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ABSTRACT
The Illinois Basin, a major geologic basin 
in the north-central United States, is a 
globally significant saline reservoir for 
geologic carbon sequestration (GCS). To 
evaluate the feasibility of future commer-
cial-scale GCS within the Illinois Basin, 
a basin-scale flow model was developed 
with TOUGH2-MP/ECO2N simulation 
software and was refined as new geologic 
data became available. Geologic data 
obtained for the Illinois Basin – Decatur 
Project were used for this modeling proj-
ect. Numerical modeling can be used to 
guide future efficient GCS development 
and to understand the potential con-
sequences of such development. These 
GCS models included the Eau Claire 
Formation (caprock), the Mt. Simon 
Sandstone as the injection reservoir, and 
the underlying Argenta sandstone and 
Precambrian basement. For this project, 
the migration and fate of injected CO

2
 

and the pressure changes in this open 
reservoir in response to hypothetical 
future GCS developments were assessed. 
Because of the uncertainty in the geologic 
and petrophysical data needed to build 
a GCS model at the basin scale, a series 
of simulations were developed rather 
than a single best model. The resulting 
family of six solutions provided a range 
of possible simulations and should be 
useful for developing basin-scale GCS in 
the Illinois Basin or other open basins. 
Model results showed that a maximum of 
approximately 5 billion tonnes (5.5 billion 
tons, or 100 million tonnes [110 million 
tons] injected annually for 50 years) of 
CO

2
 could be injected safely and perma-

nently into the Illinois Basin. In many but 
not all scenarios, CO

2
 remained in the Mt. 

Simon Sandstone and never migrated up 
to the base of the caprock. In addition, 
the percentage of injected CO

2
 trapped 

by residual saturation, dissolution, and 
stratigraphic trapping depended on the 
geologic model and the petrophysical 
properties assigned. For example, dis-
solution could trap 8% to 61% of the 
injected CO

2
, as illustrated in this model-

ing effort. Finally, these modeling results 
demonstrated that some CO

2
 would 

remain mobile in the subsurface long 
after injection ceased, up to 5,000 years.

INTRODUCTION
In 1990, the Intergovernmental Panel on 
Climate Change (IPCC) expressed con-
cern that the global climate was warm-
ing because of anthropogenic changes 
to greenhouse gases in the atmosphere 
(IPCC 1990). Greenhouse gases include 
carbon dioxide (CO

2
), methane (CH

4
), 

nitrous oxide (N
2
O), and chlorofluoro-

carbons. Atmospheric concentrations of 
these gases have increased since 1750, 
which is considered the onset of the 
Industrial Revolution (Figure 1). The 
IPCC (1990) recognized that emissions 
of these gases needed to be reduced to 
prevent additional global warming. Using 
the analogues of oil and gas reservoirs 
and natural gas storage in the subsurface, 
geoscientists recognized that reservoirs 
could be used to store CO

2
 securely (e.g., 

van der Harst and van Nieuwland 1989; 
Law and Bachu 1996; Haszeldine 2009). 
To achieve these emission reductions, 
Pacala and Socolow (2004) developed a 
strategy that included 15 different “stabi-
lization wedges.” Each wedge represented 
a total of 22.7 billion tonnes (25 billion 
tons) of carbon emissions over a 50-year 
period, where 0.9 tonne (1 ton) of carbon 
emissions was equivalent to 3.32 tonnes 
(3.66 tons) of CO

2
 emissions. They called 

for one wedge to store carbon emis-
sions from 800 coal-fired power plants 
in the subsurface. The U.S. Department 
of Energy (USDOE 2010, 2015) has now 
developed an atlas of geologic forma-
tions in North America where CO

2
 can be 

stored.

Nordbotten and Celia (2011) noted that 
geologic storage could allow society to 
limit atmospheric concentrations of CO

2
, 

which they referred to as the “carbon 
problem,” and that modeling could 
facilitate proper analysis of CO

2
 injection 

operations and their possible conse-
quences. The simulators used to predict 
the effects of GCS could be simple and 
include a single trapping process, or they 
could be more elaborate and include all 
four major trapping processes. To simu-
late GCS in saline reservoirs, Ennis-King 
and Paterson (2005) developed a simple 
one-dimensional analytical simulator 
to evaluate the significance of solubility 
trapping. Likewise, Hesse et al. (2008) 
developed a one-dimensional analytical 

tool to describe the effect of residual trap-
ping in saline reservoirs. Analytical simu-
lators commonly require limited input 
data to estimate the desired solution, 
which allows estimates to be developed 
in a shorter time frame. This simplicity 
may, however, limit the utility of the mod-
eling results. For these two examples, the 
modeling results demonstrated the effect 
of only a single process in one dimension. 
More often, the competing effects of two 
or more processes need to be evaluated 
and the results need to be defined for two 
or three dimensions. Numerical simula-
tors allow more trapping processes to 
be evaluated simultaneously. They have 
been used to evaluate GCS in two and 
three dimensions for generic settings 
(Ghanbari et al. 2006) as well as for spe-
cific geologic settings such as the Illinois 
Basin (Person et al. 2010; Zhou et al. 
2010), the Michigan Basin (Barnes et al. 
2009), the Alberta Basin (Law and Bachu 
1996), and the Kanto Basin beneath 
Tokyo Bay (Yamamoto et al. 2009).

Background
Stationary sources that emit CO

2
 to 

the atmosphere include power plants, 
ethanol plants, petroleum refineries, 
and other chemical and metal process-
ing plants. In the Illinois Basin region, 
stationary sources emit approximately 
291.2 million tonnes (321 million tons) of 
CO

2
, of which more than 80% originates 

from electrical generation plants (USDOE 
2012; Figure 2). In 2015, the USDOE 
revised these emission values to 267 
million tonnes (294 million tons) from 
380 sources for the Illinois Basin region 
(USDOE 2015).

Geologic carbon sequestration (GCS) 
involves injecting CO

2
 into a reservoir. 

Candidate GCS reservoirs include basalt, 
coal, oil and gas, organic-rich shale, and 
saline reservoirs (USDOE 2010). Oil and 
gas reservoirs, organic-rich shale, and 
coal offer a potential economic benefit 
via resource recovery (oil or methane), 
but their potential for sequestering CO

2
 is 

significantly less than that of saline reser-
voirs. Saline reservoirs have been identi-
fied as significant reservoirs for GCS in 
North America, accounting for more than 
90% of the CO

2
 storage resources in North 
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Figure 1 Atmospheric concentrations of carbon diox-
ide (CO2), methane (CH4), and nitrous oxide (N2O) 
over the last 10,000 years (large images) and since 
1750 (inset images). Measurements are shown from 
ice cores (with symbols of different colors denot-
ing different studies) and atmospheric samples (red 
lines). The corresponding radiative forcings are 
shown on the right axes of the large panels. ppm, 
parts per million; ppb, parts per billion. Figure SPM.1 
from Climate Change 2007: The Physical Science 
Basis. Working Group I Contribution to the Fourth 
Assessment Report of the Intergovernmental Panel 
on Climate Change (Solomon, S., D. Qin, M. Manning, 
Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. 
Miller, eds.). Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA. Copyright 
© Intergovernmental Panel on Climate Change 2007. 
Used by permission.
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America (USDOE 2015). Saline reservoirs 
in Illinois are estimated to have a storage 
capacity of 19.7 to 213 billion tonnes (21.7 
to 234.8 billion tons), which is sufficient 
to store between 164 and 1,780 years of 
current CO

2
 emissions from the major 

stationary sources in the basin (USDOE 
2015). The saline reservoirs included in 
this assessment are the Mount Simon 
Sandstone (Mt. Simon), the St. Peter 
Sandstone, and the Cypress Sandstone. 

The Mt. Simon reservoir is the most sig-
nificant storage resource (USDOE 2012).

For most GCS projects, CO
2
 will have 

a lower density than the native brine 
and will behave as a supercritical fluid 
at reservoir pressure and temperature. 
Carbon dioxide will flow horizontally 
and vertically in a saline reservoir until 
it is trapped by one of four trapping 
processes: structural or stratigraphic, 
residual, solubility, or mineral trapping 

(Bachu et al. 1994). Structural or strati-
graphic trapping involves obstruction of 
the flow of CO

2
 by a structural feature or 

stratigraphic change in the subsurface 
geology resulting from an increase in cap-
illary pressure or a reduction in perme-
ability. A shale caprock overlying a sand-
stone reservoir is an example of a strati-
graphic trap. Residual trapping describes 
the physics of two-phase flow in which 
some of the nonwetting fluid (CO

2
) will 

Figure 2 Stationary sources of CO2 in the Illinois Basin region. The Illinois Basin is outlined in blue and covers parts of 
Illinois, Indiana, and Kentucky. From U.S. Department of Energy, National Energy Technology Laboratory, 2012, The United 
States 2012 carbon utilization and storage atlas, 4th ed.: Washington, DC, U.S. Department of Energy, p. 43. Used courtesy of 
the U.S. Department of Energy.
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remain in the smaller rock pores because 
of interfacial tension as the nonwetting 
fluid is replaced by the wetting fluid 
(brine). Solubility trapping describes the 
simple process of CO

2
 dissolving in the 

brine. The final process, mineral trapping, 
describes the geochemical process by 
which free-phase or aqueous-phase CO

2
 

reacts to form a mineral (solid), such as 
calcium carbonate.

Illinois Basin Geology
The Illinois Basin is a major geologic 
basin in the north-central United States 
(Figure 3). It covers an area of approxi-
mately 700 km (435 mi) from north to 
south and 300 km (186 mi) from east to 
west. The basin dips to the south and is 
filled with 450 to 7,000 m (1,476 to 22,966 
ft) of Paleozoic rocks (Collinson et al. 
1988). The Cambrian-age Mt. Simon is 
the basal sandstone reservoir in the Illi-
nois Basin (Figure 4) and is open to the 
north. The Mt. Simon is generally at least 
150 m (492 ft) thick in areas favorable 
for GCS, but its thickness exceeds 790 m 
(2,592 ft) in the depocenter. It is uncon-
formably underlain by Precambrian 
bedrock and conformably overlain by the 
Eau Claire Formation (Kolata 2010). The 
Mt. Simon is a fine- to coarse-grained, 
partly pebbly, poorly sorted quartzose 
to arkosic sandstone and is part of a 
vast sheet of basal Cambrian sandstone 
that covers wide areas of the midconti-
nental United States (Kolata 2010). The 
Mt. Simon is a source of groundwater in 
northern Illinois and southern Wisconsin 
(outside the basin) and is used to store 
industrial waste (outside the basin) and 
natural gas (inside and outside the basin). 
The effects of GCS on these uses need 
to be evaluated. Because the Mt. Simon 
contains no economic minerals or oil and 
gas deposits, geologic data are limited for 
this formation within the Illinois Basin. 
Thus, the geologic model developed for 
this project was evolutionary and was 
revised as more geologic, geophysical, 
hydrogeologic, and geochemical data 
became available through the Illinois 
Basin – Decatur Project (IBDP) and other 
research and evaluation. The Eau Claire 
consists of dolomitic siltstones and sand-
stones with interbedded dolomite and 
shale in northern Illinois, but it grades to 

predominantly dolomite and limestone 
in southern Illinois (Kolata 2010). The 
Precambrian bedrock is also known as 
the crystalline crust and primarily con-
sists of granite plutons, granodiorite, and 
rhyolite (McBride et al. 2010).

Modeling Approach  
and Objective
Geologic carbon sequestration involves 
injecting supercritical CO

2
 (scCO

2
) into a 

brine-filled reservoir. This is a two-phase 
flow problem in which scCO

2
 is the non-

wetting fluid and brine is the wetting 
fluid. During injection, the scCO

2
 will 

displace brine from the pores and spread 
by injection pressure and buoyancy 
forces but will be restricted by capillary 
and viscous forces. After injection stops, 
the injection pressure will quickly decline 
and the brine will flow back into the 
space occupied by the scCO

2
, which will 

continue to spread through buoyancy. 
This displacement of scCO

2
 by brine is 

known as imbibition. In saline reservoirs, 
CO

2
 is trapped by one of four trapping 

processes: structural or stratigraphic, 
residual, solubility, or mineral trapping. 
Preliminary geochemical modeling indi-
cated that mineral trapping would not be 
a significant trapping process for GCS in 
the Mt. Simon Sandstone of the Illinois 
Basin (Berger et al. 2009). This work was 
later confirmed by high-pressure, high-
temperature geochemical experiments 
(Yoksoulian et al. 2013). Thus, a simula-
tor capable of modeling the three other 
trapping processes was selected. The 
two-phase flow simulator TOUGH2-MP 
(Zhang et al. 2008) with module ECO2N 
(Pruess 2005) was selected and used. 
This modeling process was begun as a 
partnership between scientists from the 
Illinois State Geological Survey (ISGS) 
and Lawrence Berkeley National Labora-
tory (LBNL), who had a long history of 
working with TOUGH2-MP/ECO2N, so 
their experience was key to selecting this 
software. Given the lack of data on many 
input parameters for this basin-scale 
model, we developed a series of models 
that would evolve over time as new data 
became available via the IBDP and other 
research. The philosophy was to develop 
a series of solutions, rather than a single 
solution.

Six generations of this GCS model have 
been developed to date and are described 
in this report. The first-generation (ILB01) 
modeling setup and results are described 
in the ILB01—Original Model section. 
Additional sections (ILB02—Model Using 
IBDP Static Data through ILB06—Model 
Evaluating Heterogeneous Geologic 
Data) describe successive generations of 
the basin-scale model. The last sections 
of this work present the Summary and 
Conclusions and Directions for Future 
Research. This modeling effort began 
in 2008, and some results have been 
published. Zhou et al. (2010) described 
some first-generation (ILB01) modeling 
results, Mehnert et al. (2013) and Roy et 
al. (2014) reported the second-generation 
(ILB02) modeling results, and Mehnert et 
al. (2014) presented the third-generation 
(ILB03) modeling results.

The long-term objectives of this numeri-
cal modeling effort were to evaluate 
the feasibility of injecting commercial-
scale quantities of CO

2
, to predict the 

short- and long-term migration or fate 
of the injected CO

2
, to assess the pres-

sure changes in this open reservoir in 
response to future GCS developments, 
and to continue to improve the input data 
for the model as new geologic, hydrogeo-
logic, and laboratory-testing data became 
available. These goals reflect questions 
and concerns put forth by the public 
about the long-term effects of GCS. In this 
report, we illustrate the effects of revising 
the geologic model and initial condi-
tions on the flow model results, placing 
emphasis on the pressure changes pre-
dicted with the GCS model and the major 
CO

2
 trapping mechanisms at the basin 

scale. To evaluate the consequences of 
future GCS activities, we explore the 
effects of injecting a significant portion of 
atmospheric CO

2
 emissions into the Illi-

nois Basin. Stationary sources in the Illi-
nois Basin emit 291 million tonnes (320 
million tons) of CO

2
 into the atmosphere 

(USDOE 2012); thus, we have specifically 
investigated the effects of injecting 50 
or 100 million tonnes (55 to 110 million 
tons) of CO

2
 per year into 20 to 40 injec-

tion wells over an injection period of 50 
years, followed by a postinjection period 
of variable duration (140 to 4,950 years).
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Software and  
Hardware Description
The TOUGH2-MP two-phase flow simula-
tor (Zhang et al. 2008), a multiprocessor 
version of TOUGH2 (Pruess et al. 1999), 
is a general-purpose numerical simula-
tor for multiphase fluid and heat flow in 
porous and fractured media. In perform-
ing a parallel simulation, the TOUGH2-
MP code first subdivides the simulation 
domain, as defined by an unstructured 
grid of a TOUGH2 mesh, into a number 
of subdomains with the partitioning algo-
rithm from the METIS software package 
(Karypsis and Kumar 1998). The parallel 
code then relies on a message-passing 
interface (a technology critical for cluster 
supercomputing) for parallel implemen-
tation (see Message Passing Interface 
Forum 1994). Each process and proces-
sor is in charge of updating the thermo-
physical properties, assembling mass and 
energy balance equations, solving linear 
equation systems, and performing other 
local computations for one portion of the 
simulation domain. Multiple processors 
solve the local linear equation systems in 
parallel by using the Aztec linear solver 
package (Tuminaro et al. 1999). Further-
more, the message-exchange speed is 
enhanced by using nonblocking commu-
nications during both the linear and non-
linear iterations. Zhang et al. (2008) also 
modified the Aztec parallel linear-equa-
tion solver to allow nonblocking commu-
nication. All these improvements resulted 
in the present version of TOUGH2-MP 
being faster and more scalable than its 
predecessor. Time stepping in TOUGH2-
MP is dynamic and can vary from <1 
to >106 s. The model development and 
analysis tool mView was used to facilitate 
pre- and postprocessing of TOUGH2-MP 
files (Avis et al. 2012; Geofirma Engineer-
ing Ltd., Ottawa, Ontario, Canada).

Because this three-dimensional (3-D) 
GCS model is large (>1.2 million 
elements), the ISGS conducted the 
simulations by using eXtreme Science 
and Engineering Discovery Environment 
(XSEDE) supercomputer resources. 
Allocations of computer resources 
were obtained from 2009 through 2017, 
which provided our research team 
with 1,315,000 service units (SUs). 
Testing and simulating one basin-scale 
simulation typically used 50,000 SUs. 
Simulations were run on the Lincoln 

supercomputer at the National Center 
for Supercomputing Applications at 
the University of Illinois and on the 
Trestles and Comet systems hosted by 
the San Diego Supercomputer Center at 
the University of California, San Diego. 
These computer systems are part of a 
National Science Foundation-funded 
cyberinfrastructure originally known as 
the TeraGrid and now known as XSEDE.

ILB01—ORIGINAL MODEL
The first-generation model for com-
mercial-scale GCS in the Illinois Basin, 
ILB01, was developed collaboratively 
by researchers at the ISGS and LBNL. 
The methods used for this research and 
results from it are described in detail 
here and were summarized previously 
by Zhou et al. (2010) and Mehnert et al. 
(2013). 

Numerical Grid, Number of  
Injection Wells, and Carbon  
Dioxide Injected
A 3-D numerical grid was developed for 
an area that covered most of Illinois and 

1,000

1,000 1,100 1,200 1,300

900

800

800 900

700

600

500

km

km

Figure 5 Two-dimensional mesh generated as part of the 3-D unstructured 
mesh, with a higher resolution at and around each injection well. Twenty injec-
tion wells were used for the ILB01 simulation. Modified from Zhou, Q-l., J.T. 
Birkholzer, E. Mehnert, Y-F. Lin, and K. Zhang, 2010, Modeling basin- and plume-
scale processes of CO2 storage for full-scale deployment: Groundwater, vol. 48, 
no. 4, p. 494–514, figure 4. Reprinted from Groundwater with permission of the 
National Ground Water Association. Copyright © 2010.

