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Abstract13

Injecting CO2 into deep geologic formations for permanent storage can po-

tentially lead to leakage or induced seismicity if the overpressures exceed

the fracture gradient or fault re-activation pressure. Strategies that remove

reservoir fluids before or after injection may reduce these risks. But, even

extensively characterized reservoirs can have substantial gaps in character-

ization necessary for developing optimal deterministic or even probabilistic

pressure management strategies. The characterization data may not provide

well-defined bounds or distributions of reservoir parameters or conditions

(permeability, fault locations, fracture gradient, fault reactivation pressure).

To assess the impact of these uncertainties, we present an approach for eval-

uating alternative pressure management strategies based on their robustness

of meeting project performance criteria. We quantify the robustness of al-

ternative strategies against several criteria: (1) exceeding fault re-activation
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pressure, (2) failing to inject a desired quantity of CO2, (3) exceeding a

maximum quantity of extracted brine, and (4) failing to reach a desired

extraction efficiency. Our approach allows nuances of competing and com-

plimentary criteria to be quantitatively evaluated in a manner and in a level

of detail not possible with optimization approaches. We illustrate the fun-

damentals of the approach on a simple one-dimensional analytical example

using the Thiem equation. We demonstrate the approach using a numerical

flow and transport model with uncertain heterogeneous permeabilities using

data and site characteristics from the Rock Springs Uplift Carbon Storage

Site in southwestern Wyoming.

Keywords: pressure management, decision analysis, brine extraction,14

robustness15

1. Introduction16

Efforts to sequester CO2 from the atmosphere by injection into deep sub-17

surface formations will result in overpressurization of target reservoirs. Suc-18

cessful pressure management strategies during CO2 sequestration (Viswanathan19

et al., 2008; Benson and Cole, 2008; Birkholzer and Zhou, 2009; Stauffer20

et al., 2011; Middleton et al., 2012) operations can be used to protect the21

integrity of overlying caprock and nearby faults. Failure to accomplish these22

goals through pressure management could result in: leakage of CO2 to shal-23

low aquifers leading to potential contamination of water resources (Keating24

et al., 2010; Little and Jackson, 2010; Trautz et al., 2012; Navarre-Sitchler25

et al., 2013; Bacon et al., 2016; Keating et al., 2016); leakage of CO2 to26

the atmosphere, i.e., failure of the intent of the operation (Lewicki et al.,27
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2007a,b); induced seismicity (Sminchak et al., 2002; Lucier et al., 2006;28

Cappa and Rutqvist, 2011; Dempsey et al., 2014), leakage along abandoned29

wells (Watson et al., 2007; Nordbotten et al., 2008; Pruess, 2008; Carey et al.,30

2010; Huerta et al., 2012; Jordan et al., 2015; Harp et al., 2016), interaction31

with other subsurface resources (Bielicki et al., 2014), deterioration of pol-32

icy and/or public support (Palmgren et al., 2004; Curry et al., 2005; Miller33

et al., 2007; Wilson et al., 2008; Elliot et al., 2012), and economic costs and34

financial risk that could be obstacles to deployment (Bielicki et al., 2016).35

Proposed geologic CO2 sequestration (GCS) operations may be placed36

under scrutiny by association with recent, controversial subsurface energy-37

related operations, such as: (1) shallow aquifer methane contamination as-38

sociated with hydraulic fracturing during directional-drilling natural-gas ex-39

traction (Osborn et al., 2011; Davies, 2011; EPA, 2016); (2) seismic activity40

induced by wastewater injection (Ellsworth, 2013; Keranen et al., 2014) and41

enhanced geothermal systems energy development (Majer et al., 2007; Gia-42

rdini, 2009; Mukuhira et al., 2013). Therefore, the effectiveness of pressure43

management strategies must be demonstrated to not just be optimal with44

respect to cost, but also robust against failure.45

Pressure management will primarily include decisions regarding the lo-46

cations of injection and extraction wells and injection and extraction sched-47

ules. Buscheck et al. (2011) investigated “active” pressure management48

strategies using a 2D radial model progressively moving the radial extrac-49

tion zone away from the CO2 injection well. They demonstrated numerically50

that active pressure management effectively reduced reservoir overpressures51

and the area of caprock exposed to CO2, resulted in less aqueous-phase52
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CO2 leakage through the caprock seal, and enabled larger volumes of CO253

to be injected. They also concluded that delaying extraction operations did54

not significantly impact the reduction in overpressure and that effective pres-55

sure management could be accomplished with relatively few extraction wells56

placed far from the CO2 injection well. Their research indicates that pres-57

sure management may have benefits beyond purely reducing overpressures58

in storage reservoirs by increasing CO2 injection volumes.59

Buscheck et al. (2016a,b) proposed pre-injection brine extraction at CO260

injection wells to create initially under-pressurized reservoir conditions to61

facilitate pressure management. This approach has the added benefit that62

if extraction is the mirror image of injection at a well, reservoir storage63

capacity and compartmentalization can be analyzed prior to CO2 injection.64

Birkholzer et al. (2012) proposed an optimal pressure management strat-65

egy focused on high impact locations, such as fault zones. They demonstrate66

that extraction ratios (defined as the extracted volume of brine divided by67

the injected CO2 volume) can be reduced significantly by placing extraction68

wells near high impact features. They propose using automated model in-69

version to minimize extraction volumes to meet overpressure thresholds at70

known high impact locations.71

What is missing from current pressure management strategy selection is72

consideration of the robustness of alternative strategies given the inherent73

uncertainties in GCS site characterization and operations (reservoir perme-74

ability, compartmentalization, fault locations and sealing capacities, etc.).75

Considering the robustness of meeting performance criteria, given alter-76

native strategies, is important for applications that involve sparse and/or77
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indirect observations (e.g., deep subsurface energy extraction and storage78

