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a  b  s  t  r  a  c  t

Geologic  carbon  sequestration  (GCS)  is  considered  a promising  means  of reducing  atmospheric  carbon
dioxide  (CO2). In  Wyoming,  GCS  is  proposed  for  the Nugget  Sandstone  in  Moxa  Arch,  a deep,  regional-scale
saline  aquifer  with  a large  CO2 storage  potential.  For  a proposed  storage  site,  this  study  builds  a  suite  of
increasingly  complex  conceptual  geologic  model  families,  using  subsets  of  the  site characterization  data:
a homogeneous  model  family  (FAM1),  a stationary  petrophysical  model  family  (FAM2),  a  stationary  facies
model  family  with  sub-facies  petrophysical  variability  (FAM3),  and  a non-stationary  facies  model  family
(with sub-facies  variability)  conditioned  to  soft data  (FAM4).  These  families,  representing  alternative
conceptual  site  models  built  with  increasing  data,  were  simulated  with  the same  CO2 injection  test
(50  years  at  1/10  Mt  (1.0  ×  108  kg)  per  year),  followed  by 2950  years  of monitoring.  Using  the  design
of  experiment,  an  efficient  sensitivity  analysis  (SA)  is  conducted  for all  families,  systematically  varying
uncertain  aquifer  parameters,  while  assuming  identical  well  configuration,  injection  rate,  bottomhole
pressure  constraint,  and boundary  conditions,  i.e.,  the model  is  considered  a part  of  a  larger,  semi-infinite
system,  where  both  the injected  CO2 and  the  formation  brine  can flow  out.  The  SA  results  are  compared
among  the  families  to  identify  parameters  that have  1st order  impact  on  predicting  CO2 storage  ratio  (SR)
at two  different  time  scales,  i.e.,  end  of  injection  and  end  of  monitoring.  This  comparison  indicates  that,
for this  deep  aquifer  with  a gentle  incline,  geologic  modeling  factors  do not  significantly  influence  the
short-term  prediction  of the  CO2 storage  ratio.  However,  these  factors  become  more  important  over  the
monitoring  time,  but  only  for those  families  where  such  factors  are  accounted  for  (in  other  words,  their
long-term  importance  cannot  be  revealed  by  the  relatively  simple  conceptual  models).  Based  on  the  SA
results,  a response  surface  analysis  is  conducted  to  generate  prediction  envelopes  of  the  storage  ratio,
which  are also  compared  among  the families,  and  at both  time  scales.  Results  suggest  a large  uncertainty

in  the  predicted  storage  ratio,  given  the  uncertainties  in model  parameters  and  modeling  choices:  the  SR
varies  from  5–60%  (end  of  injection)  to  18–100%  (end  of monitoring),  although  its variation  among  the
model  families  due  to  different  modeling  choices  is  relatively  minor.  Moreover,  long-term  leakage  risk
is considered  small  at the  proposed  site.  This  is  because,  in  the  lowest-SR  scenarios,  all  model  families
predict  gravity-stable  supercritical  CO2 migrating  toward  the  bottom  of  the  aquifer.  In the  highest-SR
scenarios,  supercritical  CO2 footprints  are  relatively  insignificant  by the  end of  monitoring.
. Introduction

Geological carbon sequestration (GCS) is considered to be a
romising option for mitigating global climate change (IPCC, 2013).
yoming produces approximately 40% of the coal in the United

tates. In 2000, coal-fired power plants in the state emitted a total

f 51 million tons (Mt) of CO2 into the atmosphere (Stauffer et al.,
009a). By 2009, the emission rate had risen to 54.4 Mt/year and it is
urther projected to increase with new energy demand (Deng et al.,
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2012; Easley et al., 2013). To achieve climate mitigation, power
plants such as these are the chief targets for conversion to allow the
capture of CO2 and subsequent sequestration underground. Given
the magnitude of the emission rate, CO2 needs to be sequestered
at industrial scales for which deep saline aquifers with large stor-
age capacity are needed (Bachu, 2000). The Moxa Arch anticline in
western Wyoming is a deeply buried subsurface structure and a
proposed GCS site (Fig. 1). Multiple deep saline aquifers with large
storage capacities have been identified that lie adjacent to several