Indiana and parts of western Kentucky. 
The numerical grid or computational 
mesh covered an area of approximately 
241,000 km2 (93,051 mi2) and did not 
have uniform size elements. A telescopic 
grid refinement was used, with smaller 
radial elements near the injection wells 
and rectangular elements elsewhere 
(Figure 5). The radial mesh for each well 
extended 10 km (6.2 mi) from the well 
center, where it fit inside a square mesh 
that became progressively larger toward 
the boundary (2 × 2 km to 5 × 5 km to 10 
× 10 km [1.2 × 1.2 mi to 3.1 × 3.1 mi to 
6.2 × 6.2 mi]). This numerical grid had 
1,254,397 elements.

The simulations for ILB01 covered a total 
period of 200 years, with CO

2
 injection 

occurring during the first 50 years and 
postinjection extending for a period of 
150 years. Supercritical CO

2
 was injected 

into 20 injection wells at a total rate of 100 
million tonnes (110 million tons) per year 
(20 wells at 5 million tonnes [5.5 million 
tons] per well per year). The total mass 
of CO

2
 injected was 5 billion tonnes (5.5 

billion tons) over the 50-year injection 
period.
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Geologic Data and Formations 
Included in the Model
The conceptual model included the Mt. 
Simon as the injection zone, the Eau 
Claire as the upper confining unit, and 
the Precambrian bedrock as the lower 
confining unit. The Precambrian was the 
deepest layer and was overlain by the Mt. 
Simon and Eau Claire. The Precambrian 
was represented as a single layer and 
represented the weathered portion of the 
upper Precambrian. The Mt. Simon was 
discretized with 24 vertical layers near 
the injection wells, whereas 4 layers were 
used in the far-field region of the model. 
Two injection zones were included in the 
lower portion of the Mt. Simon. The Eau 
Claire Formation was represented by four 
layers. The grid included 29 layers, with 
the bottom layer numbered 000 and the 
top layer 028. The vertical layers for the 
Eau Claire, Mt. Simon, and Precambrian 
were set by using elevation data from the 
Geographic Information System (GIS) of 
the ISGS and were assumed to be later-
ally continuous across the model. This 
conceptual model of injection zones 
and confining layers used for ILB01 was 
developed before any drilling, logging, or 
testing data were collected from the IBDP 
site.

Lateral boundaries were set based on 
geologic structures or stratigraphic 
changes and distance. The boundaries 
of the ILB01 were located near the 
Wisconsin Arch, Kankakee Arch, 
Cincinnati Arch, Pascola Arch, Ozark 
Dome, and Mississippi River Arch 
(Figure 6). In some areas, we selected 
the model boundary to be at a sufficient 
distance to minimize its effect. The side 
and top boundaries had a fixed pressure, 
whereas the bottom boundary was a 
no-flow boundary. The initial condition 
required definitions of the salinity and 
density of the brine and the formation 
pressure and temperature throughout 
the model domain. Salinity in the Mt. 
Simon is very low in northern Illinois 
and very high in southern Illinois and 
southern Indiana (Midwest Geological 
Sequestration Consortium [MGSC] 2005). 
A temperature gradient of 9.2 °C per 
1,000-m (3,281-ft) depth was used (Zhou 
et al. 2010). Other details regarding the 
development of the initial conditions for 
this 3-D model were provided by Zhou et 
al. (2010).
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Figure 6 Overview of the Illinois Basin and nearby geologic structures. Details of 
the ILB01 injection wells and model boundaries are overlain on the elevation (in 
meters) of the top of the Mt. Simon Sandstone. The black lines show structural 
features. The gray line shows the Illinois Basin boundary, and the white line shows 
the injection well area boundary. From Zhou, Q-l., J.T. Birkholzer, E. Mehnert, 
Y-F. Lin, and K. Zhang, 2010, Modeling basin- and plume-scale processes of CO2 
storage for full-scale deployment: Groundwater, vol. 48, no. 4, p. 494–514, figure 
1. Reprinted from Groundwater with permission of the National Ground Water 
Association. Copyright © 2010.

The geologic model required us to define 
the 3-D geometry of the rock units and 
the defining properties needed by the 
simulator, such as rock properties (e.g., 
pore compressibility, porosity, perme-
ability), fluid properties (e.g., density, 
salinity), and reservoir properties (e.g., 
relative permeability, residual satura-
tion; see Table 1). The geometric data 
for the top and bottom elevations of 
the formations included in the geologic 
model were retrieved from the ISGS 
GIS. Although the thicknesses of these 
formations vary by location, their thick-
nesses at well 14 (Figure 6) were 95 m 
(312 ft) for the Eau Claire, 609 m (1,998 
ft) for the Mt. Simon, and 84 m (276 ft) 
for the Precambrian weathered rock. In 

the first scenario (ILB01a), petrophysical 
properties were solely determined from 
the nearest well that fully penetrated the 
entire Mt. Simon (Weaber-Horn Unit #1, 
API 120510157200). This well is approxi-
mately 80 km (50 mi) away from the 
IBDP and was drilled and logged in 1960. 
Given the limited understanding of the 
reservoir architecture of the Mt. Simon 
and the paucity of data available, perme-
ability and porosity were homogeneous 
within each layer for this iteration of the 
model. The second scenario (ILB01b) was 
a minor variation on the first scenario 
in which the vertical permeability was 
decreased to values equal to the horizon-
tal permeability.
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Figure 7 Porosity and permeability values assigned to the 24 vertical layers near the injection wells for the TOUGH2-
MP simulator in the first modeling scenario (ILB01a). The stratigraphy and the upper and lower injection zones (gray 
shaded areas) are also shown. MSL, mean sea level; Kx, horizontal permeability; Kz, vertical permeability.

In the first scenario (ILB01a), petrophysi-
cal properties were solely determined 
from the nearest well that fully penetrated 
the entire Mt. Simon (Weaber-Horn Unit 
#1). The petrophysical properties esti-
mated from Weaber-Horn Unit #1 were 
assigned homogeneously across the 
basin. The geologic model for this sce-
nario was developed without using any 
data obtained from the IBDP injection 
well and monitoring well, which were 
completed in the Mt. Simon. Figure 7 also 
shows the stratigraphy of the modeled 
formations and the two injection zones 
at the base of the Mt. Simon. The major 
difference between scenarios ILB01a and 
ILB01b is that the lower vertical perme-

ability was assigned to nine Mt. Simon 
layers in ILB01b. For ILB01b, the vertical 
permeability was reduced to match the 
horizontal permeability values for the 
nine layers in the Mt. Simon.

Modeling Results and Discussion
The effect of injecting CO

2
 into the Mt. 

Simon was evaluated by reviewing the 
pressure change and scCO

2
 saturation 

data. The pressure change, denoted as 
ΔP, was defined as the pressure at a given 
time minus the initial pressure. The aver-
age ΔP for all 20 injection wells and at 
selected injection wells showed a spike 
as injection began, followed by a gradual 

decline to approximately 2 years and 
then an exponential increase throughout 
the injection period and an exponential 
decline after injections stopped at 50 
years (Figure 8). Figure 8 shows the ΔP 
simulated for the lower injection zones 
at some of the 20 wells and the average 
value for all 20 wells (upper and lower 
injection zones). The data selected for 
Figure 8 covered the range of ΔP for 
scenario ILB01a. Note that porosity and 
permeability were homogeneous by layer 
and that the injection rate was equal for 
all wells; thus, variation in the ΔP would 
have been due to variation in the thick-
ness of the Mt. Simon across the basin.
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Table 1 Input data used for the TOUGH2-MP simulator for scenarios 
ILB01a and ILB01b1 in the ILB01 simulations

Item Unit Minimum value Maximum value
Parameter

Horizontal permeability m2 2.6 × 10−20 1.0 × 10−12

Vertical permeability m2 1.0 × 10−20 1.0 × 10−12

Porosity % 4.7 20.3
Pore compressibility Pa−1 1.83 × 10−10 7.4 × 10−10

Temperature °C 24.4 44.2
Salt mass fraction d 0.075 0.228
Dissolved CO2 d 0 0

Relative permeability function (van Genuchten–Mualem)
Exponent (λ) d 0.412 0.90
Liquid saturation d 1.00 1.00
Residual liquid saturation d 0.15 0.40
Residual gas saturation d 0.20 0.30

Capillary pressure function (van Genuchten)
Exponent (λ) d 0.412 0.412
Liquid saturation d 0.999 0.999
Residual liquid saturation d 0.00 0.03
Strength coefficient Pa−1 1.0 × 10−7 2.24 × 10−4

Maximum capillary pressure Pa 5.0 × 105 1.0 × 109

1These data describe the reservoir and fluid properties for the near-well model 
  domain. d, dimensionless.
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Figure 8 Pressure change (ΔP) simulated at the upper and lower injection zones of the 20 
injection wells for the ILB01a scenario. The data shown include the average for the 20 wells 
and the range of ΔP for 8 selected wells
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Table 2 Average, maximum, and standard deviation of the 
pressure change (ΔP) at the end of the injection period (50 
years) for all elements in scenarios ILB01a and ILB01b

Item

ΔP for all elements, MPa

ILB01a ILB01b

Average 2.47 2.46

Maximum  3.77 3.78 

Standard deviation 1.09 1.09

Average

Average

Average

Maximum

Maximum

Maximum

Average

Average

Average

Maximum

Maximum

Maximum
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Figure 9 Average and maximum pressure change (ΔP) for all elements and various subsets of elements for the ILB01a and 
ILB01b scenarios.

The average, maximum, and standard 
deviation of ΔP for scenarios ILB01a 
and ILB01b were similar (Table 2). The 
maximum injection pressure of 3.78 
megapascals (MPa) equals 548 pounds 
per square inch (psi). The ΔP was also 
evaluated for the entire model (all 
elements), the bottom layer of the Eau 

Claire, the middle of the Mt. Simon, the 
top injection zone of the Mt. Simon, the 
bottom injection zone of the Mt. Simon, 
and the Precambrian layer (Figure 9). 
The lowest ΔP values were observed at 
the bottom of the Eau Claire, and the 
highest were found in the top injection 
zone. For the two scenarios (ILB01a and 

ILB01b), the top injection zone had the 
same injection rate and permeability 
as the bottom injection zone but was 
approximately 4 m (13 ft) thinner, which 
resulted in a higher ΔP. The minimum ΔP 
for the Mt. Simon injection zone layers 
and the middle Mt. Simon exceeded 1 
MPa for scenarios ILB01a and ILB01b, 
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which indicates that well interference 
was occurring (i.e., the pressure fronts 
from two wells were intersecting). Zhou 
et al. (2010) noted that well interference 
occurred less than 1 year after injection 
began for these scenarios.

To evaluate the transport of CO
2
 for the 

various scenarios, the mass balance data 
were reviewed. Carbon dioxide could be 
present as scCO

2
 (part of a CO

2
 bubble) or 

in the aqueous phase (dissolved in brine). 
For the scenarios modeled, more than 
90% of the injected CO

2
 mass remained in 

the injection zone (Mt. Simon) as scCO
2
, 

whereas only small amounts of dissolved 
CO

2
 remained in the injection zone, 

minor amounts remained in the Precam-
brian layer, and trace amounts remained 
in the Eau Claire (only scenario ILB01a; 
see Table 3). For ILB01a, 17 kg (37.5 lb) of 
dissolved CO

2
 was predicted to move into 

the bottom of the Eau Claire Formation 
(Table 3). No scCO

2
 was transported to 

either the Precambrian or the Eau Claire 
layer for scenario ILB01a or ILB01b. 
Supercritical CO

2
 was transported to the 

top of the Mt. Simon (layer M01) at the 
end of ILB01a and to a slightly lower layer 
(M04, fourth layer from the top of the Mt. 
Simon) for ILB01b. The reduced vertical 
transport for ILB01b was most likely due 
to the lower vertical permeability values 
assigned for this scenario.

At the end of the injection period for 
scenario ILB01a, approximately 6.8% 
of the injected CO

2
 had dissolved in the 

brine. The percentage of dissolved CO
2
 

varied with time and modeling scenario 
(Figure 10). At very early times, a high 
percentage of the CO

2
 mass had dis-

solved, but this amount declined to 6 to 
7% early in the injection period and then 
generally increased with time (Table 4). 
The amount of dissolved CO

2
 in scenario 

ILB01a increased to 10.0% of the CO
2
 at 

the end of the simulation period of 190 
years.

Table 3 Distribution of the CO2 mass (kg) for modeling scenarios ILB01a and ILB01b1

Model location

ILB01a ILB01b

scCO2, kg CO2 aqueous, kg scCO2, kg CO2 aqueous, kg

Eau Claire 0 1.7 × 101 0 <1.0 × 10−3

Mt. Simon 4.7 × 1012 3.4 × 1011 4.7 × 1012 3.3 × 1011

Precambrian 0 1.7 × 107 0 1.9 × 107

Total 4.7 × 1012 3.4 × 1011 4.7 × 1012 3.3 × 1011

1scCO2, supercritical CO2

.
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Figure 10 Proportion of CO2 as a function of time for the ILB01a and ILB01b sce-
narios. Carbon dioxide was present in two phases: as supercritical CO2 (scCO2) 
or dissolved CO2.

Table 4 Temporal distribution of the dissolved CO2 mass (%) for modeling scenarios 
ILB01a and ILB01b

Time

Injected CO2 dissolved in brine, %

ILB01a ILB01b

Early 5.8 5.7

End of injection period 6.8 6.5

End of simulation 10.0 (190 years) 6.8 (53 years)
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Figure 11 Supercritical CO2 (scCO2) saturation at the lower injection zone of the 20 injection wells and the 20-well 
average as a function of time for the ILB01a scenario.

A review of the scCO
2
 saturation data for 

the upper and lower injection zones in 
the lower Mt. Simon showed two differ-
ent behaviors (Figure 11). Supercritical 
CO

2
 saturation varied from 0 (no scCO

2
 

in the pores) to 1.0 (scCO
2
 completely 

filled the pores). At most wells, scCO
2
 

saturation began at approximately 0.6 
and then increased to 0.8 and 0.9. After 
injection ceased at 50 years, scCO

2
 satura-

tion dropped to less than 0.2, below the 
residual gas saturation (0.25). This postin-
jection decline was due to vertical move-
ment of the buoyant CO

2
. The decline 

below residual gas saturation indicates 
that some scCO

2
 had dissolved in the 

brine. A small number of wells showed 
a less steady increase during the injec-
tion period and might indicate greater 
horizontal movement because of the 
geologic structure present at some wells. 

The scCO
2
 saturation points predicted for 

the middle Mt. Simon layer are shown for 
the end of the injection period and the 
end of the simulation period  (Figure 12). 
Some of the plumes were nearly circular 
and some were more elliptical, indicating 
asymmetric horizontal flow. More impor-
tant, the scCO

2
 remained separate (Figure 

12) and did not combine into a single 
plume at any time during the simulation.
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Summary
The results of the ILB01 simulations 
indicated that a significant amount of 
CO

2
, approximately one-third of the 

atmospheric emissions within the Illi-
nois Basin, could be safely and securely 
injected into the Mt. Simon. The Mt. 
Simon has an injection capacity exceed-
ing the 5 billion tonnes (5.5 billion tons) 
injected during the 50-year injection 
period. These simulations showed that 
the plumes remained separate and that 
the CO

2
 remained within the Mt. Simon, 

predominantly as scCO
2
. In fact, these 

relatively short simulations showed that 
10% or less of the injected CO

2
 dissolved 

in the brine.

The impact of the geologic model can be 
seen by reviewing the vertical distribu-
tion of CO

2
 for ILB01a and ILB01b. Note 

that ILB01b was a minor variation of 
ILB01a, in which the vertical permeabil-
ity was decreased to values equal to the 
horizontal permeability. A trace amount 
of dissolved CO

2
 was transported to the 

Eau Claire in ILB01a, but none was trans-
ported in ILB01b. Supercritical CO

2
 was 

transported to the top Mt. Simon layer in 
ILB01a but was transported only three 
layers lower in scenario ILB01b. Restrict-
ing vertical transport of CO

2
 is important 

0.6
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Figure 12 Supercritical CO2 (scCO2) saturation at the top of a middle Mt. Simon layer (a) at the end of the injec-
tion period (50 years) and (b) at the end of the simulation (200 years) for the ILB01a scenario. Wells 4 and 10 are 
identified in image b. From Zhou, Q-l., J.T. Birkholzer, E. Mehnert, Y-F. Lin, and K. Zhang, 2010, Modeling basin- 
and plume-scale processes of CO2 storage for full-scale deployment: Groundwater, vol. 48, no. 4, p. 494–514, fig-
ure 6. Reprinted from Groundwater with permission of the National Ground Water Association. Copyright © 2010.

to ensure that it remains sequestered in 
the subsurface for thousands of years.

Overall, these results were a good first 
step. During the course of the scientific 
efforts at the IBDP, significant new geo-
logic data were developed for the Mt. 
Simon, Eau Claire, and other formations. 
Thus, additional simulations were nec-
essary to incorporate these additional 
geologic data into the basin-scale flow 
models. These data and the simulation 
results are described in the next sections.

ILB02—MODEL USING 
ILLINOIS BASIN – DECATUR 
PROJECT STATIC DATA 
Scenario ILB02, a second-generation 
model for commercial-scale GCS in the 
Illinois Basin, used a revised geologic 
model. New data for this geologic model 
included data obtained from borehole 
geophysical logs and core data collected 
from IBDP wells, known as static data. 
The use of data obtained by injection 
or fluid flow experiments, known as 
dynamic data, is discussed in the next 
section. The methods and results from 
this research are described in detail here 
and were previously summarized by Roy 
et al. (2014) and Mehnert et al. (2013).

Numerical Grid, Number of  
Injection Wells, and Carbon  
Dioxide Injected
The 3-D numerical grid developed 
for ILB01 was again used for ILB02. 
This numerical grid covered an area of 
approximately 241,000 km2 (93,051 mi2); 
it used a telescopic grid refinement and 
had 1,254,397 elements (Figure 5). The 
simulations for ILB02 extended for a total 
period of 200 years (ILB02a) or 1,500 
years (ILB02b), with CO

2
 injection occur-

ring during the first 50 years and a postin-
jection period extending for 150 or 1,450 
years. Supercritical CO

2
 was injected into 

20 injection wells at a total rate of 50 mil-
lion tonnes (55 million tons) per year, or 
a total injected mass of 2.5 billion tonnes 
(2.76 billion tons) over the 50-year injec-
tion period.