applications). Pressure management strategy selection based solely on cost79

optimization will drive the decisions to strategies that exactly meet one or80

more operational criteria. These approaches are attractive because they can81

lead to a single decision, but a pressure management strategy selection pro-82

cess that considers the risk of failure will result in a more nuanced decision83

making process and will ultimately lead to better informed decisions.84

We describe a pressure management decision analysis, based on con-85

cepts from information gap theory (Ben-Haim, 2006), that quantifies the86

immunity from failure, or robustness, of alternative pressure management87

decisions. In this paper, we characterize the robustness as the immunity88

from the following failures: (1) reactivation of an existing fault, (2) failing89

to inject a desired quantity of CO2, (3) extracting more brine than antici-90

pated, and (4) the brine extraction operation failing to result in a desired91

increase in CO2 injection volume. In our analysis, we assume that the ex-92

tracted brine will be treated as opposed to re-injected. Therefore, we do93

not consider the risks associated with re-injection, but use the quantity of94

brine extracted as a proxy for the cost of treatment. The approach can be95

applied to cases where there are significant gaps in information precluding96

probabilistic estimations of parameter distributions, a common situation in97

deep subsurface applications. The approach could be integrated with prob-98

abilistic uncertainty analysis in cases where a combination of probabilistic99

and non-probabilistic information are available as described by O’Malley100

and Vesselinov (2015).101

We demonstrate the approach on the Rock Springs Uplift Carbon Stor-102
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age Site (RSUCSS) in southwestern Wyoming (Surdam and Jiao, 2007).103

Considerable effort has been invested to characterize and understand the104

RSUCSS, including extensive analyses on a single exploratory well (RSU105

#1) and geophysical surveys (Surdam, 2013). Stauffer et al. (2009) and106

Deng et al. (2012) explored the potential for using the RSUCSS for CO2107

sequestration by performing simulations of CO2 injection into its hetero-108

geneous formations. The information from these efforts provide reasonable109

nominal model parameters to characterize the reservoir. For example, the110

analysis of well logs, core, and 3D seismic survey provide a nominal hetero-111

geneous permeability field. This nominal permeability field currently is the112

best information available to use in CO2 injection simulations to inform the113

selection of a pressure management strategy.114

A probabilistic characterization of the permeability field in this case115

would be ill-defined because the only source of spatially-distributed infor-116

mation is from the 3D seismic survey, which is an indirect source of infor-117

mation with a high degree of interpretation, based on permeability/porosity118

relationships derived well logs and core samples. In fact, the only direct esti-119

mates of permeability for the target reservoir are from RSU #1 core samples.120

A probabilistic pressure management strategy decision analysis (i.e., based121

on Bayesian decision theory (Berger, 2013)) would require the specification122

of prior probabilistic distributions of parameters (e.g., parameters defin-123

ing the spatial distribution of permeabilities), which is not warranted given124

the available information. A robust Bayesian analysis (Berger et al., 1994)125

would explore the sensitivity of alternative priors, but it would require a126

set of Bayesian analyses, each with significant computational requirements,127
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without eliminating the need for probabilistic assumptions. The approach128

we present provides a quantitative analysis of the relative robustness of pres-129

sure management strategies against failure without requiring probabilistic130

assumptions about uncertain parameter distributions. We focus on the un-131

certainty/lack of information regarding the permeability field in our analysis132

since it will have a dominant impact on the robustness of the pressure man-133

agement strategy against induced seismicity along existing faults. It is also134

often the least known parameter. It is possible to evaluate uncertainties135

associated with other parameters, or multiple parameters, lacking in infor-136

mation in a similar manner.137

Background on the strategy selection approach is provided in Section 2.138

To illustrate fundamentals, we provide a simple analytical example allowing139

the analysis to be demonstrated using closed-form equations (Section 2.1).140

In the Methods Section (Section 3), we describe the RSUCSS data and nu-141

merical model (Section 3.1) and the strategy selection process applied to142

the RSUCSS (Section 3.2). In the Results Section (Section 4), we present143

robustness analyses for (1) single passive extraction wells comparing differ-144

ent locations between the CO2 injection well and the fault (Section 4.1),145

(2) single passive extraction wells comparing different quantities of pre-146

injection brine extraction volumes (Section 4.2), (3) three sequential pas-147

sive extraction wells stepping back from the CO2 injection well towards the148

fault as breakthrough occurs comparing different brine extraction well loca-149

tions (Section 4.3), (4) three sequential passive extraction wells comparing150

different pre-injection brine extraction volumes (Section 4.4), (5) single ex-151

traction well actively produced comparing different constant extraction rates152
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(Section 4.5), and (6) single extraction well actively produced with constant153

rate extraction comparing different quantities of pre-injection brine extrac-154

tion (Section 4.6). In the Discussion Section (Section 5), we demonstrate155

how the robustness analyses can be used to select a pressure management156

strategy based on desired performance criteria.157

2. Background on approach158

Information gap decision theory is a non-probabilistic approach for quan-159

tifying the robustness of alternative decisions in situations where significant160

gaps in information exist. In contrast to distribution-based (probabilistic)161

methods, it is set based. Uncertainty models in information gap decision162

theory identify nested sets of parameter value combinations around nomi-163

nal parameter values. The nominal parameter values are the current best164

estimates that would be used to make a decision today. For example, in165

the RSUCSS example, the nominal parameter values are the derived per-166

meabilities of the target reservoir. The main outcome of an information167

gap decision analysis is a metric of robustness, where robustness quantifies168

the degree that we can be incorrect in our characterization of the system and169

still ensure that performance criteria are met. Strategy selection approaches170

based on optimization do not directly address robustness, instead focusing171

on optimizing operational decisions (e.g., well placement, injection and ex-172

traction schedules) to exactly meet performance criteria, thus ignoring the173

effect of uncertainties on strategy robustness. In the RSUCSS example, the174

system characterization would be the reservoir permeability field and the175

performance criteria would be to (1) not overpressurize a known fault (the176
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Jim Bridger Fault), (2) inject a desired quantity of CO2, (3) not exceed a177