coal-fired power plants including the 2.1 GW Jim Bridger Power
Plant (Li et al., 2011). The anticline consists of geologic formations
ranging from Precambrian crystalline rocks to Holocene alluvial
sands and gravels. It hosts natural gas in the Frontier Sandstone
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Fig. 1. A map  of the study site with the location of a regional model indicated by the
larger outline. Wells that penetrate to the depth of the Nugget Sandstone are shown:
solid symbols denote wells inside Moxa Arch (circles with API numbers were used in
well log correlation to create the regional model (Li et al., 2011); stars denote wells
from natural gas fields northwest of La Barge where Nugget facies and petrophysical
properties were examined); empty circles are those that lie outside the Arch where
Nugget facies and petrophysical properties were examined. AA′ , BB′ , CC′ , and DD′

are cross sections used in creating the regional model, from which a section model
centered at Shute Creek (small box) is extracted for CO2 simulation. Also shown is
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 thin line connecting a set of wells, which extends from Shute Creek toward the
outhern Moxa Arch. Along this line, a well log correlation profile is presented in
ig. 2.

Harstad et al., 1996) and natural CO2 in the Madison Limestone
Huang et al., 2011), attesting to the sealing capacity of multiple,
ow-permeability caprock formations. At the Shute Creek gas plant
Fig. 1), acid gas disposal into the Madison Limestone has been
ngoing since 2005 at a rate of 60 MMscf/day (1.7 MM m3/day), and
s one of the world’s largest acid gas reinjection projects (Huang
t al., 2011). In the region surrounding the gas plant, few wells
erforate these deep formations, reducing leakage risk via well-
ores. Interpretation of three-dimensional seismic data acquired
orthwest of Shute Creek has not identified large faults, suggesting
tructure continuity. With infrastructure including deep injection
ells and CO2 pipelines, the gas plant is considered a candidate site

or CO2 injection.
In evaluating a GCS site, reservoir flow simulation is commonly

erformed based on a geologic site model which character-
zes subsurface structure, facies, and other heterogeneities. To

esolve detailed heterogeneity, increasing subsurface characteri-
ation effort is required, and the greater the detail, the higher the
ost. GCS, in particular, CO2 storage in deep saline aquifers, is fre-
uently considered a “cost center”. Moreover, for the type, amount,
house Gas Control 22 (2014) 123–138

and accessibility of data at a given site, different geologic mod-
els can be built, ranging from the simple to complex. For example,
petrophysical properties can be alternatively modeled assuming
homogeneity (Birkholzer and Zhou, 2009) or heterogeneity (Deng
et al., 2012), the latter requiring advanced modeling techniques
supported by additional data. Although such data can be obtained
from drilling and logging the aquifer, or from high-resolution geo-
physical surveys, extensive data acquisition is not realistic at large
scales where industrial CO2 storage is concerned. Besides the cost
constraint, leakage from wellbores must be minimized, limiting the
number of boreholes that can be drilled. A critical issue in GCS is
therefore to determine the right types of data to collect, and, based
on these data, the right type of geologic model to construct, leading
to a cost-effective strategy in data collection. Such models, as input
to flow simulation, will ideally lead to adequate, or sufficiently
accurate, predictions of the desired outcomes, while models are
not overly detailed and are therefore cost-prohibitive to construct.
However, the identification of an optimal model is challenging
due to the fact that in GCS modeling, a variety of uncertainty fac-
tors exist, including geologic factors influencing reservoir porosity
and permeability, engineering factors influencing gas trapping and
migration, and environmental factors influencing CO2 fluid proper-
ties. Although the uncertainty factors that exert the most significant
impact on CO2 predictions are of the most interest—these are the
ones that need to be better characterized, reducing their uncertain-
ties and therefore uncertainty in predictions, as model complexity
(level of detail) increases, more geologic uncertainty factors can
come into play (Friedmann et al., 2003; Milliken et al., 2007).