Geologic Data and Formations 
Included in the Model
Input data used for ILB02 and ILB01 were 
similar in many ways. Both scenarios 
shared the same conceptual model, 
numerical grid, boundary conditions, 
and initial conditions. The numerical grid 
dictated the number of injection wells 
and the elevations of the formation tops 
and bottoms.
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The geologic model required definition of 
the 3-D geometry for the rock units and 
the properties needed by the simulator, 
namely, the rock properties (e.g., poros-
ity, permeability), fluid properties (e.g., 
density, salinity), and reservoir properties 
(e.g., relative permeability, residual satu-
ration). Input data for the rock properties 
were significantly modified from those 
used for ILB01 with data from the IBDP 
wells (Table 5), including a reduction in 
the number of injection zones from 2 to 
1. Figure 13 shows the porosity and hori-
zontal and vertical permeability assigned 
to each model layer, and Figure 14 pre-
sents a comparison of the same data for 
ILB02a and ILB01a. A second variation of 
this scenario (ILB02b) was developed to 
evaluate changes to the rock properties in 
northern Illinois and Indiana. These revi-
sions were based on data available from 
calibrated groundwater flow models of 
the bedrock aquifers in northern Illinois 
(Meyer et al. 2009).

Table 5 Input data used for the TOUGH2-MP simulator in the ILB02 
simulation1

Item Unit Minimum value Maximum value

Parameter

Horizontal permeability m2 2.6 × 10−20
5.0 × 10−14

Vertical permeability m2 1.0 × 10−20
3.3 × 10−14

Porosity % 4.7 19.9

Pore compressibility Pa−1 1.83 × 10−10 7.4 × 10−10

Temperature °C 24.4 44.2

Salt mass fraction d 0.075 0.228

Dissolved CO2 d 0 0

Relative permeability function (van Genuchten–Mualem)

Exponent (λ) d 0.412 0.90

Liquid saturation d 1.00 1.00

Residual liquid saturation d 0.15 0.40

Residual gas saturation d 0.20 0.30

Capillary pressure function (van Genuchten)

Exponent (λ) d 0.412 0.412

Liquid saturation d 0.999 0.999

Residual liquid saturation d 0.00 0.03

Strength coefficient Pa−1 1.0 × 10−7 2.24 × 10−4

Maximum capillary pressure Pa 5.0 × 105 1.0 × 109

1These data describe the reservoir and fluid properties for the near-well model 
 domain. Input data revised from ILB01 data are shown in bold. d, dimensionless.

Modeling Results and Discussion
The effect of injecting CO

2
 into the Mt. 

Simon was evaluated by reviewing the 
ΔP and CO

2
 mass data. The average, 

maximum, and standard deviation of 
the ΔP were similar for scenarios ILB02a 
and ILB02b (Table 6). The maximum 
ΔP was 17.8 MPa, or 2,582 psi, for the 
two scenarios, which greatly exceeded 
the ILB01a maximum (3.78 MPa, or 548 
psi). Higher ΔP values were simulated, 
although the injected CO

2
 mass was only 

half the amount injected in the ILB01 
scenarios. The revised geologic model 
and the significantly lower permeability 
values (Table 6, Figure 14) led to these 
higher ΔP values. The ΔP was also evalu-
ated for the entire model (all elements), 
the bottom layer of the Eau Claire, the 
middle of the Mt. Simon, the top injec-
tion zone of the Mt. Simon, the bottom 
injection zone of the Mt. Simon, and the 
Precambrian layer (Figure 15). The lowest 

ΔP values were observed at the bottom 
of the Eau Claire, whereas the highest ΔP 
values were observed in the top injection 
zone. The minimum ΔP for the Mt. Simon 
injection zone layers exceeded 10.2 MPa, 
or 1,479 psi, and the middle Mt. Simon 
layers exceeded 0.1 MPa, or 14.5 psi, for 
scenarios ILB02a and ILB02b, which 
indicates well interference was occurring 
(i.e., the pressure fronts from two wells 
were intersecting). Figure 16 shows the 
ΔP values predicted for the top of the Mt. 
Simon at the end of the injection period 
for scenarios ILB02 and ILB01. The mini-
mum contour line shown in Figure 16 is 
0.1 MPa, or 14.5 psi, whereas the maxi-
mum contour line varies from 3 to 8 MPa, 
or 435 to 1,160 psi. Compared with the 
ILB01 predictions, the ΔP predicted for 
the ILB02 scenarios were greater at the 
injection wells, yet they covered a smaller 
geographic area because of the exponen-
tial decay observed with pressure buildup 
in the subsurface.
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Figure 13 Porosity and permeability values assigned to the 24 vertical layers near the injection wells for the TOUGH2-
MP simulator in the ILB02a and ILB02b scenarios. The stratigraphy and single injection zone (gray shaded area) are 
also shown. MSL, mean sea level; Kx, horizontal permeability; Kz, vertical permeability.

To evaluate the transport of CO
2
 for the 

various scenarios, we reviewed mass bal-
ance data. Carbon dioxide can be present 
as scCO

2
 (part of a CO

2
 bubble) or in the 

aqueous phase (dissolved in brine). For 
the scenarios modeled, more than 90% 
of the injected CO

2
 mass remained in the 

injection zone (Mt. Simon) as scCO
2
, with 

small amounts of dissolved CO
2
 in the 

injection zone, minor amounts in the Pre-
cambrian layer, and trace amounts in the 
Eau Claire (only scenario ILB01a; Table 
7). No scCO

2
 was transported to the Eau 

Claire layer, but a small quantity of scCO
2
 

was transported to the Precambrian. 

Supercritical CO
2
 was transported to the 

middle of the Mt. Simon (layer M11) at 
the end of ILB02a and was transported 
slightly higher (layer M07, seventh layer 
from the top of the Mt. Simon) for ILB02b. 
The geologic model for these scenarios 
included 24 layers for the Mt. Simon. 
Higher permeabilities assigned to the Mt. 
Simon in northern Illinois likely explain 
the greater vertical transport predicted 
for ILB02b.

At the end of the injection period for sce-
nario ILB02a, approximately 6.8% of the 
injected CO

2
 was dissolved in the brine. 

The percentage of dissolved CO
2
 varied 

with time and modeling scenario (Figure 

17). At very early times, a high percent-
age of the CO

2
 mass was dissolved, but 

this value declined to 5 to 6% early in 
the injection period and then generally 
increased with time. Scenario ILB02 had 
a lower percentage of dissolved CO

2
 than 

did scenario ILB01, including for scenario 
ILB02b, which tracked the CO

2
 for 1,500 

years (Table 8, Figure 17). This result can 
be explained by the lower permeability 
assigned for the ILB02 scenarios. Lower 
permeabilities restrict the movement of 
CO

2
, which reduces the size and surface 

area of the scCO
2
 bubble, causing less 

CO
2
 to be dissolved in the brine.
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Table 6 Average, maximum, and standard deviation of the 
pressure change (ΔP) at the end of the injection period (50 years) 
for all elements in scenarios ILB02a and ILB02b

Item

ΔP for all elements, MPa

ILB02a ILB02b

Average 4.75 4.71

Maximum 17.8 17.8 

Standard deviation 3.44 3.42
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Summary
The ILB02 simulations demonstrated 
the significance of the geologic model, 
specifically the significance of having a 
single injection zone available for GCS. 
Static data obtained from the IBDP field 
operations were used to revise the geo-
logic model to include a single injection 
zone. Thus, the injection rate at each well 
and the cumulative amount of injection 

Figure 14 Porosity and permeability values assigned to the 24 vertical layers near the injection wells for 
the TOUGH2-MP simulator in the ILB01a (bar charts and black triangles) and ILB02a (green lines and 
green dots) scenarios. MSL, mean sea level; Kx, horizontal permeability; Kz, vertical permeability.

were reduced by 50%. When this new 
geologic model was used, the simula-
tions predicted higher injection pressures 
and smaller scCO

2
 plume sizes, and the 

vertical transport of scCO
2
 was retarded. 

Despite the significantly longer simula-
tion times (up to 1,500 years), scCO

2
 was 

still the dominant phase, with <10% of the 
CO

2
 dissolved in the brine at the end of 

the simulation.

ILB03—MODEL USING 
ILLINOIS BASIN – DECATUR 
PROJECT DYNAMIC DATA
In this section, we discuss the input data 
used for the third-generation (ILB03) 
model and the results obtained. Mehnert 
et al. (2014) have previously summarized 
some of these results. The flow model 
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Figure 15 Average and maximum pressure change (ΔP) for all elements and various subsets of elements in the ILB02a, 
ILB02b, ILB01a, and ILB01b scenarios.

included three geologic layers: the pre-
Mt. Simon sandstone, the Mt. Simon 
Sandstone, and the Eau Claire Formation. 
The pre-Mt. Simon sandstone and the 
Mt. Simon Sandstone were described by 
Freiburg et al. (2014) and Leetaru and 
Freiburg (2014). For this third-generation 
model, the geologic model (e.g., porosity, 
permeability, and geometry) was revised 
based on detailed geophysical and core 
data collected from two GCS wells in 
the center of the Illinois Basin as well as 
data from CO

2
 injection, which began in 

November 2011 (Finley et al. 2013). In 
addition, the vertical temperature gradi-
ent and the brine salinity within the Mt. 
Simon were revised, which was important 

for defining the initial conditions for this 
GCS model. A new computational grid 
was also developed. These changes were 
significant revisions of the input data 
used in previous versions of the model 
(ILB01 and ILB02).

Numerical Grid, Number of 
Injection Wells, and Carbon 
Dioxide Injected
A new 3-D grid was developed in mView 
(Avis et al. 2012; www.geofirma.com) that 
included three geologic layers. The deep-
est layer was a pre-Mt. Simon sandstone, 
which was overlain by the Mt. Simon 
Sandstone and the Eau Claire Formation. 

The vertical layers were set by using ele-
vation data from the ISGS GIS, and these 
layers were subdivided by using geologic 
data from the IBDP injection well (CCS1; 
Finley et al. 2013; Finley 2014). The injec-
tion zone occurred near the base of the 
Mt. Simon Sandstone, and the Eau Claire 
Formation was a regional confining layer.

The simulation for ILB03 extended for 
a total period of 5,000 years, with CO

2
 

injection occurring during the first 50 
years and a postinjection period lasting 
for 4,950 years. Supercritical CO

2
 was 

injected into 40 injection wells at a total 
rate of 100 million tonnes (110 million 
tons) per year, or a total injected mass of 
5 billion tonnes (5.5 billion tons) over the 
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Figure 16 Pressure change (ΔP) at the top of the Mt. Simon at the end of the injection period for the ILB02a, ILB02b, 
ILB01a, and ILB01b scenarios. The figure shows ΔP predicted near the injection wells and not for the entire model 
domain. 0.1 MPa = 14.5 psi. From Mehnert, E., J. Damico, S. Frailey, H. Leetaru, Y.-F. Lin, R. Okwen, N. Adams, B. 
Storsved, and A. Valocchi, 2013, Development of a basin-scale model for CO2 sequestration in the basal sandstone 
reservoir of the Illinois Basin—Issues, approach, and preliminary results: Energy Procedia, vol. 37, p. 3850–3858, 
doi:10.1016/j.egypro.2013.06.282. Copyright © 2013 The Authors. Reprinted under Creative Commons license CC 
BY-NC-ND 3.0.

Table 7 Distribution of the CO2 mass (kg) for modeling scenarios ILB02a, ILB02b, ILB01a, and ILB01b

Model location

ILB02a ILB02b ILB01a ILB01b

scCO2, kg

CO2 
aqueous, 

kg scCO2, kg

CO2 
aqueous, 

kg scCO2, kg

CO2 
aqueous, 

kg scCO2, kg

CO2 
aqueous, 

kg

Eau Claire 0 <1.0 × 10−3 0 <1.0 × 10−3 0 1.7 × 101 0 <1.0 × 10−3

Mt. Simon 2.4 × 1012 1.3 × 1011 2.4 × 1012 1.3 × 1011 4.7 × 1012 3.4 × 1011 4.7 × 1012 3.3 × 1011

Precambrian 8.6 × 104 1.9 × 106 8.6 × 104 1.9 × 106 0 1.7 × 107 0 1.9 × 107

Total 2.4 × 1012 1.3 × 1011 2.4 × 1012 1.3 × 1011 4.7 × 1012 3.4 × 1011 4.7 × 1012 3.3 × 1011
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50-year injection period. This injection 
rate matched the rate used for ILB01 and 
was twice the rate used for ILB02.

The numerical grid for this model did not 
have uniform size elements. Horizontally, 
a telescopic grid refinement was used, 
with smaller radial elements near the 
injection wells and rectangular elements 
elsewhere (Figure 18). Model elements 
had areas ranging from <100 m2 (<1,076 
ft2) near the injection wells to 100 km2 

Table 8 Temporal distribution of the dissolved CO2 mass (%) for modeling 
scenarios ILB02a and ILB02b

Time

Injected CO2 dissolved in brine, %

ILB02a ILB02b

Early 7.4 7.2

End of injection period 5.3 5.3

End of simulation 5.8 (200 years) 8.1 (1,500 years)
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Figure 17 Proportion of CO2 as a function of time for the ILB02a and ILB02b sce-
narios (and ILB01a for reference). Carbon dioxide was present in two phases: as 
supercritical CO2 (scCO2) or dissolved CO2.

(38.6 mi2) in the far field (area near the 
model boundaries). Vertically, the Mt. 
Simon was discretized with 24 layers near 
the injection wells and 4 layers in the 
far-field region of the model. The pre-Mt. 
Simon was represented as a single layer, 
whereas the Eau Claire Formation was 
represented by 4 layers. The grid included 
29 layers. The bottom layer was num-
bered 00 and the top layer 28. This new 
numerical grid used 1,334,957 elements, 
which is slightly more than the 1,254,397 
elements in the previous generations 

(ILB01 and ILB02). Perhaps the most 
significant difference between this grid 
(ILB03) and the previous grid (ILB02) 
was the number of injection wells and the 
thickness assigned to each geologic layer. 

Preliminary modeling indicated that 
40 injection wells would be required to 
inject 100 million tonnes (110 million 
tons) of CO

2
 per year for the given rock 

properties and layer thicknesses. Recall 
that 20 injection wells were used for the 
ILB01 and ILB02 simulations. The loca-
tion of the injection well field (Figure 
18) was controlled by the injectivity and 
depth of the Mt. Simon, as well as by the 
desire to avoid areas with a higher seismic 
risk (southern Illinois and Indiana), areas 
presently used for natural gas storage in 
the upper Mt. Simon (near Mahomet and 
Bloomington-Normal), and areas near 
the axis of the Tuscola Arch. Within the 
bounding polygon, the injection wells 
were located by PolyMesher (Talischi et 
al. 2012), a MATLAB code, to maximize 
the space between the wells. PolyMesher 
uses polygonal elements and centroidal 
Voronoi diagrams in its algorithm, which 
is based on the optimization work of 
Persson and Strang (2004). The spacing 
between the wells varied from 23 to 30 km 
(14 to 19 mi; Figure 18). The upper and 
lower boundaries of the GCS model were 
no-flow boundaries, and the side bound-
aries were constant head boundaries. 

Geologic Data and Formations 
Included in the Model
The flow model included three geologic 
layers: the pre-Mt. Simon sandstone, the 
Mt. Simon Sandstone, and the Eau Claire 
Formation. The pre-Mt. Simon sandstone 
and the Mt. Simon Sandstone (Figure 19) 
were described previously by Freiburg 
et al. (2014) and Leetaru and Freiburg 
(2014). Those authors noted that the Mt. 
Simon is composed of three lithostrati-
graphic units, with the highest porosity 
and permeability found in the deepest 
unit. For this third-generation model, the 
geologic model (e.g., porosity, perme-
ability, and GIS layer data) was revised 
based on detailed geophysical and core 
data collected from two GCS wells in 
the center of the Illinois Basin as well as 
data from CO

2
 injection, which began in 

November 2011.
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Porosity and horizontal and vertical per-
meability values were assigned based 
on data from IBDP CCS1 (Figure 20). 
These rock properties vary vertically but 
are homogeneous horizontally. The data 
were selected after reviewing core data, 
geophysical log data, and the field-scale 
numerical modeling results of CO

2
 injec-

tion reported by Frailey et al. (2011). The 
rock properties for ILB03 were signifi-
cantly different from those used in ILB02 
and ILB01. In addition, two-phase flow 
parameters were selected for the van 
Genuchten–Mualem relative perme-
ability model (Mualem, 1976; van Genu-
chten, 1980) for brine and scCO

2
 and the 

van Genuchten capillary pressure model 
(van Genuchten 1980; Tables 9 and 10).  
As defined by the van Genuchten–
Mualem model, relative permeability is 
a function of an exponent (λ), the liquid 
residual saturation (S

lr
), the gas residual 

saturation (S
gr

), and the liquid saturation 
(S

ls
; Pruess 2005). As defined by the van 

Genuchten model, capillary pressure is 
a function of an exponent (λ), the liquid 
residual saturation (S

lr
), a rock strength 

coefficient (P
0
), the absolute value of the 

maximum capillary pressure (P
max

), and 
the liquid saturation (S

ls
; Pruess et al. 

1999). All these parameters are dimen-
sionless except P

0
 and P

max
, which are 

denoted in pascals.

Temperature affects CO
2
 density and 

viscosity and is an important parameter 
when describing the initial conditions for 
simulators such as TOUGH2-MP. For the 
IBDP, two sources of temperature data 
were available to evaluate the geothermal 
temperature gradient. The IBDP CCS1 
has a distributed temperature sensing 
(DTS, fiber-optic) cable that reports tem-
perature from a depth of 0 to 1,928 m (0 
to 6,326 ft). In addition, temperature logs 
that were run in verification well 1 (VW1) 
in March and July 2012 were similar to the 
DTS temperature data below a depth of 
approximately 200 m (656 ft; Figure 21).

Figure 21 also illustrates linear (R2 = 
0.980) and second-order polynomial (R2 
= 0.995) functions, the two best fitting 
lines estimated by using the CCS1 data. 
The linear equation underestimated 

the actual temperature at the top of 
the Mt. Simon (depth of approximately 
1,700 m [5,577 ft]) and overestimated 
temperatures below 1,700 m (5,577 
ft). Although the polynomial fit had 
an excellent R2 for the range of data 
modeled, it was unrealistic when 
extended to greater depths and showed 
substantially cooler temperatures at 
depths exceeding 3,300 m (10,827 ft). 
Thus, the linear equation was adopted 
for the temperature gradient. This new 
temperature gradient of 18.9 °C (66 °F) 
per 1,000 m (3,281 ft) was more than 2 
times greater than the gradient (9.2 °C 
[48.6 °F] per 1,000 m [3,281 ft]) used in 
previous generations of the basin-scale 
model (ILB01 and ILB02). The new 
gradient was similar to the value used 
by Senel et al. (2014; 18.2 °C [64.8 °F] 
per 1,000 m [3,281 ft]) but was below the 
typical geothermal gradients reported by 
Bachu (2003) for sedimentary basins (20 
to 60 °C [68 to 140 °F] per 1,000 m [3,281 
ft]). The mean temperature assigned for 
all elements of this new grid was 46.7 °C 
(116.1 °F).