specified quantify of brine extraction, and (4) achieve a desired extraction178

efficiency.179

In order to illustrate the fundamentals of our approach, in the following180

section we consider a simple model allowing the analytical derivation of a181

pressure management robustness metric. A slightly more complex analytical182

example of information gap decision theory based on an analytical solution183

of two-dimensional advective-dispersive transport is presented in Harp and184

Vesselinov (2013). Additionally, Ben-Haim (2006) contains numerous ana-185

lytical illustrations of information gap decision theory across a wide range186

of applications.187

2.1. Simple analytical decision analysis demonstration188

We will use a steady-state, single (water) phase, one dimensional model

based on the Thiem equation (Thiem, 1906)to simulate the overpressure at

a sealing fault,

dp(Qp) =
ρg

πkb

[
Qi ln

xf
R
−Qp ln

xf − xp
R

]
(1)

where the CO2 injection well is located at the origin (x = 0), xf is the189

location of the fault, xp is the location of the brine extraction well, ρ is the190

density of water, g is the acceleration due to gravity, k is the permeability,191

b is the thickness of the confined reservoir where injection/extraction is192

taking place, Qi is the injection rate, Qp is the extraction rate, and R� xf193

represents a boundary location where there is approximately no change in194

pressure. We assume b = 1000 m, xf = 1000 m, xp = 800 m, Qi =195
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0.01 m3/s, and R = 100 km. The permeability of the formation is uncertain,196

but nominally considered to be k = 10−10 m2. The decision to be made197

is to choose a value for Qp that keeps dp(xf ) below a desired threshold198

(i.e., is robust against overpressurizing the fault) while being robust against199

uncertainty in k. This simple decision analysis is meant only to demonstrate200

the methodology in a closed-form analytical framework. While the use of201

a single-phase solution is an idealization, it has been demonstrated that it202

is reasonable for small pressure increases far from the injector (Nicot et al.,203

2011). A practical example is considered in the remainder of the paper.204

We define the uncertainty model

Um(h) =
{
mk : |mk| ≤ h

}
, h ≥ 0 (2)

where mk is a permeability modifier that is used to increase or decrease the

permeability as

km = 10log10(k)+mk . (3)

As h increases, the possible values of mk included in set Um increases,205

thereby increasing the set of permeability values (km) that can be consid-206

ered.207

For a given overpressurization threshold, dpcf , we define the robustness

of an extraction rate, Qp, as

ĥ(dpcf , Qp) = max

{
h : max

mk∈Um(h)
dp(Qp) ≤ dpcf

}
(4)

Equation 4 locates the maximum absolute value that mk can deviate from208
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nominal (h = 0) and still meet the performance criterion that dp(Qp) ≤ dpcf .209

In other words, for a given Qp, how incorrect can we be in our nominal210

permeability and still meet our performance criterion.211

Substituting equation 3 for k in equation 1 and solving the inequality in

equation 4 for mk, it follows that

ĥ(dpcf , Qp) = max

0,− log10

[
ρg

πkbdpcf

(
Qp ln

xf − xp
R

−Qi ln
xf
R

)]
(5)

This equation is valid when Qp < Qi
ln

xf
R

ln
xf−xp

R

, as is the case in our analysis,212

which ensures that values less than or equal to zero are not introduced as213

arguments of the logarithmic function.214

Figure 1 shows the robustness (equation 5) as a function of the over-215

pressurization threshold (dpcf ) for three extraction rates (Qp). For a given216

overpressurization threshold, increasing the extraction rate also increases217

robustness. In this scenario, an operator must choose a balance between in-218

creased robustness against uncertainty in the permeability and the increased219

cost from pumping and treating higher flow rates of brine that comes with220

a higher extraction rate. For example, if dpcf is deemed to be 30 Pa, there is221

an increase in robustness of around 1 by increasing the extraction rate from222

0.0073 to 0.0074 m3/s, which means that by choosing the higher rate, we223

can be 1 order of magnitude more incorrect in our nominal concept of the224

reservoir permeability and still not exceed our fault overpressure threshold.225

As discussed above, this increase in robustness will come at the price of226

increased pumping and treatment costs.227
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Figure 1: The robustness to uncertainty in the reservoir permeability for three extraction
rates. For a given overpressurization threshold, increasing the extraction rate results in
increased robustness.

12



This approach differs from optimization approaches, which would for-

mulate the problem as

minimize Qp such that dp(Qp) ≤ dpcf . (6)

Performing this optimization for a designated value of dpcf will identify the228

value of Qp with zero robustness. In Figure 1, this corresponds to solutions229

along the x-axis where ĥ = 0. A detailed analysis of performance robustness230

would not be provided by solving equation 6 since only the trajectory of the231

optimization would be evaluated.232

3. Methods233

3.1. Site description and numerical model development234

The Wyoming State Geological Survey has identified the region around235

the Jim Bridger Power Plant (i.e., the RSUCSS) as the premier CO2 storage236

site in Wyoming (Surdam and Jiao, 2007). The Jim Bridger Power Plant237

produces up to 18 Mt of CO2 per year, providing an abundant local source238

of CO2 that could be captured for geologic storage in the RSUCSS. Surdam239

et al. (2009) identified the likely need for brine production to reduce reservoir240

overpressure and increase storage capacity during large-scale CO2 injection241

at the site.242

Additional work undertaken jointly with the US Department of En-243

ergy (DOE) as part of the Wyoming Carbon Underground Storage Project244

(WY-CUSP) has generated high resolution data from the RSUCSS (Sur-245

dam, 2013). The stratigraphy of the RSUCSS is believed to contain many246
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competent sealing units above the Madison Limestone formation to contain247

the buoyant CO2 (Figure 2). The exploratory well RSU #1 provides the248

most detailed information at the site, and is used as the location of the CO2249

injection well in this study. 3D seismic surveys, well logs, and core analysis250