Toward the overall objective of developing cost-effective mod-
els, this study aims to understand model complexity in GCS and
the associated data needs, including both static and dynamic data.
For the storage formation, the Nugget Sandstone in Moxa Arch has
been chosen, which is a deep (13,000–17,000 ft depth), regional-
scale saline aquifer with a large storage potential, due to its large
areal extent, significant thickness (on average, 700 ft (213 m)  thick),
and relatively high porosity. It is separated from the overlying
gas-bearing Frontier Sandstone by multiple, low-permeability for-
mations, while Frontier itself is capped by low-permeability cap
rocks. Detailed discussion of the Nugget Sandstone’s geological and
depositional settings can be found in Li et al. (2011). Along a profile
connecting several wells (Fig. 1), well log correlation suggests the
continuity of the Nugget Sandstone at regional scales (Fig. 2), which
is confirmed by seismic line shots in southern Moxa Arch (David
et al., 1975; Royse et al., 1975). At the Shute Creek gas plant, Nugget
Sandstone overlies the Madison Limestone, where acid gas injec-
tion is ongoing. Here, few wells perforate to the depth of the Nugget
(Fig. 1), minimizing leakage risk. The gas plant, where existing wells
can be fitted for injecting CO2, is a proposed GCS site. However,
due to limited well data at the plant, much uncertainty exists in
describing Nugget Sandstone’s porosity and permeability. On the
one hand, reservoir heterogeneity is known to exist as evidenced
by examining the wireline logs and computed clay volumes of for-
mation (Fig. 2). On the other hand, large distances between wells
give rise to uncertainty as to the appropriate geologic modeling
method that can best capture the relevant heterogeneity. In fact,
alternative modeling methods exist, whereas the effect of different
methods on porosity/permeability prediction, and therefore CO2
storage modeling, is unknown.

To understand the uncertainty in CO2 storage modeling in the
Nugget Sandstone and the impact of model complexity on CO2 pre-
dictions, this study creates multiple families of geologic models
with different techniques to determine if the list of “heavy hitters”

(i.e., uncertainty factors whose variations have significant impact
on a prediction outcome) will change with the modeling choice.
Because CO2 flow is often dominated by viscous force during injec-
tion and gravity force during monitoring, the list of heavy hitters
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Fig. 2. Formation structure correlation for the Nugget Sandstone along the north-south-oriented line in Fig. 1. Well API is shown at the top of each subplot. The top panel
c panel 
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onsists  of wells inside the regional model; the bottom panel continues from the top 

enoted by “Nugget” which is set as the baseline for correlation; the bottom is deno
ogs;  GR = gamma  ray; Vc = computed formation clay volume; Facies = inferred petro

nfluencing its predictions may  change over time, as well as the
ncertainty in the predictions. The uncertainty outcome will there-
ore be evaluated at two time scales, i.e., end of injection, and end of

onitoring. Furthermore, because computational challenge in car-
ying out a full uncertainty analysis with a large reservoir model
an be significant, the efficient design of experiment (DoE) and
esponse surface (RS) methodology is adopted for analyzing the
arameter importance and prediction uncertainty. In the follow-

ng, an overview of the DoE methodology is introduced, followed
y a presentation of the study method. Results are discussed and
ummarized, leading to a set of conclusions and insights.

. Overview of the DoE methodology

In subsurface modeling, uncertainty analysis is usually initiated
ith a parameter sensitivity analysis (SA). Traditionally, SA is con-
ucted one parameter at a time to evaluate sensitivity of model
utcomes in response to parameter variation. For each parameter
aried, 3 values are typically defined (e.g., P10, P50, P90), which
eflect a prior assessment of parameter uncertainty. A “base-case”
imulation is defined, by all parameters assuming their P50 values.
n the SA, a parameter is first set at its P10 level, and then its P90
evel, while all other parameters are kept at P50 levels. (Given N
arameters, 2N + 1 simulations are needed.) Tornado diagrams can
hen be generated to rank the effect of each parameter on a predic-
ion outcome, although this ranking can be biased because the SA
uns are not fully exploring the parameter space, e.g., combinations
t the parameter space boundary are not evaluated. The SA also
ssumes that parameters varied are independent of one another,
lthough in reality parameters are often correlated. To understand
he prediction uncertainty arising out of parameter uncertainty,
onte Carlo (MC) simulation can be used, whereas uncertainty of
n outcome is estimated by assuming probability density func-
ions (pdfs) for the uncertain parameters. Input parameters are
andomly drawn from these pdfs, as input to full-physics reservoir
and consists of wells south of the regional model. The top of the Nugget Sandstone is
 “Ankareh”, an underlying formation. SSTVD = subsea true vertical depth; DT = sonic

 from wireline logs (Li et al., 2011).