24 Circular 598 Illinois State Geological Survey 

0

0

50

80

100 mi

160 km
N

Figure 19 Isopach map of the Mt. Simon Sandstone with contours showing 61-m 
(200-ft) intervals. From Leetaru, H.E., and J.T. Freiburg, 2014, Litho-facies and reser-
voir characterization of the Mt. Simon Sandstone at the Illinois Basin – Decatur 
Project: Greenhouse Gases: Science and Technology, vol. 4, no. 5, p. 580–595, figure 
3. Copyright © 2014 Society of Chemical Industry and John Wiley & Sons, Ltd. Used 
by permission.

Brine salinity affects CO
2
 solubility and 

brine density and is another important 
parameter for defining the initial condi-
tion in GCS models. The map of brine 
salinity within the Mt. Simon Sandstone 
in Illinois and Indiana was revised by 
Mehnert and Weberling (2014). As shown 
in Figure 22, the new brine salinity map 
had a more complex distribution of 
total dissolved solids (TDS) than did the 
previous TDS map (MGSC 2005). The 
brine salinity was assumed to be uniform 
vertically. For model input, TDS was con-
verted to the salt mass fraction. The mean 
salt mass fraction assigned for ILB03 was 
0.151, which is equivalent to a TDS value 
of 178,000 mg/L.

Modeling Results and Discussion
The modeling results of interest include 
the distribution of scCO

2
 as a function of 

time and space and the ΔP attributable to 
scCO

2
 injection. Maps and cross sections 

were used to display the distribution of 
ΔP and scCO

2
 over time. Mass balance 

data also shed light on the long-term dis-
tribution of CO

2
 between the supercritical 

state and CO
2
 that dissolved in the native 

brine. The simulation for ILB03 extended 
for a total period of 5,000 years, with CO

2
 

injection occurring during the first 50 
years and a postinjection period lasting 
for 4,950 years.

Plots of scCO
2
 show the growth of the 

scCO
2
 plume during the injection and 

postinjection periods (Figure 23). The 
plan view shows the expansion of the 
scCO

2
 plumes horizontally in the upper 

injection zone (layer 02) during the injec-
tion period and little or no growth in 
these plumes after 100 years. The cross 
section through well 19 shows that the 
expansion of the scCO

2
 was primarily 

vertical in the postinjection period. These 
results show that the scCO

2
 plumes (1) 

persisted to the end of the simulation 
(5,000 years); (2) remained separate and 
did not grow together; (3) were affected 
by the formation dip (i.e., the plumes 
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Table 9 Input data used for the TOUGH2-MP simulator in the ILB03 
simulation1

Item Unit Minimum value Maximum value

Parameter

Horizontal permeability m2 2.6 × 10−20 3.2 × 10−13

Vertical permeability m2 1.0 × 10−20 2.4 × 10−13

Porosity % 4.7 24.9

Pore compressibility Pa−1 1.83 × 10−10 7.4 × 10−10

Temperature °C 15.9 93.0

Salt mass fraction d 0.0 0.208

Dissolved CO2 d 0 0

Relative permeability function (van Genuchten–Mualem)

Exponent (λ) d 0.412 0.90

Liquid saturation d 1.00 1.00

Residual liquid saturation d 0.15 0.40

Residual gas saturation d 0.20 0.30

Capillary pressure function (van Genuchten)

Exponent (λ) d 0.412 0.412

Liquid saturation d 0.999 0.999

Residual liquid saturation d 0.00 0.03

Strength coefficient Pa−1 1.0 × 10−7 2.24 × 10−4

Maximum capillary pressure Pa 5.0 × 105 1.0 × 109

1These data describe the reservoir and fluid properties for the near-well model 
 domain. Values that were changed from scenario ILB02 are shown in bold. 
 d, dimensionless.

Table 10 Relative permeability and capillary pressure parameters assigned for the ILB03 geologic layers1

Layer λ Slr Sls Sgr λ Slr P0, Pa Pmax, Pa Sls

Eau Claire 0.412 0.40 1.0 0.30 0.412 0.03 5.00 × 106 1.0 × 109 0.999

Mt. Simon

Minimum 0.412 0.30 1.0 0.25 0.412 0.00 6.49 × 103 5.0 × 105 0.999

Maximum 0.900 0.30 1.0 0.25 0.412 0.00 2.12 × 104 5.0 × 105 0.999

Pre-Mt. Simon 0.412 0.40 1.0 0.30 0.412 0.03 1.00 × 107 1.0 × 109 0.999
1λ, exponent; Slr, liquid residual saturation; Sls, liquid saturation; Sgr, gas residual saturation; P0, rock strength coefficient; 
 Pmax, absolute value of the maximum capillary pressure.

moved updip, resulting in asymmetrical 
shapes); and (4) remained within the Mt. 
Simon, well below the base of the Eau 
Claire (caprock).

The mass balance data revealed that 
scCO

2
 entered layers 01 and 02 and 

remained at fully saturated levels within 
those layers until approximately 1,500 
years (Figure 24). At that time, buoyant 
forces caused the scCO

2
 to move upward 

and be replaced by brine. These data also 
show the arrival of scCO

2
 in layers 03, 04, 

and 05 during the first year of injection, 

but arrival times exceeded 10 years for 
the higher layers 09 through 11. Note that 
no scCO

2
 entered layer 12 by the end of 

the simulation period. A small amount 
of scCO

2
 entered the pre-Mt. Simon 

sandstone (layer 00) during the injec-
tion period. The mass balance data also 
showed the distribution of scCO

2
 and 

dissolved CO
2
 over time. The amount of 

CO
2
 that dissolved in the brine was very 

high early on (<1 year), decreased to 10% 
during the injection period, and then 
gradually increased to 15% by the end of 
the simulation.

At the end of the simulation (5,000 years), 
15% of the CO

2
 had dissolved in the brine, 

leaving 85% of the CO
2
 as a separate 

phase. Some of this CO
2
 could be trapped 

in pores (i.e., through capillary or residual 
trapping) as brine displaced the scCO

2
. 

In the model, the residual gas satura-
tion (S

gr
) was set at 0.25 in the relative 

permeability function. Figure 25 shows 
that the saturation in layers 01, 02, and 03 
exceeded 0.95 during the injection period 
and then dropped to approximately 
0.25 after 1,500 years, indicating that the 
scCO

2
 in these layers was immobilized by 
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residual trapping. The CO
2
 mass trapped 

in these three layers at the end of the 
simulation was 2.81 × 1012 kg (6.19 × 1012 
lb), or 56.2% of the scCO

2
 injected. At the 

end of the 5,000-year simulation period, 
15.0% of the injected CO

2
 was dissolved 

in the brine, 56.2% was an immobile fluid 
(trapped by residual saturation in layers 
01, 02, and 03), and 28.8% remained a 
mobile fluid.

The mass balance data revealed that the 
average CO

2
 density, defined by the total 

mass of CO
2
 divided by the volume of 

CO
2
, was 850 kg/m3 (53.1 lb/ft3) at the end 
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Figure 20 Porosity and horizontal and vertical permeability values assigned in the ILB03 simulation. The injection 
zone is denoted by the gray pattern overlying the porosity and permeability plots. The model includes 29 layers, num-
bered from 0 (bottom) to 28 (top). In the Layer column, the pink box denotes the Eau Claire Formation, the green box 
denotes the pre-Mt. Simon sediments, and the area between the two boxes is occupied by the Mt. Simon Sandstone. 
MSL, mean sea level.

of the injection period. For the ILB02 sim-
ulation, the average CO

2
 gas density was 

935 kg/m3 (58.4 lb/ft3) at the same time. 
The lower density in the ILB03 simulation 
was likely due to the warmer formation 
temperature data used for the ILB03 ini-
tial condition, as discussed above.

Pressure changes near the injection 
wells were rapid and significant. Figure 
26 shows the ΔP over time at two injec-
tion wells. The ΔP in the injection zones 
(layers 01 and 02) jumped to 12 MPa 
(1,740 psi) in less than 0.2 year after injec-
tion began, fluctuated to the end of the 

injection period, and then dropped expo-
nentially to zero after the injection ceased 
at 50 years. The pressure fluctuations 
between 0.1 and 1 year varied from 0.6 
to 0.9 MPa (87 to 131 psi) and may have 
been due to the effects of capillary pres-
sure (P

cap
 = 0.5 MPa, or 72.5 psi). Figure 

27 shows the ΔP at well 1 for the vertical 
sequence from layer 00 to layer 27. The 
ΔP in layers 01, 02, and 03 were similar. 
Carbon dioxide was injected in layers 
01 and 02. The ΔP in the pre-Mt. Simon 
layer (00) began low but built to the same 
pressure as in layer 01. The ΔP in other 
Mt. Simon layers (05 through 23) showed 
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Figure 21 Temperature gradient data from the Illinois Basin – Decatur Project 
injection well (CCS1; distributed temperature sensing [DTS] data) and verification 
well 1 (VW1; temperature log data), with a linear and polynomial fit for the CCS1 
data.

a slower increase, with longer delays and 
lower maximum ΔP for the higher layers. 
For the Eau Claire layers (25, 26, and 27), 
the ΔP were much lower and had longer 
delays but followed a pattern similar to 
that of the upper Mt. Simon layers. The 
maximum ΔP in the Eau Claire layers was 
approximately 3 MPa (435 psi).

Figure 28 shows the ΔP predicted in layer 
02 (upper injection zone) and layer 24 
(uppermost Mt. Simon layer) at the end 
of the injection period (50 years) at the 
basin scale. At the end of the injection 
period, ΔP in layer 02 (maximum ΔP of 
13.7 MPa, or 1,987 psi, and average ΔP 
of 2.6 MPa, or 377 psi) was significantly 
greater than that predicted for layer 
24 (maximum ΔP of 5.7 MPa, or 827 
psi, and average ΔP of 1.9 MPa, or 276 
psi). This figure also shows that the ΔP 
varied slightly from well to well and that 
the ΔP from single wells extended out 
to the neighboring wells. Overall, ΔP 

greater than 69 kPa (10 psi) were gener-
ally restricted to the area outlined by the 
dashed magenta line, which was 30 km 
(18.6 mi) away from the injection zone.

Summary
A basin-scale GCS model for the Mt. 
Simon Sandstone was improved with 
the addition of new data for the vertical 
temperature gradient and brine salinity 
and a revision of the geologic model. 
Modeling results to 5,000 years indicated 
that a significant amount of CO

2
 (100 

million tonnes [110 million tons] per 
year injected over 50 years) could be 
injected and permanently stored. The 
simulations to 5,000 years showed that 
the injected CO

2
 remained well below 

the caprock and that 56% of the injected 
CO

2
 was trapped in the Mt. Simon via 

residual saturation. Another 15% of the 
injected CO

2
 dissolved into the Mt. Simon 

brine, whereas 29% remained as a mobile 

supercritical fluid. Figure 23 shows that 
the CO

2
 plumes do not intersect; thus, 

it may be possible to inject additional 
CO

2 
with a different injection well 

configuration.

Significant pressure increases were 
predicted near each of the 40 injection 
wells. These pressure increases extended 
vertically through the rock sequence 
modeled from the pre-Mt. Simon 
through the Eau Claire Formation. The 
maximum ΔP was observed at the end 
of the injection period, and the pressure 
declined rapidly after injection ceased. 
The maximum ΔP were 14.6 MPa (2,118 
psi) for the pre-Mt. Simon layer, 13.7 MPa 
(1,987 psi) for the Mt. Simon layer, and 
3 MPa (435 psi) for the Eau Claire layer. 
These ΔP declined rapidly away from the 
injection well field. For example, pressure 
increases in the Mt. Simon 30 km (18.6 
mi) north of the injection well field were 
predicted to be <69 kPa (<10 psi). The 
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Figure 24 Distribution of the maximum supercritical CO2 (scCO2) saturation in 
the ILB03 simulation by geologic layer and time. Layers 1 through 11 are Mt. 
Simon layers, and layer 0 is the pre-Mt. Simon layer.
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Figure 25 Supercritical CO2 (scCO2) injected as a function of time (solid blue, tur-
quoise, and green lines) and proportion of CO2 as free-phase scCO2 (dashed green 
line) or dissolved CO2 (dashed turquoise line) as a function of time for the entire 
model in the ILB03 simulation.
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Figure 26 Pressure change (ΔP) predicted for the injection zone for two wells 
(wells 1 and 12) as a function of time in the ILB03 simulation. The dashed gray line 
denotes the end of the CO2 injection period (50 years) simulation.
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Figure 27 Pressure change (ΔP) predicted along a vertical sequence at an 
injection well (well 1) in the ILB03 simulation. The vertical sequence begins with 
layer 00 and ends at layer 27.
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Figure 28 Pressure change (ΔP) in the upper injection zone (layer 02, top image) and top of 
the Mt. Simon (layer 24, bottom image) at the end of the injection period in the ILB03 simula-
tion. The ΔP color scale ranges from 69 kPa (10 psi) to 14.5 MPa (2,103 psi).
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Table 11 Input data used for the TOUGH2-MP simulator in the ILB04 
simulations1

Item Unit Minimum value Maximum value

Parameter

Horizontal permeability m2 2.6 × 10−20 3.2 × 10−13

Vertical permeability m2 1.0 × 10−20 2.4 × 10−13

Porosity % 4.7 24.9

Pore compressibility Pa−1 1.83 × 10−10 7.4 × 10−10

Temperature °C 15.9 93.0

Salt mass fraction d 0.0 0.208

Dissolved CO2 d 0 0

ILB04a relative permeability function (Corey)

Residual liquid saturation d 0.20 0.30

Residual gas saturation d 0.0 0.0

ILB04b relative permeability function (van Genuchten–Mualem)

Exponent (λ) d 1.36 1.36

Liquid saturation d 1.00 1.00

Residual liquid saturation d 0.64 0.64

Residual gas saturation d 0.01 0.01

Capillary pressure function (linear)

Parameter 1 d 0.000 0.000

Parameter 2 d 0.01 0.01

Parameter 3 d 1.00 1.00
1These data describe the reservoir and fluid properties for the near-well 
 model domain. Values that were changed from scenario ILB03 are shown in 
 bold. d, dimensionless.

injection pressures predicted near the 
injection wells were quite high but could 
easily be reduced by altering the well 
design, such as by using horizontal wells 
for injection.

ILB04—MODEL EVALUATING 
RELATIVE PERMEABILITY 
FUNCTIONS
In this section, we discuss input data for 
and results from the fourth-generation 
(ILB04) model, which have not been 
published previously. The flow model 
used input data from ILB03 and included 
three geologic layers: the pre-Mt. Simon 
sandstone, the Mt. Simon Sandstone, and 
the Eau Claire Formation. For this fourth-
generation model, the effects of different 
relative permeability models were evalu-
ated by using the new relative perme-
ability models from Strandli and Benson 
(2015) and Senel et al. (2014). Both 
investigators built site-scale models of 
CO

2
 injection at the IBDP and calibrated 

their models with IBDP data, including 
pressure buildup and CO

2
 breakthrough 

at VW1; thus, this scenario also used 
dynamic data to improve the model input 
data. The significance of the relative per-
meability function in two-phase models 
is widely known and well documented 
(Lake 1989; Kopp et al. 2009; Krevor et al. 
2012). These scenarios are valuable for 
illustrating the effect of relative perme-
ability functions at the basin scale.

Numerical Grid, Number of  
Injection Wells, and Carbon  
Dioxide Injected
The simulations for ILB04 used the 
same 3-D grid developed for model 
ILB03 (Figure 18). The simulations for 
ILB04 were planned to extend for a total 
period of 5,000 years, with CO

2
 injection 

occurring during the first 50 years and 
a postinjection period lasting for 4,950 
years. The ILB04a scenario did not run 
for the full simulation period but stopped 
at 2,736 years because of numerical 

convergence issues. Similarly, the ILB04b 
scenario stopped at 3,300 years. For both 
ILB04a and ILB04b, scCO

2
 was injected 

into 40 injection wells at a total rate of 
100 million tonnes (110 million tons) per 
year, or a total injected mass of 5 billion 
tonnes (5.5 billion tons) over the 50-year 
injection period.

Geologic Data and Formations 
Included in the Model
The flow model included three geologic 
layers: the pre-Mt. Simon sandstone, 
the Mt. Simon Sandstone, and the Eau 
Claire Formation. The same values were 
assigned for porosity and horizontal and 
vertical permeability as for ILB03 (Table 
11, Figure 20). However, the two-phase 
flow parameters for ILB04 differed from 
those for ILB03. Scenario ILB04a used 
the relative permeability model from 
Strandli and Benson (2015) and Strandli 
(2015), who used the relative permeabil-
ity model by Corey (1954) for brine and 
scCO

2
 (Table 11). Strandli and Benson 
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Figure 29 Schematic diagram of the geologic model by Strandli and Benson 
(2015). The model is symmetrical about the injection well; it extends from 1,420 to 
1,974 m (4,659 to 6,476 ft) below mean seal level (MSL) and consists of the Mt. 
Simon reservoir, the underlying pre-Mt. Simon, and part of the overlying Eau Claire 
Formation (seal). The rest of the Eau Claire Formation was ignored. The model 
extends 100 km (62 mi) radially, and supercritical CO2 (scCO2) is injected at the 
bottom of the Mt. Simon (at two separate intervals). The pressure is monitored 305 
m (1,001 ft) from the injection well (positions of the nine monitoring zones are indi-
cated by red markers). To accommodate the perfectly layered model, verification 
well 1 (VW1) logs were shifted down 13.1 m (43.0 ft). The simulation grid has a 
vertical resolution of 1 m (3.3 ft) below and 5 m (16.4 ft) above 1,885 m (6,184 ft). 
CCS1, injection well. From Strandli and Benson (2015, figure 3.17). Vert. grid res., 
vertical grid resolution.
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Figure 30 History-matched and model-predicted pressure changes (ΔP) at the 
injection well (average change across injection cells) and at monitoring zones 2 
through 4, along with ΔP observed at the Illinois Basin – Decatur Project (IBDP). 
Overall, a good match was obtained. From Strandli and Benson (2015, figure 3.21). 
BPH, bottomhole pressure; inj., injection.

