ROSE RUN SIMULATION RESULTS 
 
 
4.1 Two-Dimensional Simulations 

 
4.1.1 Geostatistical Realizations.  Random number seeds resulted in 11 distinct realizations of 
porosity and permeability (Appendix B) for the Rose Run formation.  A well pressure gradient of 0.675 
psi/ft was assumed.  The resulting CO2 injection rates after three years of injection varied between 56 and 
589 ktonnes/yr, with an average value of 315 ktonnes/yr (Table 4-1).  The total CO2 injected over this 
three-year period varied from 393 to 2631 ktonnes, with an average value of 1323 ktonnes.  The radius 
containing 100% of the supercritical CO2 mass varied between 2716 ft and 5688 ft, with an average value 
of 4276 ft (Table 4-2), although most (90%) of the supercritical CO2 is contained within an average radius 
of 3490 ft, and half (50%) is contained within an average radius of 2114 ft.  Some realizations (e.g., 
realization 33) had higher porosity and permeability values near the well, and showed higher initial 
injection rates, which decreased sharply with time (Figure 4-1).  Other realizations (e.g., realization 32) 
had more uniform porosity and permeability distributions, and showed a more constant injection rate over 
time.  Results for realization 32 were closest to the average values, and were used as the basis for further 
sensitivity cases. 
 
 

Table 4-1.  Comparison of CO2 Injection Rates into the Rose Run Formation 
 for 11 Geostatistical Realizations of Porosity and Permeability 

Rose Run 
Geostatistical 
Realization 

Correlation 
Length Ratio 
(Vertical/ 
Horizontal) 

CO2 Injection 
Rate at 3 years, 
ktonnes/yr 

Injected CO2, 
ktonnes 

26 555.0 161 539 
27 183.0 358 1593 
28 339.0 589 1966 
29 630.0 111 393 
30 155.0 525 2279 
31 143.5 555 2215 
32 140.0 277 1096 
33 223.0 473 2631 
34 1000.0 56 599 
35 225.0 174 571 
36 135.0 191 669 

Average  315 1323 
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Table 4-2.  Comparison of Supercritical CO2 Radii in the Rose Run Formation After Three Years 
of Injection at Well Pressure Gradient of 0.65 psi/ft for 11 Geostatistical Realizations of Porosity 

and Permeability 
 

Rose Run 
Geostatistical 
Realization 

Radius 
Containing 
50% of 
Supercritical 
CO2, ft 

Radius 
Containing 
90% of 
Supercritical 
CO2, ft 

Radius 
Containing 100% 
of Supercritical 
CO2, ft 

26 1727 3153 4243 

27 2010 3659 4918 

28 2716 4918 5688 

29 1481 2716 3153 

30 2338 3153 4243 

31 2338 4243 4918 

32 2010 3153 3659 

33 2716 3659 4918 

34 2716 4243 4918 

35 1727 3153 3659 

36 1481 2338 2716 

Average 2114 3490 4276 

 

 

 
Figure 4-1.  Comparison of CO2 Injection Rates into the Rose Run Formation for 11 Geostatistical 

Realizations of Porosity and Permeability 
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4.1.2 Base Case (Rose Run Realization 32).  This section provides a detailed look at the results of 
realization 32, used as the base case for further sensitivity analyses.  CO2 is injected most easily into the 
high-permeability sandstone units, so CO2 pressures are lower in these units and highest in the low-
permeability units which have greater resistance to gas flow (Figure 4-2).  This results in a non-uniform 
distribution of CO2 in the formation after three years of injection (Figure 4-3).  For comparison, CO2 
pressures and saturations in the formation after three years of injection for all 11 geostatistical realizations 
(Table 4-1) are shown in Appendix C. 
 

 
Figure 4-2.  Supercritical CO2 Pressures (psi) after Three Years of Injection into Two-dimensional 
Radial Simulation of the Rose Run Formation based on Geostatistical Realization 32 (Initial Gas 

Pressures Varied Linearly from 3841.6 psi at the Bottom Boundary to 3778.1 psi at the Top 
Boundary) 
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Figure 4-3.  Supercritical CO2 Saturation After Three Years of Injection into Two-dimensional 

Radial Simulation of the Rose Run Formation Based on Geostatistical Realization 32 
 
 

The aqueous concentrations of dissolved CO2 were computed from the fugacity and a Henry’s coefficient 
dependent on temperature, aqueous salt concentration and pressure, through the Poynting correction 
factor (Reid et al., 1987).  CO2 dissolved aqueous concentrations are very low, limited by the solubility of 
CO2 in brine, and are more dispersed (Figure 4-4) than CO2 in the supercritical fluid (gas) phase due to 
diffusion in the aqueous phase, and dispersion due to flow through the heterogeneous formation.  
Diffusion of CO2 in water was based on CO2-H2O binary diffusion coefficients as a function of 
temperature and pressure, with a correction for the increased viscosity of brine (Reid et al., 1987).  The 
diffusion length is given by  
 

Ld = (4Dt)1/2  (8) 
 
where D is the aqueous diffusion coefficient of CO2 in brine and t is the time.  Under the Rose Run 
formation conditions D = 2.9 × 10-9 m2/s; therefore, for an injection period of three years, the diffusion 
length is 1 meter, indicating that the observed spreading is mainly due to dispersion caused by flow 
through the heterogeneous formation.  Numerical dispersion was minimized by constraining the time 
steps to maintain the Courant condition given in Equation 1. 
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Figure 4-4.  Aqueous CO2 Mass Fraction After Three Years of Injection into Two-dimensional 

Radial Simulation of the Rose Run Formation Based on  
Geostatistical Realization 32   

 
 
Because brine is able to flow laterally through the outer boundary of the model, pressure increases 
observed after three years of injection (Figure 4-5) have largely dissipated after six years of recovery 
(Figure 4-6).  Pressure changes in the formation are greatest near the well, but in no case do the pressures 
exceed the bottomhole injection pressure of 5292 psi, and in all cases the formation pressure near the well 
gradually return to their initial values (Figure 4-7). 
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Figure 4-5.  Increase in Supercritical CO2 Pressures Relative to Initial Formation Pressures (psi) 
After Three Years of Injection in Two-dimensional Radial Simulation of the Rose Run Formation 

Based on Geostatistical Realization 32   

 
Figure 4-6.  Increase in Supercritical CO2 Pressures Relative to Initial Formation Pressures (psi) 
After Six Years of Recovery in Two-dimensional Radial Simulation of the Rose Run Formation 

Based on Geostatistical Realization 32   
 
 

 
Figure 4-7.  Increase in Pressure Near Well Relative to Initial Formation Pressures (psi) During 

Three Years of Supercritical CO2 Injection and 17 Years of Recovery in Two-dimensional Radial 
Simulation of the Rose Run Formation Based on 

Geostatistical Realization 32   
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4.1.3 Effect of Salt Precipitation  For the base case described in the previous section, aqueous salt 
concentrations increase near the well, up to the solubility limit for dissolved NaCl, as dissolved CO2 
concentrations increase (Figure 4-8).  The solubility limit for salt in the aqueous phase is computed 
according to the correlation of McKibbin and McNabb (1993): 
 

( ) ( )2max 1 5 6  2.6218 10 7.2 10 , 1.06 10 ,s
l x x T C x T Cω − − −= + ° + °  (9)+ 

 

Total salt mass that results in aqueous phase salt mass fractions above the solubility limit is considered to 
be precipitated.  Precipitated salt can reduce the intrinsic permeability through a reduction factor 
correlation by Verma and Pruess (1988).  Precipitated salt has a significant impact near the well in the 
higher permeability regions (Figure 5-9).  Repeating the CO2 injection simulation for realization 32 
without salt precipitation increased the CO2 injection rate (Figure 4-10) and increased the total CO2 
injected over three years from 1096 to 1308 ktonnes.   
 
 

 
Figure 4-8.  Aqueous Salt Mass Fraction After Three Years of Injection into Two-dimensional 

Radial Simulation of the Rose Run Formation Based on Geostatistical Realization 32  (Note that 
Horizontal Scale is Shorter than Previous Figures) 
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Figure 4-9.  Decrease in Permeability (Darcy) After Three Years of Injection into Two-dimensional 

Radial Simulation of the Rose Run Formation Based on Geostatistical Realization 32  (Note that 
Horizontal Scale is Shorter than Many Previous Figures) 

 
 

 
 

Figure 4-10.  Comparison of CO2 Injection Rates into the Rose Run Formation for Realization 32 
with and without Salt Precipitation 

 
 
4.1.4 Injection Well Pressure Gradient.  Using the porosity and permeability distribution of 
geostatistical realization 32, the sensitivity of the CO2 injection rate to the injection well pressure gradient 
was examined.  The base case CO2 injection pressure gradient was 0.675 psi/ft, with sensitivity cases of 

 



Numerical Simulation and Risk Report  June 2008 26

0.55 and 0.8 psi/ft.  The CO2 injection pressure gradient had a significant impact on CO2 injection rates 
(Figure 4-11) and hence, total CO2 injected over three years.  The total CO2 injected was 302 and 2040 
tonnes for well injection pressure gradients of 0.55 and 0.8 psi/ft, respectively, compared to a total of 
1096 tonnes of CO2 for the base case well pressure gradient of 0.675 psi/ft (Table 4-3).  The total CO2 
injected over three years is linearly proportional to the difference between the CO2 injection pressure 
gradient and the background pressure gradient of 0.49 psi/ft.  Figures 4-12 and 4-13 show supercritical 
CO2 saturations for injection well pressure gradients of 0.55 and 0.8 psi/ft, respectively.  The radius 
containing most (90%) of the supercritical CO2 mass is 2010 and 3153 ft for well injection pressure 
gradients of 0.55 and 0.8 psi/ft, respectively, compared to 3153 ft for the base case well pressure gradient 
of 0.675 psi/ft (Table 4-4). 
 
 

Table 4-3.  Effect of CO2 Injection Well Pressure Gradients on 
CO2 Injection into the Rose Run Formation 

Well Pressure Gradient, psi/ft CO2 Injection Rate at 3 years, ktonnes/yr Injected CO2, ktonnes 
0.55 88 302 

0.675 277 1096 

0.8 547 2040 

 
 

Table 4-4.  Effect of CO2 Injection Well Pressure Gradients on 
Supercritical CO2 Radii in the Rose Run Formation After Three Years 

Well Pressure 
Gradient, psi/ft 

Radius Containing 50% of 
Supercritical CO2, ft 

Radius Containing 90% of 
Supercritical CO2, ft 

Radius Containing 100% 
of Supercritical CO2, ft 

0.55 1481 2010 2338
0.675 2010 3153 3659

0.8 2338 3153 4243
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Figure 4-11.  Comparison of CO2 Injection Rates into the Rose Run Formation for Different CO2 

Injection Well Pressure Gradients 
 
 

 
Figure 4-12.  Supercritical CO2 Saturation After Three Years of Injection at a Well Pressure 

Gradient of 0.55 psi/ft into Two-dimensional Radial Simulation of the Rose Run Formation Based 
on Geostatistical Realization 32   
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Figure 4-13.  Supercritical CO2 Saturation After Three Years of Injection at a Well Pressure 

Gradient of 0.8 psi/ft into Two-dimensional Radial Simulation of the Rose Run Formation Based on 
Geostatistical Realization 32   

 
 
4.1.5 Sandstone Permeability.  To account for uncertainty in the intrinsic permeability of the 
sandstone, the values at each point in the model grid were scaled up and down by one order of magnitude.  
Increasing or decreasing the sandstone permeability had a significant effect on CO2 injection rates (Figure 
4-14).  The relationship between permeability and injected CO2 was nearly linear, with total CO2 injected 
increasing by a factor of 6 for each tenfold increase in permeability (Table 4-5).  Figures 4-15 and 4-16 
show supercritical CO2 saturation for sandstone permeability scale factors of 0.1 and 10, respectively.  
The radius containing most (90%) of the supercritical CO2 mass is 1481 and 6558 ft for sandstone 
permeability scale factors of 0.1 and 10, respectively, compared to 3153 ft for the base case (Table 4-6). 
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Figure 4-14.  Comparison of CO2 Injection Rates into the Rose Run Formation with Sandstone 

Permeabilities Scaled Up and Down by an Order of Magnitude 
 
 
 

Table 4-5.  Effect of Sandstone Permeability on CO2 Injection into the  
Rose Run Formation 

Sandstone Permeability 
Scale Factor 

CO2 Injection Rate at 3 years, 
ktonnes/yr Injected CO2, ktonnes 

0.1 53 162 
1 277 1096 

10 2124 6985 

 
 
 

Table 4-6.  Effect of Sandstone Permeability on Supercritical CO2 Radii in the 
Rose Run Formation After Three Years 

Sandstone 
Permeability Scale 
Factor 

Radius Containing 50% 
of Supercritical CO2, ft 

Radius Containing 90% of 
Supercritical CO2, ft 

Radius Containing 100% 
of Supercritical CO2, ft 

0.1 926 1481 1727 

1 2010 3153 3659 

10 4918 6558 8647 
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Figure 4-15.  Supercritical CO2 Saturation After Three Years of Injection into Two-dimensional 

Radial Simulation of the Rose Run Formation Based on Geostatistical Realization 32 with 
Sandstone Permeabilities Scaled by a Factor of 0.1   

 
 

 
Figure 4-16.  Supercritical CO2 Saturation After Three Years of Injection into Two-

dimensional Radial Simulation of the Rose Run Formation Based on Geostatistical Realization 32 
with Sandstone Permeabilities Scaled by a Factor of 10 

 
 
4.1.6 Sandstone Capillary Pressure-Saturation Characteristics.  Capillary pressure-saturation 
characteristics are important parameters in controlling CO2 injection rates, as they determine the gas 
phase relative permeability as a function of gas saturation.  The base case simulation using Realization 32 
porosity and permeability distribution assumed Berea sandstone properties for the k-s-p characteristic 
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function.  Hygiene sandstone k-s-p properties and properties from a Rose Run composite core (Table 4-3) 
were considered as sensitivity cases.   
 
The differences between Berea, Hygiene and Rose Run composite core capillary pressure-saturation 
characteristics have a moderate impact on CO2 injection rates, as shown in Figure 4-17.  At a CO2 
injection pressure gradient of 0.675 psi/ft, the total CO2 injected over three years is 1228 ktonnes for the 
Hygiene sandstone versus 1096 ktonnes for the Berea and 971 ktonnes for the Rose Run composite core 
sample (Table 4-7), well within the range (393 to 2631 ktonnes) of values predicted by the 11 
geostatistical realizations of porosity/permeability.  With its higher entry pressure head, Hygiene 
sandstone has higher effective aqueous saturations, but its higher residual aqueous saturation yields lower 
actual aqueous saturations at moderate capillary heads.  This results in the injected CO2 being more 
widely dispersed in the Hygiene sandstone than in the Berea sandstone (Figure 4-18).  The converse is 
true for the Rose Run composite core parameters (Figure 4-19).  The radius containing most (90%) of the 
supercritical CO2 mass is 3659 ft for the Hygiene sandstone and 2716 ft for the Rose Run composite core, 
compared to 3153 ft for the base case (Table 4-8).  
 
 

 
Figure 4-17.  Comparison of CO2 Injection Rates for Geostatistical Realization 32 with Berea, 

Hygiene and Rose Run Composite Capillary Pressure-Saturation Characteristics 
 
 

Table 4-7.  Effect of Sandstone k-s-p Characteristics on CO2 Injection into the  
Rose Run Formation 

Sandstone k-s-p characteristics CO2 Injection Rate at 
3 years, ktonnes/yr Injected CO2, ktonnes 

Hygiene 328 1229 
Berea 277 1096 
Rose Run Composite 255 971 
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Table 4-8.  Effect of Sandstone k-s-p Characteristics on Supercritical CO2 Radii in the Rose Run 
Formation After Three Years 

Sandstone k-s-p 
characteristics 

Radius Containing 50% 
of Supercritical CO2, ft 

Radius Containing 90% 
of Supercritical CO2, ft 

Radius Containing 100% 
of Supercritical CO2, ft 

Hygiene 2338 3659 4243

Berea 2010 3153 3659

Rose Run Composite 2010 2716 3153

 
 

 
Figure 4-18.  Supercritical CO2 Saturation After Three Years of Injection into Two-dimensional 

Radial Simulation of the Rose Run Formation Based on Geostatistical Realization 32 with Hygiene 
Sandstone Capillary Pressure-Saturation Characteristics 
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Figure 4-19.  Supercritical CO2 Saturation After Three Years of Injection into Two-dimensional 
Radial Simulation of the Rose Run Formation Based on Geostatistical Realization 32 with Rose 

Run Composite Core Capillary Pressure-Saturation Characteristics 
 
 
4.1.7 Twenty-year Injection.  A 20-year injection with a well pressure gradient of 0.65 psi/ft was 
carried out using the permeability/porosity distribution of geostatistical realization 32.  The CO2 injection 
rate decreased significantly during the first 3.6 years of injection, declining from 690 ktonnes/yr to 269 
ktonnes/yr, and then increasing 20% to a rate of 324 ktonnes/yr after 10 years of injection (Figure 4-20).  
The total amount of CO2 injected over the 20-year period is 6340 ktonnes.  Supercritical CO2 saturations 
after 20 years of injection are shown in Figure 4-21.  The radius containing most (90%) of the 
supercritical CO2 is 6558 ft after 20 years.  Comparing the relative amounts of supercritical and dissolved 
CO2 during and after 20 years of vertical well injection and 80 years of recovery into the Rose Run 
formation shows that the supercritical CO2 is dissolving very slowly into the surrounding brine (Figure 4-
22).  Dissolution of the injected CO2 is limited by Henry’s law, and the rate of diffusion of aqueous CO2 
away from the supercritical CO2.  Based on Equation 8, the diffusion length over the 100-year simulation 
period is only 33 meters. 
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Figure 4-20.  CO2 Injection Rate at a Well Pressure Gradient of 0.675 psi/ft into the Rose Run 

Formation for 20-Year Injection Period 
 
 

 
Figure 4-21.  Supercritical CO2 Saturation After 20 Years of Injection into Two-dimensional Radial 

Simulation of the Rose Run Formation Based on  
Geostatistical Realization 32   
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Figure 4-22.  Comparison of Relative Amounts of Supercritical and  

Dissolved CO2 During and After 20 Years of Vertical Well Injection and 80 Years of 
Recovery into the Rose Run Formation   

 
 
4.1.8 Pilot Scale Simulations.  Simulations with fixed injection rates of 11, 36.5, 50, 82.5 and 165 
ktonnes/yr were carried out to simulate the pilot scale injection experiment to be conducted at the 
Mountaineer site.  These injection rates are relatively low compared to those shown in Table 4-1.  These 
six injection rates result in 44, 146, 200, 330 and 660 ktonnes, respectively, of CO2 being injected into the 
Rose Run formation over a four year period.  Simulations were carried out with porosity/permeability 
distributions that proved to have the lowest, mean and highest injectivities, realizations 29, 32 and 33, 
respectively.  Of interest with respect to potential monitoring well location is the radial extent of 
measurable changes in CO2 saturation in the formation.  The radius containing all (100%) of the injected 
supercritical CO2 (Table 4-9) for realizations 29, 32 and 33 at injection rates of 11, 36.5, 50, 82.5 and 165 
ktonnes/yr, respectively, penetrate into the formation at radial distances varying from 1085 (Figure 4-23) 
to 4243 ft (Figure 4-24), depending on the distribution of high-porosity/permeability zones.  The well 
pressures required to maintain each of the fixed injection rates over the four year injection interval are 
shown in Table 4-10.  Only in the lowest injectivity realization (29) of the highest injection rate scenario 
(165 ktonnes/yr) do the maximum well pressures exceed the bottomhole injection pressure of 5292 psi 
that is equivalent to a well pressure gradient of 0.675 psi/ft. 
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Table 4-9.  Comparison of Supercritical CO2 Radii After Four Years of Injection into the Rose Run 
Formation for Three Geostatistical Realizations of Porosity and Permeability and  

Six Fixed Injection Rates 

Injection 
Rate, 
ktonnes/yr 

Rose Run Geostatistical 
Realization 

Radius 
Containing 
50% of 
Supercritical 
CO2, ft 

Radius 
Containing 
90% of 
Supercritical 
CO2, ft 

Radius 
Containing 
100% of 
Supercritical 
CO2, ft 

11 29 569 926 1269

11 32 569 926 1269

11 33 569 926 1085

11 Average 569 926 1208

36.5 29 926 1727 2338

36.5 32 1269 1727 2010

36.5 33 789 1481 1727

36.5 Average 995 1645 2025

50 29 1085 2010 2716

50 32 1269 2010 2010

50 33 926 1727 2010

50 Average 1093 1915 2245

82.5 29 1269 2716 2716

82.5 32 1481 2010 2338

82.5 33 1269 2010 2716

82.5 Average 1340 2245 2590

100 29 1481 2716 3153

100 32 1727 2010 2338

100 33 1481 2338 3153

100 Average 1563 2354 2881

165 29 1727 3153 4243

165 32 1727 2716 3153

165 33 2010 3153 3153

165 Average 1821 3008 3517
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Figure 4-23.  Supercritical CO2 Saturation After Four Years of Injection at a Rate of 11 ktonnes/yr 

into Two-dimensional Radial Simulation of the Rose Run Formation Based on Geostatistical 
Realization 33 

 
   

 
Figure 4-24.  Supercritical CO2 Saturation After Four Years of Injection at a Rate of 165 
ktonnes/yr into Two-dimensional Radial Simulation of the Rose Run Formation Based on 

Geostatistical Realization 29  



 

38

Table 4-10.  Comparison of Well Pressures During Four Years of Injection into the Rose Run Formation for Three Geostatistical 
Realizations of Porosity and Permeability and Six Fixed Injection Rates 

  
Pressure (psi) at Bottom of Injection 

Interval Pressure (psi) at Top of Injection Interval 
Injection 
Rate, 
ktonnes/yr 

Geostatistical 
Realization Minimum Maximum Average Minimum Maximum Average 

11 29 3874 4045 4026 3828 4032 4020

11 32 3842 3928 3921 3796 3882 3875

11 33 3837 3837 3837 3791 3816 3814

11 Average 3851 3937 3928 3805 3910 3903

36.5 29 3971 4351 4351 3925 4666 4603

36.5 32 3860 4113 4098 3814 4067 4052

36.5 33 3846 3846 3846 3801 3889 3881

36.5 Average 3893 4104 4098 3847 4207 4178

50 29 4021 4021 4021 3975 4959 4882

50 32 3870 4201 4188 3824 4154 4141

50 33 3851 3851 3851 3806 3923 3913

50 Average 3914 4024 4020 3868 4345 4312

82.5 29 4141 4141 4141 4094 5585 5485

82.5 32 3894 4409 4388 3848 4361 4341

82.5 33 3863 3863 3863 3817 4005 3990

82.5 Average 3966 4138 4131 3920 4651 4605

100 29 4206 4206 4206 4160 5859 5760

100 32 3907 4525 4497 3861 4477 4449

100 33 3870 3870 3870 3824 4048 4031



 
Table 4-10.  Comparison of Well Pressures During Four Years of Injection into the Copper Ridge Formation for Three Geostatistical 

Realizations of Porosity and Permeability and Six Fixed Injection Rates (Continued) 
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Pressure (psi) at Bottom of Injection 

Interval Pressure (psi) at Top of Injection Interval 
Injection 
Rate, 
ktonnes/yr 

Geostatistical 
Realization Minimum Maximum Average Minimum Maximum Average 

100 Average 3994 4200 4191 3948 4795 4747

165 29 4454 6272 6272 4406 6221 6205

165 32 3954 4940 4887 3908 4891 4839

165 33 3893 3893 3893 3847 4209 4181

165 Average 4101 5035 5018 4054 5107 5075
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4.1.9 Mass Balance for Two-dimensional Radial Rose Run Simulations.  Overall mass balance 
for the two dimensional base case simulation of CO2 injection into the Rose Run formation is excellent − 
the amount of CO2 injected is virtually identical to the total amount of CO2 in the formation (Figure 4-25).  
After 20 years, 14% of the injected CO2 has dissolved into the aqueous phase. 
 