indicate that the Upper Madison has significantly lower porosities and per-251

meabilities than the Lower Madison (Figure 3). We therefore focus on the252

Lower Madison as the target CO2 storage reservoir in this study. While the253

level of compartmentalization of the Madison is uncertain, the existence of254

the Jim Bridger Fault approximately 2 km to the northeast is believed to be255

known with a high degree of certainty from the available seismic and well256

logs.257

The interpretation of 3D seismic survey, well logs, and cores (Surdam,258

2013, Chapters 6 and 7) informed the development of a Finite Element259

Heat and Mass Transfer (FEHM; https://fehm.lanl.gov) numerical model.260

The computational mesh, developed using the Los Alamos Grid Toolbox261

(LaGriT; http://lagrit.lanl.gov), conforms with interfaces of the stratigraphic262

layers present at the RSUCSS (top image in Figure 4) . The computational263

mesh is centered on the RSU #1 well with approximate lateral extents of 6 by264

6 km and from 2.8 to 4.3 km below the ground surface. The mesh conforms265

to formation interfaces between the Darby, Lower Madison, Upper Madi-266

son, Amsden, and Weber formations, although heterogeneous porosities and267

permeabilities are only applied to the Lower Madison. Since permeabilities268

will be the dominant control on overpressure along the Jim Bridger Fault,269

they are the focus of our analysis, while the heterogeneous porosity field is270

fixed. The top image in Figure 4 displays the mesh connectivity where the271
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Figure 2: Stylized cross section across the RSU and adjacent sub-basins showing the
position of the RSU #1 well (modified from Clarey and Thompson (2010)).
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vertical resolution varies between 9.4 m in the Upper Madison and 8.7 m in272

the Lower Madison. The uniform lateral resolution of the mesh is 67 m.273

The center and bottom images in Figure 4 display the derived permeabil-274

ity field in side and plan view. Chapter 9 of Surdam (2013) describes details275

of the derivation of the porosity/permeability relationships used to calcu-276

late the permeabilities from porosities derived from the 3D seismic survey.277

Based on analysis of well logs and interpretation seismic surveys, the Upper278

Madison is considered to be a potential upper seal on the Lower Madison279

and is modeled with low uniform permeability (1×10−18 m2; 0.001 mD), as280

are the other formations.281

The FEHM model includes the Jim Bridger Fault, located approximately282

2 km northeast of RSU #1. Since the Madison is believed to be highly283

compartmentalized, the lateral boundaries of the model (i.e., boundary con-284

ditions), including the Jim Bridger Fault, are modeled as closed boundaries.285

The assumption that the Jim Bridger Fault is a closed boundary, and there-286

fore does not conduct any pressure, is a conservative assumption. If the Jim287

Bridger Fault were to conduct pressure, the overpressures would be reduced.288

Pressures are initialized within the FEHM model using hydrostatic pres-289

sures and atmospheric surface pressure (0.101 MPa). Temperatures are290

initialized within the FEHM model based on a geothermal gradient of 25.5291

◦C/km and an average surface temperature of 4.4 ◦C, which produces tem-292

peratures which are consistent with observations in the RSU #1 well.293

The fracture gradient at the RSUCSS is estimated by the Carbon Man-294

agement Institute to be around 13.6 kPa/m (0.6 psi/ft). The initial pressure295

at the location of the CO2 injection well (RSU #1) is 37 MPa. Therefore,296
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the caprock fracture pressure at the CO2 injection well is around 90 MPa.297

To ensure that CO2 injection does not cause pressures to exceed the frac-298

ture gradient, we begin the injection at a constant rate of 1 Mt/y (31.7299

kg/s) until the pressure at the CO2 injection well reaches 75 MPa (83% of300

the fracture pressure), and then switch to a constant pressure injection of301

75 MPa. Some simulations do not reach 75 MPa at the CO2 injection well302

and remain at constant rate injection for their duration.303

Single- and triple-extraction well pressure management strategies are304

investigated here. As described above, the simulation starts with constant305

injection rate (1 Mt/y) and switches to constant pressure injection if and306

when pressure at the CO2 injection well reaches 75 MPa. The simulation307

is terminated when CO2 saturation at the brine extraction well exceeds308

0.001 (0.1% CO2). This represents a scenario where the brine extraction309

wells are effectively turned off immediately after there is breakthrough of310

the CO2 plume. Since brine extraction occurs along the bottom of the311

Lower Madison in our simulations, higher CO2 saturations may exist along312

the top of the formation at the location of the brine extraction well prior313

to terminating the simulation. The triple-extraction well strategy is more314

complicated because brine extraction switches to another well when CO2315

breaks through. The sequence of operating decisions that are made during316

triple-extraction well strategies is provided in a flow diagram in Figure S1317

in Supplemental material.318

In order to show results of the FEHM simulations, we present plots319

of overpressure contours and CO2 plume extent during a triple-extraction320

well simulation in Figure 5. The overpressure contours indicate how the321
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extraction wells reduce pressure at the Jim Bridger Fault. For example, in322

the final plot at 9.08 years, most of the model boundaries are above 16 MPa,323

while the Jim Bridger Fault is at 15 MPa near the fault intersection with the324

boundaries of the mesh and less than 13 MPa closest to the third extraction325

well. The CO2 plume is pulled towards the extraction wells. Pulling the CO2326

plume towards extraction wells is a side effect of pressure management and327

may reduce sweep efficiency of the CO2 injection operation. A movie that328

contains the plots in Figure 5 and more effectively illustrates the simulation329

is provided in the supplementary material.330

3.2. Pressure management decision analysis formulation331

In this section, we describe the pressure-management strategy selection332

approach applied to the RSUCSS. While the approach is similar to the an-333

alytical example in Section 2.1, it is much more complicated as it involves334

ensembles of numerical simulations, multiple performance criteria, and can-335

not be easily described using closed-form equations.336

We consider the uncertainty associated with the derived permeabilities337

of the Lower Madison. Similar to the analytical example, a modifier, mk,338

that translates the heterogeneous permeability field by orders of magnitude339

parameterizes this uncertainty as340

km(x) = 10log10(k(x))+mk , (7)