(2015) and Strandli (2015) also adopted a 
van Genuchten capillary pressure model 
(van Genuchten 1980), but this was not 
included here to allow a better compari-
son of the effects of the relative permea-
bility models. Strandli and Benson (2015) 
and Strandli (2015) then developed a GCS 
model of the IBDP site to evaluate new 
methods of analyzing multilevel pres-
sure monitoring. In this effort, they had 
a narrow focus on the geologic environ-
ment (Figure 29), worked with a 228-day 
window of formation pressure data, and 
did not consider hysteresis. The rela-
tive permeability model by Corey (1954) 
requires two inputs: the liquid residual 
saturation (S

lr
) and the gas residual satu-

ration (S
gr

). The liquid residual saturation 
(S

lr
) was set at 0.20 in the storage reservoir 

and overlying aquifer and at 0.30 in the 

seal, and the gas residual saturation (S
gr

) 
was set at 0. During model calibration, 
Strandli and Benson (2015) did not adjust 
the relative permeability parameters, only 
the horizontal and vertical permeability. 
Overall, the authors obtained a good 
match between observed and predicted 
ΔP at the injection well and VW1 (Figure 
30), as well as the CO

2
 breakthrough time 

at VW1.

For the ILB04b scenario, we adopted the 
relative permeability model of Senel et al. 
(2014). These authors developed a GCS 
flow model by using ECLIPSE (trademark 
of Schlumberger) and the CO

2
STORE 

module to define the ΔP within the 
injection zone and the CO

2
 plume geom-

etry to meet monitoring requirements 
mandated in the underground injection 

control Class VI permit issued by the 
U.S. Environmental Protection Agency 
(USEPA) for CCS1. Senel et al. (2014) 
used Brooks–Corey functions (Brooks 
and Corey 1964) to set the drainage and 
imbibition curves, with the end point CO

2
 

relative permeability set at 0.6, S
gr

 at 0.15, 
and S

lr
 at 0.35 before model calibration. 

During model calibration, Senel et al. 
(2014) altered the relative permeability 
parameters and the horizontal and verti-
cal permeability values to boost the lat-
eral CO

2
 transport from the injection well 

to VW1. After model calibration, the end 
point CO

2
 relative permeability was set 

at 0.75 and S
lr
 was set at 0.60 (Figure 31). 

The Brooks–Corey relative permeability 
function was not available in TOUGH2-
MP, so an equivalent relative permeability 
function was developed by using the van 
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Figure 31 Relative permeability curves used by Senel et al. (2014) before and 
after model calibration. Sw, water saturation. From Senel, O., R. Will, and R.J. 
Butsch, 2014, Integrated reservoir modeling at the Illinois Basin – Decatur Project: 
Greenhouse Gases: Science & Technology, vol. 4, no. 5, p. 662–684, figure 11. 
Copyright © 2014 Society of Chemical Industry and John Wiley & Sons, Ltd. Used 
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Genuchten–Mualem relative permea-
bility model for brine and scCO

2
 (Table 

11). As defined by the van Genuchten–
Mualem model, relative permeability is 
a function of an exponent (λ), the liquid 
residual saturation (S

lr
), the gas residual 

saturation (S
gr

), and the liquid saturation 
(S

ls
; Pruess 2005).

A linear model was used to set the cap-
illary pressure as equal to zero in the 
ILB04a and ILB04b scenarios. As defined 
by the linear model, capillary pressure 
is a linear function of three parameters 
(Pruess et al. 1999). With the inputs 
chosen (Table 11), the linear function 
yielded a capillary pressure value equal to 
zero for scenarios ILB04a and ILB04b.

Modeling Results and Discussion
Figures 32 and 33 illustrate the distribu-
tion of scCO

2
 for the ILB04a and ILB04b 

scenarios at selected locations. The top 
panels show a plan view of the scCO

2
 

distribution in the top injection zone at 
four simulation times (10, 50, and 100 
years, and the end of simulation), and the 
bottom panels feature a cross-sectional 

view of the scCO
2
 distribution through 

well 19 (location noted by the black box 
in the top left panel). For both ILB04a and 
ILB04b, the plan view map of scCO

2
 dis-

tribution was similar to the distribution 
in the other simulations: scCO

2
 plumes 

formed around each well and remained 
isolated. At the end of the ILB04a sce-
nario, the area covered by scCO

2
 was 

much smaller (see Figures 23, 32, and 33) 
than that for the ILB03a scenario.

The cross-sectional view in the bottom 
panels of Figures 32 and 33 features the 
vertical distribution of scCO

2
 at well 19. 

This well is located in an area that slopes 
upward to the north. A core of pure scCO

2
 

(red area) can be observed in the plots for 
50 and 100 years, but this core disappears 
in ILB04a as the plume migrates verti-
cally at later times. At this well, scCO

2
 has 

migrated to the top layer of the Mt. Simon 
but not into the Eau Claire (which has 
thicker grid layers). Supercritical CO

2
 had 

less vertical transport in ILB04b than in 
ILB04a (Figures 32 and 33).

The mass balance data for scenarios 
ILB04a and ILB04b indicated faster verti-
cal transport than in previous simula-

tions. These simulations included a single 
layer for the pre-Mt. Simon, 4 layers for 
the Eau Claire, and 24 layers for the Mt. 
Simon. Carbon dioxide was injected into 
the two deepest Mt. Simon layers, MS01 
and MS02. Table 12 shows the distribu-
tion of scCO

2
 at selected simulation times 

and the mass of scCO
2
 that migrated to 

the Eau Claire layer by the end of the sim-
ulation. Modeling results for both simula-
tions showed that significant quantities of 
scCO

2
 began migrating from the injection 

zone (MS01 and MS02) downward into 
the pre-Mt. Simon (PM01) and upward 
into the middle Mt. Simon layers (MS06 
through MS11) before the simulation 
time approached 100 years. In addition, 
these results indicated that the scCO

2
 

penetrated the lowermost Eau Claire 
layer (EC01) at 2,662 years for the ILB04a 
scenario and at 900 years for the ILB04b 
scenario. The mass of scCO

2
 that was 

predicted to enter EC01 for the ILB04a 
scenario was quite small—1.4 × 105 kg of 
the 4.99 × 1012 kg (3.1 × 105 lb of the 1.10 
× 1013 lb) injected—but the amount pre-
dicted for the ILB04b scenario was much 
higher—1.77 × 1010 kg of the 4.99 × 1012 kg 
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Table 12 Distribution of supercritical CO2 (scCO2) by modeling layer for the ILB04a 
and ILB04b scenarios1

Simulation time, years

Distribution of scCO2 by model layer

ILB04a ILB04b
50 PM01–MS11 PM01–MS12
100 PM01–MS11 PM01–MS13
500 PM01–MS13 PM01–MS22
1,000 PM01–MS16 PM01–EC01
2,000 PM01–MS24 PM01–EC01
End of simulation PM01–EC01 PM01–EC01
1PM01, pre-Mt. Simon layer 01; MS11, MS12, MS13, MS16, and MS22, Mt. Simon layers 
 01, 11, 12, 13, 16, and 22; EC01, Eau Claire layer 01.

(3.90 × 1010 of the 1.10 × 1013 lb) injected. 
Scenarios ILB04a and ILB04b were the 
only simulations that showed scCO

2
 

migrating in the caprock (Eau Claire) and 
that excluded capillary pressure.

For ILB04a, the distribution of scCO
2
 

and dissolved CO
2
 over time showed that 

approximately 15% of the injected CO
2
 

was dissolved during the injection period 
(to 50 years) and that it increased linearly 
in the postinjection period (Figure 34). At 
the end of the ILB04a scenario, 55% of the 
injected CO

2
 remained as scCO

2
 and 45% 

of the injected CO
2
 was dissolved. The 

results for ILB04a showed a much higher 
percentage of dissolved CO

2
 than did the 

results for ILB03a but a much lower per-
centage than did those for ILB04b (Figure 
35). Scenario ILB04b was the first simula-
tion to show that the mass of dissolved 
CO

2
 was greater than the mass of scCO

2
 at 

the end of the simulation.

In the scenarios discussed in this report, 
fluid pressure reached a maximum at the 
end of the injection period (50 years). 
The mean, minimum, and maximum 
pressures reported by layer increased 
with depth and were similar for ILB04a, 
ILB04b, and ILB03, but the pressures 
were slightly higher for ILB04a (Table 13). 
The relative permeability function could 
have altered the pressure buildup near 
the injection wells, which likely was the 
cause of the slightly higher maximum 
pressures for ILB04a.

Summary
In this section, the effects of the relative 
permeability models on the distribu-
tion of the injected CO

2
 were assessed by 

using two relative permeability models 
for the calibrated site-scale models. 

Capillary pressure was omitted from 
these simulations, and this omission 
clearly affected the modeling results. The 
lack of capillary pressure is thought to 
have allowed faster and greater vertical 
transport of the buoyant CO

2
. Scenarios 

ILB04a and ILB04b are the first to predict 
that small but significant quantities of 
scCO

2
 would enter the caprock (EC01). 

The choice of relative permeability model 
could also significantly affect the distri-
bution of the injected CO

2
, as shown by 

the results for ILB03, ILB04a, and ILB04b. 
Although the significance of the relative 
permeability model is widely known and 
well documented (Lake 1989; Kopp et al. 
2009; Krevor et al. 2012), the data needed 
to develop relative permeability models 
are difficult to obtain and are often lim-
ited to very few laboratory studies for a 
given GCS site. A relative permeability 
model is difficult to define for a site-scale 
model and nearly impossible to define 
for the geologic heterogeneity in a basin-
scale model, but the impact of these data 
on the GCS modeling results is profound. 
Additional research on relative perme-
ability models and upscaling of these 
models (e.g., Dagan et al. 2013; Rabinov-
ich et al. 2015) is clearly needed.

ILB05—MODEL EVALUATING 
HYSTERESIS IN RELATIVE 
PERMEABILITY FUNCTIONS
In this section, we discuss the input data 
for and results from the fifth-generation 
(ILB05) model, which have not been 
published previously. The simulation 
results from the fifth-generation Illinois 
Basin model accounted for hysteresis in 
the relative permeability functions and 
were compared with the nonhysteretic 

results of ILB03. This flow model used 
data from ILB03 as input and included 
three geologic layers: the pre-Mt. Simon 
sandstone, the Mt. Simon Sandstone, and 
the Eau Claire Formation. In this sec-
tion, we explore the effects of hysteresis 
within the relative permeability function 
on the distribution of scCO

2
 and dis-

solved CO
2
. Hysteresis is a phenomenon 

describing the differences observed when 
a fluid–fluid interface, such as brine and 
scCO

2
, advances or recedes on a solid 

surface because of interfacial tension and 
wettability differences (Bear 1979). The 
hysteresis algorithm used for the ILB05 
simulation was developed by Patterson 
(2011) and Patterson and Falta (2012) and 
allowed for multiple scanning curves. 
Hysteresis within the capillary pressure 
function was also possible, but numeri-
cal experiments showed it had a minimal 
effect on the distribution of CO

2
 while 

significantly increasing the simulation 
effort (as measured in central processing 
units [CPU] time). Thus, hysteresis within 
the capillary pressure function was not 
considered here.

Numerical Grid, Number of  
Injection Wells, and Carbon  
Dioxide Injected
The simulation for ILB05 used the 3-D 
grid developed for ILB03 (Figure 18). The 
simulation for ILB05 extended for a total 
period of 5,000 years, with CO

2
 injection 

occurring during the first 50 years and 
a postinjection period lasting for 4,950 
years. The scCO

2
 was injected into 40 

injection wells at a total rate of 100 mil-
lion tonnes (110 million tons) per year, or 
a total injected mass of 5 billion tonnes 
(5.5 billion tons) over the 50-year injec-
tion period.
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Table 13 Pressure (P) data at the end of the injection period (50 years) for the ILB03, ILb04a, and ILB04b 
scenarios1

Layer

P, MPa

VarianceMinimum Maximum Mean

ILB04b

EC01 (Eau Claire) 2.86 41.3 18.1 2.95 × 1013

MS24 (top of Mt. Simon) 3.10 41.4 18.5 3.02 × 1013

MS02 (upper injection zone) 5.97 44.1 23.6 3.41 × 1013

MS01 (lower injection zone) 6.01 44.2 23.7 3.41 × 1013

PM01 (pre-Mt. Simon) 6.10 44.3 23.8 3.40 × 1013

ILB04a

EC01 2.86 41.5 18.1 2.97 × 1013

MS24 3.10 41.7 18.5 3.05 × 1013

MS02 5.91 44.4 24.0 3.95 × 1013

MS01 5.95 44.4 24.1 3.94 × 1013

PM01 6.04 44.5 24.2 3.90 × 1013

ILB03

EC01 3.28 41.5 18.7 3.05 × 1013

MS242

MS02 5.97 44.1 24.0 3.96 × 1013

MS01 6.01 44.2 24.1 3.96 × 1013

PM01 6.10 44.3 24.2 3.92 × 1013

1Data are shown by model layer. EC01, Eau Claire layer 01; MS24, MS02, MS01, Mt. Simon layers 24, 02, and 01; PM01, 
 pre-Mt. Simon layer 01.
2Data were lost because of a hard drive crash.

Geologic Data and Formations 
Included in the Model
The flow model included three geologic 
layers: the pre-Mt. Simon sandstone, the 
Mt. Simon Sandstone, and the Eau Claire 
Formation. The same porosity and hori-
zontal and vertical permeability values 
were assigned for ILB05 as for ILB03 
(Table 14, Figure 20). However, the two-
phase flow parameters for ILB05 differed 
from those for ILB03. Scenario ILB05 
used a new relative permeability model 
for the brine and scCO

2
 fluid pair (Table 

15).

Relative Permeability

Relative permeability is a numerical 
modeling concept used to account for 
the competition between separate fluid 
phases over pore space availability. It 
essentially controls the ease with which 
fluids may flow in a multiphase flow 
numerical model. Relative permeability 
(k

r
) is a scaling factor (0 to 1) and is the 

ratio of the effective β hase permeability, 
k

eß, to the intrinsic permeability, k:

q
k k

P z
r (2)+

–
= ∇ ∇g

Relative permeability is used to adapt the 
single-phase flow Darcy equation to mul-
tiphase flow:

where qβ is the Darcy flux in phase β, μβ is 
the viscosity of phase β, ∇Pβ is the pres-
sure gradient in phase β, ρβ is the density 
of phase β, g is the gravitational accelera-
tion, and ∇z is the elevation gradient. 
Charbeneau (2007) modified the Mualem 
(1976) function to account for k

r
 < 1 when 

the irreducible wetting saturation (S
lr
) < 

1 so that the nonwetting phase did not 
flow at the single-phase velocity while the 
irreducible wetting phase remained in 
the pores:

saturation of the wetting phase (in this 
case brine), and m is the van Genuchten 
fitting parameter. The leading term on 
the right side of the equation accounts 
for tortuosity and is the altered term that 
distinguishes the Charbeneau (2007) 
from the popular Mualem (1976) relative 
permeability function.

Residual Saturation and Hysteresis

The residual nonwetting phase satura-
tion (S

nr
) is a measure of the volume of 

nonwetting phase fluid at which the fluid 
becomes discontinuous and immobilized 
by capillary forces (Mercer and Cohen 
1990). For GCS applications, this process 
will happen during postinjection buoyant 
flow of scCO

2
. In general, rock volumes 

that experience greater nonwetting phase 
saturation subsequently trap more non-
wetting phase as residual saturation. This 
natural phenomenon is hysteresis and 
is critical to predicting realistic amounts 
of trapped scCO

2
 during simulation. 

Hysteresis is incorporated into the rela-
tive permeability function within the 

k
rn

S
n

S
n= 1– S

w
 1/m

2m

(3)
–

,

where S
n
 represents the saturation of the 

nonwetting phase (CO
2
 in the case of 

GCS applications), Sw

–  represents a scaled 

k
k

kr
e

(1).
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Table 15 Capillary pressure parameters assigned for the ILB05 geologic layers1

Layer λ Slr P0, Pa Pmax, Pa Sls

Eau Claire 0.412 0.03 5.00 × 106 1.0 × 109 0.999

Mt. Simon 0.412 0.00 2.12 × 104 5.0 × 105 0.999

Pre-Mt. Simon 0.412 0.03 1.00 × 107 1.0 × 109 0.999
1 λ, exponent; Slr, liquid residual saturation; P0, rock strength coefficient; Pmax, maximum 
 capillary pressure; Sls, liquid saturation.

Table 14 Input data used for the TOUGH2-MP simulator in the ILB05 
simulation1

Item Unit Minimum value Maximum value

Parameter

Horizontal permeability m2 2.6 × 10−20 3.2 × 10−13

Vertical permeability m2 1.0 × 10−20 2.4 × 10−13

Porosity % 4.7 24.9

Pore compressibility Pa−1 1.83 × 10−10 7.4 × 10−10

Temperature °C 15.9 93.0

Salt mass fraction d 0.0 0.208

Dissolved CO2 d 0 0

Relative permeability function

Residual liquid saturation d 0.20 0.30

Exponent (λ) d 0.412 0.90

Liquid saturation d 1.00 1.00

Residual liquid saturation d 0.20 0.20

Residual gas saturation d 0.0 0.0
1These data describe the reservoir and fluid properties for the near-well model 
domain. d, dimensionless.

simulator, which is capable of calculating 
variable residual saturation depending 
on the maximum saturation achieved for 
each grid block. Nonhysteretic simula-
tions use a single value of residual satura-
tion; they can overpredict mobility at low 
nonwetting saturations and underpredict 
residual saturation at high nonwetting 
saturations. 

The Charbeneau (2007) relative perme-
ability function is used with the continu-
ous hysteresis method described by Pat-
terson and Falta (2012) and implemented 
in TOUGH2-MP/ECO2N (Pruess 2005). 
This hysteretic method calculates a vari-
able and unique value of residual non-
wetting saturation for each grid block, 
depending on the nonwetting phase 
saturation history within each grid block 
(maximum nonwetting saturation). The 
method of continuously updating S

nr
 

during wetting phase drainage results in 
a smooth transition to wetting imbibition. 

This characteristic alters the shape of the 
function to which it is applied. Therefore, 
effort is needed to find the best possible 
fit of the function to laboratory data.

Laboratory Testing—Relative 
Permeability

Mt. Simon core samples from IBDP verifi-
cation well 2 (VW2, API 12115235520000) 
were tested by Schlumberger Reservoir 
Laboratories (Houston, Texas) for steady-
state relative permeability (Schlumberger 
Reservoir Laboratories 2015). The tested 
5-cm samples were numbers 5-48 and 
6-1 from depths of 2,096.3 and 2,097.5 
m (6,877.6 and 6,881.5 ft), respectively, 
and were classified as Mt. Simon upper A 
rock. These cores were stacked and tested 
as a single sample. Synthetic brine and 
supercritical CO

2
 were used as fluids in 

this experiment, and the experiment was 
conducted at 50 °C (122 °F). The labora-
tory report stated that the sample had a 

porosity of 22.1%, a brine permeability of 
101 mD, a scCO

2
 permeability of 86.6 mD, 

and a residual water saturation of 32.6%.