 

 
Figure 4-25.  CO2 Mass Balance for 0.675 psi/ft Injection into the  

Rose Run Formation 
 
 
Analysis of CO2 mass balance for all two-dimensional injection simulations shows that generally there is 
good agreement between the total amount of CO2 injected into the formation, and the total amount of CO2 
remaining in the formation at the end of the simulation (Table 4-11).  In most cases, the mass balance 
error is less than 0.63%, except for the high injection pressure gradient case (0.8 psi/ft) which has a mass 
balance error of 3.22%.  The relatively high mass loss for this case is due to leakage across the top 
boundary; elevated supercritical CO2 saturations can be seen in the upper left-hand corner of Figure 4-13. 



 

41 

Table 4-11.  Comparison of CO2 Mass Balance for Two-dimensional Radial Injection Simulations 

Geostatistical 
Realization Variant 

Injection 
Duration, 
years 

Total CO2 
Remaining 
at End of 
Simulation, 
ktonnes 

Total CO2 
Injected 
Into 
Formation, 
ktonnes 

Mass 
Balance, 
percent 

CO2 Loss 
Across Top 
Boundary, 
ktonnes 

CO2 Loss 
Across Top 
Boundary, 
percent 

CO2 Flux 
Across 
Bottom 
Boundary, 
ktonnes 

CO2 Loss 
Across 
Bottom 
Boundary, 
percent 

26 0.675 psi/ft 3 538 539 0.18% 0.888 0.16% 0.072 0.01%
27 0.675 psi/ft 3 1583 1593 0.63% 8.676 0.54% 1.435 0.09%
28 0.675 psi/ft 3 1963 1966 0.17% 0.423 0.02% 2.845 0.14%
29 0.675 psi/ft 3 393 393 0.15% 0.081 0.02% 0.519 0.13%
29 11 ktonnes/yr 4 44 44 0.00% 0.000 0.00% 0.001 0.00%
29 36.5 ktonnes/yr 4 146 146 0.00% 0.000 0.00% 0.044 0.03%
29 50 ktonnes/yr 4 200 200 0.00% 0.005 0.00% 0.232 0.12%
29 82.5 ktonnes/yr 4 330 330 0.00% 0.031 0.01% 0.745 0.23%
29 100 ktonnes/yr 4 400 400 0.00% 0.054 0.01% 1.343 0.34%
29 165 ktonnes/yr 4 547 547 0.00% 0.405 0.07% 4.975 0.91%
30 0.675 psi/ft 3 2271 2279 0.36% 0.831 0.04% 7.373 0.32%
31 0.675 psi/ft 3 2202 2215 0.59% 0.809 0.04% 12.180 0.55%
32 0.675 psi/ft 3 1094 1096 0.16% 1.421 0.13% 0.302 0.03%
32 11 ktonnes/yr 4 44 44 0.00% 0.000 0.00% 0.000 0.00%
32 36.5 ktonnes/yr 4 146 146 0.00% 0.000 0.00% 0.002 0.00%
32 50 ktonnes/yr 4 200 200 0.00% 0.000 0.00% 0.004 0.00%
32 82.5 ktonnes/yr 4 330 330 0.00% 0.003 0.00% 0.011 0.00%
32 100 ktonnes/yr 4 400 400 0.00% 0.004 0.00% 0.018 0.00%
32 165 ktonnes/yr 4 660 660 0.00% 0.020 0.00% 0.086 0.01%
32 0.55 psi/ft 3 302 302 0.01% 0.005 0.00% 0.012 0.00%
32 0.8 psi/ft 3 1975 2041 3.22% 61.561 3.02% 4.128 0.20%
32 high K 3 6979 6985 0.09% 4.709 0.07% 1.256 0.02%
32 low K 3 161 162 0.19% 0.275 0.17% 0.030 0.02%
32 Hygiene SS 3 1226 1229 0.20% 2.021 0.16% 0.485 0.04%
32 Composite 3 969 969 0.00% 1.078 0.11% 0.300 0.03%
33 0.675 psi/ft 3 2625 2631 0.24% 3.974 0.15% 2.376 0.09%
33 11 ktonnes/yr 4 44 44 0.00% 0.000 0.00% 0.000 0.00%
33 36.5 ktonnes/yr 4 146 146 0.00% 0.000 0.00% 0.000 0.00%



 
Table 4-11.  Comparison of CO2 Mass Balance for Two-dimensional Radial Injection Simulations (Continued) 

 

42

 

Geostatistical 
Realization Variant 

Injection 
Duration, 
years 

Total CO2 
Remaining 
at End of 
Simulation, 
ktonnes 

Total CO2 
Injected 
Into 
Formation, 
ktonnes 

Mass 
Balance, 
percent 

CO2 Loss 
Across Top 
Boundary, 
ktonnes 

CO2 Loss 
Across Top 
Boundary, 
percent 

CO2 Flux 
Across 
Bottom 
Boundary, 
ktonnes 

CO2 Loss 
Across 
Bottom 
Boundary, 
percent 

33 50 ktonnes/yr 4 200 200 0.00% 0.000 0.00% 0.000 0.00%
33 82.5 ktonnes/yr 4 330 330 0.00% 0.001 0.00% 0.000 0.00%
33 100 ktonnes/yr 4 400 400 0.00% 0.001 0.00% 0.000 0.00%
33 165 ktonnes/yr 4 660 660 0.00% 0.007 0.00% 0.002 0.00%
34 0.675 psi/ft 3 599 599 0.04% 0.156 0.03% 0.091 0.02%
35 0.675 psi/ft 3 571 571 0.08% 0.293 0.05% 0.141 0.02%
36 0.675 psi/ft 3 669 669 0.07% 0.127 0.02% 0.328 0.05%
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4.2 Three-Dimensional Simulations 
 
4.2.1 Three-Dimensional Geostatistical Realization.  A three-dimensional geostatistical 
realization was generated as a basis for three-dimensional simulations of CO2 injection into the Rose Run 
formation.  This realization used the same random seed as the two-dimensional realization 32 to generate 
distributions of permeability (Figure 4-26) and porosity (Figure 4-27).  As with the two-dimensional 
realizations, this realization was calibrated to a measured Rose Run formation transmissivity of 2.4 ft2/day 
by constructing a steady-state groundwater flow model with boundary conditions resulting in radial flow 
away from the well under a horizontal hydraulic gradient of 0.01 ft/ft.  The correlation length ratio needed 
to match the observed transmissivity was 1000, longer than what was needed to calibrate most of the two-
dimensional realizations (Table 4-1).  Because flow in the two-dimensional simulations is constrained to a 
vertical plane, the flow path to the well is less tortuous than in a three-dimensional simulation. 
 
 

 
 

Figure 4-26.  Rose Run Three-Dimensional Intrinsic Permeability (Darcy) Distribution 
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Figure 4-27.  Rose Run Three-Dimensional Porosity Distribution 
 
 
4.2.2 Vertical Well.  A three-dimensional simulation of CO2 injection from a vertical well was 
carried out using the same parameters as the two-dimensional base case simulation based on two-
dimensional geostatistical realization 32 (see section 4.2.1).  Comparing the three-dimensional plume 
(Figure 5-28) to the two-dimensional base case plume (Figure 4-3) shows the horizontal extent for both 
plumes to be roughly 4000 meters.  The injection rate for the three-dimensional simulation at three years, 
220 ktonnes/yr, is 20% lower than that of the two-dimensional base case simulation of 277 ktonnes/yr 
(Table 4-12), but falls within the range of the highest and lowest two-dimensional simulations based on 
geostatistical realizations 29 and 33 (Figure 4-29).  This is to be expected, since the two-dimensional 
realizations are based on the assumption of radial homogeneity around the well, and the three-
dimensional realizations allow for heterogeneity in hydraulic properties in all directions. 
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Figure 4-28.  Supercritical CO2 Saturation After Three Years of Vertical Well Injection into Three-
Dimensional Simulation of the Rose Run Formation 

 
 

 
 

Figure 4-29.  Comparison of Vertical Well CO2 Injection Rates for a Three-Dimensional 
Geostatistical Realization with Several  

Two-Dimensional Geostatistical Realizations 
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Table 4-12.  Comparison of Vertical Well CO2 Injection Rates for a Three-Dimensional 
Geostatistical Realization with Several Two-Dimensional 

Geostatistical Realizations 
 

Geostatistical 
Realization 

CO2 Injection Rate 
at 3 years, 
ktonnes/yr 

Injected CO2, 
ktonnes 

3D 220 681 
2D 29 111 393 
2D 32 277 1096 
2D 33 473 2631 

 
 

4.2.3 Horizontal Well.  Two horizontal well injection simulations were carried out to see if this 
well configuration would result in higher injection rates.  The horizontal portion of the well was placed in 
a high-permeability layer at a true depth of 7800 ft.  Two horizontal lengths were considered, one at 1000 
ft and one at 2100 ft.  A plot of the gas saturations for the 2100 ft horizontal well injection after three 
years (Figure 4-30) shows the horizontal well plume extending over 5000 ft to the right of the vertical 
portion of the well. 
 
 
 

 
Figure 4-30.  Supercritical CO2 Saturation After Three Years of Horizontal Well Injection into 

Three-Dimensional Simulation of the Rose Run Formation 
 
 
A 1000-ft horizontal well is able to inject 11% more CO2 over a three-year period than a vertical well, and 
a 2100-ft horizontal well is able to inject 26% more CO2 over the same period (Table 4-13).  Although 
injection rates from the horizontal wells are higher initially, the injection rates are not significantly higher 
than that of a vertical well after three years (Figure 4-31), because the simulated sandstone units are 
highly correlated horizontally.



 

Numerical Simulation and Risk Report  June 2008 47

Table 4-13.  Effect of Injection Well Configuration on CO2 Injection into  
the Rose Run Formation 

Well Configuration 
CO2 Injection Rate at 
3 years, ktonnes/yr 

Injected CO2, 
ktonnes 

3D Vertical 220 681 
1000-ft Horizontal 240 766 
2100-ft Horizontal 267 858 

 

 

 
 

Figure 4-31.  Comparison of Vertical Well CO2 Injection Rates for  
Different Injection Well Configurations 

 
 
4.2.4 Regional Dip.  The regional 2% dip of the sandstone and dolomite layers was not considered 
in earlier simulations.  One vertical well injection simulation, with the X-axis tilted 2%, was run to test 
the sensitivity of the model to this assumption.  The amount of CO2 injected, 681 ktonnes, was identical 
to the vertical well injection simulation with no regional dip.  The plumes look nearly identical after three 
years of injection (Figure 4-32). 
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Figure 4-32.  Supercritical CO2 Saturation After Three Years of Vertical Well Injection into Three-

Dimensional Simulation of the Rose Run Formation with 2% Regional Dip 
 
 
4.2.5 Multiple Wells.  To facilitate the simulation of injection from six vertical wells, the three-
dimensional geostatistical realization of the Rose Run formation was upscaled to a coarser grid with 
uniform grid spacing in the horizontal directions of 211.2 ft.  The vertical discretization was the same as 
in previous simulations.  Heterogeneity of the formation results in the additional injection plumes being 
different sizes than the original plume injected at horizontal coordinates 0,0 (Figure 4-33).  The injection 
rate at three years for six wells is 902 ktonnes/yr, which is 4.1 times greater than a single, vertical 
injection well (Figure 4-34).  The total amount of CO2 injected in three years by the six vertical wells was 
3565 ktonness, which is 5.2 times greater than a single, vertical injection well. 

 
Figure 4-33.  Supercritical CO2 Saturation After Three Years of Multiple Well Injection into 

Three-Dimensional Simulation of the Rose Run Formation 
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Figure 4-34.  Comparison of Vertical Well CO2 Injection Rates for Different Injection Well 

Configurations 
 
 
4.2.6 Mass Balance for Three-Dimensional Rose Run Simulations.  Mass loss across the upper 
boundary was greater for the three-dimensional simulations (Table 4-14) than for the two-dimensional 
simulations of the Rose Run formation, due to pockets of high permeability along the upper boundary.  
Mass loss across the upper boundary was highest for the multiple well injection simulation, due to the 
formation of multiple injection plumes.  Future simulations should include more of the caprock above the 
Rose Run formation. 
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Table 4-14.  Comparison of CO2 Mass Balance for Three-Dimensional Injection Simulations into the Rose Run Formation 
 

Geostatistical 
Realization Well Type 

Total CO2 
Injected Into 
Formation, 
ktonnes 

Total CO2 
Remaining 
After 20 
Years, 
ktonnes 

Mass 
Balance, 
percent 

CO2 Flux 
Across Top 
Boundary, 
ktonnes 

CO2 Flux 
Across Top 
Boundary, 
percent 

CO2 Flux 
Across 
Bottom 
Boundary, 
ktonnes 

CO2 Flux 
Across 
Bottom 
Boundary, 
percent 

3D Vertical 681 661 2.95% 18 2.70% 1 0.16% 
3D 1000-ft Horizontal 766 746 2.60% 19 2.44% 0 0.00% 
3D 2100-ft Horizontal 858 837 2.37% 19 2.22% 0 0.00% 
3D 2% Dip 681 662 2.82% 20 2.95% 1 0.19% 
3D Multiple 3565 2999 15.88% 438 12.30% 99 2.79% 
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4.3 Reactive Transport Simulation 
 
The base case pilot scale simulation with an injection rate of 82.5 ktonnes/yr into the Rose Run formation 
was reevaluated including the effects of mineral dissolution and precipitation.  The mineral reaction 
network is described in Section 3.1.  To set up the initial conditions for the CO2 injection, the observed 
formation water compositions for total C, Ca, Mg, Si, S and pH were allowed to equilibrate with the 
observed formation minerals for a period of 10 years (Figure 4-35).  Post CO2 injection, aqueous CO2 
concentrations near the injection well increase rapidly, and pH decreases (Figure 4-36).  The rate of 
calcite dissolution in the formation is highest, with the rate of dolomite dissolution being a factor of 20 
slower (Figure 4-37).  Overall, the amount of calcite dissolved in the formation, 3.6x107 moles, is less 
than 0.01% of the total amount of calcite initially in the formation, 7.0x1011 moles.  Locally, the greatest 
change in calcite mass is a decrease of 0.4% (Figure 4-37), and the greatest change in dolomite mass is a 
decrease of 0.013% (Figure 4-38).  No significant changes in calcite or dolomite occur near the caprock.   

During the 4-year injection and 6-year recovery period, the plume radius is the same as for the simulation 
without mineral precipitation and dissolution (Table 4-9).  Well pressures are also identical to the 82.5 
ktonnes/yr simulation without mineral precipitation and dissolution (Table 4-10).  Compared to the 330 
ktonnes of injected CO2, 3.6 ktonnes of dissolved CO2 is added to the system by the dissolution of calcite 
and dolomite, an increase of 1.1%.  The amount of supercritical CO2 at the end of the 10-year simulation 
is not significantly different from the simulation without geochemistry.  During the 10-year period 
considered, mineral dissolution does not noticeably affect the rate of carbon sequestration in the Rose Run 
formation. 

 

 
Figure 4-35.  Equilibrium Concentrations of Aqueous Species in the Rose Run Formation. 
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Figure 4-36.  Post-CO2 Injection Concentrations of Aqueous Species in the Rose Run Formation 

near the injection well. 
 

 
Figure 4-37.  Post-CO2 Injection Change in Total Formation Mineral Content in the Rose Run 

Formation. 



 

Numerical Simulation and Risk Report  53 June 2008 
 
 

 

 
Figure 4-38.  Percentage change in calcite mass 6 years after pilot-scale injection of CO2 in the Rose 

Run Formation. 
 

 

 
 
Figure 4-39.  Percentage change in dolomite mass 6 years after pilot-scale injection of CO2 in the 

Rose Run Formation. 



 

Numerical Simulation and Risk Report  June 2008 54

Section 5.0  COPPER RIDGE SIMULATION RESULTS 
 
 
5.1 Two-Dimensional Simulations 
 
5.1.1 Geostatistical Realizations.  Assuming different random number seeds resulted in 11 
distinct realizations of porosity and permeability (Appendix C) for the Copper Ridge formation.  A well 
pressure gradient of 0.675 psi/ft was assumed.  The resulting CO2 injection rates after three years of 
injection varied between 326 and 732 ktonnes/yr, with an average value of 475 ktonnes/yr (Table 5-1).  
The total CO2 injected over this three-year period varied from 1575 to 3288 ktonnes, with an average 
value of 2246 ktonnes.  The radius containing 100% of the supercritical CO2 mass varied between 7539 ft 
and 9897 ft, with an average value of 7978 ft (Table 5-2), although most (90%) of the supercritical CO2 is 
contained within an average radius of 6289 ft, and half (50%) is contained within an average radius of 
3547 ft.  Results for realization 26 were closest to the average values, and so were used as the basis for 
further sensitivity cases. 
 
 

Table 5-1.  Comparison of CO2 Injection Rates into the Copper Ridge Formation for 11 
Geostatistical Realizations of Porosity and Permeability 

 

Copper Ridge 
Geostatistical 
Realization 

CO2 Injection 
Rate at 3 years, 
ktonnes/yr 

Total Injected 
CO2, ktonnes 

21 411 2294 
22 732 3102 
23 597 2515 
24 415 2090 
25 427 1839 
26 452 2069 
27 401 2124 
28 326 1575 
29 381 1780 
30 425 2025 
31 656 3288 

Average 475 2246 
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Table 5-2.  Comparison of Supercritical CO2 Radii in the Copper Ridge Formation After Three 
Years of Injection at Well Pressure Gradient of 0.65 psi/ft for 11 Geostatistical Realizations of 

Porosity and Permeability 

Copper Ridge 
Geostatistical 
Realization 

Radius Containing 
50% of 
Supercritical CO2, 
ft 

Radius Containing 
90% of 
Supercritical CO2, 
ft 

Radius Containing 
100% of 
Supercritical CO2, 
ft 

21 3659 6558 8647 

22 4243 6558 8647 

23 4243 7539 8647 

24 3659 6558 7539 

25 2716 6558 7539 

26 4243 6558 7539 

27 4243 7539 8647 

28 2716 4918 7539 

29 2338 4918 6558 

30 2716 4918 6558 

31 4243 6558 9897 

Average 3547 6289 7978 

 

 

 
Figure 5-1.  Comparison of CO2 Injection Rates into the Copper Ridge Formation for 11 

Geostatistical Realizations of Porosity and Permeability 
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5.1.2 Base Case (Copper Ridge Realization 26).  This section provides a detailed look at the 
results of Copper Ridge realization 26, used as the base case for further sensitivity analyses.  CO2 is 
injected most easily into the high-permeability sandstone units, so CO2 pressures are lower in these units 
and highest in the low-permeability units, which have greater resistance to gas flow (Figure 5-2).  This 
results in a non-uniform distribution of CO2 in the formation after three years of injection (Figure 5-3).  
For comparison, CO2 pressures and saturations in the formation after three years of injection for all 11 
geostatistical realizations are shown in Appendix E. 
 
 

 
Figure 5-2.  Supercritical CO2 Pressures (psi) After Three Years of Injection into Two-dimensional 
Radial Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26 (Initial 

Pressures Varied Linearly from 4072.6 psi at the Bottom Boundary to 3946.7 psi at the Top 
Boundary) 

 

 

 

 
Figure 5-3.  Supercritical CO2 Saturation After Three Years of Injection into Two-dimensional 

Radial Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26  
 
 
Because brine is able to flow laterally through the outer boundary of the model, pressure increases 
observed after three years of injection (Figure 5-4) have largely dissipated after three years of recovery 
(Figure 5-5).  Pressure changes in the formation are greatest near the well, but in no case do the pressures 
exceed the bottomhole injection pressure of 5610 psi, and in all cases the formation pressures near the 
well gradually returned to within 100 psi of their initial values (Figure 5-6). 
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Figure 5-4.  Increase in Supercritical CO2 Pressures Relative to Initial Formation Pressures (psi) 

After Three Years of Injection in Two-dimensional Radial Simulation of the Copper Ridge 
Formation Based on Geostatistical Realization 26   

 
 
 

 
Figure 5-5.  Increase in Supercritical CO2 Pressures Relative to Initial Formation Pressures (psi) 

After Three Years of Recovery in Two-dimensional Radial Simulation of the Copper Ridge 
Formation Based on Geostatistical Realization 26   
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Figure 5-6.  Increase in Pressure Near Well Relative to Initial Formation Pressures (psi) During 

Three Years of Supercritical CO2 Injection and 17 Years of Recovery in Two-dimensional Radial 
Simulation of the Copper Ridge Formation Based on  

Geostatistical Realization 26   
 
 
The aqueous concentrations of dissolved CO2 were computed from the fugacity and a Henry’s coefficient 
dependent on temperature, aqueous salt concentration and pressure, through the Poynting correction 
factor (Reid et al., 1987).  CO2 dissolved aqueous concentrations are very low, limited by the solubility of 
CO2 in brine, and are more dispersed (Figure 5-7) than CO2 in the supercritical fluid (gas) phase due to 
diffusion in the aqueous phase, and dispersion due to flow through the heterogeneous formation.  
Diffusion of CO2 in water was based on CO2-H2O binary diffusion coefficients as a function of 
temperature and pressure, with a correction for the increased viscosity of brine (Reid et al., 1987).  Under 
the Copper Ridge formation conditions the diffusion coefficient of CO2 in brine is 2.9×10-9 m2/s; 
therefore, for an injection period of three years, the diffusion length (Equation 8) is 1 meter, indicating 
that the observed spreading is mainly due to dispersion caused by flow through the heterogeneous 
formation.  Numerical dispersion was minimized by constraining the time steps to maintain the Courant 
condition given in Equation 1. 
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Figure 5-7.  Aqueous CO2 Mass Fraction After 3 Years of Injection into Two-dimensional Radial 

Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26  
 

5.1.3 Effect of Salt Precipitation.  For the base case described in the previous section, aqueous 
salt concentrations increase near the well, up to the solubility limit for dissolved NaCl, as dissolved CO2 
concentrations increase (Figure 5-8).  The solubility limit for salt in the aqueous phase is computed 
according to the correlation of McKibbin and McNabb (1993) (Equation 9).  Total salt mass that results in 
aqueous phase salt mass fractions above the solubility limit is considered to be precipitated.  Precipitated 
salt can reduce the intrinsic permeability through a reduction factor correlation by Verma and Pruess 
(1988).  Precipitated salt has a significant impact near the well in the higher permeability regions (Figure 
5-9).  Repeating the CO2 injection simulation for realization 26 without salt precipitation increased the 
CO2 injection rate (Figure 5-10) increasing the total CO2 injected over three years from 2069 to 5409 
ktonnes.   
 
 

 
Figure 5-8.  Aqueous Salt Mass Fraction After Three Years of Injection into Two-dimensional 

Radial Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26  (Note 
that Horizontal Scale is Shorter than Previous Figures to Show Area Near Well) 
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Figure 5-9.  Decrease in Permeability (%) After Three Years of Injection into Two-dimensional 

Radial Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26 (Note that 
Horizontal Scale is Shorter than Many Previous Figures to Show Area Near Well) 

 
 

 
Figure 5-10.  Comparison of CO2 Injection Rates into the Copper Ridge Formation for Realization 

26 with and without Salt Precipitation 
 
 
5.1.4 Injection Well Pressure Gradient.  Using the porosity and permeability distribution of 
Copper Ridge geostatistical realization 26, the sensitivity of the CO2 injection rate to the injection well 
pressure gradient was examined.  The base case CO2 injection pressure gradient was 0.675 psi/ft, with 
sensitivity cases of 0.55 and 0.8 psi/ft.  The CO2 injection pressure gradient has a significant impact on 
CO2 injection rates (Figure 5-11) and hence, total CO2 injected over three years.  The total CO2 injected 
was 255 and 7772 tonnes for well injection pressure gradients of 0.55 and 0.8 psi/ft, respectively, 
compared to a total of 2069 tonnes of CO2 for the base case well pressure gradient of 0.675 psi/ft (Table 
5-3).  The total CO2 injected over three years is linearly proportional to the difference between the CO2 
injection pressure gradient and the background pressure gradient of 0.49 psi/ft.  Figures 5-12 and 5-13 
show supercritical CO2 saturations for injection well pressure gradients of 0.55 and 0.8 psi/ft, 
respectively.  The radius containing most (90%) of the supercritical CO2 mass is 3158 and 11,277 ft for 
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well injection pressure gradients of 0.55 and 0.8 psi/ft, respectively, compared to 6558 ft for the base case 
well pressure gradient of 0.675 psi/ft (Table 5-4). 
 