where k is the derived permeabilities, km is the modified permeabilities, and341

x represents vector locations within the Lower Madison.342
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Figure 5: Plan view of overpressure contours (colored lines) and CO2 plume extent (gray
fill) for a triple-extraction well pressure management FEHM simulation. The CO2 injec-
tion well (RSU #1) is indicated by a circle, brine extraction wells are indicated by x’s, and
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are indicated in the upper right corner of each plot. Since CO2 injection is 1 Mt/year, the
amount of CO2 injected in Mt is equal to the time in years. Axes are in the SPCS27-4903
coordinate system.
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The nominal value of mk is zero, since this is the case where permeabil-343

ities are not modified from the derived values. We can define our uncer-344

tainty model as identical to equation 2 in Section 2.1 using set notation as345

Um(h) = {mk : |mk| ≤ h}, h ≥ 0.346

The performance criteria are to (1) remain below the reactivation over-347

pressure along the Jim Bridger Fault, (2) inject a desired quantity of CO2,348

(3) extract a minimal amount of brine, and (4) achieve a desired extraction349

efficiency. The extraction efficiency quantifies the additional CO2 that can350

be injected per unit of brine extracted given the same overpressure at the351

Jim Bridger Fault.352

We define the first criterion as353

dpf < dpcr, (8)

where dpf is the maximum overpressure along the Jim Bridger Fault (max
xf

dp(xf )),354

xf are vector locations along the Jim Bridger Fault and dpcr is the reactiva-355

tion overpressure criterion threshold value for the Jim Bridger Fault.356

The other three criteria are defined as

mc > mc
c, (9)

mb < mc
b, (10)

and

e > ec, (11)

where m is mass, e is extraction efficiency, the subscript c denotes injected357
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CO2, the subscript b denotes extracted brine, and superscript c denotes the358

criterion threshold value.359

Using the quantities defined above, the extraction efficiency can be de-

fined as

e(dpf ) =
me

c −mn
c

mb
: dpf (12)

where me
c is the mass of CO2 injected with extraction, mn

c is the mass of CO2360

injected with no extraction, mb is the amount of brine extracted, including361

pre-injection brine extraction if conducted.362

We define robustness as we did in Section 2.1 as the amount that the

permeability field can be modified from nominal and the performance criteria

are still met. The robustness metrics can be defined as (1) the robustness

against overpressurizing the Jim Bridger Fault,

ĥdp = max

h :

(
max

mk∈Um(h)
dp(xf ) ≤ dpr

) , (13)

(2) robustness against failing to inject a desired quantity of CO2,

ĥmc = max

h :

(
min

mk∈Um(h)
mc ≥ mc

c

) , (14)

(3) robustness against extracting more brine than desired,

ĥmb
= max

h :

(
max

mk∈Um(h)
mb ≤ mc

b

) , (15)
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and (4) robustness against failing to achieve a desired extraction efficiency,

ĥe = max

h :

(
min

mk∈Um(h)
ec ≥ ecc

) . (16)

The inner argument of equations 13 and 15 contain a max operator be-363

cause fault overpressure and brine production are not to exceed a threshold.364

Conversely, the inner argument of equations 14 and 16 contain a min oper-365

ator since it is desired that CO2 injection and extraction efficiency at least366

meet or exceed a threshold.367

The overall robustness is defined as the minimum over the individual

robustness criteria,

ĥ = min
{
ĥdp, ĥmc , ĥmb

, ĥe

}
. (17)

We evaluate equations 13 through 16 by running ensembles of FEHM368

simulations with various modifications to the nominal permeability field ac-369

cording to equation 2. We provide an example of the effect of the perme-370

ability uncertainty on our performance criteria in Figure 6 with plots of an371

ensemble of criteria values as a function of mk for the single-extraction well372

strategy. The criteria given the nominal permeability field are indicated by373

the dashed vertical line at mk = 0. The effect of deviations from nominal374

permeabilities on performance criteria are evident as increasing or decreas-375

ing criteria values to the left or right of nominal. The information in this376

figure can be used to evaluate how incorrect our nominal permeability field377

can be from reality and still meet performance criteria as will be presented378
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Table 1: Pressure management strategy characteristics for each subsection of the Results
section.

Single Three Pre-injection Passive Constant rate
Subsection well wells brine extraction extraction extraction

4.1 X X
4.2 X X X
4.3 X X
4.4 X X X
4.5 X X
4.6 X X X

in the Results Section (Section 4).379

4. Results380

The following subsections contain diagnostic plots for the following strate-381

gies: (1) single passive extraction wells comparing different locations be-382

tween the CO2 injection well and the fault (Section 4.1); (2) single passive ex-383

traction wells comparing different quantities of pre-injection brine extraction384

(Section 4.2); (3) three sequential passive extraction wells emplaced progres-385

sively further from the CO2 injection well towards the fault as breakthrough386

occurs comparing different brine extraction well locations (Section 4.3); (4)387

three sequential passive extraction wells, as described in item 3, comparing388

different quantities of pre-injection brine extraction (Section 4.4); (5) single389

extraction well comparing different constant extraction rates (Section 4.5);390

and (6) single extraction well with constant rate extraction comparing dif-391

ferent quantities of pre-injection brine extraction (Section 4.6). Table 1392

categorizes the strategies investigated in these subsections.393
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To show how the performance criteria change over time during CO2394

injection, we present time series plots of overpressure at the Jim Bridger395

Fault, mass of CO2 injected, mass of brine extracted, and extraction effi-396

ciency (equation 12) for the nominal permeability field as the first figure397

in the top plot in each subsection (Figures 7, 9, 11, 13, 15, and 17). The398

overpressure at the Jim Bridger Fault with no brine extraction is shown as399

a dashed line in each of these figures for reference.400

The second figure in each subsection contains plots of robustness as a401

function of the criteria defined in equations 8 through 11; fault overpressure,402

CO2 injection, brine extraction, and extraction efficiency (Figure 8, 10, 12,403

14, 16, and 18). Although robustness technically has no upper bound, in404

our plots, robustness is truncated at a value of 1 because this value was405

the maximum in the sampling of the permeability modifier; i.e., an order of406

magnitude above and below nominal. Note that values to the left of this407

truncation (lower values) for fault overpressure and brine extraction robust-408

ness and to the right of this truncation (higher values) for CO2 injection and409

extraction efficiency robustness have robustness at least equal to or greater410

than 1. The ensemble of performance criteria values that form the basis for411

these robustness plots are presented in Figures 6, S2, S3, S4, S5, and S6,412

respectively, where the performance criteria are plotted as functions of the413

permeability modifier (refer to discussion of Figure 6 in Section 3.2).414
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4.1. Single passive brine extraction well at different locations between the415