Figure 36 shows the hysteretic CO
2
 rela-

tive permeability model that was fit to 
laboratory data (Schlumberger Reservoir 
Laboratories 2015). Laboratory data con-
sisted of one cycle of drainage and imbi-
bition, in which the relative permeability 
of scCO

2
 was measured within a rock core 

as brine was drained and then allowed 
to imbibe. The model parameters were 
chosen to fit closer to the imbibition data 
because the system was in a state of imbi-
bition for most of the simulation time, 
4,950 of the 5,000 years.

Capillary Pressure

Table 14 contains the van Genuchten 
capillary pressure parameters used for 
the geologic layers within ILB05. Includ-
ing hysteresis in the capillary pressure led 
to an extremely long computation time, 
so the capillary pressure function was 
turned off and the nonhysteretic capillary 
pressure was used for the results pre-
sented. Patterson (2011) demonstrated 
that for GCS simulations spanning a 
range of geologic properties common for 
injection and storage of CO

2
, including 

hysteresis in the capillary pressure did 
not have a significant effect on the results 
as long as hysteresis was used in the rela-
tive permeability.

Modeling Results and Discussion
Maps and cross sections of scCO

2
 satura-

tion (SG) and reservoir ΔP were used 
to visualize the primary effects of scCO

2
 

injection within the Illinois Basin over 
time. Mass balance data were also used 
to quantify the long-term distribution 
of CO

2
 between the nonaqueous phase 

and the aqueous phase (i.e., CO
2
 that has 

dissolved into the native brine). Figure 
37 shows the approximate locations of 
several cross-sectional slices, along with 
the scCO

2
 saturation at 50 years of simu-

lation time, to depict the relationships of 
the cross-sectional slices to the locations 
of the CO

2
 plumes. Figure 37 shows the 

scCO
2
 saturation within layer MS03, the 

layer directly overlying the uppermost 
injection layer. This layer contained more 
scCO

2
 than any other layer at the end of 

injection.



  43

Model drainage

Model imbibition

Measured drainage

Measured imbibition

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Water saturation (Sw)

R
el

at
iv

e 
pe

rm
ea

bi
lit

y 
(K

rn
)

Figure 36 Modeled hysteretic CO
2
 relative permeability (solid lines) and measured laboratory CO

2
 relative per-

meability.

Mass Balance

At the end of injection (50 years), the 
total mass of CO

2
 (scCO

2
 and dissolved 

aqueous-phase CO
2
) within the system, 

or entire model, reached a maximum of 
5.0 × 1012 kg (1.10 × 1013 lb) and remained 
within the system throughout the dura-
tion of the simulation, confirming that no 
CO

2
 mass was lost to the model boundar-

ies (Figure 38). At the end of injection, 
90.26% of CO

2
 was still in a supercritical 

phase, whereas 9.74% had dissolved 
in the formation brine. Dissolved CO

2
 

steadily increased within each layer 
throughout the simulation. By 5,000 
years, 77.5% of the CO

2
 remained in a 

supercritical phase, whereas 22.5% of the 
total injected CO

2
 had dissolved in the 

brine (Figure 39).

Plume Evolution

Within the first year of injection, scCO
2
 

reached layer MS06 but had yet to pen-
etrate layer MS07 (Figure 38). At 50 years, 
layer MS03, the layer above the injection 
zone (Figure 39), contained more scCO

2
 

than any other layer (1.3 × 1012 kg [2.9 
× 1012 lb]). At that time, layer MS11 was 
the shallowest layer penetrated by scCO

2
 

(1.14 × 107 kg [2.51 × 107 lb] within layer 
MS11). Layers MS01 and MS02 (injection 
layers) contained their maximum total 
CO

2
 mass at 50 and 51 years, respectively. 
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Figure 37 Simulation ILB05 results showing supercritical CO2 (scCO2) gas 
saturation within layer MS03 at 50 years (end of injection). Also shown are 
approximate locations of cross-sectional slices: an east–west slice along the top 
row of wells (blue line), a north–south slice where x is 1,060,000 m (3,477,690.3 
ft; red line), a north–south slice where x is 969,000 m (3,179,133.9 ft; green line), 
a north–south slice where x is 1,127,000 m (3,697,506.6 ft; black line), a north–
south slice where x is 1,132,000 m (3,713,910.8 ft; gray line), a north–south slice 
where x is 990,000 m (3,248,031.5 ft; bright blue), and a north–south slice where 
x is 1,152 m (3,779.5 ft; right-most line). SG, saturation, gas (scCO2).
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Figure 38 Simulation ILB05 results plotting the total mass of CO2 within the model. Approximately 5 million tonnes (5.5 mil-
lion tons), or 5 billion kilograms (11 billion pounds), of CO2 enters the system and remains in the system for the duration of 
the simulation. Layers MS01 and MS02 contain the injection zone, but by the end of injection, layer MS03 (turquoise line) 
contains more CO2 mass than any other layer. PM01, pre-Mt. Simon layer 01; MS01–MS24, Mt. Simon layers 01–24; EC01, 
Eau Claire layer 01.

At the end of the simulation, the great-
est masses of scCO

2
 were found in layers 

MS01, MS02, MS03, and MS07.

The total CO
2
 mass and scCO

2
 mass 

within layers MS01 and MS02 steadily 
decreased after these times, suggesting 
that the movement of CO

2
 was dominated 

largely by buoyant vertical migration 
of scCO

2
 after injection ceased. Super-

critical CO
2
 reached layer MS08 by 4,400 

years, the shallowest layer to contain CO
2
 

throughout the duration of the simula-
tion. Of the total CO

2
, 5.62 × 107 kg (1.24 

× 108 lb) remained in layer MS08 at 5,000 
years, at which time 41.33% of the CO

2
 

within layer MS08 was scCO
2
. Layer 

MS03 still contained a greater CO
2
 mass 

than any other layer within the model 
by the end of the simulation (Figure 40). 
Although layer MS08 overlies layer MS09, 
because of the basin structure, the shal-
lowest depth penetrated by CO

2
 was at 

a −1,092-m (−3,583-ft) elevation within 

layer MS09. The CO
2
 plume that reached 

the shallowest depth is shown in the 
upper right corner of Figure 41.

Figure 42 depicts the net flux of scCO
2
 

mass within each model layer for the last 
six 100-year increments of the simula-
tion. A positive value indicates the net 
flux of scCO

2
 into that layer over a 100-

year increment, whereas a negative value 
indicates a net loss of scCO

2
 from that 

layer over a 100-year increment. Layer 
MS10 was the shallowest layer to lose 
scCO

2
 mass. Layer MS11 gained the most 

scCO
2
 mass within the final 100 years of 

simulation time. For the final 600 years of 
simulation, the positive scCO

2
 mass flux 

into layers MS11 and MS12 (10 and 11 on 
the vertical axis of Figure 42) decreased 
steadily, whereas the positive scCO

2
 mass 

flux into the layers directly above those 
layers (layers MS13, MS14, and MS15) did 
not show a significant change. This result 
implies that although the CO

2
 plumes 

were still mobile at 5,000 years of simula-
tion, they showed a trend of decreasing 
vertical momentum.

Pressure Change

The reservoir ΔP, defined as the reservoir 
pressure at the time of interest minus 
the initial reservoir pressure before the 
beginning of CO

2
 injection, has important 

implications for managing risks caused 
by seismicity and unwanted migration of 
scCO

2
. The maximum ΔP observed within 

the system over the course of the entire 
simulation was 1.292 × 107 Pa (1,874 psi) 
at 50 years, right before injection ceased. 
Figure 43 shows a plan-view plot of ΔP 
within layer MS02, the uppermost injec-
tion layer. The maximum ΔP within this 
layer was 1.216 × 107 Pa (1,764 psi). At the 
end of injection, ΔP decreased imme-
diately as the postinjection time pro-
gressed. Figure 44 shows a plan-view plot 
of ΔP within layer MS02 at 5,000 years at 
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Figure 39 Simulation ILB05 results plotting the dissolved CO2 mass within the entire model. Approximately 10% 
of the total mass of CO2 within the system is dissolved at the end of injection (50 years) and increases to 22.5% 
by the end of the simulation (5,000 years). PM01, pre-Mt. Simon layer 01; MS01–MS24, Mt. Simon layers 01–24; 
EC01, Eau Claire layer 01.
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Figure 40 Supercritical CO2 (scCO2) saturation (SG) at 50 
years within layer MS03 for simulation ILB05. Layer MS03, 
which immediately overlies the injection zone, contained more 
CO2 mass than any other layer by the end of injection.
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Figure 41 Supercritical CO2 (scCO2) saturation (SG) within 
layer MS03 at 5,000 years for simulation ILB05. Layer MS03 
contained 15.23% of the total CO2 mass, more than any other 
layer within the model. Nearly 12.1% of the total injected CO2 
remained as a supercritical phase within this layer.
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Figure 42 Change in supercritical CO2 (scCO2) mass per model layer (0 on the vertical axis is the deepest layer, and 28 
is the shallowest layer) in 100-year increments between 4,400 and 5,000 years for simulation ILB05. The light blue line 
(labeled 4,500 years) represents the net change in scCO2 mass in each individual layer between 4,400 and 4,500 years of 
simulation time. The dark green line (labeled 5,000 years) represents the net change in scCO2 mass in each individual layer 
between 4,900 and 5,000 years of simulation time. By the end of the simulation, layer MS10 (labeled 10 on the vertical axis) 
is the shallowest layer losing scCO2 mass. Layer MS11 is gaining the most scCO2 mass.

the end of simulation. The maximum ΔP 
within the system at the end of the simu-
lation was 2.43 × 106 Pa (352 psi). Within 
layer MS02 (the uppermost injection 
layer), the maximum ΔP was 9.6 × 105 Pa 
(139 psi) at the end of the simulation.

Comparison with ILB03

Including relative permeability hysteresis 
had a significant effect on the behavior 
of the CO

2
 plume compared with ILB03, 

an earlier simulation of the same basin-
scale model that did not include relative 
permeability hysteresis. Figures 45 to 50 
depict differences in CO

2
 gas saturation 

between ILB05 (gray background) and 
ILB03 (pink background). The nonhys-
teretic model predicted a CO

2
 plume that 

was considered “sticky,” in which CO
2
 

saturation had to build up to the value 
of residual saturation before becoming 
mobile. For ILB03, the residual satura-
tion was set at 25%; thus, much of the CO

2
 

plume remained at a saturation of 25%. 
In contrast, the hysteretic model used 
variable residual saturation, which was 

dependent on the history of CO
2
 satura-

tion. Generally, the hysteretic model 
predicted a more mobile CO

2
 plume in 

which CO
2
 was not immobile until the 

postinjection period, when brine imbibi-
tion dominated the system.

Figure 49 shows scCO
2
 saturation for 

a west–east slice across the top row of 
injection wells at 5,000 years. The plume 
on the right reached the shallowest eleva-
tion, of approximately 1,092 m (3,583 
ft) below mean sea level, in layer MS16. 
Compared with plumes in the ILB03 sim-
ulation in Figure 50, the ILB05 simulation 
predicted plumes with considerably more 
mobility. Simulation ILB03 predicted 
that approximately 12% of the injected 
CO

2
 would have dissolved by 5,000 years, 

whereas ILB05 predicted that approxi-
mately 22% of the injected CO

2
 would 

have dissolved by 5,000 years (Figure 
51). This result can be explained by the 
increased mobility of the CO

2
 plumes 

in ILB05, leading to a greater contact 
area between the scCO

2
 and brine, thus 

enhancing the total dissolution.

Summary
In summary, CO

2
 plumes expanded hori-

zontally during the injection period, and 
then vertical migration dominated the 
postinjection period. Supercritical CO

2
 

plumes persisted to the end of the simu-
lation and remained separate. Super-
critical CO

2
 plumes remained within 

the Mt. Simon formation, well below the 
Eau Claire caprock, but they remained 
mobile throughout the entire simulation 
time. Including hysteresis in the relative 
permeability resulted in a more mobile 
CO

2
 plume when compared with the 

nonhysteretic model (ILB03). This mobil-
ity enhanced the dissolution of scCO

2
 

into the brine (22.5% vs. 9.7% of the CO
2
 

mass).

Future simulations could include 
an extension of the simulation end 
time in the current ILB05 model to 
determine the time for CO

2
 plumes to 

become immobile. In addition, another 
simulation could be run to evaluate a 
slightly different relative permeability 
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Figure 43 Pressure change (ΔP, in MPa) within layer MS02 at 50 years for simulation 
ILB05.
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Figure 44 Pressure change (ΔP, in MPa) within layer MS02 at 5,000 years for simulation 
ILB05.



 

–1,800

–1,850

–1,900

–1,950

–2,000

–2,050

–2,100

–2,150

–2,200

705,000 710,000 715,000 720,000

E
le

va
tio

n 
(m

)

0.01 0.26 0.75 1.00
SG
0.51

Northing (m)

North–south slice (x = 1,060K), well 19

Figure 45 Supercritical CO
2
 (scCO
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) saturation (SG) for simulation ILB05 at 

500 years at well 19.
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Figure 46 Supercritical CO2 (scCO2) saturation (SG) for simulation ILB03 at 500 
years at well 19.
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Figure 47 Supercritical CO2 (scCO2) saturation (SG) for simulation ILB05 at 
5,000 years at well 19.
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Figure 48 Supercritical CO2 (scCO2) saturation (SG) for simulation ILB03 at 5,000 
years at well 19.
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Figure 49 Supercritical CO2 (scCO2) saturation (SG) for simulation ILB05 at 5,000 years.
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Figure 50 Supercritical CO2 (scCO2) saturation (SG) for simulation ILB03 at 5,000 years.
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model. We suggest adopting a different 
fit for the relative permeability function 
to more closely match the shape of the 
main drainage path of the laboratory 
data. Imagining this fit (see Figure 36), we 
would expect CO

2
 plumes of even greater 

mobility than the ILB05 results presented 
here.

ILB06—MODEL EVALUATING 
HETEROGENEOUS 
GEOLOGIC DATA
In this section, we discuss input data for 
and results from the sixth-generation 
(ILB06) model, which have not been pub-
lished previously. The geologic model for 
the sixth-generation Illinois Basin model 
included new geologic and petrophysical 
models developed by ISGS geoscientists 
and petroleum engineers. The geologic 
model included four geologic layers: the 
Eau Claire Formation, the Mt. Simon 
Sandstone, the Argenta sandstone, and 
the Precambrian basement. The effects 
of hysteresis were not considered within 
the relative permeability function in this 
section.

Numerical Grid, Number of  
Injection Wells, and Carbon  
Dioxide Injected
A new 3-D grid was developed in mView 
for ILB06. This new grid included more 
geologic layers and more model ele-
ments than did the 3-D grid described 
in the ILB03—Model Using Illinois 
Basin – Decatur Project Dynamic Data 
section. This grid included four geologic 
layers. The deepest layer was the Precam-
brian basement, which was overlain by 
the Argenta sandstone, the Mt. Simon 
Sandstone, and the Eau Claire Forma-
tion. The vertical layers were set by using 
new elevation data from the ISGS GIS 
and were subdivided by using geologic 
data from the IBDP injection well (CCS1; 
Finley et al. 2013). The injection zone 
occurred near the base of the Mt. Simon 
Sandstone, and the Eau Claire Formation 
was a regional confining layer.

The numerical grid for this model did not 
have uniform size elements. Horizontally, 
telescopic grid refinement was used, with 
smaller radial elements near the injection 
wells and rectangular elements elsewhere 
(Figure 52). This new numerical grid had 
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600,000 800,000 1,000,000 1,200,000 1,400,000

Figure 52 Map showing the numerical grid developed for simulation ILB06 and 
the boundary of the grid developed for simulation ILB03. This new grid covers 
slightly less area in the north and east. The green dots show the 23 wells into 
which scCO2 was injected. The background map (shaded gray) shows the ground 
elevation. To orient yourself, Lake Michigan and the major river valleys are vis-
ible in this background map. The grid origin is 748,000 m (2,454,068 ft; east–west 
direction) and 527,000 m (1,729,003 ft; north–south direction).

2,933,035 elements, more than twice the 
number of elements in the previous grid 
used for ILB03, ILB04, and ILB05. Model 
elements had areas ranging from <100 m2 
(<1,076 ft2) near the injection wells to 6.25 
km2 (2.41 mi2) in the far field (area near 
the model boundaries). The grid included 
35 model layers. The bottom layer was 
numbered 00 and the top layer was 34. 
In the vertical dimension, the Precam-
brian was represented by 3 model layers, 
the Argenta by 3 model layers, the Mt. 
Simon by 26 model layers, and the Eau 
Claire Formation by 3 model layers. The 
Mt. Simon was subdivided into the lower 
Mt. Simon (13 model layers), middle Mt. 
Simon (10 model layers), and upper Mt. 
Simon (3 model layers).

Geologic modelers at the ISGS provided 
data for the blue grid shown in Figure 52. 
This geologic model was developed by 
using a 2.4 × 2.4 km (1.5 × 1.5 mi) grid. 
The extent of the ILB03 grid is shown by 
the red boundary. The new ILB06 grid 
shown in Figure 52 consists of the blue 
grid inside the red boundary, which 
covers most of Illinois and western 
Indiana. The denser blue patterns 
show where the grid was refined for the 
injection well area and around each of 
the 40 injection wells.

The simulations for ILB06 were planned 
for a total period of 5,000 years, with CO

2
 

injection occurring during the first 50 
years and a postinjection period lasting 
for 4,950 years. Preliminary modeling 
indicated that 40 injection wells would be 
required to inject 100 million tonnes (110 
million tons) of CO

2
 per year for the given 

rock properties and layer thicknesses. The 
locations of the injection wells and well 
field matched the locations of the ILB03 
grid. These wells did not represent any 
real-world wells but were simply one pos-
sible layout for a well network.