 

 
Figure 5-11.  Comparison of CO2 Injection Rates into the Copper Ridge Formation for Different 

Injection Well Pressure Gradients 
 
 

Table 5-3.  Effect of CO2 Injection Well Pressure Gradients on 
CO2 Injection into the Copper Ridge Formation 

Well Pressure 
Gradient, psi/ft 

CO2 Injection Rate at 
3 years, ktonnes/yr 

Injected CO2, 
ktonnes 

0.55 44 255 
0.675 452 2069 

0.8 2350 7772 

 
 
 

Table 5-4.  Effect of CO2 Injection Well Pressure Gradients on  
Supercritical CO2 Radii in the Copper Ridge Formation After Three Years 

Well Pressure 
Gradient, psi/ft 

Radius Containing 50% of 
Supercritical CO2, ft 

Radius Containing 90% of 
Supercritical CO2, ft 

Radius Containing 100% 
of Supercritical CO2, ft 

0.55 1727 3153 3659 

(Base Case) 0.675 4243 6558 7539 

0.8 6558 11277 14383 
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Figure 5-12.  Supercritical CO2 Saturation After Three Years of Injection at a Well Pressure 

Gradient of 0.55 psi/ft into Two-dimensional Radial Simulation of the Copper Ridge Formation 
Based on Geostatistical Realization 26   

 
 
 
 

 
Figure 5-13.  Supercritical CO2 Saturation After Three Years of Injection at a Well Pressure 

Gradient of 0.8 psi/ft into Two-dimensional Radial Simulation of the Copper Ridge Formation 
Based on Geostatistical Realization 26   

5.1.5 Wireline Log Permeability.  To account for uncertainty in the intrinsic permeability of the 
formation, the values at each point in the model grid were scaled up and down by a factor of 7.  This 
factor was chosen because the wireline log permeabilities were scaled by this amount to calibrate each 
permeability field to the overall formation transmissivity measured during hydraulic testing.  Increasing 
or decreasing the formation permeability has a significant effect on CO2 injection rates (Figure 5-14).  
The relationship between permeability and CO2 injection is nearly linear, with total CO2 injected 
increasing by a factor of three to four for each seven-fold increase in permeability (Table 5-5).  Figures 5-
15 and 5-16 show supercritical CO2 saturations for wireline log permeability scale factors of 1 and 49, 
respectively.  The radius containing most (90%) of the supercritical CO2 mass is 4243 ft and 12,769 ft for 
wireline log permeability scale factors of 1 and 49, respectively, compared to 6558 ft for the base case 
wireline log permeability scale factor of 7 (Table 5-6). 
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Figure 5-14.  Comparison of CO2 Injection Rates into the Copper Ridge Formation with Wireline 

Log Permeabilities Scaled Up and Down by a Factor of 7 
 
 
 

Table 5-5.  Effect of Wireline Log Permeability Scale Factor on CO2 Injection into the Copper 
Ridge Formation 

Wireline Log 
Permeability 
Scale Factor 

CO2 Injection 
Rate at 3 
years, 
ktonnes/yr 

Injected 
CO2, 
ktonnes 

1 174 652 
(Base Case) 7 452 2069 

49 2283 8940 

 
 

Table 5-6.  Effect of Wireline Log Permeability Scale Factor on Supercritical CO2 Radii in the 
Copper Ridge Formation After Three Years 

Wireline Log 
Permeability 
Scale Factor 

Radius Containing 50% of 
Supercritical CO2, ft 

Radius Containing 90% of 
Supercritical CO2, ft 

Radius Containing 100% 
of Supercritical CO2, ft 

1 2716 4243 4918 

(Base Case) 7 4243 6558 7539 

49 6558 12769 16129 
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Figure 5-15.  Supercritical CO2 Saturation After Three Years of Injection into Two-dimensional 
Radial Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26 with 

Wireline Log Permeabilities Scaled by a Factor of 1   
 
 
 

 
Figure 5-16.  Supercritical CO2 Saturation After Three Years of Injection into Two-dimensional 
Radial Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26 with 

Wireline Log Permeabilities Scaled by a Factor of 49   
 
 
5.1.6 Capillary Pressure-Saturation Characteristics.  The Copper Ridge base case simulation 
(realization 26) assumed that the Brooks and Corey parameters λ, log air-entry pressure and residual 
saturation were correlated to the log permeability, using the Rose Run composite core and the Rose Run 
dolomite Brooks and Corey parameters as end members.  The sensitivity of the model to the air-entry 
pressure assumed was tested by scaling the air-entry pressures at each node by factors of 0.5 and 2.  The 
air-entry potential is inversely proportional to the injection rate at three years (Figure 5-17).  Although the 
total CO2 mass injected for the low air-entry pressure simulation is 31% higher than for the base case 
simulation (Table 5-7), the total CO2 mass injected for the high air-entry pressure simulation is also 5% 
higher than for the base case simulation.  For the high air-entry pressure simulation the injected 
supercritical CO2 has a similar overall shape as the base case simulation (Figure 5-18), but there is less 
CO2 mass close to the well than in the low air-entry pressure simulation (Figure 5-19).  Because of this, 
there is less salting out near the well for the high air-entry pressure simulation (Figure 5-20) than for the 
low air-entry pressure simulation (Figure 5-21). 
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Figure 5-17.  Comparison of CO2 Injection Rates into the Copper Ridge Formation for 

Geostatistical Realization 26 with Rose Run Dolomite and Rose Run Composite Capillary Pressure-
Saturation Characteristics 

 
 

Table 5-7.  Effect of Air-Entry Pressure Scale Factor on CO2 Injection into  
the Copper Ridge Formation 

Air-entry Pressure Scale 
Factor 

CO2 Injection 
Rate at 3 
years, 
ktonnes/yr 

Injected 
CO2, 
ktonnes 

2 266 2182 
(Base Case) 1 452 2069 

0.5 609 2710 
 
 
 

Table 5-8.  Effect of Air-Entry Pressure Scale Factor on Supercritical CO2 Radii in the Copper 
Ridge Formation After Three Years 

Air-entry 
Pressure Scale 
Factor 

Radius Containing 50% of 
Supercritical CO2, ft 

Radius Containing 90% of 
Supercritical CO2, ft 

Radius Containing 100% 
of Supercritical CO2, ft 

2 4918 7539 8647 

(Base Case) 1 4243 6558 7539 

0.5 4918 7539 8647 
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Figure 5-18.  Supercritical CO2 Saturation After Three Years of Injection into Two-dimensional 

Radial Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26 with Air-
Entry Pressure Scale Factor of 2 

 
 
 
 

 
Figure 5-19.  Supercritical CO2 Saturation After Three Years of Injection into Two-dimensional 

Radial Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26 with Air-
Entry Pressure Scale Factor of 0.5 

 
 
 

 
Figure 5-20.  Decrease in Permeability (%) Due to Salt Precipitation After Three Years of Injection 

into Two-dimensional Radial Simulation of the Copper Ridge Formation Based on Geostatistical 
Realization 26 with Air-Entry Pressure Scale Factor of 2  (Note that Horizontal Scale is Shorter 

than Many Previous Figures to Show Area Near Well) 
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Figure 5-21.  Decrease in Permeability (%) Due to Salt Precipitation After Three Years of Injection 

into Two-dimensional Radial Simulation of the Copper Ridge Formation Based on Geostatistical 
Realization 26 with Air-Entry Pressure Scale Factor of 0.5 (Note that Horizontal Scale is Shorter 

than Many Previous Figures to Show Area Near Well) 
 
 
5.1.7 Twenty-year Injection.  A 20-year injection with a well pressure gradient of 0.65 psi/ft was 
carried out using the permeability/porosity distribution of geostatistical realization 26.  The CO2 injection 
rate decreased rapidly during the first year of injection, declining from 1700 to 500 ktonnes/yr, and then 
slowly decreasing to a rate of 329 ktonnes/yr after 20 years of injection (Figure 5-22).  The total amount 
of CO2 injected over the 20-year period was 8623 ktonnes.  Supercritical CO2 saturations after 20 years of 
injection are shown in Figure 5-23.  The radius containing most (90%) of the supercritical CO2 is 12,769 
ft after 20 years.  Comparing the relative amounts of supercritical and dissolved CO2 during and after 20 
years of vertical well injection and 80 years of recovery into the Copper Ridge formation shows that the 
supercritical CO2 is dissolving slowly into the surrounding brine (Figure 5-24).  Dissolution of the 
injected CO2 is limited by Henry’s law, the rate of diffusion of aqueous CO2 away from the supercritical 
CO2, and the surface area of the supercritical CO2 pool.  Based on Equation 8, the diffusion length over 
the 100-year simulation period is only 33 meters.  The surface area of the supercritical CO2 pool in the 
Copper Ridge formation is greater in this simulation, compared with a similar simulation for the Copper 
Ridge formation (Figure 5-24), resulting in a faster dissolution rate. 
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Figure 5-22.  CO2 Injection Rate at a Well Pressure Gradient of 0.675 psi/ft into the Copper Ridge 

Formation for 20-Year Injection Period 
 
 
 
 

 
Figure 5-23.  Supercritical CO2 Saturation After 20 Years of Injection into Two-dimensional Radial 

Simulation of the Copper Ridge Formation Based on Geostatistical Realization 26   
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Figure 5-24.  Comparison of Relative Amounts of Supercritical and Dissolved CO2 During and 

After 20 Years of Vertical Well Injection and 80 Years of Recovery into the Copper Ridge 
Formation 

 

 
5.1.8 Pilot Scale Simulations.  Simulations with fixed injection rates of 11, 36.5, 50, 82.5 and 165 
ktonnes/yr were carried out to simulate the pilot scale injection to be conducted at the Mountaineer site.  
These injection rates are comparatively low to large scale applications.  These six injection rates result in 
44, 146, 200, 330 and 660 ktonnes, respectively, of CO2 being injected into the Copper Ridge formation 
over a four year period.  Simulations were carried out with porosity/permeability distributions that proved 
to have the lowest, mean and highest injectivities, realizations 28, 26 and 31, respectively.  Of interest 
with respect to potential monitoring well location is the radial extent of measurable changes in CO2 
saturation in the formation.  The radius containing all (100%) of the injected supercritical CO2 (Table 5-9) 
for realizations 28, 26 and 31 at injection rates of 11, 36.5, 50, 82.5 and 165 ktonnes/yr, respectively  
penetrate into the formation at radial distances varying from 1481 (Figure 5-25) to 4243 ft (Figure 5-26), 
depending on the distribution of high-porosity/permeability zones.  The well pressures required to 
maintain each of the fixed injection rates over the four year injection interval are shown in Table 5-10.  In 
no case do the maximum well pressures exceed the bottomhole injection pressure of 5610 psi that is 
equivalent to a well pressure gradient of 0.675 psi/ft. 
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Table 5-9.  Comparison of Supercritical CO2 Radii at After 4 Years of Injection into the Copper 
Ridge Formation for Three Geostatistical Realizations of Porosity and  

Permeability and Six Fixed Injection Rates 

Injection 
Rate, 
ktonnes/yr 

Copper Ridge 
Geostatistical 
Realization 

Radius Containing 
50% of Supercritical 
CO2, ft 

Radius Containing 
90% of Supercritical 
CO2, ft 

Radius Containing 
100% of 
Supercritical CO2, ft 

11 26 926 1481 1727 

11 28 789 1481 1727 

11 31 1085 1269 1481 

11 Average 933 1410 1645 

36.5 26 1481 2338 2716 

36.5 28 1481 2716 2716 

36.5 31 1481 2716 3153 

36.5 Average 1481 2590 2862 

50 26 1481 2716 3153 

50 28 1481 2716 3153 

50 31 1481 2716 3153 

50 Average 1481 2716 3153 

82.5 26 1481 3153 3659 

82.5 28 1481 2716 3659 

82.5 31 1481 3153 3659 

82.5 Average 1481 3008 3659 

100 26 1481 3153 3659 

100 28 1481 3153 3659 

100 31 1269 3153 3659 

100 Average 1410 3153 3659 

165 26 1481 3659 4243 

165 28 1481 3659 4243 

165 31 1481 3153 4243 

165 Average 1481 3490 4243 
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Figure 5-25.  Supercritical CO2 Saturation After Four Years of Injection at a Rate of 11 ktonnes/yr 
into Two-dimensional Radial Simulation of the Copper Ridge Formation Based on Geostatistical 

Realization 31   
 
 
 
 

 
Figure 5-26.  Supercritical CO2 Saturation After Four Years of Injection at a Rate of 165 

ktonnes/yr into Two-dimensional Radial Simulation of the Copper Ridge Formation Based 
on Geostatistical Realization 28  
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Table 5-10.  Comparison of Well Pressure During Four Years of Injection into the Copper Ridge Formation for Three Geostatistical 
Realizations of Porosity and Permeability and Six Fixed Injection Rates 

  Pressure (psi) at Bottom of Injection Interval Pressure (psi) at Top of Injection Interval 

Injection Rate, 
ktonnes/yr 

Geostatistical 
Realization Minimum Maximum Average Minimum Maximum Average 

11 26 4062 4194 4161 3973 4120 4085

11 28 4062 4202 4176 3973 4114 4074

11 31 4062 4201 4152 3973 4111 4057

11 Average 4062 4199 4163 3973 4115 4072

36.5 26 4069 4419 4328 3981 4328 4265

36.5 28 4069 4442 4318 3981 4351 4290

36.5 31 4069 4401 4269 3981 4311 4249

36.5 Average 4069 4421 4305 3981 4330 4268

50 26 4073 4525 4399 3985 4434 4357

50 28 4073 4559 4523 3985 4467 4397

50 31 4073 4513 4350 3985 4421 4329

50 Average 4073 4532 4424 3985 4441 4361

82.5 26 4083 4756 4584 3994 4664 4562

82.5 28 4083 4815 4612 3994 4722 4629

82.5 31 4083 4753 4693 3994 4660 4555

82.5 Average 4083 4775 4630 3994 4682 4582

100 26 4088 4856 4670 3999 4763 4674

100 28 4088 4943 4708 3999 4849 4740



 
Table 5-10.  Comparison of Well Pressure During Four Years of Injection into the Copper Ridge Formation for Three Geostatistical 

Realizations of Porosity and Permeability and Six Fixed Injection Rates (Continued) 
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  Pressure (psi) at Bottom of Injection Interval Pressure (psi) at Top of Injection Interval 

Injection Rate, 
ktonnes/yr 

Geostatistical 
Realization Minimum Maximum Average Minimum Maximum Average 

100 31 4088 4883 4617 3999 4789 4678

100 Average 4088 4894 4665 3999 4800 4697

165 26 4106 5232 4958 4017 5137 5035

165 28 4106 5328 4997 4017 5239 5117

165 31 4106 5260 4924 4017 5191 5072

165 Average 4106 5273 4960 4017 5189 5075
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5.1.9 Mass Balance for Two-dimensional Radial Copper Ridge Simulations.  Overall mass 
balance for the two-dimensional radial base case simulation of CO2 injection into the Copper Ridge 
formation is excellent, with the amount of CO2 injected being identical to the total amount of CO2 in the 
formation (Figure 5-27).  After 20 years, 30% of the injected CO2 has dissolved into the aqueous phase.  
The amount of dissolution appears to be related to variability within the formation, which allows more of 
the CO2 to contact with native brines. 
 
 

 
Figure 5-27.  CO2 Mass Balance for 0.675 psi/ft Injection into the Copper Ridge Formation Based 

on Geostatistical Realization 26 
 
 
Analysis of CO2 mass balance for all two-dimensional injection simulations shows that there is excellent 
agreement between the total amount of CO2 injected into the formation, and the total amount of CO2 
remaining in the formation at the end of the simulation (Table 5-11).  In all cases, the mass balance error 
is 0%.  The top and bottom boundaries of the model were considered no-flow boundaries, so no mass loss 
occurred across those boundaries.  The left boundary was considered an axis of symmetry, and the right 
boundary was far enough away from the well (4 miles) that no CO2 flux occurred across that boundary.  
The percentage of the injected CO2 that dissolved varied between 17% and 45%.  Generally, the higher 
the injection rate, the smaller the proportion of CO2 that dissolves.  The simulation without salt 
precipitation was for illustrative purposes only and is not physically realistic. 
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Table 5-11.  Comparison of CO2 Mass Balance for Two-dimensional Radial Copper Ridge Injection Simulations 

Geostatistical 
Realization Variant 

Injection 
Duration, 

years 

Total CO2 
Remaining at 

End of 
Simulation, 

ktonnes 

Total CO2 
Injected Into 
Formation, 

ktonnes 

Mass 
Balance, 
percent 

Total 
Supercritical 
CO2, ktonnes 

Total 
Dissolved 

CO2, 
ktonnes 

Percent 
Dissolved 

21 0.675 psi/ft 20 2295 2295 0.00 1863 431 19%
22 0.675 psi/ft 20 3102 3102 0.00 2365 737 24%
23 0.675 psi/ft 20 2516 2516 0.00 1977 538 21%
24 0.675 psi/ft 20 2090 2090 0.00 1685 406 19%
25 0.675 psi/ft 20 1839 1839 0.00 1352 487 26%
26 0.675 psi/ft 20 2069 2069 0.00 1455 614 30%
27 0.675 psi/ft 20 2124 2124 0.00 1424 701 33%
28 0.675 psi/ft 20 1575 1575 0.00 1126 449 29%
29 0.675 psi/ft 20 1780 1780 0.00 1285 495 28%
30 0.675 psi/ft 20 2025 2025 0.00 1431 594 29%
31 0.675 psi/ft 20 3288 3288 0.00 2626 662 20%
26 No salt precipitation 20 5402 5402 0.00 3175 2227 41%
26 0.55psift 20 255 255 0.00 141 114 45%
26 0.80psift 20 7772 7772 0.00 6444 1328 17%
26 High K 20 8940 8940 0.00 6916 2024 23%
26 Low K 20 652 652 0.00 474 178 27%
26 High air-entry pressure 20 2182 2182 0.00 1538 644 30%
26 Low air-entry pressure 20 2710 2710 0.00 2012 698 26%
26 20-yr injection 100 8623 8623 0.00 5936 2687 31%
26 11 ktonnes/yr 10 44 44 0.00 31 13 29%
26 36.5 ktonnes/yr 10 146 146 0.00 107 40 27%
26 50 ktonnes/yr 10 200 200 0.00 137 63 32%
26 82.5 ktonnes/yr 10 330 330 0.00 232 98 30%
26 100 ktonnes/yr 10 400 400 0.00 286 114 28%
26 165 ktonnes/yr 10 660 660 0.00 491 169 26%
28 11 ktonnes/yr 10 44 44 0.00 34 10 22%
28 36.5 ktonnes/yr 10 146 146 0.00 113 33 23%
28 50 ktonnes/yr 10 200 200 0.00 152 48 24%
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Geostatistical 
Realization Variant 

Injection 
Duration, 

years 

Total CO2 
Remaining at 

End of 
Simulation, 

ktonnes 

Total CO2 
Injected Into 
Formation, 

ktonnes 

Mass 
Balance, 
percent 

Total 
Supercritical 
CO2, ktonnes 

Total 
Dissolved 

CO2, 
ktonnes 

Percent 
Dissolved 

28 82.5 ktonnes/yr 10 330 330 0.00 248 82 25%
28 100 ktonnes/yr 10 400 400 0.00 303 97 24%
28 165 ktonnes/yr 10 660 660 0.00 509 151 23%
31 11 ktonnes/yr 10 44 44 0.00 34 10 22%
31 36.5 ktonnes/yr 10 146 146 0.00 109 37 26%
31 50 ktonnes/yr 10 200 200 0.00 150 50 25%
31 82.5 ktonnes/yr 10 330 330 0.00 246 84 25%
31 100 ktonnes/yr 10 400 400 0.00 298 102 25%
31 165 ktonnes/yr 10 660 660 0.00 497 163 25%
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5.2 Three-Dimensional Simulations 
 
5.2.1 Three-Dimensional Geostatistical Realization.  A single three-dimensional geostatistical 
realization was generated as a basis for three-dimensional simulations of CO2 injection into the Copper 
Ridge formation.  This realization used the same random seed as the two-dimensional realization 26 to 
generate distributions of permeability (Figure 4-28) and porosity (Figure 4-29).   

 

 
 

Figure 5-28.  Copper Ridge Three-Dimensional Intrinsic Permeability (Darcy) Distribution 
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Figure 5-29.  Copper Ridge Three-Dimensional Porosity Distribution 
 

 
5.2.2 Vertical Well.  A three-dimensional simulation of CO2 injection from a vertical well was 
carried out using the same parameters as the two-dimensional base case simulation based on two-
dimensional geostatistical realization 26 (see section 5.2.1).  Comparing the three-dimensional plume 
(Figure 5-30) to the two-dimensional base case plume (Figure 5-3) shows the horizontal extent for both 
plumes to be similar for both simulations.  The injection rate for the three-dimensional simulation at three 
years, 346 ktonnes/yr (Figure 5-31), is 24% lower than that of the two-dimensional base case simulation 
of 452 ktonnes/yr (Table 5-1), but falls within the range of the highest and lowest two-dimensional 
simulations, 326 and 732 ktonnes/year, for geostatistical realizations 28 and 22, respectively (Table 5-1).  
The total amount injected, 1670 ktonnes, is 19% less than for the 2D base case, but falls within the range 
of the highest and lowest two-dimensional simulations, 1575 and 3288 ktonnes, for geostatistical 
realizations 28 and 31, respectively (Table 5-1).  This is to be expected, since the two-dimensional 
realizations are based on the assumption of radial homogeneity around the well, and the three-
dimensional realizations allow for heterogeneity in hydraulic properties in all directions. 
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Figure 5-30.  Supercritical CO2 Saturation After Three Years of Vertical Well Injection into Three-
Dimensional Simulation of the Copper Ridge Formation 
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Figure 5-31.  Comparison of CO2 Injection Rates into the Copper Ridge Formation for 2D and 3D 

Simulations 
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5.3 Reactive Transport Simulation 
 
The base case pilot scale simulation with an injection rate of 82.5 ktonnes/yr for the Copper Ridge 
formation was reevaluated including the effects of mineral dissolution and precipitation.  The mineral 
reaction network is described in Section 3.1.  To set up the initial conditions for the CO2 injection, the 
observed formation water compositions for total C, Ca, Mg, Si, S and pH were allowed to equilibrate with 
the observed formation minerals for a period of 10 years (Figure 5-32).  Post CO2 injection, aqueous CO2 
concentrations near the injection well increase rapidly, and pH decreases (Figure 5-33).  The rate of 
calcite dissolution in the formation is highest, with the rate of dolomite dissolution being a factor of 20 
slower (Figure 5-34).  Overall, the amount of calcite dissolved in the formation, 9x107 moles, is less than 
0.07% of the total amount of calcite initially in the formation, 1.3x1010 moles.  Locally, the greatest 
change in calcite mass is a decrease of 1.56% (Figure 5-35), and the greatest change in dolomite mass is a 
decrease of 0.0088% (Figure 5-36).  Dolomite and calcite decrease slightly in the upper layers of 
injection, but the caprock was not modeled explicitly.  Mineral dissolution rates in the Copper Ridge 
formation are slightly higher than for the Rose Run formation, because of the higher temperature assumed 
for the Copper Ridge, 63ºC vs. 54ºC for the Rose Run formation. 

During the 4-year injection and 6-year recovery period, the plume radius is the same as for the simulation 
without mineral precipitation and dissolution (Table 5-9).  The coarseness of the grid does not allow for 
fine distinctions in plume radius.  Compared to the 330 ktonnes of injected CO2, 18.6 ktonnes of 
dissolved CO2 is added to the system by the dissolution of calcite and dolomite, an increase of 5.6%.  The 
amount of supercritical CO2 at the end of the 10-year simulation increased by 1.6% relative to the 
simulation without geochemistry.  The increase in dissolved CO2 from carbonate dissolution decreases the 
amount of injected CO2 that can dissolve.  Well pressures are identical to the 82.5 ktonnes/yr simulation 
without mineral precipitation and dissolution (Table 5-10).  During the 10-year period considered, 
mineral dissolution does not significantly affect the rate of carbon sequestration in the Copper Ridge 
formation. 
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Figure 5-32.  Equilibrium Concentrations of Aqueous Species in the Copper Ridge Formation. 
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Figure 5-33.  Post-CO2 Injection Concentrations of Aqueous Species in the Copper Ridge 

Formation Near the Injection Well. 
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Figure 5-34.  Post-CO2 Injection Change in Total Formation Mineral Content in the Copper Ridge 

Formation. 
 