simulation. Statistical distribution of an outcome is then evaluated
by repeated random draws and thus repeated simulations. This
method, though conceptually straightforward, is computationally
intensive, as often hundreds, if not thousands, of reservoir simu-
lations are needed to sample the parameter space. This becomes
an issue for large models running long simulation times. Although
Latin hypercube MC  sampling has been explored as a more effi-
cient alternative to brute force MC  (Stauffer et al., 2009b), such
analysis still requires a large number of model runs that become
prohibitive when model size is large. One way to overcome this
difficulty is to develop a computationally efficient proxy (or surro-
gate) model for the reservoir simulator. The design of experiment
(DoE) methodology is a promising tool in reservoir analysis. DoE can
fully explore the parameter space, is computationally efficient, and
does not assume parameter independence. Its results can be used
to create a response surface (RS) model, which is an analytic func-
tion that can be quickly evaluated for any performance outcome
given any parameter combinations. After suitable verification, the
RS model becomes a proxy model for reservoir simulation with
which a MC  analysis can be conducted to evaluate uncertainty in
predictions. This analysis is orders of magnitude faster than brute
force MC  with full-physics simulations. Below, DoE and RS methods
are introduced with greater detail.

In DoE, the SA is conducted by varying a subset of the uncertain
input parameters simultaneously according to a design table
(Montgomery, 2008). The parameters varied (also referred to
as factors) can be continuous or categorical, the latter often
reflecting modeling choices. Results of the SA are examined with
multivariate analysis of variance (MANOVA), which identifies the
parameters that exert statistically significant effects on a simula-
tion outcome. Though a variety of designs are available (the same

design can be used for analyzing multiple outcomes), a two-level
Plackett–Burman (PB) design is adopted here. Compared to other
designs, the PB design is the most parsimonious for selecting
a parameter subset for simulations, providing large savings in
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rogram execution time. However, this design can only identify
he main effects and confound interactions with the main effects.
t is most useful as a screening tool to identify the most significant
ncertainty factors with the fewest number of simulation runs.
or example, in scoping studies to guide early data collection, PB
esign alone can be used (Jian et al., 2002; Milliken et al., 2007;
hoi et al., 2007), while PB combined with a RS design is effective in
nalyzing a variety of reservoir performance outcomes (Friedmann
t al., 2003; Meddaugh et al., 2004; Yeten et al., 2005).

The RS analysis consists of fitting an analytical function to a
imulation outcome (Myers and Montgomery, 1995). This function
s generated by running reservoir simulations according to a RS
esign, using factors that have been previously identified by the
creening (PB) design as the most important for predicting that out-
ome at a user-specified significance level. Factors that have been
dentified as insignificant are removed. In the RS design, three val-
es for each factor are necessary, i.e., −/0/+ (low/medium/high),
hich can correspond to key probabilities, although this is not

 requirement. To generate the RS function, a quadratic polyno-
ial is fitted to the simulation outcomes via multilinear regression.

hough alternative fitting methods exist (e.g., kriging, splines, neu-
al net), quadratic polynomial is found accurate and robust in
nalyzing a variety of reservoir problems (Wang and White, 2002;
eng and Gupta, 2004; Yeten et al., 2005). Many RS designs are
vailable (e.g., space filling, fractional factorial, D-optimal, etc.),
lthough the “best” design is often problem dependent. Researchers
ely on verification to test the robustness of a chosen design in
eplicating simulated values at non-design points. In this study, a
ustomized fractional factorial design is used. Results are verified
t the PB design points, which lie on the parameter space bound-
ry. According to Peng and Gupta (2004), these “extreme test runs”
an exaggerate the RS errors, although this decision can lead to sig-
ificant computational savings. After the verification, the RS model

s considered a proxy for reservoir simulation, i.e., a statistically
ased predictive model between the important input factors and
he simulation outcome (response).