The original plan called for scCO
2
 to be 

injected into 40 injection wells at a total 
rate of 100 million tonnes (110 million 
tons) per year, or a total injected mass 
of 5 billion tonnes (5.5 billion tons) 
over the 50-year injection period. This 
injection rate matched the rate used for 
ILB01 and ILB03. Because of the complex 
geology of this heterogeneous geologic 
model, scCO

2
 was injected into only 23 

wells at a total rate of 28.7 million tonnes 
(31.6 million tons) per year, with a total 
injected mass of 1.44 billion tonnes 
(1.59 billion tons; Figure 52). At 17 well 
locations, the permeability was too low to 
allow for any significant scCO

2
 injection. 
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Because large changes in the injection 
rate caused convergence problems for 
TOUGH2-MP, a three-step injection rate 
was adopted. The CO

2
 injection rate was 

begun at 2.22 kg/s (4.89 lb/s), increased 
to 5.0 kg/s (11.0 lb/s) at 400,000 s, and 
then increased to the full rate of 19.8 
kg/s (43.7 lb/s) at 2 million or 3 million 
seconds. This three-step rate avoided 
pressure spikes that could occur with 
sudden changes in the injection rate. For 
the ILB06 simulation, a small amount 
of water (0.198 kg/s, or 0.437 lb/s) was 
coinjected with the CO

2
 to prevent 

precipitation of the solid salt (caused 
by drying of the native brine) near the 
injection wells. If salt precipitates, it 
reduces porosity and permeability 
and can cause the simulation to crash. 
Coinjection of water was not used in the 
previous Illinois Basin simulations, but it 
is commonly used by TOUGH modelers 
to address salt precipitation issues.

In addition, the heterogeneous geology 
and greater number of model elements 
led to significantly shorter time steps 
implemented by TOUGH2-MP and thus 
greater CPU usage. This greater CPU 
usage exhausted the XSEDE allocation 
long before the simulation could reach 
5,000 years. The scCO

2
 injection and CPU 

demands are discussed later in this section.

Geologic Data and Formations 
Included in the Model
The geologic model was substantially 
revised for this model generation because 
of new information from regional char-
acterization efforts that were generated 
as part of the IBDP. For example, micro-
seismic activity at the IBDP indicated that 
pressure was propagated in the Precam-
brian basement (Kaven et al. 2014; Will 
et al. 2014). In previous generations, the 
Precambrian was considered a no-flow 
boundary, but more recent interpreta-
tions regarding microseismicity showed 
this assumption was not correct. Thus, the 
upper 100 m (328 ft) of the Precambrian 
rock was included in this flow model. In 
addition, the pre-Mt. Simon sandstone 
was replaced by the Argenta sandstone. 
The number of vertical layers within 
the ILB06 model was increased from 29 
(ILB03) to 35 layers, reflecting a better 
understanding of the geologic sequence 
from the Precambrian to the Eau Claire 
Formation. In a similar fashion, the 

number of rock types was increased from 
26 to 65. Another significant change was 
the adoption of heterogeneous geologic 
layers. Up to this model generation, the 
model layers were assigned single values 
for porosity and permeability. On the 
basis of of regional studies of the Mt. 
Simon, these rock types within a layer 
were allowed to vary in a heterogeneous 
fashion, as shown by the examples of 
the upper injection zone (layer 07) and 
the top layer in the Mt. Simon (layer 31) 
depicted in Figure 53. Selected properties 
assigned for the ILB06 are listed in Tables 
16–18. A comparison of the mean values 
for the ILB06 and ILB03 grids showed that 
the ILB06 was slightly cooler (45.3 vs. 46.7 
°C [113.5 °F vs. 116.1 °F]) and filled with 
slightly less saline brine (0.126 vs. 0.151 
salt mass fraction).

The ILB06 model included 35 layers, and 
all layers included 83,801 elements, but 
the number of active elements varied 
by layer, as shown in Figure 53 (inactive 
elements are shown in royal blue). 
Layers 00 through 19 had 59,752 active 
elements, and layers 20 through 34 had 
69,994 active elements. Each layer was 
assigned to a geologic formation and 
generally contained multiple rock types, 
as listed in Table 18. The lower Mt. Simon 
contained a few layers that deserve 
special mention: layers 06 and 07 into 
which scCO

2
 was injected had higher 

permeability, whereas layers 08, 10, and 
14 were considered baffles, which would 
likely restrict vertical flow because of 
their lower permeability and porosity.

Relative Permeability

For the ILB06, rock types were classified 
into three groups, high, intermediate, and 
low quality, based on both their perme-
ability and the reservoir quality index 
(RQI; Table 19). The RQI is defined as the 
square root of the ratio of permeability 
to porosity (Amaefule et al. 1993) and 
approximates the mean pore throat size:

by using the van Genuchten relative 
permeability function embedded in 
TOUGH2-MP, which closely matched 
the data that Schlumberger used for the 
IBDP site-scale reservoir model (Table 
21, Figure 55). The relative permeability 
data for high-quality rocks (Figure 55) 
were based on laboratory measurements 
of lower Mt. Simon rock samples by Sch-
lumberger Reservoir Laboratories (2015). 
For intermediate- and low-quality rocks 
(Figure 55), the relative permeability data 
were generated by using functions based 
on general knowledge (Krevor et al. 2012; 
Lahann et al. 2014) and were consistent 
with the data in  
Schlumberger’s reservoir model (Senel  
et al. 2014).

Note that the maximum gas relative per-
meability in Figure 54 differs from that in 
Figure 55. The value was 1 for all curves 
in Figure 54, which was unrealistic but 
required because it was a fixed input for 
the option of the van Genuchten (1980) 
function in TOUGH2-MP. Therefore, 
TOUGH2-MP overpredicted the gas rela-
tive permeability at low water saturation 
values.

Capillary Pressure

Three sets of capillary pressure data 
were also generated by using the van 
Genuchten capillary pressure function 
to characterize high-, intermediate-, and 
low-quality rocks (Table 22, Figure 56). 
Table 20 lists the key parameters used in 
the van Genuchten function; these were 
obtained based on mercury injection test 
analyses (Table 23, Figure 57). The expo-
nent (λ) and irreducible water saturation 
were interpreted based on Figure 57. The 
entry pressure was the 50th percentile 
value of the water–gas entry pressure of 
rocks of various qualities. The maximum 
pressure used in the van Genuchten cap-
illary pressure function was assumed to 
be 6.9 MPa (1,001 psi).

Modeling Results and Discussion
Mass Balance

At the end of injection (50 years), the 
total mass of CO

2
 (scCO

2
 and dissolved 

or aqueous-phase CO
2
) within the entire 

model reached a maximum of 1.44 × 1012 
kg (3.17 × 1012 lb; Figure 58) and remained 
within the system throughout the rest of 
the simulation, confirming that no CO

2
 

RQI = 0.0314 k Ø, (4)

where RQI is the reservoir quality index 
(µm), k is permeability (mD), and Ø is 
porosity.

Three sets of relative permeability data 
were used to characterize rocks as high, 
intermediate, or low quality (Table 20, 
Figure 54). These data were generated  
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Figure 53 Maps showing the variation in rock types for two model layers: the upper injection zone 
toward the base of the Mt. Simon (layer 07) and the top layer of the Mt. Simon (layer 31). The royal 
blue areas (rock type 0) denote areas excluded from the flow model.
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Table 17 Porosity and horizontal (kh) and vertical (kz) permeability data assigned to the various rock types for 
the ILB06 simulation1

Layers Rock name in TOUGH2-MP Rock type Porosity, % kh, m
2 kz, m

2

All RT00 0 0 0.0 0.0
All SH01 1 1 9.87 × 10−19 7.90 × 10−19

Eau Claire EC01 2 11 4.93 × 10−16 3.95 × 10−16

EC02 3 12 9.87 × 10−15 7.90 × 10−15

EC03 4 6 9.87 × 10−17 7.90 × 10−17

EC04 5 12 4.93 × 10−14 1.97 × 10−14

EC05 6 10 9.87 × 10−15 3.95 × 10−15

EC06 7 9 9.87 × 10−16 2.96 × 10−16

Mount Simon
Upper UMS01 8 6 2.96 × 10−16 2.37 × 10−16

UMS02 9 5 9.87 × 10−17 7.90 × 10−17

UMS03 10 4 7.90 × 10−17 6.32 × 10−17

UMS04 11 10 7.90 × 10−16 6.32 × 10−16

UMS05 12 8 4.93 × 10−16 3.95 × 10−16

UMS06 13 5 2.96 × 10−16 2.37 × 10−16

UMS07 14 12 2.96 × 10−15 2.37 × 10−15

UMS08 15 11 9.87 × 10−16 7.90 × 10−16

UMS09 16 9 5.92 × 10−16 4.74 × 10−16

UMS10 17 15 1.97 × 10−13 1.58 × 10−13

UMS11 18 13 9.87 × 10−14 7.90 × 10−14

UMS12 19 10 6.91 × 10−14 5.53 × 10−14

UMS13 20 15 4.44 × 10−14 3.55 × 10−14

UMS14 21 14 2.96 × 10−14 2.37 × 10−14

Continued on p. 55

Table 16 Input data used for the TOUGH2-MP simulator in the ILB06 
simulation1

Item Unit Minimum value Maximum value

Parameter

Horizontal permeability m2 1.0 × 10−21 5.4 × 10−13

Vertical permeability m2 1.0 × 10−21 5.4 × 10−13

Porosity % 0.0005 22.0

Pore compressibility Pa−1 1.83 × 10−10 7.4 × 10−10

Temperature °C 16.6 98.0

Salt mass fraction d* 0.0 0.208

Dissolved CO2 d 0 0

Relative permeability function (van Genuchten–Mualem)

Exponent (λ) d 0.46 1.10

Liquid saturation d 1.00 1.00

Residual liquid saturation d 0.33 0.80

Residual gas saturation d 0.01 0.11

Capillary pressure function (van Genuchten)

Exponent (λ) d 0.400 0.550

Liquid saturation d 0.999 0.999

Residual liquid saturation d 0.05 0.25

Strength coefficient Pa−1 4.6 × 10−6 1.5 × 10−4

Maximum capillary pressure Pa 6.9 × 106 6.9 × 106

1These data describe the reservoir and fluid properties for the near-well model 
 domain. Values changed from scenario ILB03 are shown in bold. d,imensionless.
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Layers Rock name in TOUGH2-MP Rock type Porosity, % kh, m
2 kz, m

2

UMS15 22 13 1.18 × 10−14 9.47 × 10−15

UMS16 23 16 3.95 × 10−14 3.16 × 10−14

UMS17 24 14 5.92 × 10−15 4.74 × 10−15

UMS18 25 13 2.96 × 10−15 2.37 × 10−15

UMS19 26 17 2.47 × 10−13 1.97 × 10−13

UMS20 27 16 1.18 × 10−13 9.47 × 10−14

UMS21 28 14 9.87 × 10−14 7.90 × 10−14

UMS22 29 18 3.95 × 10−13 3.16 × 10−13

UMS23 30 17 1.97 × 10−13 1.58 × 10−13

UMS24 31 16 9.87 × 10−14 7.90 × 10−14

UMS25 32 6 9.87 × 10−17 7.90 × 10−17

UMS26 33 2 9.87 × 10−18 7.90 × 10−18

Middle MMS01 34 7 9.87 × 10−17 7.90 × 10−17

MMS02 35 10 9.87 × 10−17 7.90 × 10−17

MMS03 36 12 9.87 × 10−16 7.90 × 10−16

MMS04 37 14 4.93 × 10−15 3.95 × 10−15

MMS05 38 7 9.87 × 10−17 4.93 × 10−17

MMS06 39 10 5.92 × 10−16 2.96 × 10−16

MMS07 40 12 7.90 × 10−16 3.95 × 10−16

MMS08 41 15 9.87 × 10−16 4.93 × 10−16

MMS09 42 17 4.93 × 10−15 2.47 × 10−15

MMS10 43 20 9.87 × 10−15 4.93 × 10−15

MMS11 44 8 9.87 × 10−17 3.95 × 10−17

MMS12 45 12 9.87 × 10−16 3.95 × 10−16

MMS13 46 16 4.93 × 10−15 1.97 × 10−15

Lower LMS01 47 22.0 5.41 × 10−13 5.41 × 10−13

LMS02 48 17.0 2.09 × 10−13 2.09 × 10−13

LMS03 49 12.0 8.07 × 10−14 8.07 × 10−14

LMS04 50 21.0 7.87 × 10−14 7.87 × 10−14

LMS05 51 16.0 2.48 × 10−14 2.48 × 10−14

LMS06 52 11.0 7.85 × 10−15 7.85 × 10−15

LMS07 53 20.5 1.15 × 10−14 1.15 × 10−14

LMS08 54 15.5 3.86 × 10−15 3.86 × 10−15

LMS09 55 10.5 1.30 × 10−15 1.30 × 10−15

LMS10 56 19.0 2.93 × 10−15 2.93 × 10−15

LMS11 57 14.0 6.92 × 10−16 6.92 × 10−16

LMS12 58 9.0 1.63 × 10−16 1.63 × 10−16

LMS13 59 18.5 3.36 × 10−16 3.36 × 10−16

LMS14 60 13.5 7.29 × 10−17 7.29 × 10−17

LMS15 61 8.5 1.59 × 10−17 1.59 × 10−17

Argenta A01 53 20.5 1.15 × 10−14 1.15 × 10−14

A02 54 15.5 3.86 × 10−15 3.86 × 10−15

A03 55 10.5 1.30 × 10−15 1.30 × 10−15

A04 56 19.0 2.93 × 10−15 2.93 × 10−15

A05 57 14.0 6.92 × 10−16 6.92 × 10−16

A06 58 9.0 1.63 × 10−16 1.63 × 10−16

Precambrian PC01 62 0.500 1.00 × 10−18 1.00 × 10−18

PC02 63 0.100 1.00 × 10−19 1.00 × 10−19

PC03 64 0.050 1.00 × 10−21 1.00 × 10−21

Well Layer 07 98 30.0 1.00 × 10−12 1.00 × 10−12

Layer 06 99 30.0 1.00 × 10−12 1.00 × 10−12

1RT00, rock type 00; SH01, shale rock type 01; EC01–EC06, Eau Claire rock types 01–06; UMS01–UMS26, upper Mt. 
 Simon rock types 01–26; MMS01–MMS13, middle Mt. Simon rock types 01–13; LMS01–LMS15, lower Mt. Simon rock 
 types 01–15; A01–A06, Argenta rock types 1–06; PC01–PC03, Precambrian rock types 01–03.

 Table 17 (Continued)
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Table 18 Distribution of rock types by model layer in the ILB06 
simulation, listed from the top to bottom layer

Geologic formation Model layer Rock types1

Eau Claire Formation 34 01 + 02 [02]

33 01–07 [03]

32 04–07 [05]

Mt. Simon

Upper 31 08–31 [09]

30 08–33 [09]

29 08–19 [09]

Middle 28 08–19 [09]

27 34–39 [39]

26 34–39 [36] & 44–46

25 34–39 & 44–46 [45]

24 34–39 [39]

23 35–41 [39] & 44–46

22 37–46 [44]

21 37–41 [39]

20 37–46 [44]

19 37–46 [44]

Lower 18 47–54 [52]

17 47–58 [54]

16 47–58 [54]

15 50–61 [54]

14 47–58 [57]

13 47–58 [54]

12 47–58 [54]

11 47–58 [51]

10 47–61 [57]

09 47–58 [51]

08 50–60 [57]

07 47–58 [48]

06 47–58 [48]

Argenta sandstone 05 53–58 [57]

04 53–58 [54]

03 53–58 [57]

Precambrian 02 62

01 63

00 64
1The most common rock type is shown in bold.

Table 19 Rock quality classification criteria used for the 
ILB06 simulation1

Rock quality k, mD RQI, µm

High <1 <0.1

Intermediate 1–100 0.1–0.79

Low >100 >0.79
1RQI, reservoir quality index.
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Table 20 Parameters for the van Genuchten relative permeability function in the ILB06 
simulation

Rock quality High Intermediate Low

Exponent (λ) 1.1 1 0.46

Irreducible water saturation 0.326 0.46 0.8

Critical gas saturation 0.11 0.08 0.01
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Figure 54 Carbon dioxide and brine relative permeability curves generated 
by using the van Genuchten function for the ILB06 simulation. Krw, aqueous 
relative permeability; Krg, CO2 relative permeability.

Table 21 Relative permeability data used by Schlumberger Reservoir Laboratories (2015) for modeling geologic carbon 
sequestration at the Illinois Basin – Decatur Project1

Rock quality Source

Relative permeability

CO2 Brine

High Laboratory data Krg = 1.7911 Sw − 3.8084 Sw + 1.967 Krw = 0.588 Sw + 1.2083
Sw − 0.9589 Sw + 0.1656

Intermediate Krevor et al. 
(2012)

Se = (Sw − Sw,ir)/(1 − Sw,ir),  
Krg = krg(Sw,ir) (1 − Se)

2 (1 − Se
Nco2 ),  

NCO2 = 4

Se = (Sw − Sw,ir)/(1 − Sw,ir),  
Krw = Se

Nw, 
Nw = 9

Low Lahann et al. 
(2014)

Se = (Sw − Sw,ir)/(1 − Sw,ir),  
Krg = krg(Sw,ir) (1 − Se)

1/2 (1 − Se
1/m)2m,  

m = 0.41

Se = (Sw − Sw,ir)/(1 − Sw,ir),  
Krw = Se

1/2[1 − (1 − Se
1/m)m]2, 

m = 0.41

1Krg, CO2 relative permeability; Krw, aqueous relative permeability; Sw, water saturation; Sw,ir, irreducible water saturation; Se, effective wetting 
 fluid saturation; SCO2, CO2 saturation (= 1 − Sw); Sw,bt, back-transformed water saturation; SCO2,bt, back-transformed CO2 saturation; S*CO2, 
 normalized CO2 saturation; S*CO2,c, normalized connected CO2 saturation; S*CO2,i, normalized initial CO2 saturation; S*CO2,r, normalized residual 
 CO2 saturation; NCO2, Corey (1954) exponent for CO2 (fitting parameter); Nw, Corey (1954) exponent for water (fitting parameter); m, fitting 
 parameter.

2 3

2



58 Circular 598 Illinois State Geological Survey 

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

Krw_high
Krg_high
Krw_mid
Krg_mid
Krw_low
Krg_low

R
el

at
iv

e 
pe

rm
ea

bl
ity

Water saturation (Sw)

Figure 55 Carbon dioxide and brine relative permeability curves for three qualities of rocks (high, 
intermediate, and low), consistent with those in the Schlumberger reservoir model for the Illinois Basin 
– Decatur Project. Krw, aqueous relative permeability; Krg, CO2 relative permeability.