CO2 injection well and fault416

We investigate the results of placing one extraction well at different loca-417

tions between the CO2 injection well and the Jim Bridger Fault. In Figure 7,418

when the extraction well is closer to the injection well, CO2 breaks through419

earlier and the extraction well must be shut off. As a result of moving the420

brine extraction well closer to the fault (farther from the CO2 injection well),421

more CO2 can be injected for storage. This beneficial increase of CO2 stor-422

age results in higher overpressure at the fault. By the end of the simulations,423

extraction efficiencies for the different locations of the brine extraction wells424

are slightly increasing with distance, except for the extraction well that is425

closest to the CO2 injection well (474 m), where the extraction efficiency is426

highest.427

In Figure 8, when the brine extraction well is closer to the CO2 injection428

well, the robustness against fault overpressure, brine extraction, and extrac-429

tion efficiency are also higher. The sharp increases/decreases in robustness430

in the plots in Figure 8 are a direct result of changes to criteria values as431

the magnitude of the permeability modifier increases. For example, for the432

fault overpressure criterion (top left plot in Figure 8), the robustness for the433

474 m case (blue line) is zero up to around 4 MPa, and then increases quickly434

to a robustness of 1 at around 6 MPa. Looking back at the 474 m case (blue435

line) in the top plot in Figure 6, the reason for this can be deduced. At the436

nominal permeability modifier (vertical dashed line at mk = 0), the 474 m437

case is around 4 MPa, and therefore, there is zero robustness up to 4 MPa.438

As the permeability modifies decreases (i.e., absolute magnitude included439
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in Um increases as h in equation 13 increases), the overpressure increases440

slowly to around 6 MPa, corresponding to the sharp increase in robustness441

in Figure 8. The 474 m curve for overpressure robustness in Figure 8 is442

derived directly from the information in Figure 6, as are the curves for the443

all the other cases and other criteria.444

The most robust brine extraction well location is more nuanced and com-445

plicated for CO2 injection as the maximum robustness strategy (top curve)446

changes as the CO2 injection criterion value changes. Strategy selection may447

change if the criterion threshold value is changed. For example, the location448

with maximum robustness is the 474 m case if the desired quantity of CO2449

injection is 1 Mt of CO2, the 853 m case for 2 Mt CO2, the 1232 m case for450

4 Mt CO2, the 1611 m case for 7 Mt CO2, and the 1990 m case for 10 Mt451

CO2. Figure 6 contains the performance criteria as a function of permeabil-452

ity modifier, which is the basis for the plots in Figure 8 and equations 13453

through 16.454

4.2. Single brine extraction well with different quantities of pre-injection455

brine extraction456

We assume a single brine extraction well located at the approximate mid-457

point between the CO2 injection well and the Jim Bridger Fault, 1232 m458

from the CO2 injection well, and evaluate the effect of pre-injection brine459

extraction on robustness. We compare pre-injection brine extraction quan-460

tities of 0.1 Mt and 1 Mt. The pre-injection brine extraction is simulated461

using a constant brine extraction rate of 1 Mt/y, therefore, 0.1 Mt and 1 Mt462

correspond to extracting brine for 1/10 and 1 year, respectively. CO2 injec-463
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tion simulations are initiated with the final state of the pre-injection brine464

extraction simulations. The 0 Mt case is the same as the 1232 m case in465

Section 4.1 and is provided for reference.466

In the top plot of Figure 9, pre-injection brine extraction delays the on-467

set of fault overpressure. Overpressures resulting from simulations without468

during-injection brine extraction are presented for each level of pre-injection469

brine extraction as corresponding colored dashed lines for reference. In the470

second plot in Figure 9, the initial brine mass at time zero is the pre-injection471

brine extraction mass (e.g., the 1 Mt case (red line) begins at 1 Mt at time472

zero). The extraction efficiencies for the 0.1 Mt case and 1 Mt case begin473

with small values at early times since the mass of brine (denominator of474

extraction efficiency; mb in equation 12) begins with non-zero values, as op-475

posed to the 0 Mt case. The 0.1 Mt case results in the highest extraction476

efficiency at the end of the simulations, indicating that more pre-injection477

brine extraction may not always improve extraction efficiency.478

Pre-injection brine extraction of 1 Mt substantially increases the fault479

overpressure robustness (top left plot in Figure 10). But for the CO2 injec-480

tion criteria, the most robust choice depends on the threshold value. The481

1 Mt case has significantly lower brine extraction robustness than the 0 Mt482

and 0.1 Mt cases, which are similar. For extraction efficiency, the 0.1 Mt483

case is more robust than the 0 Mt and 1 Mt cases, which intersect and cross.484

Refer to Figure S2 to inspect the ensemble of performance criteria values485

used as the basis for calculating the robustness metrics in Figure 10.486
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4.3. Three sequential passive brine extraction wells starting at different lo-487

cations between the CO2 injection well and the fault488

We investigate the use of three sequential brine extraction wells located489

on a line between the CO2 injection well and the Jim Bridger Fault. Brine490

extraction successively switches to the next well closer to the fault as CO2491

breakthrough occurs in the operating brine extraction well. We compare492

three different starting locations for the first brine extraction well, 474, 853,493

and 1232 m. These distances correspond with computational mesh node494

locations along a diagonal southwest to northeast line where the diagonal495

distance between nodes is approximately 95 m. In each case, the next brine496

extraction well is placed approximately halfway between the existing brine497

extraction well and the fault. In Figure 11, the slight breaks in the time series498