With the RS model, a MC  analysis is run by randomly drawing the
actors according to their respective pdfs, which leads to a pdf of the
utcome. Two points must be noted: (1) ranges of the factors drawn
annot go beyond the ranges in which the RS model is developed
nd verified. (2) If strong correlations exist among the factors, joint
dfs should ideally be developed. However, for sites with sparse
ata, it is challenging to develop joint pdfs, while research evalu-
ting the effect of independent sampling on inducing RS errors is
ngoing. In this study, a non-informative, uniform distribution is
ssigned to the uncertain input factors, including continuous and
ategorical variables, because information pertaining to their exact
dfs is lacking at the injection site. Parameter values, as well as mod-
ling choices, are thus assumed equally probable, and +1/−1 design
alues are end members. The DoE and RS analysis is performed with
MP  8.0 of Statistical Analysis Software, Inc.

Because of its efficiency and flexibility, DoE has been exten-
ively applied to analyzing reservoir static (i.e., pore volume) and
ynamic properties (White et al., 2001; Peng and Gupta, 2004).
ome studies focus on identifying geologic factors that influence
eservoir heterogeneity, and therefore flow behavior (Larue and
riedmann, 2001; Jian et al., 2002; Castellini et al., 2003; Li and
hite, 2003; Meddaugh et al., 2004; Milliken et al., 2007; Choi et al.,

007). Uncertainty in engineering parameters is ignored, i.e., fixed
roduction scenarios. Others focus on engineering factors only,
hile fixing the geologic model (Zabalza-Mezghani et al., 2004;
eten et al., 2005; Li and Friedmann, 2005, 2006; Bourbiaux, 2010).

everal studies look at both uncertainty (Wang and White, 2002;
riedmann et al., 2003), while some have incorporated both into
eservoir history matching and production optimization (Narahara
t al., 2004; Salhi et al., 2005; Zhang et al., 2007; Amudo et al., 2008).
house Gas Control 22 (2014) 123–138

In analyzing CO2 enhanced oil recovery, the DoE and RS analysis has
focused on engineering factors, while assuming a fixed geologic
model (Wood et al., 2008; Forooghi et al., 2009; Ghomian et al.,
2010; O’Dell and Lindsey, 2010; Purwar et al., 2010). In a few cases,
permeability variance or anisotropy is varied, although the pattern
of reservoir heterogeneity is fixed (Ghomian et al., 2008; Mosse
et al., 2010). In studying GCS uncertainty, with a few exceptions
(Sifuentes et al., 2009; Liu and Zhang, 2011), most studies adopt the
traditional, one-parameter-at-a-time approach (Beni et al., 2011;
Liu et al., 2011). To date, few studies investigate the full range of
geologic, engineering, and environmental uncertainty sources and
their impact on CO2 predictions. In the following, a study overview
is provided, before static and dynamic modeling approaches are
described in detail.

3. Method

3.1. Study overview

An uncertainty analysis of CO2 storage in the Nugget Sandstone
is conducted according to DoE and RS principles. Based on subsets
of static site data at the Shute Creek gas plant (see section model in
Fig. 1), multiple families of geologic models are built at increasing
complexity. Using the PB design, important uncertainty factors are
identified for each family, before a RS analysis is conducted to assess
uncertainty in the predicted CO2 storage. The study consists of 4
steps:

1. Using subsets of the static site data, generate four families of
geologic models with increasing complexity, from a determinis-
tic model with homogeneous porosity (ϕ) and permeability (k),
to a hierarchical stochastic model conditioned to both hard and
soft data;

2. For each family, conduct a SA based on the PB design to identify
key factors that impact CO2 storage. These factors are (a) impor-
tant factors that need to be better characterized, and (b) input to
a RS uncertainty analysis;

3. For each family, conduct a RS analysis to assess the CO2 storage
prediction uncertainty. This step consists of: (a) generating a RS
design using the important factors identified by the PB design;
(b) conducting reservoir simulations according to the RS design
and fitting a RS model to the simulation outcome; (c) verifying
the RS model at non-RS-design points; (d) creating a prediction
envelop of the outcome with the RS model via MC  sampling.