Table 22 Parameters used in the van Genuchten capillary pressure function

Rock quality High Intermediate Low

Exponent (λ) 0.55 0.50 0.40

Irreducible water saturation 0.05 0.10 0.25

Entry pressure, psi 0.0069 0.026 0.22

Maximum pressure, MPa 6.9 6.9 6.9

–6.900E+06

–6.210E+06

–5.520E+06

–4.830E+06

–4.140E+06

–3.450E+06
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Figure 56 Capillary pressure curves generated by using the van Genuchten func-
tion.

mass was lost to the model boundaries. At 
the end of injection, 85.0% of the CO

2
 was 

still in the supercritical phase, whereas 
15.0% had dissolved in the formation 
brine. Dissolved CO

2
 steadily increased 

within each layer throughout the simu-
lation. By 83 years, 82.9% of the total 
injected CO

2
 remained in the supercriti-

cal phase, whereas 17.1% had dissolved 
in the brine (Figure 58).

Plume Evolution

The extent of the plume was revealed by 
reviewing the mass balance data for each 
model layer and the gas saturation (i.e., 
scCO

2
) data available for each rock type. 

Supercritical CO
2
 was injected into layers 

06 and 07 (lower Mt. Simon). Within 
the first year of injection, scCO

2
 moved 

vertically to layer 18 (top of the lower Mt. 
Simon) but had yet to penetrate layer 19 
(Figure 59). Layer 29 was the shallowest 
layer penetrated by scCO

2
 at the end of 

injection, and layer 31 was the shallowest 
layer penetrated by the end of the simu-
lation. Layers 29 and 31 were upper Mt. 
Simon layers, whereas layer 31 was the 
top layer of the upper Mt. Simon. Down-
ward migration of scCO

2
 showed trace 

amounts of scCO
2
 in layer 03 (the base of 

the Argenta) after year 1 and into layer 
01 (middle layer of the Precambrian) at 
years 50 and 83 (Figure 59). These pat-
terns can be observed in the plot of scCO

2
 

saturation as a function of time in the 
plan-view plot showing 40 wells and the 
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Figure 57 Equivalent gas–water capillary pressure curves of Mt. Simon core from the Illinois Basin – 
Decatur Project injection well. The various units are color coded as follows: red solid lines for unit E, blue 
dashed lines for unit D, blue solid lines for unit C, green dashed lines for unit B, and green solid lines for 
unit A.
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Figure 58 Mass values of CO2, supercritical CO2 (scCO2), and dissolved CO2 as a function of time for the ILB06 simula-
tion.

cross-sectional plot for well 19 (Figure 
60). The geologic modelers considered 
layer 08 a flow baffle (with lower permea-
bility and porosity). A review of the cross-
sectional gas saturation data (Figure 60) 
in greater detail revealed that layer 08 
impeded upward vertical movement early 
in the simulation, forcing some scCO

2
 to 

move downward at some injection wells 
(see layer 05 in Figure 59) before the 
breakthrough of layer 08. These data also 
revealed that the plume spread vertically 
along two separate paths (Figure 60). In 
previous simulations, only single vertical 
growth paths were observed.

Almost the total CO
2
 mass was contained 

in the lower Mt. Simon at the end of 
injection (96.4% at 50 years) and at the 
end of the simulation (95.0% at 83 years). 
The bulk of the remaining total CO

2
 was 

contained in the middle Mt. Simon. At 
the end of the simulation, four rock types 
found in the lower Mt. Simon contained 
the greatest mass of total CO

2
: RT48, 

RT51, RT54, and RT47. These four rock 
types were some of the more permeable 
rocks, but CO

2
 was not found in all the 

more permeable rock types.

Pressure Change

Pressure change (ΔP) has important 
implications for managing risk caused 
by seismicity and unwanted migration 
of scCO

2
. The maximum ΔP observed 

within the system over the course of 
the entire simulation was 13.87 MPa, or 
2,012 psi, at 50 years, right before injec-

tion ceased (Table 24). At the end of the 
injection period, the greatest ΔP values 
were observed in the injection zones 
(layers 06 and 07). The ΔP predicted for 
layers 02 through 08 were similar, but a 
step change in ΔP was observed at layers 
01 and 09. These results show that ΔP 
resulting from CO

2
 injection propagated 

through the Argenta and into the Precam-
brian. The smallest changes in ΔP were 
predicted for the uppermost model layer 
(layer 34), which is in the Eau Claire For-
mation. The ΔP varied with each injection 
well (Figure 61). Some injection wells 
had symmetrical patterns of ΔP, whereas 
others had more asymmetrical patterns. 
These patterns were consistent in magni-
tude and shape for layer 02 (top layer of 
the Precambrian) through layer 18 (top of 
the upper Mt. Simon), but the magnitude 
of ΔP in layer 32 (base of the Eau Claire) 
was more limited.

After injection, ΔP decreased imme- 
diately as the postinjection time 
progressed. The maximum ΔP within 
the system at the end of the simulation 
was 2.21 MPa, or 320.5 psi, for the 
Precambrian layer, although similar ΔP 
values were reported for layers of the 
Argenta and the lower Mt. Simon.

Comparison with ILB03

The new heterogeneous geologic model 
adopted (ILB06) was significantly differ-
ent from the ILB03 simulation. For ∆P 
data at the end of injection, the maxi-
mum ∆P values predicted in the injec-

tion wells were similar in magnitude 
(approximately 14 MPa, or 2,031 psi), 
but the spatial patterns of ∆P across the 
basin differed significantly. The ILB06 
predictions (Figure 61) showed much 
wider ∆P across the basin compared with 
the confined impact predicted for ILB03 
(Figure 28). Both simulations showed 
a downward propagation of pressure, 
but ILB06 indicated that pressure could 
penetrate at least 50 m (164 ft) into the 
Precambrian, which was assumed to be 
a no-flow boundary in the ILB03 simula-
tion. Note that the ILB06 simulation had 
fewer injection wells (23 vs. 40) and much 
less CO

2
 injected (1.44 billion tonnes 

[1.59 billion tons] vs. 5 billion tonnes [5.5 
billion tons]) compared with the ILB03 
simulation. Raising the CO

2
 mass injected 

for ILB06 to 5 billion tonnes (5.5 billion 
tons) increased the ∆P experienced in the 
ILB06 simulation.

The scCO
2
 saturation predicted for ILB06 

was more variable than that for ILB03, as 
shown by the asymmetrical patterns of 
scCO

2
 in the horizontal and vertical plots 

(Figure 60). The amount of injected CO
2
 

that dissolved in the brine was predicted 
to exceed 17% by the end of the ILB06 
simulation, which is much higher than 
the approximately 12% predicted for 
the ILB03 simulation (Figure 51). Other 
researchers have noted that geologic 
complexity can significantly affect the 
distribution of the CO

2
 mass (Gershenzon 

et al. 2015, 2017).
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Figure 59 Maximum supercritical CO2 (scCO2) by layer for the ILB06 scenario. This plot shows the ver-
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Table 24 Change in pressure (∆P) at the end of injection (50 years) and at the end of 
the ILB06 simulation (83 years)

Geologic formation Model layer

∆P at 50 years, MPa ∆P at 83 years, MPa 

Maximum Mean Maximum Mean

Eau Claire Formation 34 4.74 0.09 1.40 0.04

33 4.80 0.16 1.48 0.11

32 4.83 0.18 1.50 0.14

Mt. Simon

Upper 31 4.93 0.23 1.57 0.18

30 5.02 0.25 1.59 0.20

29 5.05 0.26 1.59 0.20

Middle 28 5.16 0.27 1.61 0.22

27 5.31 0.30 1.64 0.24

26 5.47 0.31 1.66 0.25

25 5.81 0.33 1.68 0.27

24 5.91 0.35 1.72 0.29

23 6.01 0.38 1.72 0.31

22 6.11 0.40 1.79 0.32

21 6.22 0.42 1.89 0.34

20 6.63 0.44 1.89 0.36

19 7.11 0.47 1.86 0.38

Lower 18 7.22 0.48 1.92 0.39

17 7.37 0.48 1.91 0.39

16 7.37 0.49 1.92 0.39

15 7.46 0.49 1.96 0.40

14 7.68 0.50 2.01 0.40

13 7.66 0.51 1.97 0.41

12 7.67 0.51 1.96 0.42

11 7.68 0.52 1.99 0.42

10 8.49 0.52 2.01 0.42

09 8.66 0.52 2.02 0.42

08 13.61 0.52 2.07 0.41

07 13.87 0.53 2.08 0.41

06 13.80 0.53 2.08 0.41

Argenta sandstone 05 13.15 0.55 2.09 0.43

04 12.53 0.56 2.12 0.45

03 12.88 0.57 2.14 0.46

Precambrian 02 11.49 0.59 2.19 0.49

01 8.25 0.60 2.21 0.50

00 0.00 0.00 0.00 0.00
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Computational Effort

The ILB06 simulation used more 
computing resources (as measured in 
SUs) than did previous simulations. This 
simulation used 32,600 SUs and extended 
for 83 years, which included 50 years of 
CO

2
 injection and 33 years postinjection. 

By comparison, the ILB05 simulation 
used 33,600 SUs and extended for 5,000 
years. Further, the ILB05 simulation 
required fewer than 3,000 SUs to simulate 
the first 100 years. Thus, the ILB06 
simulation was halted after 83 years 
when our original SU allocation and two 
supplemental allocations were exhausted. 
Two possible causes for the greater CPU 
usage were the more complex geology 
of the model and the greater number of 
model elements. Model complexity can 
lead to asymmetrical patterns of ∆P and 
scCO

2
 saturation, which may require 

more CPU usage than models with 
smoother patterns. These asymmetrical 
patterns cover a greater area and occupy 
more model elements, thus requiring 
more CPU time to iterate to a solution.

Summary
Although this simulation was not com-
pleted to its original end time, some con-
clusions can be drawn from the available 
data. The increase in geologic complexity 
greatly affected the mass distribution 
of CO

2
 throughout the 83-year simula-

tion. First, it was not possible to inject 
the desired mass of scCO

2
 at all 40 injec-

tion wells. As an alternative to reducing 
the number of CO

2
 injection wells, the 

well sites could have been repositioned 
to match the variable geology. Unfortu-
nately, grid development is very labor 
intensive, so it was not possible to adjust 
the grid to match the geology for ILB06. 
Thus, the simulation was conducted 
with fewer injection wells and less scCO

2
 

injected compared with ILB03. Once 
injected, greater variation in the distribu-
tion of injected scCO

2
 was observed, and 

this likely contributed to the greater mass 
of dissolved CO

2
 observed.

Previous simulations considered the 
Precambrian a no-flow boundary condi-
tion because the rock was assumed to be 
impermeable. However, microseismic 
activity at the IBDP and other injection 
sites indicated that this assumption 
needed to be reconsidered. Simulation 
ILB06 included a 100-m (328-ft) layer to 

represent the upper Precambrian. The 
ILB06 simulation showed that significant 
pressure increases occurred in the Pre-
cambrian layers and that scCO

2
 moved 

into the Precambrian. Both the pressure 
increases and scCO

2
 transport into the 

Precambrian could have been affected 
by the presence of a flow baffle (layer 08) 
located directly above the injection layers 
in the lower Mt. Simon.

SUMMARY AND 
CONCLUSIONS
Geologic carbon sequestration holds 
great promise as a bridge technology, 
allowing the use of fossil fuels until one or 
more energy sources can replace carbon-
based fuels. As Noordbotten and Celia 
(2011) noted, mathematical and numeri-
cal modeling allows for technical evalu-
ation of GCS operations and their conse-
quences. Such technical evaluation will 
be vital to maintaining public acceptance 
of GCS. In this report, we described possi-
ble GCS in the Illinois Basin. Rather than 
presenting a single definitive model, we 
have developed a family of six solutions 
based on a variety of input data. Although 
a number of improvements could be 
made in modeling GCS and might be 
possible with additional research, the 
family of solutions presented here should 
serve as a useful foundation for policy 
and scientific discussions regarding effec-
tive implementation of GCS in the Illinois 
Basin and in similar geologic settings 
(open reservoirs utilizing the pore space 
of the basal sandstone).

Many scenarios were presented in this 
report, and many more could be con-
ducted. Most scenarios produced similar 
results. In most scenarios, we demon-
strated that significant quantities of CO

2
 

(at least 5 billion tonnes [5.5 billion tons]) 
could be injected and stored in the Mt. 
Simon Sandstone for hundreds to thou-
sands of years. In addition, because of 
the geologic properties of the Mt. Simon 
Sandstone, the CO

2
 would be stored well 

below the caprock. Scenarios ILB04a and 
ILB04b, which set the capillary pressure 
equal to zero, were clearly the outli-
ers among the scenarios tested. These 
scenarios showed the greatest vertical 
transport of scCO

2
 and the significance of 

capillary pressure as an important mech-
anism in GCS modeling. 

Before concluding this report, we present 
some comments on the scope of Illinois 
Basin carbon capture and sequestration 
(CCS), research needs, efficient develop-
ment of the pore space, and other users 
of the Mt. Simon pore space. Pacala and 
Socolow (2004) outlined steps that could 
be taken to stabilize CO

2
 concentrations 

in the atmosphere, which they termed 
“stabilization wedges.” One proposed 
wedge was the adoption of CCS involv-
ing 92 billion tonnes (101 billion tons) 
of CO

2
 over a 50-year period. They noted 

this could be accomplished if CCS were 
adopted at 800 coal-fired power plants. 
For perspective on the scope of handling 
this much CO

2
, Celia et al. (2015) noted 

that 92 billion tonnes (101 billion tons) 
of CO

2
 is roughly equivalent to the cur-

rent global oil production. Therefore, the 
infrastructure required to handle this 
volume of CO

2
 would be on par with the 

infrastructure for oil and gas production. 
For the scenarios discussed in this report, 
the maximum amount of CO

2
 injected 

was 5 billion tonnes (5.5 billion tons) over 
50 years. Thus, the Mt. Simon Formation 
could play a significant role in satisfying 
the CCS stabilization wedge. In general, 
saline reservoirs have been identified as 
important reservoirs for GCS in North 
America, and they account for more than 
90% of the CO

2
 storage resources in North 

America (USDOE 2015).

Celia et al. (2015) described the state of 
the art for CCS modeling and concluded 
that the technical challenges faced by 
CCS modeling are the same as those for 
other two-phase flow problems, such 
as oil and gas production. Likewise, the 
input data for these models are similar to 
those required by modeling projects in 
the oil and gas industry and the ground-
water industry. Better descriptions of the 
geologic and petrophysical parameters 
are needed for these models. In addition, 
upscaling (e.g., Rabinovich et al. 2015) 
is an acute need for those interested in 
basin-scale modeling.

At present, the Illinois Basin in central 
Illinois is home to numerous natural gas 
storage facilities. These storage fields 
use the Mt. Simon and other shallower 
formations for natural gas storage and 
have done so since the 1950s (Bell 1961; 
Buschbach and Bond 1974). The well 
networks used in the six scenarios pre-
sented here account for the locations 
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of these gas storage fields. Mehnert et 
al. (2015) described these Mt. Simon 
gas storage operations, which could be 
adversely affected by formation pres-
sure increases in the Mt. Simon resulting 
from CCS. Future CCS developments 
should consider these active storage 
fields during their site planning efforts. 
To accommodate both natural gas storage 
and CCS operations, pressure relief wells 
(Buscheck et al. 2016) could be com-
pleted and operated in the Mt. Simon. 
Such wells could provide pressure con-
trol, reduce the USEPA-mandated Area of 
Review, and lower the risk of CO

2
 or brine 

leakage (Court et al. 2012). Okwen et al. 
(2017) described how pressure manage-
ment and CO

2
 plume control could be 

utilized, and they provided data on brine 
treatment for the Mt. Simon and similar 
reservoirs.

A remaining question is who will regulate 
GCS to allow for efficient use of the Mt. 
Simon pore space and thus maximize the 
mass of CO

2
 sequestered. The simula-

tions in this report show that GCS will 
have an impact across state boundaries, 
so a single state regulatory authority may 
be challenged by the nature of this activ-
ity. The USEPA has regulatory authority 
over Class VI injection wells through the 
Safe Drinking Water Act, but the primary 
purpose of this act is to protect ground-
water quality, specifically to protect the 
lowermost underground source of drink-
ing water. The USEPA has no authority to 
manage, and possibly no interest in man-
aging, the pore space in the Illinois Basin 
or any other basin.

DIRECTIONS FOR  
FUTURE RESEARCH
The following discussion offers a brief list 
of research topics that could be under-
taken, with emphasis on topics important 
for basin-scale GCS modeling. Scientists 
from different backgrounds would prob-
ably emphasize different topics for addi-
tional research, such as geochemistry 
(e.g., Bacon 2013) or geomechanics (Ells-
worth 2013; Vilarrasa and Carrera 2015; 
White and Foxall 2016).

Developing a basin-scale model is  
a significant challenge, and numer-
ous decisions must be made regarding 

model input data. Methods of improving 
these decisions and geologic descrip-
tions are needed. Also needed are better 
techniques for describing the geologic 
heterogeneity of porosity and permeabil-
ity in reservoir and nonreservoir rocks. 
Approaches to upscaling sub-meter-scale 
properties to grid blocks spanning kilo-
meters also need improvement. Capillary 
pressure and relative permeability func-
tions that capture the behavior of fluids in 
reservoir and nonreservoir rocks and in 
grid blocks at a basin scale remain a chal-
lenge. More efficient software and faster 
computational resources are needed 
to allow greater detail in the processes 
modeled and to allow future simulations 
with more than 10 million elements. The 
TOUGH3 software (Jung et al. 2017), 
which was recently released to research-
ers outside federal laboratories, holds 
promise for addressing this concern.

With the family of solutions developed 
here, a number of additional simulations 
could be conducted. First, ILB06 should 
be extended to 5,000 years or until the 
scCO

2
 has completely dissolved. If previ-

ous simulations can be used as a guide, 
another 336,000 SUs might be required to 
extend ILB06 to 5,000 years. The numeri-
cal grid used for ILB06 should be revised 
to place injection wells at locations with 
favorable geology or in proximity to CO

2
 

sources, or both, rather than the equally 
spaced approach used in this report. 
Increasing the number of injection wells 
would allow for injection of a greater 
mass of scCO

2
 and would reshape think-

ing on GCS well locations in the Illinois 
Basin. In addition, early injection results 
from the Illinois Industrial Carbon Cap-
ture & Storage Project should be reviewed 
to evaluate the effectiveness of the middle 
Mt. Simon for GCS. These results should 
be evaluated and then used to develop an 
ILB07 simulation. Research conducted 
by the ISGS for the USDOE CarbonSAFE 
project (http://www.carbonsafe-illinois.
org/) included drilling a well through the 
Mt. Simon in 2018. Data from this well 
should be reviewed and evaluated. Data 
generated and modeling for FutureGen 
2.0 should also be reviewed (Gilmore  
et al., 2016; White et al. 2016). This proj-
ect in western Illinois (Morgan County) 
could yield valuable data for basin- 
scale modeling.
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