 
Figure 5-35.  Percentage change in calcite mass 6 years after pilot-scale injection of CO2 in the 

Copper Ridge Formation. 
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Figure 5-36.  Percentage change in dolomite mass 6 years after pilot-scale injection of CO2 in the 

Copper Ridge Formation. 
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Section 6.0  RISK ASSESSMENT 
 
 
A preliminary risk assessment was completed to analyze potential risks associated with a CO2 storage 
project at the Mountaineer test well site.  The evaluation was based on general CO2 storage application or 
test-scale storage system.  Experience with natural gas storage, enhanced oil recovery, natural CO2 fields, 
and hazardous waste injection suggests that injection of CO2 emissions into deep rock formations is a safe 
and practical technology, but there is some risk associated with application of geological storage.  To 
address this potential risk, CO2 sequestration has developed into a storage concept involving monitoring, 
measurement, and verification of the injected CO2 to prove that the CO2 is safely sequestered.  However, 
a wide range of factors may affect a storage project, and it is difficult to account for all these items in 
developing a storage and monitoring program.  In the risk assessment, an FEP screening was completed 
to identify items that should be considered in operating a CO2 storage system at the test location.  An 
integrated risk model was developed and applied to the Mountaineer site to evaluate potential for leakage 
and behavior of CO2 in the environment.    
 
6.1 FEP Screening 
 
The FEP database was developed by Quintessa to assess safety and performance of geological storage of 
CO2 (Savage et al., 2004).  The database is a generic list of all possible features, events, and processes 
that should be considered in a storage project.  This analysis approach has been used for numerous 
applications, most notably radioactive waste disposal.  An FEP screening approach was selected for the 
Ohio River Valley CO2 Storage Project to aid in design of the injection system.  The objective of the 
screening was to identify the main FEPs to be considered for the project.  

 
6.1.1 FEP Screening Methods.  The general screening approach was to analyze each item in the 
generic FEP database against the corresponding site-specific conditions at the Mountaineer site.  A 
conceptual model of the site was developed describing the geologic framework, target storage reservoirs, 
containment units, brine chemistry, environmental conditions, and proposed injection rates.  This 
information was then used in a sequential screening process aimed at identifying the main FEPs that apply 
to the project.   

 
Screening items were obtained from the “Generic FEP Database for the Assessment of Long-Term 
Performance and Safety of the Geological Storage of CO2” (Savage et al., 2004).  The FEP database is 
divided into seven main classes, covering events as broad as neotectonics to microscopic processes such 
as complexation of CO2 with heavy metals (Table 6-1 and Appendix F).  As shown, most FEPs are 
grouped in the CO2 properties and geosphere categories because these are key topics for most CO2 storage 
reservoirs.  The database only addresses geologic storage; items related to capture and injection are not 
included.   
 
The FEP database is designed to involve a systematic analysis, but it does not prescribe a numeric value 
to items.  An explanation is supplied for each FEP item, but it is up to some interpretation as to whether it 
applies to a certain site.  To account for this uncertainty, a multi-level screening process was employed 
for the FEP analysis.   
 
A stepwise approach was utilized to identify the FEPs that should be considered for the Ohio River 
Valley CO2 Storage Project (Figure 6-1).  Screening methods involved the following steps: 
 

1. Compiling characterization data into a site-specific conceptual model 

2. Primary screening level of FEPs for extremely unlikely items 
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3. Secondary screening level of FEPs that do not apply based on site characterization data or 
testing 

4. Final compilation and evaluation of FEPs that bear further consideration 

5. Providing recommendations on addressing identified FEPs into system design, monitoring, 
and application.  

 
Initial screening identified items that were beyond human control, policy issues related to CO2 storage 
concept, or legacy issues beyond the scope of a pilot-scale demonstration.  The next level of screening 
examined the remaining FEP items in relation to site characterization results.  If site information 
convincingly eliminated any concerns regarding the FEP, it was removed from further analysis.  The 
remaining FEP items were compiled and analyzed to determine how they may affect the CO2 storage 
project.  Lastly, recommendations were made on how system design, monitoring, and storage application 
may be customized to address the FEPs identified in the screening.   
 
6.1.2 Site Conceptual Model.  The site is located just south of New Haven, West Virginia, along 
the Ohio River at the AEP Mountaineer Power Plant.  The plant has a single 1,300-megawatt coal-fired 
steam electric generating unit that burns low sulfur coal and is equipped with electrostatic precipitators 
for particulate emissions control (AEP, 1974).  The plant is considered to be one of the “next-generation” 
coal-burning power plants, as it is designed to incorporate elements of clean coal technology, including 
SOx and NOx scrubbers and possibly CO2 scrubbers.  Currently, the plant operates with a NOx scrubber.  
A SOx scrubber is under construction. 

 
In the study area, thick sequences of Paleozoic sedimentary rocks form broad basins — the  Illinois Basin 
in the southwest, Michigan Basin in the North, and Appalachian Basin in the southeast — separated by an 
uplifted Cincinnati Arch region in the Midwestern United States.  The study area for this project is located 
within the Appalachian Basin, where rocks slope toward the southeast.  A review of deep wells and 
wireline logs in the region indicates that the sedimentary rocks are 2,400 to 3,100 m thick in the 
immediate vicinity of the study area.  The sedimentary rocks overlie dense, metamorphic and igneous 
basement rocks.   
 
The Paleozoic rocks are layered arrangements of shale, siltstone, limestone, dolomite, and sandstone.  
Rocks dip to the east-southeast in the study area at about 20 m/km.  The major geologic structure in the 
area is the Rome Trough, a failed rift valley that runs southwest-northeast about 40 km to the southeast of 
the study area.  Otherwise rock units are fairly continuous.  Earthquake activity in the area is low, and the 
site is classified as low risk by the United States Geological Survey (USGS) Seismic Hazards Mapping 
Project (Frankel et al., 2002). 
 
From a reservoir standpoint, the Rose Run sandstone and Copper Ridge “B-zone” were identified as the 
most suitable rock formations for CO2 storage.  In the AEP No. 1 well, the Rose Run sandstone formation 
had a total thickness of 35 m in the exploratory boring at a depth interval of 2355 to 2390 m, and a total of 
5.5 m of the formation contained over 8% porosity.  The sand layers were interbedded with less 
permeable dolomite, typical for this formation (Riley et al., 1993).  Both wireline logs and core samples 
indicate that the porosity and permeability in the rock is present as intergranular pore space.  In the core 
samples, the Rose Run was a dense, micro- to very finely crystalline dolostone, and distinctive by its clear 
to white coloring.  The sandstone intervals were composed of moderately to well cemented, fine to 
medium grained quartz sand.  Porosity ranges from 8 to 13% and the mineralogy reflects more of a quartz 
matrix.   The Copper Ridge “B-zone” was present in the AEP No. 1 well at a depth of approximately 2491 
to 2539 m.  Wireline logs through this zone indicated several thin intervals of high permeability.  In 
addition, other wells indicated that the “B-zone” may have regional storage capacity (Gupta et al., 2005).   
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The seismic survey indicated that the deep sedimentary layers were continuous and followed a gentle dip.  
There was no indication in the seismic survey of structures near the site.  Regionally, the Rose Run ranges 
from approximately 23 to 46 m in total thickness.  The Rose Run extends into West Virginia and 
Pennsylvania but pinches out in east central Ohio.  Consequently, the reservoir may be represented as a 
regional lithologic trap, since the rock formation does not outcrop at the surface updip of the injection 
site.   
 
From a geological storage standpoint, the formations are appealing targets.  The reservoirs have sufficient 
depth for injection of supercritical CO2.  Formation fluids have very high salinity over 300,000 mg/L.  
The reservoirs are well-confined by multiple, thick, and diverse containment units.  Trapping mechanisms 
consist of lithologic trends where the units thin out toward the updip central Ohio region.  There are no 
faults, fractures, or other geologic structures that may affect the distribution of the CO2 storage zone(s).  
Finally, both formations are isolated, and no other wells penetrate the formation within approximately 40 
km.  The Rose Run has intergranular porosity, and the injection of CO2 would be a predictable process.  
The reservoir is continuous in the region and has suitable effective thickness for pilot-scale storage.  The 
sandstone mineralogy is fairly inert with respect to any geochemical reactions.  The nature of the Copper 
Ridge “B-zone” is not as well defined, but appears fairly continuous in the area.   
 
In general, confining intervals are much thicker and more numerous than the injection formations.  
Containment layers consist of multiple intervals of shale, siltstone, dolomite, and limestone.  Long-term 
containment is provided by lithologic trapping within the injection formations.  The Rose Run sandstone 
is present mainly in Western West Virginia and Eastern Ohio.  The formations do not outcrop at the 
surface updip of the potential injection well.  Thus, the reservoir is contained within the deep rock 
formations and there is no pathway to the surface.  A seismic survey performed through the injection site 
indicated that no extensive faulting or fracturing was present in the study area. 
 
Confining layers below the potential storage intervals were the lower Copper Ridge, Nolichucky Shale, 
and Maryville formations.  In general, these formations had very low porosity and permeability that 
would prevent migration of injected fluid.  Confining layers above the potential injection interval 
consisted of the Upper Beekmantown, Glenwood/Wells Creek Shale, Lower Chazy Limestone, Gull 
River Limestone, Black River Limestone, Trenton Limestone, Point Pleasant Shale, Martinsburg Shale, 
and Queenstone Shale.  Together, these confining units have a thickness of over 700 m.  In addition, there 
are several thousand feet of shallower rock with confining layer properties. 
 
There was no indication of extensive fracturing that would affect containment and the seismic survey 
showed no evidence of faulting within the surveyed area.  Rock core tests on samples from key 
containment intervals confirm very low permeability essentially below measurable methods (<1E-10 
cm/sec).  Similarly, effective porosity was very low across the containment units.  Reservoir tests also 
suggest that the containment intervals are impermeable with hydraulic properties that offer excellent 
containment.  Over 100 oil and gas wells exist within a 3 km radius of the exploratory well.  However, 
these wells are completed in much shallower rock units.  The nearest deep well is located approximately 
4500 m southwest of the site and completed in the Tuscarora-Medina (“aka Clinton”) sandstone at a depth 
of 1551 m, nearly 800 m above Rose Run.  
 
The injection well is located on an active coal-burning power plant along the Ohio River near many coal 
power plants and provides a research location for both Ohio and West Virginia and the surrounding states.   
Several towns with populations up to several thousand people are located with 10 km of the site.  
Infrastructure is fairly well-developed along the river, but less extensive away from the river valley.  Land 
use along the river is a mixture of agricultural, industrial, and residential.  The AEP Philip Sporn Power 
Plant is directly south of the Mountaineer Plant, and an underground coal mine is present west of the site.  
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The nearest residential areas are approximately half a mile north.  Climate in the area is temperate with an 
average yearly temperature of 11.7 ºC. 
 
6.1.3 FEP Screening  
 
Primary Screening- The objective of the primary screening was to eliminate items beyond human 
control, policy issues related to CO2 storage, legacy issues beyond the scope of a pilot-scale 
demonstration, or other FEPs that do not apply to the Mountaineer setting.  The main FEPs removed in 
this screening included global climatic factors, biological processes, terrestrial environment, and marine 
features.  Global climate factors were designated as broader policy issues.  Effects on terrestrial 
environment and biological factors were eliminated because the storage reservoir is a very deep saline 
rock formation isolated from the surface.  The site is many hundred kilometers from any marine 
environment.  While the primary screening removed several obvious items, the majority of the features, 
events, and processes were carried into the secondary screening level. 

 
Secondary Screening- The secondary screening level compared remaining items to site characterization 
results.  This level comprised the bulk of the screening effort.  Many items in this screening can be 
accounted for with injection regulations, geologic conditions, brine chemistry, and/or the scale of the 
project. 
 
Many administrative issues that may arise from a storage project are addressed by the U.S. Environmental 
Protection Agency (U.S. EPA) Underground Injection Control regulations.  These regulations include 
such requirements as financial responsibility mechanisms for well abandonment, operational monitoring, 
and well material workovers.  Processes associated with shallow aquifers and terrestrial environments 
were not included as significant issues since storage will occur in very deep isolated reservoirs with no 
evident pathways to the surface.  Likewise, abandoned gas wells were not included as significant items 
because no wells penetrate the target reservoir with 40 km. 
 
Issues associated with the reservoir geology and formation fluids were investigated during the well 
drilling and testing programs.  Reservoir dimensions and character were thoroughly described through 
core testing, wireline logging, and seismic surveying.  However, since there are no nearby wells in the 
target reservoirs, the uncertainty associated with reservoir heterogeneity was included for further analysis.  
Similarly, the borehole logging and regional geology demonstrated that extensive, competent containment 
units are present.  FEPs associated with formation fluid chemistry have been investigated through analysis 
of brine samples from the well, supplemented by brine sample data from the entire region.  Initial 
geochemical modeling shows no significant interaction between formation fluids, minerals in the 
reservoir rock, and injected CO2. 

 
6.1.4 FEP Screening Results and Conclusions.  The final screening level involved a closer 
investigation of the remaining FEP items.  A detailed response to the potential risk presented by the FEP 
item was developed based on site data and proposed storage specifications.  Based on this list, 
recommendations were developed to address issues in well design, monitoring, and system operation.   

 
Final Screening List- Table 6-2 provides the final list of FEPs that were identified in the screening 
process and response to these issues.  In general, the final list fell into three categories:  (1) variations in 
subsurface geology, (2) well completion materials, and 3) behavior of CO2 in the subsurface. 
 
Geologic heterogeneities in the storage reservoir were seen as having the potential to affect pressures and 
fluid migration in the reservoirs.  Interlayering of dolomite and sandstone were observed in the Rose Run 
sandstone, although Rose Run is laterally continuous in the seismic survey and regional maps.  It is 
difficult to assess reservoir variations at this site, since there are no other wells within approximately 40 
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km.  Some degree of geologic heterogeneity is expected in geologic formations, but if these form a 
limiting boundary they may affect system operation.  Variations in geology were not a problem in 
containment layers since confining layers are extensive with consistent properties in the region.  Coal 
mining and gas well drilling were also included in this category.  These activities are unlikely to directly 
affect storage, but some effort may be needed to inform coal and gas operators of the nature of the 
project.  
 
Well completion materials were identified as a category that should be considered in the storage project in 
because they may affect containment along the injection well.  Since no other wells penetrate the 
reservoir nearby, this issue mainly applies to the injection well and any future monitoring wells that 
penetrate the storage reservoir.  Few wells have continuously injected CO2 for long periods of time.  
Consequently, there are some questions as to the longevity of some well materials given the corrosive 
nature of supercritical CO2.  Ongoing research is being performed to evaluate well casings and cements 
that may be integrated into the project. 
 
FEP items related to the properties of CO2 and interactions of CO2 were also identified in the screening 
process.  CO2 solubility and aqueous specification were mainly considered an important process because 
the formation brines are very concentrated with total dissolved solids of more than 300,000 mg/L.  This 
high salinity indicates low CO2 solubility in the formation fluids.  Consequently, storage mechanisms will 
likely rely on storage as a separate, supercritical phase, which is more likely to migrate within the 
reservoir.  In addition, given the salinity and mineralogy, some precipitation of salt may occur 
immediately around the injection well if formation water is displaced and the pore space is “dried out.”   
 
Recommendations for System Design, Monitoring, and Application- Many options are available to 
address the FEPs identified in the screening study.  Geological heterogeneities may be investigated with 
longer term reservoir tests that may detect any boundaries in the reservoir.  In addition, operational 
monitoring of injection pressures should aid in detecting reservoir boundaries.  Otherwise, continued 
regional characterization may address reservoir changes.  Public outreach efforts in the commercial and 
scientific community are probably the most effective ways to keep oil and gas operators informed of the 
storage project. 
 
Specialized well materials are an effective approach in ensuring the integrity of the well.  Acid resistant 
cement, alloy injection tubing, and mechanical packers may be used to ensure a competent well.  Cement 
logging and well workovers may also be performed to determine if well materials are degrading.  Proper 
design and monitoring of the injection well can also aid in assessing well materials.  Measuring pressures 
in interannulus fluids can provide indication of any degradation in well materials.     
 
Given the salinity of the formation brines, storage will occur as mostly separate phase CO2.  Additional 
monitoring of the CO2 in the reservoir may be performed to verify sequestration of the injected CO2.  This 
may involve seismic surveying, reservoir sampling in a monitoring well, or logging in a monitoring well.  
Treatment of the injection zone may also help to remove salts in the reservoir immediately around the 
well screen, which should help reduce the probability of precipitating salts around the well screen due to 
“drying out” the formation. 
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Table 6-1.  Summary of FEP Categories and Classes for Geological Storage of  
CO2 Used in Screening Ohio River Valley Site 

 

Category Class Description # Items 
Assessment Basis 0 Assessment Basis 8 

1.1 Geological Factors 7 
1.2 Climatic Factors 8 External Factors 
1.3 Future Human Actions 10 
2.1 CO2 Storage Pre-Closure 10 CO2 Storage 
2.2 CO2 Storage Post-Closure 5 
3.1 CO2 Properties 3 
3.2 CO2 Interactions 19 

CO2 Properties, 
Interactions, and 
Transport 3.3 CO2 Transport 7 

4.1 Geology 16 Geosphere 
4.2 Fluids 3 
5.1 Drilling and Completion 5 Boreholes 
5.2 Borehole Seals and Abandonments 5 
6.1 Terrestrial Environment 8 
6.2 Marine Environment 5 Near Surface 

Environment 
6.3 Human Behavior 6 
7.1 System Performance 1 
7.2 Impacts of Physical Environment 8 
7.3 Impacts on Flora and Fauna 5 

Impacts 

7.4 Impacts on Humans 4 
 
 
6.2 Integrated Numerical Modeling Risk Analysis 
 
While several tools have been developed in the past for modelling the fate and transport of injected CO2 
in the host formations, large scale implementation of this technology worldwide requires effective tools 
for risk and consequence assessment at field scale, design and implementation of technologies for 
monitoring and verification, as well as regulatory evaluation for permitting purposes.  Fate and transport 
models can serve as an effective basis for developing such tools for a given site, in an integrated manner.  
In this work, a reservoir-scale numerical model was utilized with an integrated assessment framework to 
address the risk and consequence assessment.  The modelling approach is ‘integrated’ in two senses: (1) 
modelling of the entire geosystem, which includes the host formation, overburden including the vadose 
zone, the shallow sub-surface and the surface (air, soil and water) environments which are the ultimate 
risk receptors; (2) use of the same underlying modelling framework to assess the fate and transport of 
injected CO2 and tracers, risk and consequence assessment and sensor-based monitoring network design.  
The method was used to simulate sequestration of CO2 in moderate quantities at the Ohio River Valley 
CO2 Storage Project.  
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Table 6-2.  Final List of FEPs Identified in the Screening Process 
 

Category FEP Item Description Response 

External 
Factors 

Future Human 
Actions 

Drilling activities and mining/other 
underground activities may 
penetrate storage reservoirs or 
containment units  

Many coal mines exist in the area, but they are surface mines that penetrate less than 
100 m below ground surface and are isolated from the storage reservoir.  Drilling 
activity is possible, but few borings are likely to penetrate the storage reservoir 
because it contains no hydrocarbon resources or apparent economic value. 

CO2 Storage CO2 Storage Pre-
Closure 

High injection rates and over-
pressuring may affect storage 
reservoirs and containment units 

The injection pressure will be kept under fracture gradients (as determined from 
fracture testing of reservoir and caprocks).  Modeling indicates that injection will not 
overpressurize the storage reservoir.  

CO2 Properties 

CO2 solubility and aqueous 
speciation     

Storage will not rely on CO2 dissolution as most CO2 is anticipated to remain as a 
supercritical liquid in place due to highly saline formation fluids.  These processes 
have been addressed with geochemical analysis of brine samples from the well and 
equilibrium models that predict the effect of introducing CO2 to the formation fluids. 

CO2 Interactions 

CO2 interaction with fluids or 
minerals in place 

Effects of pressurization on caprocks and formation fluids have been addressed by 
core testing, reservoir testing, geomechanical analysis, and modeling.  All of these 
methods confirm that the reservoirs are suitable for long-term CO2 storage.   
Likewise, these methods were used to determine operational boundaries to prevent 
processes such as hydrofracturing, mineralogical changes, and induced seismicity. 

CO2 
Properties, 

Interactions, 
and Transport 

CO2 Transport 

-Advection of CO2 due to injection 
-Buoyancy-driven flow/migration 
-Displacement of formation fluids 

Movement of the injected CO2 will be contained in the storage reservoirs as 
confirmed by injection modeling.  The need for a separate monitoring well is being 
considered for the project, which would be able to monitor migration of injected 
fluid. 

Geosphere Geology 
Reservoir geometry variations and 
heterogeneity   

These features were accounted with stochastic injection simulations to see how they 
may affect storage over a range of potential conditions such as thickness, 
permeability variations, and layering. 

Drilling and 
Completion 

Durability of well casing and 
cements 

Special cements and tubing are planned for the final well completion, and additional 
monitoring of the well materials will be built into the project.  Injection well design 
will include interannulus fluid and a surface monitoring system that will 
automatically detect any damage to the well materials. Boreholes 

Borehole Seals 
and 

Abandonments 

Degradation of borehole materials 
used to abandon the injection well  

Acid-resistant cement mixtures were used to complete the proposed injection well.  
System monitoring will be used to detect any degradation in well materials and well 
workover may be included to see if well materials altered during the project. 

Impacts System 
Performance 

Loss of containment at injection 
system 

The well lining or injection tubing would be the most likely pathways for loss of 
containment.  The injection well and system will be designed to monitor any 
indications of loss of containment with pressure monitoring at the well head.   



 

Numerical Simulation and Risk Report  June 2008 93 

Level 1 Screening
(74 Items)

Level 2 Screening
(20 Items)

Level 3 Screening
(9 Items)

Initial FEP List
(143 Items)

Beyond control, policy issues, or 
legacy issues (69 Items)

Addressed by site conditions or 
characterization effort (54 Items).

Accounted for in system design, 
monitoring, or testing (11 Items).

 
 

Figure 6-1.  Flow Diagram Showing the Three-Level FEP Screening Process 
 
 
6.2.1 Fate and Transport Simulations.  An integrated numerical fate and transport model, using 
the STOMPCO2 code (White and Oostrom, 2003) as the basis, was developed and used for modeling key 
issues related to the Mountaineer project, which include injectivity, seepage and leakage of CO2, risk and 
consequence assessment.  This model differs from other simulations performed for the Mountaineer 
project (Bacon et al., 2006) in that it includes the entire rock column and does not account for 
heterogeneity in the injection interval.  A typical injection field on the Mountaineer site was used as a test 
source of potential CO2 leakage, and leaking CO2 concentrations and fluxes as the key measures of risk 
and consequence to humans, animals, biota, property, agriculture, and water resources.   Methods from 
Saripalli et al. (2002) for quantifying the leakage rates via different pathways into various media, the 
resulting CO2 concentrations, consequences, and risks were used in the study.  To enable the STOMP- 
CO2 code to simulate the necessary scenarios, new computational modules were developed for simulating 
the fate and transport of leaking CO2 through the vadose zone, abandoned and leaking wells, faults and 
other higher permeability zones.  Similarly atmospheric dispersion and aqueous dispersion modules for 
the CO2, and risk and consequence assessment modules were added. 