(indicated by colored stars) indicate where brine extraction was switched499

between wells.500

According to the robustness plots in Figure 12, placing the first brine501

extraction well closer to the CO2 injection well (474 m) leads to greater502

fault overpressure robustness and brine extraction robustness. CO2 injection503

robustness increases by placing the first well closer to the fault (1232 m).504

Extraction efficiency robustnesses are similar with the first brine extraction505

well located at 853 m showing higher robustness in general.506

In general, closer distance to the CO2 injection well result in lower fault507

overpressure, less brine extraction, and less CO2 injection due to earlier CO2508

breakthrough at the brine extraction wells. Refer to Figure S3 to inspect509

the ensemble of performance criteria values used as the basis for calculating510

the robustness metrics in Figure 12.511

35



0

5

10

15

20

25

30

35

JB
F 

Ov
er

pr
es

su
re

 [M
Pa

]

No brine extraction

474 m 853 m 1232 m

Line color indicates distance from injector to first extractor

0

2

4

6

8

10

12

M
as

s o
f b

rin
e 

ex
tra

ct
ed

 [M
t]

474 m
853 m

1232 m

Mass of CO2 injected

0 2 4 6 8 10 12
Time [y]

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

Ex
tra

ct
io

n 
Ef

fic
ie

nc
y 

[M
t/M

t]

474 m 853 m 1232 m

Stars indicate times when extraction is switched to the next well

Figure 11: Triple brine extraction well strategy with passive brine extraction comparing
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4.4. Three sequential passive brine extraction wells with different pre-injection512

brine extraction513

We investigate the use of pre-injection brine extraction for the triple514

brine extraction well strategy placing the first brine extraction well at 853 m515

from the CO2 injection well. The 0 Mt case is the same as the 853 m case516

in Section 4.3. The breaks in the time series as brine extraction switches517

from one well to the next well are indicated by colored stars in Figure 13.518

As in Figure 9 in Section 4.2, the overpressures resulting from no during-519

injection brine extraction are presented for each level of pre-injection brine520

extraction as colored dashed lines and brine mass at time zero includes the521

mass of pre-injection brine extraction.522

In Figure 14, the 1 Mt case results in higher CO2 injection robustness,523

but lower fault overpressure robustness. However, the fault overpressure ro-524

bustnesses are all similar at around 26 MPa fault overpressure. The results525

are more complicated for brine extraction efficiency, where the maximum ro-526

bustness depends on the threshold value with the robustness curves crossing527

repeatedly. The 1 Mt case is in general most robust for extraction efficiency,528

but does have robustness crossover at lower values. Refer to Figure S4 to529

inspect the ensemble of performance criteria values used as the basis for530

calculating the robustness metrics in Figure 14.531

4.5. Single brine extraction well with different constant brine extraction532

rates533

Up to this point, all of the analyses have used passive brine extraction534

during CO2 injection, where the rate of brine extraction adjusts in order to535
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Figure 13: Triple brine extraction well strategy with passive extraction comparing dif-
ferent pre-injection brine extraction quantities (indicated by line color) for the nominal
permeability field. Time series of overpressure at the Jim Bridger Fault (JBF), mass of
brine extracted, and extraction efficiency are plotted. The first well is located at 853 m
from the CO2 injection well with the second and third well placed halfway between the
prior brine extraction well and the Jim Bridger Fault.
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Figure 14: Triple brine extraction well strategy comparing different levels of pre-injection
brine extraction (indicated by line color) with the first brine extraction well located at
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maintain hydrostatic bottom hole pressure conditions at the brine extraction536

well. Here we evaluate constant brine extraction rates of 10, 20, and 30 kg/s537

(approximately 0.32 Mt/y, 0.63 Mt/y, and 0.95 Mt/y). The highest brine538

extraction rate is close to the constant CO2 injection rate (1 Mt/y) These539

brine extraction rates are applied at a single brine extraction well at 1232 m540

from the CO2 injection well towards the Jim Bridger Fault.541

In Figure 15, as the brine extraction rate increases, the time until over-542

pressure at the fault increases as well. For reference, passive extraction is543

represented as a gray line in the plots in Figures 15 and 16. The passive544

strategy is the same as the 1232 m case in Figures 7 and 8 in Section 4.1.545

Constant rate extraction leads to a more linear increase in fault overpressure546

than passive extraction, which increases at a decreasing rate over time as547

the extraction rate increases to maintain hydrostatic pressure at the point548

of extraction. The extraction efficiency for constant rate cases converges549

quickly to constant values over time after the effects of the delayed over-550

pressure response at the fault (effecting the values of me
c and mb for a given551

dpf in equation 12) and slight nonlinearities at early times in the no during-552

injection brine extraction overpressures dissipate (effecting the value of mn
c553

for a given dpf in equation 12).554

The robustness plots in Figure 16 indicates that highest fault overpres-555

sure robustness is achieved with the highest extraction rate (30 kg/s case),556

but that the robustness of CO2 injection, brine extraction, and extraction557

efficiency for the 30 kg/s case is lower. We also note that passive extraction558

has significantly less brine extraction robustness than constant rate strate-559

gies because it results in higher mass of brine extracted (refer to middle plot560
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in Figure 15). Refer to Figure S5 to inspect the ensemble of performance561

criteria values used as the basis for calculating the robustness metrics in562

Figure 16.563

4.6. Single brine extraction well with constant brine extraction rate compar-564

ing different pre-injection brine extraction quantities565

Lastly, we evaluate the effects of using pre-injection brine extraction566

with a constant 20 kg/s brine extraction rate during injection. Compar-567

isons to the corresponding passive extraction scenarios for the 3 levels of568

pre-injection brine extraction can be made by referring to Figures 9 and569

10 in Section 4.2. The 0 Mt case is the same as the 20 kg/s case in Fig-570

ures 15 and 16 in Section 4.5 where we compared different constant brine571

extraction rates. The mass of brine extraction at time zero includes the572

pre-injection brine extraction in the middle plot of Figure 17. The 0.1 Mt573

extraction case has little effect on criterion robustnesses compared to the574

0 Mt case, except for the extraction efficiency robustness, which decreases575

significantly (Figure 18). The 1 Mt case has substantially lower overpressure576

and brine extraction robustness. The 1 Mt case has approximately equal577

or less extraction efficiency robustness that the 0.1 Mt case as well. These578

results suggests that there are little if any benefits with regard to robustness579

by combining pre-injection brine extraction with constant-rate brine extrac-580

tion during CO2 injection. Refer to Figure S6 to inspect the ensemble of581

performance criteria values used as the basis for calculating the robustness582

metrics in Figure 18.583
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5. Discussion584