4. Over two different time scales, uncertainty outcomes are ana-
lyzed and compared among the model families, yielding insights
into the effect of model complexity on parameter importance
and prediction uncertainty.

To facilitate model comparison, the same amount of CO2 is
injected in all models. The main outcome of interest is the CO2
mass storage ratio (SR), defined as: SR = (dissolved CO2 + residual
scCO2)/(total injected CO2), where scCO2 is supercritical-phase
CO2. Residual scCO2 refers to gas trapped in formation pore space
due to imbibition, i.e., gas-phase relative permeability hysteresis.
(At the depth of the Nugget Sandstone, CO2 exists in the super-
critical phase, before dissolving into the formation brine. To be
consistent with terminology of the reservoir simulator, the word
“gas” is used here to represent scCO2.) In the deeply buried Nugget
Sandstone, in situ groundwater flow is expected to be insignificant,
thus dissolved CO2 is considered trapped. Besides these forms of

CO2, remaining mobile scCO2 (mobile gas) can migrate under vis-
cous and buoyant forces, posing a leakage risk that can be assessed
by (1 − SR).  The SR is examined over two time scales to evaluate the
effect of time on the uncertainty outcomes.
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Table  1
Symbols, units, and ranges of the uncertainty factors varied in the DoE. The azimuth is referenced to due east (0 degree). L1, L2, and L3 are modeling choices associated with
a  categorical factor (see text for detail). CF = common factors; FF = family factors.

Parameter Symbol Units −1 0 +1 Type

Ratio of kv to kh kv/kh 0.02 0.2 2.0 CF
Salinity sal ppm 10,000 50,000 100,000 CF
Rock  compressibility  ̌ 1/[N/m2] 4.35 × 10−10 2.03 × 10−9 3.63 × 10−9 CF
Temperature at 6500 ft (1981 m)  depth T Kelvin 310.84 365.01 419.18 CF
Temperature at 12000 ft (3658 m)  depth T Kelvin 326.14 403.21 480.29 CF
Relative permeability kr L1 L2 L3 CF
Capillary pressure Pc L1 L2 L3 CF
Petrofacies modeling method Mf L1 L2 L3 FF
Facies  Probability Mp L1 L2 L3 FF
Multiplier of porosity variogram range rϕ 0.5 1.0 2.0 FF
Azimuth of porosity variogram �ϕ Degree −5 40 85 FF
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.2. Reservoir static modeling and uncertainty factors

To model CO2 storage in the Nugget Sandstone, a variety of
ite characterization data are collected, screened for accuracy, and
nalyzed. These data include wireline logs, core ϕ and k, geologic
ross sections, isopach maps, and seismic interpretations. As CO2
torage is known to be affected by residual trapping, relative per-
eability models were obtained from laboratory experiments on

andstone cores. Capillary pressure, measured on similar cores, was
lso obtained. Detailed information on data analysis is provided in
i et al. (2011) and is not repeated here. In this study, input param-
ters for CO2 simulation are either fixed (those that vary little at a
ypical storage site) or variable (the so-called “factors”). The latter
roup is subject to the uncertainty analysis and includes family fac-
ors (FF) and engineering/environmental factors or common factors
CF). Table 1 lists the symbols and ranges of these factors.