 
Site Model- The Mountaineer field drilling and seismic characterization data available to-date (Gupta et 
al., 2005) were used as the primary input for this assessment.  The stratigraphic detail and approximate 
hydraulic properties of the 39 lithology layers representing the site geology in the model are summarized 
in Table 6-3.  The Rose Run sandstone formation which shows higher porosity and permeability was 
selected as host formation in the test run.  A detailed model consisting of 39 lithology layers and 122 
distinct hydraulic properties, which faithfully represents the Mountaineer field site data from the injection 
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horizons all the way to the surface through the vadose zone, was developed.    The van Genuchten model 
(1980) was used to describe the saturation-capillary pressure relations, and the Burdine (1954) pore-size 
distribution model was used to calculate the gas and aqueous relative permeabilities.  The van Genuchten 
parameters were roughly estimated using hydraulic conductivity and water content on the site. 
 
Simulations were conducted assuming two-dimensional radial symmetry about the injection well by 
injecting CO2 in an interval aligned to the vertical boundary of the Rose Run formation.  The simulation 
grid covered a vertical depth of 7842 ft (2406 m) in 194 grid nodes and a horizontal radial distance of 
26,400 ft (8046 m) in 70 grid nodes.  Vertical grid spacing varied from 0.5 ft to 10 ft (0.15 to 3.0 m) in 
the Rose Run formation, and 0.5 ft to 100 ft (0.15 to 30 m) up to the ground surface.  Horizontal grid 
spacing varied from 1 ft (0.3 m) near the injection well to 3547 ft (1081 m) to the outer boundary.  A 
downward pressure gradient of 0.49 psi/ft was used to initialize the pressure field for the simulation and 
also assigned to the outer vertical boundary away from the injection well.  Atmospheric pressure was 
enforced at the top boundary and zero flux at the bottom boundary is assumed.  Temperature is assumed 
to vary linearly from 15oC at the top to 60oC at the bottom.  The injection of CO2 is calculated using a 
well model. 
   
Three different simulation cases were run to assess the leakage of CO2 into the caprock.  Case 1 (base 
case) rock hydraulic conductivities were obtained from site characterization.  Case 2 and 3 are modified 
from Case 1 to cause increasingly leaky caprock zones.  In Case 2, three artificial vertical high 
permeability zones above the host formation were created away from the injection well at locations 16 ft 
(5 m), 211 ft (64 m)and 579 ft (176 m).  The hydraulic conductivities were increased to 20 times the value 
as in the base case.  In Case 3, the artificial hydraulic conductivities from the caprock to the ground 
surface were randomly increased to 10 times the value as in the base case using a random bit generator. A 
total injection period of 10 years was conducted for Cases 1 to 3 assuming a well pressure gradient of 0.7 
psi/ft and an injection length of 14 ft (4.3 m) from the bottom of the host formation. 
 
Simulation Results- Rose Run zones at 7726 to 7842 ft (2354 to 2390 m) depth intervals are the ‘host 
formation’ zone, and the Beekmantown Dolomite layers above this zone, of approximately 545 ft (166 m) 
thickness, are considered the low permeability caprock.  For Cases 1 to 3, total CO2 injected was 37,000 
metric tons.  The actual injection rates for the pilot test are not yet determined but could be higher than 
those simulated here. Assuming the density of supercritical CO2 to be 600 kg/m3, this results in an 
injection rate of 6167 m3/year, over a 10 year injection period.  It should be noted that this test injection 
volume is significantly less than the injection volumes anticipated at field scale implementation of 
sequestration projects, which may typically inject several thousand cubic meters of CO2 per day (Saripalli 
and McGrail, 2002).  It can be seen that supercritical CO2 extended to around 800 ft (244 m) in the radial 
direction and penetrated into 20 ft (6 m) into the caprock after the injection stopped (Figures 6-2 to 6-4).  
After 80 years of equilibration period, the penetration depths into the caprock are about 20 ft (6 m), 180 ft 
(55 m) and 80 ft (24 m) for Cases 1, 2 and 3 respectively.  Case 2 indicates that leakage through a rock 
containing high permeability zones, such as an abandoned well, poses the highest risk.     
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Figure 6-2.  Supercritical CO2 Saturation at 10 Years (left), and 100 Years (right) for 

Case 1 – Base Case 
 
 

 
Figure 6-3.  Supercritical CO2 Saturation at 10 years (left), and 100 years (right) for  

Cases 2–3 (artificially high permeability pathways) 
 
 

 
Figure 6-4.  Supercritical CO2 Saturation at 10 years (left), and 100 years (right) for  

Case 3 (randomly increased caprock permeability) 
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To assess the influence of numerical dispersion effects on the apparent intrusion of CO2 into the Beekman 
town caprock layer, additional simulations were conducted using a refined grid.  With the refined mesh (1 
ft [0.3 m] blocks versus 15 ft [5 m] blocks earlier), smaller but finite dispersion was found, but not as 
much as for the larger grid block size (Figure 3-5).  These results indicate that buoyant CO2 and a caprock 
with low but finite permeability will result in some finite seepage into the cap rock. 
 
 

 
Figure 6-5.  CO2 Saturation After 100 Years 

(Coarse mesh [15 ft grid block] near the caprock interface [left frame] and refined mesh [1 ft grid 
block] near the caprock interface;  It can be seen that numerical dispersion in the top [coarse mesh] 

case is partially responsible for additional seepage of CO2 into the Beekmantown cap rock layer.) 
 
 
6.2.2 Leakage and Distribution Modeling.  Important pathways for leakage of CO2 include (1) 
vertical migration through fractures in the caprock, (2) buoyancy driven flow through permeable zones of 
caprock, (3) leakage of CO2 through the well bore (blowout), (4) escape through the well casing to thief 
zones in the overburden and subsequent bubbling to the surface, and (5) diffusion as a dissolved phase 
through a water saturated caprock.  Physical processes that influence leakage, such as phase change, 
buoyant floating, advection and dispersion, are strongly dependent upon the CO2 phase pressure. 
Chemical processes that influence leakage, such as diffusion, dissolution, exsolution and precipitation, are 
strong functions of CO2 concentration.  Since these processes usually operate together, it is necessary to 
model their performance in a coupled manner.  

 
Analytical methods model the physical-chemical behavior subject to simplifying assumptions, such as 
uniform host domain characteristics, uniform or uniformly varying pressure and concentration fields, 
many of which are not strictly valid in geological formations because of their heterogeneous structure. 
However, analytical solutions have been found to provide excellent fundamental insights into the system 
behavior, and often adequately model the measured behavior.  Stochastic numerical models are capable of 
more accurately modeling the heterogeneous flow and concentration fields, and the variability in the 
various processes of interest. 
 
In the following sections, semi-analytical approaches (Saripalli and McGrail, 2002) are used to model the 
leakage of CO2 from a typical host formation, and its distribution in the various environmental media 
surrounding the sequestration field.  The objective of such modeling is to identify and preliminarily assess 
the key phenomena that mediate the leakage of CO2 and the CO2 fluxes and concentrations in each of the 
environmental media, which serve as the necessary inputs to the consequence and risk assessment 
calculations.  Accordingly, a fully-screened, perforated injection well in a sequestration field, injecting 
CO2 into a 160 m thick sandstone formation bounded by impermeable layers at the top and bottom, is 
considered to be the base case for this analysis, following earlier work.  The injection and formation 
parameters for the base case, representing a typical gas injection operation, similar to the base case 
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simulation of Lindeberg (1997) but adapted to the Mountaineer site.  Host formation was considered to be 
the Rose Run sandstone with a thickness of 50 to 100 feet (15 to 30 m), a nominal permeability of 1 to 50 
mD and porosity of 10%. 
 
Depth to the top of the host formation was 7800 ft (2377 m).  Thickness of overlying (Dolomitic) caprock 
was taken as 6300 ft (1920 m), accounting for the first 1500 ft (457 m) of shallow subsurface to be 
permeable.  An important difference between the base case presented in Table 3-3 and the cases used in 
STOMP-CO2 simulations is that the injection rate is orders of magnitude larger.  We present this semi-
analytical simulation only for complete illustration of the method.  It does not represent the low injection 
volume test case presently being considered at the Mountaineer site.  
 
 

Table 6-3.  Base Case Injection and Formation Parameters 

Well radius = 1 ft     CO2 density  =   0.68 gm/cc 
Drainage radius = 30000 ft    Formation thickness = 50 to 100 ft  
Porosity =  12%                                                          Permeability = 1 to 50 mD 
Injection rate (constant) = 3914 cum/day  Caprock permeability = 0.0001 – 0.001 mD 
Far-field boundary pressure, Pe = 3300 psi               Viscosity of CO2 phase, μg  = 0.000043 Pa.s   
Injection pressure, Pi = 3350 psi                                Viscosity of water, μw  =  0.00043 Pa.S 
Depth to top of host formation =  7800 ft                 Thickness of cap rock = 6300 ft 
 

Dissipation of Free Phase CO2 Bubble 
 
Figure 6-6 shows the 
distribution of injected CO2 
saturation at 10,000 days after 
the commencement of 
injection, representing the 
initial condition for the 
following analysis.  The CO2 
bubble growing during 
injection simultaneously 
dissolves in the formation 
waters and floats toward the 
top confining layers due to 
buoyancy.  The curve 
represents the immiscible 
CO2–water contact in 
formations of different 
porosities, after buoyant 
floating and equilibrium 
dissolution. The region above 
this contact is rich in free-
phase CO2 and could serve as 
a source of leakage. It has a 
large area of contact with the flowing groundwater phase, and is likely to progressively dissolve in 
groundwater.  Under moderate groundwater velocities (10 m/day), assuming that the dissolution of CO2 in 
water is rapid without significant rate limitations, the following analysis can be used to estimate the time 
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Figure 6-6.  Distribution of Free-Phase CO2 Bubble After 
10,000 Days of Injection at Two Different Injection Rates 
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taken to completely dissolve and dissipate the free-phase CO2 bubble.  To simplify the analysis, the free-
phase bubble can be reasonably approximated as an inverted cone of radius equal to the maximum radius 
of review of the bubble Rb, and height equal to hb,max, at the injection well.  Instantaneous dissolution at a 
solubility (Cw) of 6% by volume in water within a cylindrical groundwater column of radius Rb and height 
hb,max, which contains the free-phase CO2 bubble, is assumed.   

 
Groundwater in this volume will dissolve a fraction of the free-phase CO2 and carry it away when its 
water volume ‘turns over’ in one residence time (Tr), which is given by 2Rb/v, where v is the flowing 
groundwater velocity.  Volume of water (Vs) in contact with the cone surface in an imaginary cylindrical 
volume of radius Rb and height hb,max is given as: 
 

 2
,max

2
3s b bV R hπ=  (1) 

 
Volume of free-phase CO2 dissolved and carried away in time Tr is given as CwVs.  Time required to 
completely dissolve the free-phase bubble (Td) is then equal to: 
 

 
2

,max

3
b b

d r
w s

R h
T T

C V
π

=   (2) 

 
For the sample case, assuming a conical bubble with a maximum bubble height of 40 m near the injection 
well, and maximum bubble radius of 17000 m, in contact with a groundwater of velocity 10 m/day, 
residence time of the cylindrical water element (Tr) is 3,400 days.  Thus, at a rate of dissolution of 4.27 × 
105 m3 of CO2 in 9.3 years, it requires about 78 years to completely dissolve and dissipate the originally 
present free-phase CO2 bubble.  It should be noted that the bubble volume and height are not constant 
during this long period of dissolution as assumed in this analysis, but progressively decrease due to 
dissolution itself.  A more accurate estimation of Td requires that we take into account such time-
dependent changes in the bubble dimensions.  However, the above analysis serves to emphasize the point 
that the free-phase volume and pressure, which critically govern the leakage rates and the resulting risks, 
dissipate with time, thus causing a corresponding lowering of leakage and risk. 
 
Migration Through Fractures in the Caprock 
 
Migration of CO2 through fractured caprocks and leaky, abandoned wells represents the two significant 
sources of risk at sequestration sites.  Recent research focused on leaky abandoned wells demonstrates the 
methods for modelling the later source. As part of the present project, a numerical modeling module was 
also developed for simulating the transport of CO2 through leaky caprocks, which is presented in later 
sections of this report.  For free-phase CO2 to enter a pore or fracture of size 2d, the capillary pressure (Pc) 
needs to be ≥2σ/d, where σ is the CO2-brine interfacial tension.  The vertical buoyant pressure exerted on 
the top confining layer by the CO2 bubble floating at the top is: 

 
 b bP ghρ= Δ  (3) 

 
where Δρ is the density difference between the brine and CO2 and hb is the thickness of the CO2 bubble 
floating near the top confined layer.  For CO2 to enter the caprock through the fracture, Pb must exceed 
Pc, thus satisfying the following condition: 

 
2

bh
gd
σ
ρ

≥
Δ

 (4) 
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Rate of flow of free-phase CO2 through a vertical fracture of aperture 2d, length lf and width w is given 
as: 
 

 
3

12
c

f
gwd dHq

dz
ρ

μ
Δ ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 (5) 

 
where Hc is the CO2 head causing flow along the vertical direction (z).  In the case of a continuous 
fracture connecting the confined formation to the ground surface, the gradient term is equal to hc/(hc + lf). 
 
Assuming a density difference of 400 kg/m3 between brine and supercritical CO2 and a bubble thickness 
hb m, the buoyant pressure exerted on the cap rock will be 3924hb Pa.  Assuming a CO2-brine interfacial 
tension of 35 mN/m, it requires an entry pressure of 0.07/d Pa for the CO2 to break into the water 
saturated caprock.  Thus, for CO2 to enter the caprock through a fracture of aperture size of 2 microns, the 
minimum floating bubble’s thickness (hb) should be 17.8 m.  The floating bubble thickness is 20 m or 
larger near the injection well for the base case simulation.  Therefore, if fractures or crevices with a width 
of at least 2 microns are available in the caprock’s structure, a CO2 bubble thickness of 17.8 m would be 
sufficient to cause leakage.  The leakage rates (m3 per year), expressed as a percent of the total volume of 
CO2 injected during the 10,000 day injection of the base case, are calculated using Equation 5 for a 
fracture 10 m wide and half-aperture ranging from 1 to 3000 microns.  The fracture is assumed to be in 
contact with the free-phase CO2 bubble 20 m thick on one end and passing through an over-burden 300 m 
thick to the atmosphere.   In this case, it is estimated that a continuous fracture with an aperture size of 
2000 microns is sufficient to cause leakage on the order of 0.1% of the total volume stored, per year. 
 
Buoyant Flow Through a Permeable Caprock 
 
In the case of a caprock with zones of significant permeability, the free phase CO2 in contact with the 
permeable zone will migrate upwards due to buoyant floating.  Such migration is governed by Darcy’s 
law, and the resulting CO2 flux (qb) is given as: 

 

 c
b

dHk gq
dZ

ρ
μ
Δ ⎛ ⎞= − ⎜ ⎟

⎝ ⎠
 (6) 

 
with notation similar to that used in Equation 5.  Assuming that a strong positively buoyant gradient for 
upward migration of CO2 is present within a radial distance of 100 m around the injection well, where 
such gradient is the strongest, leakage rates (m3 CO2 leaked per year) were calculated as a function of the 
permeability of the radial leaking zone, ranging from 1 millidarcy to 6 Darcies.  Results indicate that 
significant leakage rates are possible when the permeability of the overburden is greater than 1 Darcy, 
which corresponds to fine sands.  In such rare cases, about 0.05% of the total volume of CO2 stored can 
be lost via leakage through a permeable caprock. 
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Leakage Through the Well Bore and Casing 
 
Failure of a well cap could lead to an acute release of large volumes of CO2 gas into the atmosphere, 
depending on the flowing pressure gradient in the well, which in turn depends upon the CO2 phase 
pressure distribution in the reservoir that is in contact with the well casing.  Katz and Lee (1990) derived 
the following equation for modeling the rate of flow out of gas wells: 
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where Ps (psia) is the flowing CO2-phae pressure in contact with the well-face, Pw (psia) is the flowing 
wellhead pressure, Q (Mcf/day) is the leakage flow rate of CO2, d (in.) is the inside diameter of the well-
bore, Ta (oR) is the average reservoir temperature, f is the Moody friction factor, Za is the average 
compressibility factor at mean temperature and pressure, G is gas gravity and h (ft) is the depth of the 
well.  Escape of CO2 due to a minor well leak can also be modeled using Equation 7, approximating the 
leak to be of a small, circular cross-section.  The Moody friction factor f is given for small and large 
leaks, as: 
 

 n

mf
d

=  (8) 

 
where m = 0.0175 and n = 0.224 for small leaks (d < 4.277 in) and m = 0.01603 and n = 0.164 for large 
leaks (d > 4.277 in). 
 
Using the CO2 phase pressure data corresponding to the sample case, it is estimated that for a partial leak 
of 1-inch diameter, the leakage rate will be ~16760 m3 of CO2/day.  Since the leakage rate increases 
exponentially with leak size, it is important to contain the size of the leak in the case of an acute release to 
minimize the impacts. 

 
Aqueous Dispersion Modeling 
 
Dissolution of CO2 in groundwater results in the formation of aqueous species H2CO3, HCO3

- and CO3
2-, 

and can cause changes in the acidity of groundwater.  PCO2 measurements in soils were shown to be up to 
500 times larger than the atmospheric level of 10-3.5 bar.  Consequences of increasing PCO2 in natural 
waters can be assessed using pH as the master variable.  Such increases in PCO2 cause a corresponding 
reduction in pH of the groundwater, by 0.7 pH units for every log unit of PCO2 increase.  Sposito (1989) 
provided the following equation for the estimation of changes in water pH as a function of PCO2 and the 
bicarbonate ion concentration [HCO3

-]. 
 

 ]log[]log[8.7 23 PCOHCOpH −+= −  (9) 
 
An accurate calculation of the changes in pH require the calculation of changes in the bicarbonate ion 
concentration, which depends on the type of minerals in contact with groundwater and the geochemical 
reactions influencing the system, such as mineral precipitation and dissolution.  The leaking CO2 into the 
overlain aquifers is likely to cause an increase in the PCO2 of the groundwater, and in the unsaturated soil 
air phase.  In case of pure CO2 replacing the soil air phase of an initial PCO2 of 10-2 bar, the resulting 
PCO2 would be 1 bar.  Depending on the [HCO3

-] concentration, this increase in PCO2 can cause a 
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reduction in pH by several logarithmic units.  Assuming a typical concentration of 0.003 mol/L for the 
aquifer media, the effect of increasing PCO2 due to the leakage of CO2 on the pH of aqueous phase can 
lead to a significant reduction in the pH value.  At a given site of sequestration, the actual geochemical 
response of the aquifer can be modeled using geochemical equilibrium codes (e.g., EQ3/6) and reactive 
transport codes.  

 
Distribution in Soil and Overburden 
 
Even under normal conditions, soil CO2 concentrations are much larger in soil gas than in the atmosphere. 
PCO2 measurements in soils were shown to be up to 500 times larger than the atmospheric level of 10-3.5 
bar.  A fraction of the CO2 leaking through the caprock will partition into the groundwater and soil within 
the saturated (aquifer) and unsaturated zones of the overburden.  Further, the soil air volume available in 
the unsaturated zone of the overburden has to be saturated with the gaseous CO2 before the excess CO2 
finds its way to the soil surface.  If the leakage flux is larger than the volume of CO2 required to saturate 
these sinks, the remaining CO2 volume will be emitted to the atmosphere as a gaseous efflux.  The 
geochemical conditions necessary for a significant loss of dissolved CO2 to mineral trapping by 
precipitation is not typically prevalent in the overburden formations.  As such, in this model, loss of 
dissolved CO2 to mineral trapping is not considered.  The water volume available in the overburden 
(saturated and vadose zones) above a leaking caprock atop a unit planar area of leak is taken as: 

 
 ,w OB s w uV H Hθ= +   (10) 
 
where Hs and Hu are respectively the thickness of the saturated and unsaturated zones.  Similarly, the total 
air volume available in the unsaturated zones above the leaking cap rock, corresponding to a unit planar 
area of leak is taken as: 
 
 , (1 )g OB w uV Hθ= −  (11) 
 
The residual gaseous CO2 flux through the soil surface, qr, accounting for dissolution in the overburden 
and replacement of vadose zone air with CO2 is: 
 
 , ,r l w w w OB g g OBq q u C V u V= − −  (12) 
 
where uw and ug are the horizontal components of the groundwater velocity and soil air velocity, 
respectively.  If the leaking CO2 flux is not sufficient to saturate the entire air phase volume of the 
unsaturated overburden, then the soil air CO2 concentration, Ca, at a time t after the initiation of the leak, 
can be calculated as below: 
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The soil air CO2 concentration will steadily increase with a continuous leak of CO2 until a critical time t*, 
at which time the soil air will be completely replaced by CO2. 
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Table 6-4.  Frequencies of (PH) of Hazards, Consequence and Risk 
 

Hazard event PH 

1.    Well-head failure 
1A. Major wellhead failure 
1B. Moderate,sustained leak 
1C. Minor leaks of joints 
2.   Caprock failure 
2A. Fractured cap rock 
2B. High permeable zones 
2C. Seismic induced failure 

 
0.000002 
0.0001 
0.0001 
 
0.0001 
0.0001 
0.00001 

 
 
The simulation results from the three STOMP-CO2 cases were used to assess the elevation in the CO2 
concentrations likely in each of the risk receptor compartments.  CO2 fluxes and concentrations 
intercepted by the upper layers of the model (vadose zone and above) were used as inputs for this 
purpose.  The results indicate that the change (elevation) in the ambient air or water phase concentrations 
in each of the risk receptors is not significant, even after 100 years of monitoring.  This observation 
translates into very low risk values.  Two important reasons for these low risk values should be noted.  
First, the Mountaineer site is comprised of a considerably thick overburden zone of low permeability, and 
a caprock region of very low permeability.  Artificially increasing the permeability of these layers by a 
factor of 20 (simulation cases 2 and 3) in random locations did cause elevated penetration and leakage of 
CO2 into the overburden.  However, it was not sufficient to cause elevated ultimate concentrations of CO2 
in the risk receptor regions after 100 years, and hence did not cause increased risks.  Another important 
reason for the low reported risks is that the total injected volume of CO2 over a 10 year period is 
significantly lower than the volumes typically injected at operating power plant sites.  This is consistent 
with the Mountaineer pilot project demonstration at a small scale, but does not represent a realistic 
industrial scale project.  Increasing the total volume of CO2 injected may lead to increased risk values.  
The present results should be construed only as relevant to the pilot-scale cases shown.  The methods 
presented are useful for larger scale injection projects, which may be simulated in the future under this 
project.   

 
6.2.3 Integrated Risk Assessment Conclusions.  An integrated numerical fate and transport 
model was developed to analyze risk in several environmental pathways.  Results show that such 
integrated modelling efforts would be helpful in meeting the project objectives during different stages 
such as site characterization, engineering, permitting, monitoring and closure.  A reservoir-scale 
numerical model was extended further to develop an integrated assessment framework which can address 
the risk and consequence assessment, monitoring network design and permitting guidance needs.  The 
method was used to simulate sequestration of CO2 in moderate quantities at the Mountaineer Power Plant.  
Results indicate that at the relatively low injection volumes planned for pilot-scale demonstration at this 
site, the risks involved are minor to negligible, owing to a thick, low permeability caprock and 
overburden zones.  Such integrated modelling approaches coupled with risk and consequence assessment 
modelling are valuable to project implementation, permitting, monitoring as well as site closure. 
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Appendix A 
CO2 Injection/Withdrawal Well Model 



 
The multi-fluid well model for the H2O-CO2-NaCl operational mode of the 

STOMP simulator assumes a vertical, circular cross-section well transecting a vertical 
column of formation grids (i.e., well nodes within formation nodes).  Well nodes are 
assumed to have the same vertical extent as the formation nodes and assume 
frictionless flow of fluids between the well and formation nodes.  Multi-fluid wells, 
therefore, comprise a vertical array of well nodes imbedded within a vertical array of 
formation nodes.  The bottom and top of the well nodes are assumed to exist at 
formation grid surfaces.  The well bottom is defined through user input as a CO2 gas 
Dirichlet surface, where the CO2 gas pressure and relative humidity are specified.  
Vertical flow within the well is assumed to be frictionless.   Equilibrium conditions (e.g., 
aqueous-phase dissolved-CO2 is in equilibrium with CO2 gas) are assumed for the 
solution of the governing flow equations for the well nodes. 
 