We conducted a detailed evaluation and comparison of the robustness in585

achieving performance criteria for various pressure management strategies586

for geologic CO2 injection for storage. Informing the selection of a pres-587

sure management strategy requires that threshold values for performance588

criteria be defined. To illustrate, we chose: dpcr = 20 MPa, mc
c = 5 Mt,589

mc
b = 7 Mt, ec = 0.9 These values were chosen to demonstrate the ap-590

proach and are not intended to be taken as operational decisions for the591

RSUCSS. Using these threshold values, we compared alternative pressure592

management strategies according to the minimum criteria robustness (equa-593

tion 17). Different threshold values may result in different conclusions about594

the preferred pressure management strategy. We present the comparison in595

Table 2. The comparison indicates in the first 8 rows of the far right column596

that non-zero overall robustness is achieved for the single passive extrac-597

tion well strategy only when the brine extraction well is placed at 1232 m598

from the CO2 injection well. Therefore, placing the well at the approximate599

midpoint between the CO2 injection well and the fault is the most robust600

strategy in this analysis. The three passive extraction well strategies (rows601

9-14) have very low overall robustness indicating that the expense of the602

additional wells does not provide increased overall robustness. The highest603

overall robustness (∼0.52) occurs for constant rate brine extraction of 20604

kg/s, either with 0.1 Mt (row 19) or no pre-injection brine extraction (rows605

16 or 18). Since there are two cases with this overall robustness (three in606

the table, but two are duplicates presented for completeness in the figure607
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associations in the first column), the individual criterion robustnesses can be608

used to further distinguish between strategies. A constant rate injection of609

20 kg/s with no pre-injection brine extraction maximizes the overall robust-610

ness criteria. The conclusions drawn from this comparison are site specific,611

depend on designated criteria threshold values and are not necessarily gen-612

erally applicable to all CO2 injection locations. We demonstrated a formal613

decision analysis that can be used for potential geologic CO2 storage sites.614

This decision analysis framework focuses on evaluating the robustness of615

achieving project performance criteria as opposed to optimizing the designs616

to exactly meet performance criteria.617

This approach can be extended to an economic analysis by applying costs618

associated with the alternative strategies (well completion costs; pumping619

and treatment costs, active versus passive brine extraction, etc.). If ex-620

tracted brine is re-injected as opposed to treated, modeling of the re-injection621

would have to be performed and additional performance criteria (similar to622

equations 8 through 11) and associated robustness metrics (similar to equa-623

tions 13 through 16) defined and evaluated. For example, robustness against624

induced seismicity due to overpressurization from re-injection can be eval-625

uated analogously to how overpressurization of the Jim Bridger fault was626

handled here (e.g., analogous performance criteria to equation 8 and robust-627

ness metric to equation 13). This approach could also be applied to a post628

mortem analysis of a real injection site, such as In Salah, which was shut629

down due to unexpected migration of CO2 (White et al., 2014).630
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6. Conclusions631

In this paper, we present a new approach to selecting pressure man-632

agement strategies based on concepts from information gap theory. The633

approach focuses on evaluating the robustness against multiple performance634

criteria, including not exceeding fault overpressure, failing to inject a de-635

sired quantity of CO2, not extracting more brine than desired, and failing636

to achieve an extraction efficiency. Our approach allows for a detailed evalu-637

ation and comparison of competing and complimentary performance criteria638

while taking into account uncertainties. While we present results that con-639

sider uncertainty in permeability, our approach can be used to assess the640

effect of uncertainties in multiple parameters. The approach provides an641

alternative to optimization strategies which identify solutions that exactly642

meet specified criteria without a detailed consideration of strategy robust-643

ness. Considering performance criteria robustness is critically important for644

applications like CO2 sequestration, where site characterization is expensive,645

data are sparse given the depths of target reservoirs, and where stakes can646

be high with respect to policy support and public opinion.647
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Figure S1: Triple brine extraction well pressure management simulation flow diagram
illustrating injection and extraction operating decisions applied to FEHM simulations.
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Figure S2: Jim Bridger Fault (JBF) overpressure, CO2 injected, brine extracted, and
extraction efficiency as a function of the permeability modifier for the single passive brine
extraction well at 1232 m from the CO2 injection well comparing different levels of pre-
injection brine extraction.
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Figure S3: Jim Bridger Fault (JBF) overpressure, CO2 injected, brine extracted, and
extraction efficiency as a function of the permeability modifier for the three successive
passive brine extraction wells comparing placing the first well at different distances from
the CO2 injection well. Successive wells are placed halfway between the preceding brine
extraction well and the Jim Bridger Fault.
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Figure S4: Jim Bridger Fault (JBF) overpressure, CO2 injected, brine extracted, and
extraction efficiency as a function of the permeability modifier for the three successive
passive brine extraction wells with the first well located at 853 m from the CO2 injection
well comparing different levels of pre-injection brine extraction. Successive wells are placed
halfway between the preceding brine extraction well and the Jim Bridger Fault.
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Figure S5: Jim Bridger Fault (JBF) overpressure, CO2 injected, brine extracted, and
extraction efficiency as a function of the permeability modifier for the single passive brine
extraction well at 1232 m from the CO2 injection well comparing different constant brine
extraction rates. The associated passive extraction scenario is shown for reference in gray.
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Figure S6: Jim Bridger Fault (JBF) overpressure, CO2 injected, brine extracted, and ex-
traction efficiency as a function of the permeability modifier for the single passive brine
extraction well at 1232 m from the CO2 injection well with 20kg/s constant brine extrac-
tion rate comparing different levels of pre-injection brine extraction.
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