 The governing flow equations for each well node are two mass balance equations 
for water and CO2 that take the form shown in Equation (A.1) 
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where,    mi  is the mass of component i in the well node, kg  

    min
i  is the mass rate of component i into the well node, kg/s 

    mout
i  is the mass rate of component i out of the well node, kg/s, 

 
and the superscripts w and g indicate water and CO2 gas, respectively.  The mass of 
component i in the well node is defined according to Equation (A.2) 
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where, dz is cell height, m 
    rw  is the well-bore radius, m 

  
  
ω j

i  is the mass fraction of component i in phase j 

    sj  is the volume fraction (saturation) of phase j 

    ρ j  is the density of phase j, m3/kg, 

 
and subscripts   l  and g indicate the aqueous phase and CO2 gas phase, respectively.  
Mass flux is defined as being positive into a well node via flux through the screen and 
flux across the bottom surface.   
 



The total mass flux into the well node equals the sum of the advective and diffusive 
components, as shown in Equation (A.3) 
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where, 
    
minadv, screen

i  is the advective mass flux in through the screen, kg/s 

  
    
mindiff ,screen

i  is the diffusive mass flux in through the screen, kg/s 

  
    
minadv, bottom

i  is the advective mass flux in across the  bottom, kg/s 

  
    
mindiff ,bottom

i  is the diffusive mass flux in across the bottom, kg/s 

  
  
minpump

i  is the mass rate of component i pumped into the well, kg/s 

 
Advective mass flux through the screen is defined according to Equation (A.4) 
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where,   re  is radius of influence, m 
      khorz  is the average horizontal intrinsic permeability, m2 
    Pj  is the pressure of phase j in the formation, Pa 

    Pjw  is the pressure of phase j in the well, Pa 

    μ j  is the viscosity of phase j, Pa s. 

 
The average horizontal intrinsic permeability is computed according to Equation (A.5) 
 
 

      
khorz  =  kx k y  (A.5) 

 
where,      kx  is the x-direction intrinsic permeability, m2 
      k y  is the y-direction intrinsic permeability, m2, 

 
and the radius of influence is computed according to Equation (A.6) 
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 (A.6) 

 



where,   Ahorz  is the aerial grid-cell area, m2.   
 
Diffusive flux through the screen is defined according to Equation (A.7) 
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where,   τ j  is the phase tortuosity 

    nD  is the porosity 

    Mi  is the molecular weight of component i, kg/kmol 
    M j  is the molecular weight of phase j, kg/kmol 

  
  
D j

i  is the molecular diffusion coefficient of component i, m2/s 

  
  
χ j

i  is the mole fraction of component i in phase j in the formation 

  
  
χ jw

i  is the mole fraction of component i in phase j in the well. 

   
Advective mass flux across the bottom surface is defined according to Equation (A.8) 
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where,   k jw  is the equivalent well intrinsic permeability, 10-6 m2  

    Pjwb
 is the pressure of phase j at the bottom well node, Pa 

    Pjw  is the pressure of phase j at the well node, Pa 

    dzb  is the bottom inter-grid vertical distance, m 
  g is the acceleration of gravity, m/s2  
  z is the bottom surface elevation, m. 
 
Diffusive mass flux across the bottom surface is defined according to Equation (A.9) 
 

 
( )

,

2

,
  wb w

diff bottom

i ii i
j jw j ji

in
j g j b

r M D
m

M dz

χ χπ ρ

=

⎛ ⎞−
⎜ ⎟=
⎜ ⎟
⎝ ⎠

∑
l

 (A.9) 

 

where, 
  
χ jwb

i  is the mole fraction of component i, phase j, at the bottom well node 

  
  
χ jw

i  is the mole fraction of component i, phase j, at the well node. 



 
Component mass pumped into the well is defined according to Equation (A.10) 
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where, 

    
minpumpl

 is the mass rate of aqueous phase pumped into the well, kg/s 

  
pumpginm  is the mass rate of CO2 gas pumped into the well, kg/s. 

 
Mass flux is defined as being positive out of a well node via flux through top surface.  
The total mass flux out of the well node equals the sum of the advective and diffusive 
components, as shown in Equation (A.11) 
 

 
    
mout

i  =  moutadv,top

i +moutdiff ,top

i + moutpump

i  (A.11) 

 

where, 
    
moutadv,top

i  is the advective mass flux in across the  top, kg/s 

  
    
moutdiff ,top

i  is the diffusive mass flux in across the  top, kg/s 

  
  
moutpump

i  is the mass flux of component i pumped from the well, kg/s 

 
Advective mass flux across the top surface is defined according to Equation (A.12) 
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where,   Pjwt

 is the pressure of phase j at the top well node, Pa 

    dzb  is the top inter-grid vertical distance, m 
  z is the top surface elevation, m. 
 
Diffusive mass flux across the bottom surface is defined according to Equation (A.13) 
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where, 
  
χ jwt

i is the mole fraction of component i, phase j, at the top well node. 

 
Component mass pumped from the well is defined according to Equation (A.14) 
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where, 

    
moutpumpl

 is the mass rate of aqueous phase pumped from the well, kg/s 

  
pumpgoutm  is the mass rate of CO2 gas pumped from the well, kg/s. 

 
 
The amount of aqueous phase or CO2 gas pumped from a well node is limited 
according to Equations (A.15a) and (A.15b) 
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 A critical component of the well model is the interfacial averaging schemes used 
to define fluid properties and surface areas at the screen, bottom surface, and top 
surface.   For advective mass flux into the well through the screen upwind interfacial 
averaging is applied to the calculation of the grid cell height and the component density 
of a component.  The grid cell height and component density product for advective 
transfer across the well screen is computed according to the algorithm shown by 
Equations (A.16a - 2.16d) 
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where,     dz*  is the geometric height of the well node 
      krl  is the aqueous-phase relative permeability in the formation 
  

    sl w
 is the aqueous-phase volume fraction in the well node 

  rgk  is the CO2 gas relative permeability in the formation 



  
wgs is the CO2 gas volume fraction in the well node. 

 
Harmonic averaging is used to compute the phase viscosity at the well screen.  For 
diffusive mass flux into the well through the screen, harmonic averaging is used to 
compute the effective molar diffusion coefficient as shown in Equations (A.17a and 
2.17b) 
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 For vertical flow within the well, a combination of harmonic, upwind, and 
downwind averaging are used.  The phase permeability within the well for vertical 
advective flow is determined by upwind averaging the phase saturation.  For example, 
if the aqueous-head gradient is upward, then the permeability of the surface between 
two well nodes equals the saturation of the lower node.  This scheme prevents fluid flux 
from a node void of a particular fluid and adds resistance to the flow of fluids from 
nodes with low saturation.  Interfacial averaging for the component concentration 
follows the scheme specified for the field nodes, which is typically upwind averaging.  
The diffusive permeability of the surface between two nodes within the well is defined 
by downwind averaging of the phase saturation.  For example, if the gradient in 
dissolved-gas concentration is upward, then the diffusive permeability of the surface 
between the two well nodes equals the aqueous saturation of the upper node.  This 
scheme prevents diffusion of dissolved gas into a well node without aqueous phase.  
For intermediate saturations the diffusive permeability acts as a phase tortuosity.  The 
effective diffusion coefficient for a surface between two well nodes is computed using 
the harmonic average. 



 

Appendix B. Geostatistical Realizations of Porosity and 
Permeability for the Rose Run Formation 



B.1 Realization 26 

 
B-1.  Rose Run porosity distribution for Realization 26 

 
B-2.  Rose Run intrinsic permeability (Darcy) distribution for Realization 26 

 



B.2 Realization 27 

 
B-3.  Rose Run porosity distribution for Realization 27 

 
B-4.  Rose Run intrinsic permeability (Darcy) distribution for Realization 27 

 



B.3 Realization 28 

 
B-5.  Rose Run porosity distribution for Realization 28 

 
B-6.  Rose Run intrinsic permeability (Darcy) distribution for Realization 28 

 



B.4 Realization 29 

 
B-7.  Rose Run porosity distribution for Realization 29 

 

 
B-8.  Rose Run intrinsic permeability (Darcy) distribution for Realization 29 

 



B.5 Realization 30 

 
B-9.  Rose Run porosity distribution for Realization 30 

 
B-10.  Rose Run intrinsic permeability (Darcy) distribution for Realization 30 

 



B.6 Realization 31 

 
B-11.  Rose Run porosity distribution for Realization 31 

 
B-12.  Rose Run intrinsic permeability (Darcy) distribution for Realization 31 

 



B.7 Realization 32 

 
B-13.  Rose Run porosity distribution for Realization 32 

 
B-14.  Rose Run intrinsic permeability (Darcy) distribution for Realization 32 

 



B.8 Realization 33 

 
B-15.  Rose Run porosity distribution for Realization 33 

 
B-16.  Rose Run intrinsic permeability (Darcy) distribution for Realization 33 
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B-17.  Rose Run porosity distribution for Realization 34 

 
B-18.  Rose Run intrinsic permeability (Darcy) distribution for Realization 34 

 



B.10 Realization 35 

 
B-19.  Rose Run porosity distribution for Realization 35 

 
B-20.  Rose Run intrinsic permeability (Darcy) distribution for Realization 35 

 



B.11 Realization 36 

 
B-21.  Rose Run porosity distribution for Realization 36 

 

 
B-22.  Rose Run intrinsic permeability (Darcy) distribution for Realization 36 
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C-1.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 26 

 
C-2.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 26 
 



C.2 Realization 27 

 
C-3.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 27 

 
C-4.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 27 
 



C.3 Realization 28 

 
C-5.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 28 

 
C-6.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 28 
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C-7.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 29 
 

 
C-8.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 29 
 



C.5 Realization 30 

 
C-9.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 30 

 
C-10.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 30 
 



C.6 Realization 31 

 
C-11.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 31 

 
C-12.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 31 
 



C.7 Realization 32 

 
C-13.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 32 

 
C-14.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 32 
 



C.8 Realization 33 

 
C-15.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 33 

 
C-16.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 33 
 



C.9 Realization 34 

 
C-17.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 34 

 
C-18.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 34 
 



C.10 Realization 35 

 
C-19.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 35 

 
C-20.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 35 
 



C.11 Realization 36 

 
C-21.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 36 
 

 
C-22.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Rose Run 

formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 36 
 

 



 

Appendix D. Geostatistical Realizations of Porosity and 
Permeability for the Copper Ridge Formation 



D.1 Realization 21 

 
D-1.  Copper Ridge porosity distribution for Realization 21 

 
D-2.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 21 

 



D.2 Realization 22 

 
D-3.  Copper Ridge porosity distribution for Realization 22 

 
D-4.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 22 

 



D.3 Realization 23 

 
D-5.  Copper Ridge porosity distribution for Realization 23 

 
D-6.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 23 

 



D.4 Realization 24 

 
D-7.  Copper Ridge porosity distribution for Realization 24 

 

 
D-8.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 24 

 



D.5 Realization 25 

 
D-9.  Copper Ridge porosity distribution for Realization 25 

 
D-10.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 25 

 



D.6 Realization 26 

 
D-11.  Copper Ridge porosity distribution for Realization 26 

 
D-12.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 26 

 



D.7 Realization 27 

 
D-13.  Copper Ridge porosity distribution for Realization 27 

 
D-14.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 27 

 



D.8 Realization 28 

 
D-15.  Copper Ridge porosity distribution for Realization 28 

 
D-16.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 28 

 



D.9 Realization 29 

 
D-17.  Copper Ridge porosity distribution for Realization 29 

 
D-18.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 29 

 



D.10 Realization 30 

 
D-19.  Copper Ridge porosity distribution for Realization 30 

 
D-20.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 30 

 



D.11 Realization 31 

 
D-21.  Copper Ridge porosity distribution for Realization 31 

 

 
D-22.  Copper Ridge intrinsic permeability (Darcy) distribution for Realization 31 

 
 



 

Appendix E. Injected CO2 Saturations and Pressures From 
Simulations Based On 11 Geostatistical Realizations of Porosity and 

Permeability for the Copper Ridge Formation 



E.1 Realization 21 

 
E-1.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 21 

 
E-2.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 21 
 



E.2 Realization 22 

 
E-3.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 22 

 
E-4.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 22 
 



E.3 Realization 23 

 
E-5.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 23 

 
E-6.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 23 
 



E.4 Realization 24 

 
E-7.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 24 
 

 
E-8.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 24 
 



E.5 Realization 25 

 
E-9.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 25 

 
E-10.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 25 
 



E.6 Realization 26 

 
E-11.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 26 

 
E-12.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 26 
 



E.7 Realization 27 

 
E-13.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 27 

 
E-14.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 27 
 



E.8 Realization 28 

 
E-15.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 28 

 
E-16.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 28 
 



E.9 Realization 29 

 
E-17.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 29 

 
E-18.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 29 
 



E.10 Realization 30 

 
E-19.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 30 

 
E-20.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 30 
 



E.11 Realization 31 

 
E-21.  Supercritical CO2 saturation in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 31 
 

 
E-22.  Supercritical CO2 pressures in 2D radial simulation of 3-year injection into the Copper 

Ridge formation at a well pressure gradient of 0.675 psi/ft based on geostatistical Realization 31 
 

 



 

Appendix F. FEP Summary Table 



Table 1: FEP Explanation Category 0, Assessment Basis 
 
FEP 
Number  

Description Explanation Comments 

0.1 Purpose of the assessment The general purpose of an assessment of geological CO2 sequestration is to determine the performance of the 
sequestration system. In any specific case, however, the purpose of conducting an assessment may vary from 
simple calculations to test initial ideas for sequestration concepts, to support for an application for regulatory 
approval requiring detailed, site-specific performance assessment against relevant criteria. The level of 
complexity and comprehensiveness will vary according to the use to which it will be put. Additionally, the 
assessment endpoints of interest may not only vary in type, depending on the assessment purpose, but also in the 
level of rigor required for compliance demonstration.  

 

0.2 Endpoints of Interest The structure and composition of an assessment will tend to reflect the endpoints that are required to be assessed. 
These in turn, will reflect the criteria that are adopted to judge the overall performance of the sequestration 
system. Thus, for example, an assessment may be constrained to considering the degree of containment within a 
geological feature; alternatively, it may need to address potential near-surface impacts. Invariably, a combination 
of endpoints will be required. 

 

0.3 Spatial Domain of Interest The spatial domain of interest will be dependent on the site context, which may vary from generic assessments to 
site specific assessments, the sequestration concept and the endpoints of interest. The spatial domain will 
contribute to determining the information requirements and modeling capabilities that may be required.  

 

0.4 Timescale of Interest Timescales over which the assessment will be performed will constrain processes which must be considered in 
the assessment. In general terms, there are two timescales of interest for geological storage of carbon dioxide. 
Firstly, there is that over which isolation of carbon dioxide from the atmosphere is necessary to mitigate climate 
change. This timescale is likely to be in the order of a few hundred years at most. The second timescale of 
interest is potentially much longer and is that pertaining to the assessment of potential hazard to humans and the 
environment. This timescale could be in the order of thousands to tens of thousands of years.  

 

0.5 Sequestration Assumptions High level assumptions concerning the sequestration system(s) of relevance to the assessment. For example, the 
quantity of CO2 sequestered, the method of injection and information concerning the assumed performance of 
the sequestration system. 

 

0.6 Future Human Action 
Assumptions 

It can be expected that human technology and society will develop over the timescales of relevance for the 
assessment of CO2 sequestration systems; however, this development is unpredictable. Therefore it may be 
necessary to make some assumptions in order to constrain the range of future human actions that are considered, 
such as assuming that only present-day technologies, or technologies practiced in the past, will be considered.  

 

0.7 Legal and Regulatory 
Framework 

In undertaking an assessment it is vital to consider the appropriate regulatory framework requirements. At one 
extreme these may be specific, prescriptive quantitative requirements, at the other they could be non-prescriptive 
or may not have been fully developed. The legal and regulatory framework can shape various aspects of an 
assessment, such as the required assessment endpoints, timescales of interest and assumptions concerning future 
human actions.  

 

0.8 Model and Date Issues 
 

Examples of general model and data issues include the treatment of uncertainty; the method for handling site 
specific data; and the reduction/simplification of models and data.  

 

 



Table 2: FEP Class 1.1, Geological Factors 
 
FEP 
Number  

Description Explanation Comments 

1.1.1 Neotectonics Neotectonics is the study of crustal movements that both occurred in the Earth's recent past and are 
continuing at the present day. These movements, which are driven directly or indirectly by global plate 
motions (tectonics), result in the vertical and horizontal warping, folding or faulting of the Earth's surface. 

 

1.1.2 Volcanic and Magmatic Activity Magma is molten, mobile rock material, generated below and within the Earth’s crust, which gives rise to 
igneous rocks when solidified. A volcano is a vent or fissure in the Earth’s surface through which molten or 
part-molten materials (lava) may flow, and ash and hot gases be expelled. 
 

 

1.1.3 Seismicity Events and processes related to seismic events and also the potential for seismic events. A seismic event is 
caused by rapid relative movements within the Earth’s crust usually along existing faults. The 
accompanying release of energy may result in rock movement and/or rupture, e.g. earthquakes. 

 

1.1.4 Hydrothermal Activity Processes associated with high temperature groundwaters, and hydrothermal alteration of minerals in the 
rocks through which the high temperature groundwater flows. Hydrothermal activity may be directly 
associated with volcanic and magmatic activity. Hot springs, geysers and submarine hydrothermal vents 
provide evidence of hydrothermal activity (see pictures below). 
 

 

1.1.5 Hydrological and 
Hydrogeological Response to 
geological changes 

Processes arising from large-scale geological changes and could include changes of fluid boundary 
conditions due to the effects of changes of fluid properties of geological units due to changes in rock stress 
or fault movements. 

 

1.1.6 Large Scale Erosion Processes related to the large scale (geological) removal of rocks and sediments, with associated changes in 
topography and geological/hydrogeological conditions of the system. 

 

1.1.7 Bolide Impact An extraterrestrial body in the 1-10-km size range, which impacts the earth at high velocity, explodes upon 
impact, and creates a large crater. 

 

 
 



Table 3:FEP Class 1.2, Climatic Factors 
 
FEP 
Number  

Description Explanation Comments 

1.2.1 Global Climate Change The process of global climate change due to natural and/or anthropogenic causes. The last two million 
years of the Quaternary have been characterised by glacial/interglacial cycling. According to the 
Milankovitch Theory, the Quaternary glacial/interglacial cycles are caused by long-term changes in 
seasonal and latitudinal distribution of incoming solar radiation which are due to the periodic variations 
of the Earth’s orbit about the Sun (Milankovitch cycles).  
 
Evidence suggests that the Earth is presently in a period of global warming (see the figure below). The 
anthropogenic release of gases into the atmosphere may be increasing the rate of global warming by 
enhancing the natural 'greenhouse effect', a process by which longwave radiation emitted from the 
Earth is trapped in the atmosphere by 'greenhouse gases' such as CO2. 

 

1.2.2 Regional and Local Climate Change Processes related to the possible future changes, and evidence for past changes, of climate at a storage 
site. This is likely to occur in response to global climate change, but the changes will be specific to 
situation, and may include short term fluctuations. 
Climate is characterised by a range of factors including temperature, precipitation and pressure as well 
as other components of the climate system such as oceans, ice and snow, biota and the land surface. 
The Earth’s climate varies by location and for convenience broad climate types can be distinguished, 
e.g. tropical, savannah, Mediterranean, temperate, boreal and tundra. Climatic changes lasting only a 
few decades may be referred to as climatic fluctuations. These are unpredictable at the current state of 
knowledge although historical evidence indicates the degree of past fluctuations. 
The response of regional and local scale climate to global climate change have been considered for its 
implication for the geological disposal of radioactive waste in the EC's BIOCLIM programme (see link 
below). 
 

 

1.2.3 Sea Level Change Processes related to changes in sea level which may occur as a result of global (eustatic) change and/or 
regional geological change, e.g. isostatic movements. 
The component of sea-level change involving the interchange of water between land ice and the sea is 
referred to as eustatic change. As ice sheets melt so the ocean volume increases and sea levels rise. Sea 
level at a given location will also be affected by vertical movement of the land mass, e.g. depression 
and rebound due to glacial loading and unloading, referred to as isostatic change. 

 

1.2.4 Periglacial Effects  
Related to the physical processes and associated landforms in cold but ice-sheet-free environments 

 

1.2.5 Glacial and ice sheets effects Processes related to the effects of glaciers and ice sheets within the region of a storage site. This is 
distinct from the effects of large ice masses on global and regional climate. 
 
The ice sheet itself and the accompanying frozen ground (permafrost) beneath the majority of the ice 
sheet (the cold-based portion) may constitute a barrier to groundwater flow and to heat loss. If the basal 
transmissivity of the till and bedrock below the ice is low, water pressures may rise to levels equalling 

 



FEP 
Number  

Description Explanation Comments 

the ice pressure inducing the formation of major conduits in the subglacial material. The central parts 
of the ice sheet are likely to be warm-based and could permit groundwater recharge to take place, 
possible to great depths if high groundwater heads are generated at the base of the ice sheet. Discharge 
of groundwater is likely to take place close to and beyond the frontal parts of the ice sheet. Its location 
being determined, in part, by the presence, or otherwise, of permafrost and its thickness. Excessive 
recharge at the margin of the ice sheet could provide direct recharge of oxidising water to considerable 
depths in conductive fracture zones. If the permeability at and beyond the rim of the ice is low, e.g. due 
to permafrost, the water pressures may again build up resulting in hydrofracturing of the ice or the rock 
mass. As the ice sheet advances, these induced fractures may increase their aperture and depth due to 
freezing of subglacial meltwater. 

1.2.6 Warm Climate Effects Processes related to warm tropical and desert climates, including seasonal effects, and meteorological 
and geomorphological effects special to these climates. 

 

1.2.7 Hydrological and Hydrogeological 
Response to Climate Changes 

Processes related to changes in hydrology and hydrogeology, e.g. recharge, sediment load and 
seasonality, in response to climate change in a region. 

 

1.2.8 Responses to Climate Changes Processes relating to changes in ecology and human behaviour in response to climate change. 
 
Climate affects the abundance and availability of natural resources such as water, as well as ecology, 
including the types of crops that can be grown by humans. Human responses, such as changes in 
habits, diet and the size of communities, are closely linked to climate and ecology. The more extreme a 
climate, the greater the extent of human control over these resources necessary to maintain agricultural 
productivity. 

 

 



Table 4: FEP Class 1.3, Future Human Actions 
 
FEP 
Number  

Description Explanation Comments 

1.3.1 Human Influences on Climate Processes related to human activities that could affect the change of climate either globally or in a 
region. 

 

1.3.2 Motivation and Knowledge Issues Events and processes related to the degree of knowledge of the existence, location and/or nature of the 
storage site. Also, reasons for deliberate interference with, or intrusion into, a CO2 storage site after 
closure with complete or incomplete knowledge. Knowledge of the sequestration site may be regained 
through post-closure airborne, geophysical or other surface-based non-intrusive investigation of a 
sequestration site. Such investigations might occur after information of the location of the sequestration 
system has been lost and therefore excludes monitoring of the disposal system, but includes activities 
such as prospecting for geological resources. The evidence of the sequestration, such as injection 
boreholes, may itself prompt investigation. 
 

 

1.3.3 Social and Institutional 
Developments 

Events and processes related to changes in social patterns and degree of local government, planning 
and regulation. 
Potentially significant social and institutional developments include:  
– changes in planning controls and environmental legislation; 
– demographic change and urban development; 
– changes in land use; 
– loss of archives/records, loss/degradation of societal memory. 

 

1.3.4 Technological Developments Events and processes related to future developments in human technology and changes in the capacity 
and motivation to implement technologies. This may include retrograde developments, e.g. loss of 
capacity to implement a technology. 
 

 

1.3.5 Drilling Activities Events related to any type of drilling activity in the vicinity of the CO2 sequestration system. These 
may be taken with or without knowledge of the disposal and may include activities such as: 
- exploratory and/or exploitation drilling for natural resources; 
- attempted recovery of residual hydrocarbon resources; 
- drilling for water resources; 
- drilling for site characterization or research; 
- drilling for further disposal; and 
- drilling for hydrothermal resources. 

 

1.3.6 Mining and other underground 
activities 

Events related to any type of mining or excavation activity carried out in the vicinity of the storage site. 
These may be taken with or without knowledge of the site. 
 
Mining and other excavation activities include:  
- resource mining; 
- excavation for industry; 
- excavation for storage or disposal; 
- excavation for military purposes; 

 



FEP 
Number  

Description Explanation Comments 

- geothermal energy production; 
- injection of liquid wastes and other fluids; 
- scientific or archaeological investigation; 
- shaft construction, underground construction and tunnelling; 
- underground nuclear testing; 
- malicious intrusion, sabotage or war; 
- recovery of materials associated with CO2 injection (e.g. hydrocarbons). 

1.3.7 Human Activities in the surface 
Environment 

Events and processes related to any type of human activities that may be carried out in the surface 
environment that can potentially affect the performance of the storage system, or leakage pathways, 
excepting those FEPs related to water management which are described elsewhere. 
 
Examples include: 
– quarrying, trenching; 
– excavation for construction; 
– residential, industrial, transport and road construction; 
– pollution of surface environment and groundwater. 

 

1.3.8 Water Management Events and processes related to groundwater and surface water management including water 
extraction, reservoirs, dams, and river management. 
Water is a valuable resource and water extraction and management schemes provide increased control 
over its distribution and availability through construction of dams, barrages, canals, pumping stations 
and pipelines. Groundwater and surface water may be extracted for human domestic use (e.g. drinking 
water, washing), agricultural uses (e.g. irrigation, animal consumption) and industrial uses. 

 

1.3.9 CO2 presence influencing future 
operations 

The presence of injected CO2 may hinder future extractive operations by obscuring seismic traces or 
by making the drilling process more difficult. Conversely, the presence of CO2 locally, might allow for 
more economic future enhanced oil recovery operations. This FEP assumes that future technical 
advances might identify useable resources in the vicinity of previous CO2 injection. 

 

1.3.10 Explosions and crashes Events related to deliberate or accidental explosions and crashes such as might have some impact on a 
closed storage site, e.g. underground nuclear testing, an aircraft crash on the site, acts of war, marine 
collisions or trawler damage to exposed sea-bed structures. 

 

 



Table 5: FEP Class 2.1, CO2 Storage Pre-Closure 
 
FEP Number  Description Explanation Comments 

2.1.1 Storage Concept Features related to the concept of storage, such as whether a closure exists (sequestration in an 
abandoned oil or gas field) or whether isolation of CO2 is dependent upon slow diffusion rates through 
an areally extensive open structure (saline aquifer sequestration). 

 

2.1.2 CO2 quantities, injection rate Features related to the amounts of CO2 injected and their rate of injection into the storage 
aquifer/reservoir. 
 

 

2.1.3 CO2 composition The composition and physical state (liquid, supercritical fluid etc.) of injected CO2, with contents of 
impurities etc. Temperature and pressure of injected fluid are also relevant.  
During CO2 storage operations, the principal injected gas is CO2 captured and concentrated from 
human activity sources. However, the gas that is injected into a reservoir may not be 100 % CO2, 
especially if there is some recycling of gas (in the case of enhanced oil recovery). Impurities can 
include: H2S, CH4, N2, NOx, SO2 and mercaptans. These may be present either intentionally or 
because it could be particularly difficult or superfluous to separate them from CO2. 

 

2.1.4 Microbiological Contamination Microbiological contamination of injected fluid. Contamination of supercritical CO2 is considered 
unlikely due to its being a very good solvent. However, other fluids may be injected into the storage site 
that may be contaminated with microbes. 
 

 

2.1.5 Schedule and Planning Features related to the sequence of events and activities occurring during storage system design, CO2 
injection and sealing. This could include enhanced oil recovery processes. 

 

2.1.6 Pre-closure administrative control Features related to measures to control events at or around the sequestration site during the design, 
construction, operation and decommissioning phases. The type of administrative control may vary 
depending on the stage in the storage system lifetime. 

 

2.1.7 Pre-closure monitoring of storage Processes related to any monitoring undertaken during the operational and closure phase. The extent 
and requirement for such monitoring activities may be determined by issues such as storage concept, 
geological setting, regulations, or public pressure.  
A number of monitoring techniques exist including seismic data, electrical resistance, soil gas and 
isotopic characteristics. 

 

2.1.8 Quality Control Features related to quality control procedures and tests during the design, and operation of the storage 
system.It could be expected that a range of quality control measures would be applied during operation 
of the storage system and supply of CO2 to be sequestered. There may be specific regulations 
governing quality control procedures, objectives and criteria. 

 

2.1.9 Accidents and unplanned events Events related to accidents and unplanned events during site investigation, CO2 emplacement and 
closure which might have an impact on long-term performance or safety. 
 
Accidents are events that are outside the range of normal operations although the possibility that certain 

 



FEP Number  Description Explanation Comments 

types of accident may occur should be anticipated in operational planning. Unplanned events include 
accidents but could also include deliberate deviations from operational plans, e.g. in response to an 
accident, unexpected geological events or unexpected aspects of CO2 quality and injection arising 
during operations. 

2.1.10 Over-pressuring The CO2 injection process is greatly influenced by the target reservoir formation pressure (pore 
pressure). 
 
The formation pressure is considered overpressure if it is above the normal hydrostatic pressure for the 
given depth, i.e. above the pressure at the bottom of a water column equal to the reservoir depth below 
surface. Overpressuring may occur at any depth, naturally or artificially. Man-made overpressure could 
be accidental or deliberate. 
 
An example of deliberate overpressure is injecting gaseous CO2 in a shallow aquifer at a faster rate than 
water can drain from the reservoir zone. As more and more CO2 is injected, the CO2 gas column below 
the seal at the top of the reservoir increases and so the formation pressure at the top of the gas column. 
In such a case an artificial overpressure is created intentionally. The maximum tolerable overpressure is 
calculated as a function of the desired storage volume and of a chosen safety factor below the critical 
fracturing gradient of the top seal rock.  
 
An example of accidental overpressure is given by the unforeseen depressurisation (water production, 
CO2 leakage) of a storage reservoir where the CO2 is in liquid form, below but near the critical phase 
change pressure. The change of phase to gas creates a gas column that could exercise an unforeseen 
overpressure at the top of the gas column. 
 

 

 
 



Table 6: FEP Class 2.2, CO2 Storage Post-Closure 
 
FEP Number Description Explanation Comments 

2.2.1 Post-closure administrative control Administrative control of the sequestration site after closure of the project.  
 
The administrative control of the post-closure site may differ from that of the pre-
closure site with subsequent implications for the resources available for 
administrative control, the degree of access and availability of information etc. 

 

2.2.2 Post-closure monitoring of storage FEPs related to any monitoring undertaken during the post-closure phase. This 
includes monitoring of parameters related to the long-term safety and performance. 
The extent and requirement for such monitoring activities may be determined by 
issues such as storage concept, geological setting, regulations, or public pressure.  
 
A number of monitoring techniques exist including seismic data, electrical 
resistance, soil gas and isotopic characteristics. 

 

2.2.3 Records and markers Features related to the retention of records of the content and nature of a CO2 storage 
site after closure and also the placing of permanent markers at or near the site. 

 

2.2.4 Reversibility The degree to which the sequestered CO2 could be deliberately removed, if required. 
Either as an extreme remedial action, because the CO2 is required as a resource, or 
because its presence is impeding access to other geological resources. 

 

2.2.5 Remedial Actions Events and processes related to actions that might be taken following closure of a 
storage site to remedy problems that, either, are associated with its not performing to 
the standards required, result from disruption by some natural event or process, or 
result from inadvertent or deliberate damage by human actions. 

 

 



Table 7: FEP Class 3.1, CO2 Properties 
 
FEP Number Description Explanation Comments 

3.1.1 Physical Properties of CO2 Physical properties of CO2 including density, viscosity, interfacial tension and 
thermal conductivity and their dependence on pressure and temperature. 

 

3.1.2 CO2 phase behavior FEPs related to the phase behaviour (gas, liquid, supercritical fluid) of CO2. The 
presence of contaminants in the injected CO2 (e.g. N2) and gas and hydrocarbons in 
the reservoir will affect the phase behaviour and partition of CO2 between different 
physical states. 

 

3.1.3 CO2 solubility and aqueous speciation CO2 solubility is the amount of CO2 that can dissolve for given conditions in water. 
It can vary as a function of temperature, pressure and precise composition of the fluid 
(e.g. salinity, dissolved species/complexes, presence of hydrocarbons). Changing 
temperature and pressure accompanying migration of CO2 can therefore influence 
CO2 solubility, potentially leading to gas exsolution. 
 
CO2 is present in the aqueous phase as: aqueous CO2; carbonic acid (H2CO3); 
bicarbonate (HCO3-); and carbonate (CO3--). Note that other dissolved ions (Na+, 
Mg++, Ca++, etc.) are also involved and provide an array of linked, reversible 
reactions. 

 

 
 



Table 8: FEP Class 3.2, CO2 Interactions 
 
FEP 
Number  

Description Explanation Comments 

3.2.1 Effects of Pressurisation of reservoir 
on caprock 

A storage reservoir will experience enhanced pressure due to injection of CO2. This may exceed 
original ‘natural’ pressurisation due to hydrocarbon emplacement, or clay mineral transformations 
during diagenesis. 

 

3.2.2 Effects of Pressurization on reservoir 
fluids 

Increased pressurisation caused by the injection of supercritcal CO2 will affect the behaviour of other 
fluids within the reservoir. 
 

 

3.2.3 Interaction with Hydrocarbons Hydrocarbons could be mobilised by CO2, by miscible displacement for example, and transported to 
the near-surface. This is of particular relevance if enhanced oil recovery is an additional aim of the 
sequestration concept. Kolak and Burruss (2003) demonstrate that polyaromatic hydrocarbons (PAHs) 
can be mobilised by sequestration in deep coal beds. 
 
Sequestered CO2 can also precipitate asphaltenes from crude oil under certain conditions of 
composition, temperature and pressure. Such precipitation in the vicinity of injection wells can lead to 
loss of injectivity and even plugging of the wells. 

 

3.2.4 Displacement of saline formation 
fluids 

Injection of CO2 into a geologic formation may result in displacement of saline formation fluids into 
potable water supplies. Limitations on the pressure in a formation (for seal integrity) will mean that 
existing fluids are displaced/replaced. Displaced fluids are highly likely to be saline. Because the 
pressure wave created by injection travels much further than the physical CO2 front, displacement of 
saline formation fluids can occur at locations outside the CO2 storage area. Inter-connection of aquifer 
systems may enable saline fluids to enter potable water formations. 
 

 

3.2.5 Mechanical Processes and 
conditions 

Features and processes related to the mechanical processes and conditions resulting from the injection 
of CO2 that affect the rock, boreholes and other engineered features, and the overall mechanical 
evolution with time. This includes the effects of hydraulic, mechanical and thermal loads imposed on 
the rock by the injected CO2. Injection of CO2 into a reservoir can cause (directly or indirectly) 
changes of the geomechanical properties of the reservoir rock. Direct changes can be due to change of 
reservoir pressure and temperature (PVT system). Indirect changes (of rock properties) might result 
from geochemical and mineralogical changes after storage of CO2. 

 

3.2.6 Induced seismicity Injection of CO2 may cause and trigger seismic events and earthquake hazards through processes such 
as reducing friction at existing faults. This may occur both in seismically active areas and in areas 
characterised by a low background seismicity (reactivation of ancient fault planes, changes in the 
orientation, fluid-pockets occurrence). This FEP includes microseismicity. 

 

3.2.7 Subsidence or uplift Injecting the CO2 may cause acidification of formation water, leading to mineral dissolution and 
subsidence. This is of particular relevance to shallow storage sites. 
 
Injection of large quantities of CO2 into a confined aquifer may increase pore pressure and 'lift' the 
overlying rocks upwards. 

 



FEP 
Number  

Description Explanation Comments 

3.2.8 Thermal effects on injection point Temperature of the injected fluid could result in geological modification of the region around the point 
of injection due to thermal gradients. 

 

3.2.9 Water Chemistry Water phase geochemistry of sequestered CO2. This includes the solubility trapping of CO2 in water 
(H2O) to form carbonic acid (H2CO3). Subsequent ionic trapping of carbonic acid with hydroxide ions 
(OH-) forms bicarbonate ions (HCO3-), which can react in turn with further hydroxide ions to form 
carbonate (CO3). 

 

3.2.10 Interaction of CO2 with chemical 
barriers 

Chemical barriers (pH, Eh-pH, ion exchange) may exist in aquifers to retard the migration of CO2 from 
depth. The precipitation of CO2 bearing solids may result from such interactions. 
 

 

3.2.11 Sorption and Desorption of CO2 The sorption and desorption of CO2 on geological materials. Sorption onto coal and the displacement of 
methane (CH4) is the primary mechanism behind the enhanced coalbed methane recovery (ECBM) 
method for geological CO2 sequestration. 

 

3.2.12 Heavy metal release Heavy metal ions may be dissolved in formation fluids or sorbed on rock/mineral surfaces. 
Complexation may occur between CO2 and heavy metals dissolved in formation fluids. The influence 
of dissolved CO2 on pore water chemistry can also reduce the pH and change the equilibrium between 
sorption/desorption of metals, thereby resulting in significant release of these metals. 
 

 

3.2.13 Mineral phase Geochemistry of the mineral phase relevant to sequestered CO2, including ion exchange and mineral 
dissolution. Some other considerations for this section are 
The dissolution of minerals due to the addition of CO2 (an 'acid gas') to the geochemistry and 
precipitation. 
The process of exchanging one ion in the liquid phase for another ion on a charged, solid substrate. 
Injected CO2 may perturb ion exchange equilibria between relevant minerals (such as sheet silicates) 
and the pore fluid. Some cations may be released to the pore fluid and others fixed as a consequence. 
CO2 is likely to be dried to prevent corrosion during transport. Injection of dry CO2 will cause it to take 
up water from the pores of the host formation and overlying rocks. It has the potential to 'suck' water 
out of overlying clay. 

 

3.2.14 Gas Chemistry Gases such as CO2, methane and H2S, will occur naturally in the geosphere, either sorbed onto 
minerals, dissolved in formation fluids or as a free gas phase. Gas solubility will depend upon pressure, 
temperature and the salinity of the formation fluid. 
 

 

3.2.15 Gas Stripping CO2 migration through the reservoir and into the overlying barrier sequence could result in the CO2 
stripping other gases entrained within the sediments. These gases could include radon, methane (CH4) 
and hydrogen sulphide (H2S). 

 

3.2.16 Gas Hydrates Gas hydrates are ‘ice-like’ solids that form at low temperatures and high pressures. They are formed of 
‘cages’ of water molecules surrounding a gas molecule. 

 



FEP 
Number  

Description Explanation Comments 

3.2.17 Biogeochemistry Features and processes related to the biological/biochemical processes that affect the CO2, borehole 
seals and rock/pore fluid, and the overall biological/biochemical evolution with time. This includes the 
effects of biological/biochemical influences on the CO2 and engineered components by the surrounding 
geology. Microbes exist in the subsurface and are used in hydrocarbon operations to improve 
hydrocarbon recovery. Microbes can also catalyse geochemical reactions, including methanogenesis, 
but the latter reaction is thermodynamically unfavourable and is unlikely. 

 

3.2.18 Microbial Processes Microbes can metabolise CO2, for example, methanogenic microbes use H2 to reduce CO2 to methane 
(CH4), a process called methanogenesis. These microbes need anaerobic conditions. 

 

3.2.19 Biomass Uptake of CO2 If sequestered CO2 migrates to the biosphere, it can be taken up by microbes, plants and algae 
(including phytoplankton). 

 

 
 



Table 9: FEP Class 3.3, CO2 Transport 
 



FEP Number  Description Explanation Comments 

3.3.1 Advection of free  CO2 Advection of free CO2 occurs in response to differences in pressure. The pressure difference may be 
due to differences in the pressure of injected CO2 and formation pressures. The rate and direction of 
advection is affected by the physical properties of the rock, such as porosity and permeability. 
Advection may also occur though fractures. Fracture flow will be episodic with high transport 
efficiencies. Resealing of fractures (for example by cementation) will reduce and ultimately block fluid 
flow. 
 
Fault valving is a process resulting from gradual build up of pore pressure due to fluid generation, 
causing the subsequent opening of a fault along with fluid escape towards surface. This mechanism has 
been recognised as causing earthquakes in many parts of the world, as a result of hydrocarbon 
generation or infiltration of other fluids. 

 

3.3.2 Buoyancy-driven flow Different relative densities of fluids in a geological system will result in buoyancy-driven flows as less 
dense fluids will have a tendency to flow upwards. The density of fluids will depend on its temperature 
and pressure. 

 

3.3.3 Displacement of formation fluids This depends on interfacial tension and capillary pressure. 
 
Capillary pressure is the pressure difference existing across the interface separating two immiscible 
fluids due to interfacial tension. The interfacial tension itself is caused by the imbalance in the 
molecular forces of attraction experienced by the molecules at the surface and is a function of 
temperature and pressure. 
 
At a given pressure, increased interfacial tension values between water and CO2 will make larger pores 
accessible to CO2 (this is only valid for water-wet systems). The change from a water-wet system to a 
CO2-wet system has an effect on capillary forces (i.e. displacement of water by enhanced pressure 
versus CO2 injection with less capillary pressure) and the displacement capacity (i.e. as a non-wetting 
fluid, CO2 will have less displacement capacity). If the injection velocity is high, effects of capillary 
forces are small. 

 

3.3.4 Dissolution in formation fluids The process of dissolution of CO2 in formation fluids. The rate of dissolution depends on factors such 
as the interfacial area between the CO2 and the formation fluids and temperature. 
 

 

3.3.5 Water mediated transport Processes related to the transport of CO2, and associated contaminants, in groundwater and surface 
water, including advection, dispersion and molecular diffusion. 
 
Advection is the process by which CO2, and associated contaminants, are transported by the bulk 
movement of the water in which they are dissolved. Advective groundwater flow can occur along 
connected porous regions, such as fractures and faults. Processes that affect the movement of 
groundwater, such as fault valving, will also affect the migration of dissolved CO2, and associated 
contaminants. 
 
Dispersion is the collective name for the consequences of a number of processes that cause ‘spreading-
out’ of CO2, and associated contaminants, dissolved in water in all directions, superimposed on the 

 



 
 

bulk movement predicted by a simple advection model. It results in a spatially distributed contaminant 
plume. Spreading of the solute plume can occur in the direction of advection, in which case it is known 
as longitudinal dispersion, or it can occur perpendicular to the direction of advection, in which case it is 
known as transverse dispersion. 
 
Diffusion is the process whereby chemical species move under the influence of a chemical potential 
gradient (usually a concentration gradient). In the sequestration domain, diffusion of CO2 might be 
significant in the cap rock and low permeability sedimentary host rock environments where advective 
transport does not occur or is limited, and diffusion of other chemical species may give rise to chemical 
regimes in parts of the system that inhibit or enhance the transport of CO2. 

3.3.6 CO2 release processes Processes by which CO2 is lost from the sequestration system. Once in the near-surface, changes in 
pressure and temperature result in the potential for phase changes and degassing, with resulting changes 
in the transport properties of sequestered CO2. Examples of CO2 release processes include: 
- surface and undersea blowouts; 
- CO2 geysers  
- submarine gas release  
Limnic eruption provides a release mechanism for CO2, migrating from a storage system to the 
atmosphere. 
 
Natural limnic eruption events can be catastrophic. On the 29th of August 1986, a massive limnic 
eruption from Lake Nyos in Cameroon resulted in 1800 deaths as the CO2 smothered local villages. 
The CO2, which is volcanic in origin, seeps through the lake bed sediments and builds up in the lower 
strata of the water column. 
 

 

3.3.7 Co-migration of other gases Surface seepages of CO2 may contain significant amounts of other gases due to co-migration, such as 
hydrogen sulphide (H2S). This is especially the case where the CO2 reservoir is a reducing chemical 
environment. H2S is derived from the hydration of sulphide minerals (e.g. FeS) or from the chemical 
reduction of aqueous sulphate species. H2S is highly toxic and therefore potentially harmful to the 
biosphere. Even in low concentrations it is deleterious to long-term health (human/animal), in addition 
to being extremely unpleasant. 

 



Table 10: FEP Class 4.1, Geology 
 
FEP Number Description Explanation Comments 

4.1.1 Geographical Location 
 

The geographic location of a CO2 storage reservoir will influence the type of impacts to 
consider, e.g. continental or sub-marine, in the vicinity of a volcano, or tectonic activity, 
etc. In addition, proximity to human populations will increase importance of any release to 
the surface. 

 

4.1.2 Natural Resources 
 

Natural resources within the geosphere including solid mineralogical resources, such as 
coal or minerals, fluid and gaseous resources, such as hydrocarbons or water, and other 
resources such as geothermal or microbial resources. 

 

4.1.3 Reservoir Type 
 

The generic type of reservoir being considered for storage of CO2. For example: 
- oil reservoir (such as the Weyburn project); 
- gas reservoir (such as the Coal-Seq project); 
- aquifer (such as at Sleipner); and 
- coal beds (such as the Coal-Seq and RECOPOL projects). 

 

4.1.4 Reservoir geometry 
 

Geometry of the CO2 storage reservoir including the spatial distribution, depth and the 
topography of the top. 

 

4.1.5 Reservoir exploitation 
 

Degree to which geological resources (such as oil and gas) have been exploited prior to the 
injection of CO2. 

 

4.1.6 Cap rock or sealing formation 
 

The nature of the relatively impermeable layer of rock overlying the storage reservoir that 
forms a barrier to the upward migration of buoyant fluids, such as sequestered CO2. 

 

4.1.7 Additional Seals 
 

This concerns the concept of successive lithological, hydraulic and/or chemical barriers 
acting successively to prevent fluid escape to surface environments. From a geological 
point of view the permeability barrier is probably the most important, in comparison with 
other types of traps. However, it may be necessary to consider a sequence of traps in CO2 
migration models in addition to the conventional low permeability barriers.  
 
For example, within the Weyburn sequestration project, the primary cap rock is the 
Watrous formation, however, low permeability formations at higher stratigraphical layers 
provide potential additional seals, preventing upward migration of sequestered CO2. 

 

4.1.8 Lithology 
 

The systematic description of rocks in terms of their mineral assemblage and texture. 
 
The lithology of the geosphere (including both the reservoir and the caprock) determines 
the reservoir physical and transport properties (including porosity and permeability). It 
concerns the mineralogical composition, texture (grain size, sorting) and fabric 
(sedimentary structures, vertical and horizontal heterogeneities). Potential reservoir 
lithologies include sandstones and limestones. 
The slow physical, chemical and/or biological processes by which unconsolidated 
sediments become sedimentary rock. These processes can result in changes to the original 
mineralogy. 
Structure and density of discrete voids within the rock (pores). 

 

4.1.9 Unconformities Geological surfaces separating older from younger rocks and representing a gap in the  



FEP Number Description Explanation Comments 

 geologic record. Such a surface might result from a hiatus in deposition of sediments, 
possibly in combination with erosion, or deformation such as faulting. An angular 
unconformity separates younger strata from eroded, dipping older strata. A disconformity 
represents a time of nondeposition, possibly combined with erosion, and can be difficult to 
distinguish within a series of parallel strata. A nonconformity separates overlying strata 
from eroded, older igneous or metamorphic rocks. 

4.1.10 Heterogeneities 
 

Heterogeneities are variations in the rock properties of a geological formation.  

4.1.11 Faults and Fractures 
 

Fractures are cracks or breaks in rock. Fractures along which displacement has occurred 
are called faults. Fractures and faults can occur over a wide range of scales. 

 

4.1.12 Undetected features 
 

Natural or man-made features within the geological environment that may not be detected 
during site investigations. 
 
Examples of possible undetected features are fracture/fault zones, the presence of brines or 
old mine workings. Some physical features of the storage environment may remain 
undetected during site surveys and even during preliminary borehole drilling. The nature 
of the geological environment will indicate the likelihood that certain types of undetected 
features may be present and the site investigation may be able to place bounds on the 
maximum size or minimum proximity to such features. 

 

4.1.13 Vertical Geothermal Gradient 
 

Temperature profile in the geosphere prior to the injection of CO2.  
 
The critical temperature for CO2 is 31.1 degrees centigrade. The average geothermal 
gradient is approximately 2.4 degrees centigrade per kilometre. If the surface temperature 
is 10 degrees centigrade, the critical temperature will be reached at a depth of 840 metres. 
However, a considerable variation in geothermal gradients and sub-surface temperatures 
can be expected at a depth of 1000 metres. For example, in Europe temperatures at 1000 m 
range from 20 to 75 degrees centigrade, with local temperatures of more than 200 degrees 
centigrade in volcanic areas. 

 

4.1.14 Formation Pressure 
 

The pressure of fluids within the pores of a formation, normally hydrostatic pressure, or 
the pressure exerted by a column of water from the formations depth to the sea level prior 
to the injection of CO2. 
 
The critical pressure of CO2 is 7.38 mega-Pascals. The average underground hydrostatic 
pressure increases with depth by approximately 10.5 mega-Pascals per kilometre for 
aquifers that are in open communication with surface water. Applying this average 
gradient, the critical pressure of CO2 will be reached at a depth of around 690 metres. 
However, aquifers or hydrocarbon reservoirs that are sealed off from the rest of the sub-
surface may be under- or overpressured. 

 

4.1.15 Stress and Mechanical Properties 
 

The stress condition and mechanical properties of the geosphere prior to injection of CO2.  

4.1.16 Petrophysical Properties Petrophysical properties of the geosphere prior to the injection of CO2. This includes  



FEP Number Description Explanation Comments 

 features such as permeability, porosity, residual saturation, capillary pressure and 
wettability. 

 
 



Table 11: FEP Class 4.2, Fluids 
 
FEP Number Description Explanation Comments 
4.2.1 Fluid Properties Properties of the geosphere fluids prior to injection of CO2, including composition 

and geochemistry. 
 

4.2.2 Hydrogeology Natural formation water flow pathways (directions, velocities) in the geosphere will 
be important in determining the long-term migration paths for CO2. This depends on 
factors including: hydraulic heads, permeability and porosity distribution, the 
existence of fracture networks, connection between aquifers, position of the recharge 
and discharge areas. 

 

4.2.3 Hydrocarbons The presence and distribution of hydrocarbons, such as oil and/or gas, within the 
storage system. 

 

 
 



Table 12: FEP Class 5.1, Drilling and Completion 
 
FEP Number Description Explanation Comments 

5.1.1 Formation Damage Alteration of the far-field or virgin characteristics of a formation, usually by 
exposure to drilling fluids. Fracturing associated with formation damage can increase 
porosity, whereas the water or solid particles in the drilling fluids, or both, can 
decrease the pore volume and effective permeability of the formation in the near-
wellbore region.  
 
A number of mechanisms can result in a decrease in porosity, including: 
- solid particles from the drilling fluid physically plug or bridge across flowpaths in 
the porous formation; 
- when water contacts certain clay minerals in the formation, the clay typically 
swells, increasing in volume and decreasing the pore volume; and 
- chemical reactions between the drilling fluid and the formation rock and fluids can 
precipitate solids or semisolids that plug pore spaces. 

 

5.1.2 Well lining and completion At the time of drilling, boreholes are lined with a metal casing. Cement is pumped 
downhole inside the casing string, and it is pushed upward under and outside the 
casing lower end, between the casing and the rock wall. In multi-stage cement jobs, 
cement is squeezed between the casing and the rock wall though purpose made 
perforations. The cement could be pushed behind casing from the bottom hole to the 
surface, or to a predetermined depth. In such a case, the height of cement outside the 
casing is checked with the Cement Bound Log (CBL). 
 
Curing of cement is the process of maintaining the proper temperature and moisture 
conditions to promote optimum cement hydration immediately after placement. 
Proper moisture conditions are critical because water is necessary for the hydration 
of cementitious materials. As cement hydrates, strength increases and permeability 
decreases. When hydration stops, strength gain ceases. Therefore, proper hydration 
of the cement is important in the fabrication of strong, durable concrete. The degree 
of curing of cement used in boreholes determines their properties, including strength, 
permeability and durability. 
 
Alteration of borehole linings (metal and cement/concrete) will occur with time, 
depending on the natural fluid composition of the deep reservoir and the input of 
high concentrations of CO2 carrying natural H2S, which may accelerate corrosion. 

 

5.1.3 Workover The process of performing major maintenance or remedial treatments on a borehole 
often associated with the re-use of existing boreholes. Workover techniques include 
flushing of the formation and the removal and replacement of the borehole lining. 

 

5.1.4 Monitoring wells Often, monitoring wells are needed to monitor the physical conditions (pressure, 
temperature, etc.) of the storage reservoir, both inside and/or outside the area 
immediately affected by the storage operations, or above the storage reservoir. 
 

 



FEP Number Description Explanation Comments 

Monitoring wells could be “adopted”, by using existing wells to host the appropriate 
instrumentation (piezometers, pressure gauges, thermometers, etc.), or they could be 
purpose drilled anew. 

5.1.5 Well Records The drilling of boreholes (wells) for site investigation, resource exploitation and/or 
CO2 injection will result in many documents being generated in paper or digital 
form. Typical well records include location co-ordinates, depth, electric logs, mud 
logs, drilling parameter logs, composite log, testing reports (if applicable), coring 
report (if applicable), and a final report. Physical records from cutting samples, cores 
and fluid samples will also be documented.  
 
The principal tool to gain knowledge about the sequence of drilled rock formations is 
Borehole Logging. This is achieved by lowering an electro-mechanical tool to the 
bottom of the hole at the end of a steel rope (with connecting electrical cables) and 
by measuring petrophysical parameters on the way up. Common measures include 
hole diameter, natural gamma ray response, spontaneous electrical potential, rock 
resistivity, velocity of acoustic waves through rock, neutron susceptibility, etc. 
Borehole logging can be extended to include focussed fluid testing over short 
intervals or at specific points along the borehole. 
 
The documents originating at the time of drilling are often the most accurate records 
of the succession of events associated with the drilling of the well and represent 
(particularly after years and decades) a precious source of information. The curation 
of such unique records is an invaluable tool to pass knowledge to future generations. 

 

 
 



Table 13: FEP Class 5.2, Borehole Seals and Abandonment’s 
 
FEP Number Description Explanation Comments 

5.2.1 Closure and Sealing of Boreholes Features related to the cessation of CO2 injection operations at a site and the sealing 
of injection and monitoring wells. 
 
When a borehole is drilled to the potential storage reservoir, it creates 
communication with possible overlying reservoirs and with the surface. Cementing 
and abandonment procedures are designed to permanently plug such communication 
channel. At the time of well abandonment, cement plugs tens to hundreds of metres 
thick are placed at intervals inside the well casing. 
 
The cement plugs are commonly located across potential problem spots (e.g. 
perforations, casing shoes, top of liner, etc.), to minimise leaking risks. Particular 
attention should be paid to the quality of the original cement job behind the casing 
string. If uncemented space is detected, known or suspected behind casing, 
depending on the lithology across such interval, it may be important to squeeze extra 
cement between the rock face and the casing to complement the final abandonment 
plugs inside the casing.  
 
Individual boreholes may be closed in sequence, but closure refers to final closure of 
the whole system, and may include removal of surface installations. The schedule 
and procedure for sealing and closure may need to be considered in the assessment. 

 

5.2.2 Seal Failure Degradation of borehole linings (metal and cement) will occur with time, depending 
on the natural fluid composition of the deep reservoir and the input of high 
concentrations of CO2. Any H2S present may accelerate corrosion of metal linings. 
Cement will be attacked by high partial pressures of CO2, low pH and appreciable 
concentrations of sulphate, chloride, and magnesium ions in the formation fluids. 
Seal failure will occur once liners have degraded and corroded. 

 

5.2.3 Blowouts Uncontrolled flow from depth leading to gas and/or fluid erupting from a well or 
borehole to either the terrestrial or marine environments. 

 

5.2.4 Orphan wells CO2 storage projects may be part of an Enhanced Oil Recovery (EOR) project or 
stand-alone deep saline aquifer projects. Either way, it is likely that the target 
geological structure has been the object of past exploration efforts, possibly 
involving drilling wells. 
 
The existence of old wells could be obvious if the wells are still active, but could be 
overlooked if the old (orphan) wells have been long cemented and abandoned. 
Technical details of such abandoned vintage wells may in fact not be readily 
available, or altogether lost. In such a case, the old cementing (sealing) job could be 
substandard. 

 



5.2.5 Soil Creep around Boreholes The slow downward gravitational movement of soil around boreholes.  

 
 
 



Table 14: FEP Class 6.1, Terrestrial Environment 
 
FEP Number Description Explanation Comments 

6.1.1 Topography and Morphology This category of FEPs is concerned with factors that can be important if sequestered 
carbon dioxide returns to the accessible environment. The environment could be 
terrestrial or marine, and human behaviour in that environment needs to be described. 
The category is divided into three classes: Terrestrial Environment; Marine 
Environment; and Human Behaviour. 

 

6.1.2 Soils and Sediments This class of FEPs is concerned with factors that can be important if sequestered 
carbon dioxide returns to the accessible terrestrial environment. 

 

6.1.3 Erosion and Deposition FEPs related to all the erosional and depositional processes that operate in the surface 
environment, and their evolution with time. Relevant processes may include fluvial 
and glacial erosion and deposition, denudation, aeolian erosion and deposition. These 
processes will be controlled by factors such as the climate, vegetation, topography 
and geomorphology. 
 
The picture below illustrates the relationship between fluvial stream flow velocity 
and particle erosion, transport, and deposition. 

 

6.1.4 Atmosphere and meterology FEPs related to the characteristics of the atmosphere, weather and climate, and their 
evolution with time. In case of CO2 leakage to the surface, the weather is a relevant 
factor determining the dispersion or the displacement of the gas: currents, evolution 
of the concentration of the gas, gas accumulations. 
 
Atmospheric characteristics include physical transport of gas, aerosols and dust in 
the atmosphere and chemical and photochemical reactions. 
 
Meteorology is characterised by atmospheric precipitation, temperature, pressure, 
wind speed and direction. The variability in meteorology should be included so that 
extremes such as drought, flooding, storms and snow melt are identified. 

 

6.1.5 Hydrological regime and water balance Processes related to near-surface hydrology at a catchment scale and also soil water 
balance, and their evolution with time. 
 
The hydrological regime is a description of the movement of water through the 
surface and near-surface environment. It includes the movement of materials 
associated with the water such as gas or particulates and extremes such as drought, 
flooding, storms and snow melt. 

 

6.1.6 Near-surface aquifers and surface water bodies Features related to the characteristics of aquifers and water-bearing features and their 
evolution. 

 

6.1.8 Terrestrial Flora and Fauna Features and processes related to the characteristics of terrestrial and freshwater flora 
and fauna, and their evolution. Includes plants, animals, fungi, algae and microbes. 

 



6.1.9 Terrestrial Ecological Systems Features and processes related to interactions between terrestrial and freshwater 
populations of animals, plants, algae, fungi, microbes and their evolution. 
 
Characteristics of the ecological system include the vegetation regime, and natural 
cycles such as forest fires or flash floods that influence the development of the 
ecology. The plant, animal, algal, fungal and microbial populations occupying the 
surface environment are an intrinsic component of its ecology. Their behaviour and 
population dynamics are regulated by the wide range of processes that define the 
ecological system. Human activities have significantly altered the natural ecology of 
most environments. 

 

 



Table 15: FEP Class 6.2, Marine Environment 
 
FEP Number Description Explanation Comments 

6.2.1 Coastal Features Features and processes related to the characteristics of coasts and the near shore, and 
their evolution. Coastal features include headlands, bays, beaches, spits, cliffs and 
estuaries. 

 

6.2.2 Local Oceanography Features and processes related to the characteristics of seas and oceans and their 
evolution. This includes the topography and morphology of the seabed; thermal 
stratification and salinity gradients; and marine currents. 

 

6.2.3 Marine Sediments Features and processes associated with sediments in the marine environment. This 
includes both the physical and chemical characteristics of the sediments, along with 
sedimentation and resuspension processes. 

 

6.2.4 Marine flora and fauna Features and processes related to the characteristics of marine flora and fauna, and 
their evolution. Includes plants, animals, fungi, algae and microbes. 

 

6.2.5 Marine ecological systems Features and processes related to interactions between populations of algae, animals, 
microbes and their evolution. 
 
Characteristics of the ecological system. The algal, animal and microbial populations 
occupying the marine environment are an intrinsic component of its ecology. Their 
behaviour and population dynamics are regulated by the wide range of processes that 
define the ecological system. 

 

 
 



Table 16: FEP Class 6.3, Human Behavior 
 
FEP Number Description Explanation Comments 

6.3.1 Human Characteristics Features and processes related to characteristics, e.g. physiology, metabolism, of 
individual humans. This includes considerations of variability, in individual humans, 
of physiology and metabolism due to age and other variations. 
 
Physiology refers to body and organ form and function. Metabolism refers to the 
chemical and biochemical reactions which occur within an organism, or part of an 
organism, in connection with the production and use of energy. 
 
Children and infants, although similar to adults, often have characteristic differences, 
e.g. metabolism and respiratory rates, which may lead to different characteristics of 
exposure to CO2 or contaminants. 

 

6.3.2 Diet and Food Processing Features related to intake of food and water by individual humans and the 
compositions and origin of intake. This includes considerations of how diets, of 
individual humans, may vary with age and other variations (ingestion of soil by 
infants, for example). 
 
This FEP also includes processes related to the treatment of foodstuffs and water 
between origin and consumption. For example, once a crop is harvested it may be 
subject to a variety of storage, processing and preparational activities prior to human 
or livestock consumption. Water sources may be treated prior to human or livestock 
consumption, e.g. chemical treatment and/or filtration. 

 

6.3.3 Lifestyles Features related to non-diet related behaviour of individual humans, including time 
spent in various environments, pursuit of activities and uses of materials. This 
includes consideration of variability of the habits of individuals due to age and other 
factors. 
 
The human habits refer to the time spent in different environments in pursuit of 
different activities and other uses of materials. The diet and habits will be influenced 
by agricultural practices and human factors such as culture, religion, economics and 
technology. 

 

6.3.4 Land and water Use FEPs related to land and water use by humans in the near-surface environment and 
the resulting implications for CO2 leakage and contaminant transport and exposure 
pathways. This includes consideration of: 
- the use of natural or semi-natural tracts of land and water such as forest, brush, 
rivers, lakes and the sea; 
- rural and agricultural land and water use (including freshwater and marine 
fisheries); 
- urban and industrial land and water use related to developments, including 
transport, and their effects on hydrology; and 
- leisure and other uses of environment. 

 



6.3.5 Community Characteristics Features related to characteristics, behaviour and lifestyle of groups of humans that 
might be considered as target groups in an assessment. 
 
Relevant characteristics might be the size of a group and degree of self-sufficiency in 
food stuffs/diet. Associated with this is a consideration of the amount of resources 
required to meet the needs of the community. 

 

6.3.6 Buildings The structure or materials used in building construction be significant factors for 
determining potential exposure pathways to CO2 or contaminants. For example, 
given that CO2 is denser than air, it may accumulate in the basements/cellars of 
dwellings. 

 

 
 
 
 
 



Table 17: FEP Class 7.1, System Performance 
 
FEP Number Description Explanation Comments 

7.1.1 Loss of Containment Loss of sequestered CO2 from the intended storage reservoir. Loss includes both 
consideration of loss to other parts of the geosphere and to the near-surface and 
surface environments, such as loss to marine water and surface water bodies, where 
CO2 may result in stratification or pooling 

 

 
 



Table 18: FEP Class 7.2, Impacts on the Physical Environment 
 
FEP Number Description Explanation Comments 

7.2.1 Contamination of Groundwater 
 

The existence of water aquifers may be important if they are subject to CO2-induced 
chemical changes or CO2-induced saline intrusion. The migration of CO2 into an 
aquifer will result in the acidification of the water. Depending on the mineralogical 
composition of the aquifer and the chemical composition of the water, chemical 
reactions may occur which release heavy metals from the solid phase. The 
mechanisms which may cause this release include dissolution of metal oxides or 
oxyhydroxides, the reaction/diagenesis of clay minerals, and the desorption of metals 
that are adsorbed on clay surfaces or organic complexes. 

 

7.2.2 Impacts on soils and sediments 
 

Soils and sediments may have elevated concentrations of CO2, should it leak from 
the storage system, and/or other contaminants, such as heavy metals, hydrocarbons 
or even increased salinity resulting from CO2 sequestration. 
 
For example, natural CO2 leaking from a trapped reservoir near Mammoth 
Mountain, in California, has resulted in soil gas concentrations of 20 to 90%. 

 

7.2.3 Release to the atmosphere 
 

Release of CO2 to the atmosphere from the storage system or other contaminants, 
such as radon or methane, mobilised as a result of the sequestration. 

 

7.2.4 Impacts on exploitation of natural resources 
 

The impact of CO2 sequestration on the exploitation of natural resources such as oil 
and gas. 
 
Enhanced oil recovery (EOR) and enhanced coal bed methane (ECBM) recovery 
projects involving the injection of CO2 are based on improved recovery of oil and 
methane respectively resulting from CO2 sequestration. However, CO2 sequestration 
may result in the contamination of geological resources (such as hydrocarbons and 
minerals) or inhibit their recovery or future exploitation. 
 
Note that the potential impact on groundwater resources is considered in 'Impacts on 
groundwater'. 

 

7.2.5 Modified Hydrology and Hydrogeology 
 

The injection of CO2 may result in modifications to both the deep hydrogeology and 
near-surface hydrology. 

 

7.2.6 Modified Geochemistry 
 

The injection of CO2 will modify the geochemistry of the sequestration system. This 
may be confined to the immediate vicinity of the storage location, or, through 
leakage from the reservoir, may affect other locations. 

 

7.2.7 Modified Seismicity 
 

Injection of supercritical CO2 into a geological formation may induce seismic events 
and processes. 

 

7.2.8 Modified Surface Topography 
 

The gradual or sudden sinking (subsidence) or elevation (uplift) of the topography of 
the terrestrial surface or marine sea-bed. 

 

 



Table 19: FEP Class 7.3, Impacts on Flora and Fauna 
 
FEP Number Description Explanation Comments 

7.3.1 Asphyxlation effects Asphyxiation effects of CO2 on terrestrial and aquatic fauna. 
 
Oxygen is an essential requirement for respiration in animals and is therefore needed 
to sustain life. High concentrations of CO2 in air or water will lead to suffocation of 
terrestrial and aquatic animals due to a lack of oxygen reaching the blood stream. 
 
If meteorological conditions do not disperse CO2 released to the atmosphere, it can 
gather close to the surface and remain in depressions, such as natural hollows. This 
property allows CO2 to reach high concentrations if released in sufficient quantities 
under particular atmospheric conditions. 
 
The 1986 Lake Nyos disaster in Cameroon provides a graphic example of the 
potential effects of high atmospheric concentrations of CO2. A large limnic eruption 
resulted in the death of wildlife (see picture below) and approximately 1800 people 
in the surrounding area and up to 27 km away. 

 

7.3.2 Effect of CO2 on plants and algae Plants and algae (in both terrestrial and marine environments) use energy in sunlight 
to photosynthesise carbohydrates from CO2 and water (H2O). Increasing 
concentrations of CO2 around the photosynthetic tissues, increases the rate of 
photosynthesis and therefore growth and productivity in terrestrial and aquatic plants 
and algae. 
 
However, the roots of most plants need oxygen to breakdown carbohydrates to 
provide energy for root growth and healthy metabolism, a process called aerobic 
respiration. High concentrations of CO2 in the soil reduces the availability of O2 and 
can cause roots and therefore plants to die. 
 
At Mammoth Mountain, in California, CO2 has accounted for up to 95% of the gas 
concentration in soil at the edge of Horseshoe Lake due to release from natural 
geological CO2 reservoirs caused by volcanic activity. These high soil 
concentrations have resulted in areas of forest being killed (see picture below). 

 

7.3.3 Ecotoxicology of contaminants Contaminants other than CO2 may be introduced to the biosphere as a result of 
geological CO2 sequestration due to: 
- impurities associated with the sequestration fluid, such as hydrogen sulphide (H2S), 
methane (CH4), nitrogen oxides (NOx) and mercaptans; 
- the mobilisation of substances in the geological environment due to the 
sequestration of CO2, such as hydrocarbons, brine, CH4 and heavy metals. 
 
These substances may have a toxic effect on organisms in the biosphere, including 
plants, animals, algae and fungi. 

 



7.3.4 Ecological Effects Geological sequestration of CO2 may have an impact on the biosphere at a 
community, population and/or ecological level, with subsequent implications for 
biodiversity. The potential impact of releases of CO2 and associated or mobilised 
contaminants into the biosphere may disrupt biological interactions sufficiently to 
modify the terrestrial or marine ecosystems affected. 
 
For example, the sudden release of natural CO2 due to the limnic eruption at Lake 
Nyos, Cameroon, resulted in the sudden death of wildlife, but was unlikely to affect 
the ecology in the longer term. However, the continued gradual release of natural 
CO2 into soil near Mammoth Mountain, California, has been sufficient to kill trees 
and damage the local ecosystem since 1996 until the present day. 

 

7.3.5 Modification of microbiological systems Microbes will be present in the geosphere as well as in the terrestrial and/or marine 
environments above the CO2 storage reservoir. CO2 sequestration may disrupt 
microbial aerobic respiration but may enhance anaerobic respiration, with subsequent 
implications for the processes in which the microbes are involved. 
 
Microbes play an important roll in all terrestrial and marine ecosystems, including 
those associated with extreme environments, such as deep sea hydrothermal vents. 

 

 



Table 20: FEP Class 7.3, Impacts on Humans 
 
FEP Number Description Explanation Comments 

7.3.1 Health Effects of CO2 Elevated atmospheric concentrations of CO2 can result in both acute and chronic 
health effects in humans. If meteorological conditions do not disperse CO2 released 
to the atmosphere, it can gather close to the surface and remain in depressions, such 
as the basement of buildings or at the surface of lakes. This property allows CO2 to 
reach high concentrations if released in sufficient quantities under particular 
atmospheric conditions. 
 
The primary health effect of concern is asphyxiation. Oxygen is an essential 
requirement for respiration in humans and is therefore needed to sustain life. High 
concentrations of CO2 in air will lead to suffocation of humans due to a lack of 
oxygen reaching the blood stream. Asphyxiation can occur once atmospheric 
concentrations reach approximately 10% CO2. 
 
Other health effects include those directly associated with elevated concentrations of 
CO2 in the blood stream, such as acidosis (acidification), and physiological 
responses to the elevated blood CO2, such as stimulation of the sympathetic nervous 
system and the release of catecholamines (such as adrenaline).  
 
The 1986 Lake Nyos disaster in Cameroon provides a graphic example of the 
potential effects of high atmospheric concentrations of CO2. A large limnic eruption 
resulted in the death of approximately 1800 people in the surrounding area and up to 
27 km away. 

 

7.3.2 Toxicity of Contaminants Contaminants other than CO2 may be introduced to the biosphere as a result of 
geological CO2 sequestration due to: 
- impurities associated with the sequestration fluid, such as hydrogen sulphide (H2S), 
methane (CH4), nitrogen oxides (NOx) and mercaptans; 
- the mobilisation of substances in the geological environment due to the 
sequestration of CO2, such as hydrocarbons, CH4 and heavy metals. 
 
Such contaminants may be toxic to humans and could cause harm if exposure 
pathways exist.The toxicity will depend on: the form of exposure, e.g. ingestion or 
inhalation, leading to internal exposure or proximity to concentrations of 
contaminants leading to external exposure; the metabolism of the contaminant and 
physico-chemical form if inhaled or ingested, which will determine the extent to 
which the element/species may be taken up and retained in body tissues. 

 

7.3.3 Impacts from Physical Disruption Impacts on humans due to physical disruption of the environment caused by 
geological CO2 sequestration. For example, damage to buildings due to induced 
seismicity, damage to farmland due to subsidence or uplift. 

 

7.3.4 Impacts from Ecological Modification Impacts on humans due to ecological modification. These may be negative (for 
example, reduced timber yields due to damage caused to trees by CO2 in the soil) or 

 



positive (for example, increased crop yields due to higher atmospheric CO2). 

 