Family factors are those whose variations control reservoir het-
rogeneity. For each model family, the choice of the FF depends on
ts level of complexity (see schematics in Fig. 3). Common factors
re shared by all families, and include the ratio of vertical to lateral
ntrinsic permeability (kv/kh), brine salinity (sal), rock compressibil-
ty (ˇ), reservoir temperature (T), relative permeability model (kr),
nd capillary pressure (Pc). These factors and their uncertainties
re considered mostly independent of reservoir heterogeneity and
he FF contributing to it, although they exert important controls on

O2 flow, storage, and partitioning. For example, relative perme-
bility and capillary pressure can significantly affect the amount
f residual gas trapped in the pore space. kv/kh can influence the
ateral extent, size, and shape of the CO2 plume, which in turn

ig. 3. A schematic diagram of the geologic model families evaluated in this work.
0.5 1.0 2.0 FF
−5 40 85 FF

influences residual trapping and CO2 dissolution. Sal controls the
amount of CO2 dissolution in the formation brine: less dissolution
occurs in higher salinities. Rock compressibility influences the evo-
lution of fluid pressure in the reservoir in response to injection:
initially higher pressure will propagate to reservoir boundaries,
which induces formation brine to flow out of the model, which then
modulates reservoir pressure. By affecting phase density, and to a
lesser extent, phase viscosity, temperature influences the relative
importance of gravity override versus viscous drive from injection.
For example, a hotter and more buoyant plume will rise up faster
from the injection well toward the reservoir top, which can result
in more residual trapping and dissolution per unit time.

In Table 1, kr, Pc, petrofacies modeling method, and facies prob-
ability are categorical factors: their ranges reflect end-member
modeling choices. For example, the −1 end-member of kr is a rel-
ative permeability model of the CO2 phase that does not exhibit
hysteresis, i.e., the imbibition and drainage curves overlap (Fig. 4;
top panel). In contrast, the +1 end-member of kr is a model with
significant CO2 relative permeability hysteresis, i.e., a large resid-
ual gas saturation at zero CO2 relative permeability (Fig. 4; bottom
right panel). The −1 model does not contribute to residual trapp-
ing as much as the +1 model. The center-point model (marked by 0)
is one with a moderate amount of hysteresis, whereby CO2 resid-
ual gas saturation is half that of the +1 model (Fig. 4; bottom left
panel). Similarly, the end-member modeling choices for Pc yield
results ranging from negligible to significant residual trapping,
which influences CO2 storage. The petrofacies and facies probability
modeling is discussed below.

Using subsets of the site data, a suite of increasingly com-
plex geologic model families are built: a homogeneous model
(FAM1), a stationary petrophysical model (FAM2), a stationary
facies model with sub-facies petrophysical variability (FAM3), and
a non-stationary facies model (with sub-facies variability) addi-
tionally conditioned to soft data (FAM4) (Fig. 3). These families,
representing alternative conceptual models built with increasing
site data, share the same external geometry, simulation grid, CO2
injection design (e.g., well location, injection rate/duration, bot-
tomhole pressure constraint), and boundary conditions (i.e., model
is considered part of a larger semi-infinite system, where both the
injected CO2 and formation brine can flow out). The families vary
only in how reservoir heterogeneity is represented, as explained
below.

For FAM1, FF do not exist, due to the homogeneity
assumption—CF are the only ones varied in the SA according to the
PB design (Table 2). Average porosity and permeability, calculated

from Nugget Sandstone core measurements, are assigned to this
model. In contrast, the static model building procedure for FAM2,
FAM3, and FAM4 is dictated by the design (Fig. 3): the number of
FF increases in response to the increased model complexity. For
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Fig. 4. End member relative permeability models. krw: relative permeability of brine (not varied in the SA). krg : relative permeability of scCO2. Sgr : residual CO2 saturation.
Top:  no hysteresis (−1 end-member); lower left: small hysteresis (center point); lower right, large hysteresis (+1 end-member).

Table 2
PB design for FAM1. Only the common factors are varied. “Run-number” is a simu-
lation ID. For this values and model family, 19 simulations are conducted according
to  the design. The parameter ranges are listed in Table 1.

Runs kv/kh sal  ̌ T kr Pc

Run-1 −1 −1 1 −1 L2 L2

Run-2 −1 1 1 1 L3 L1

Run-3 1 −1 1 −1 L2 L3

Run-4 1 1 1 1 L3 L2

Run-5 0 0 0 0 L1 L1

Run-6 1 1 1 1 L3 L3

Run-7 −1 −1 1 1 L2 L1

Run-8 −1 −1 −1 −1 L3 L3

Run-9 1 1 1 −1 L1 L1

Run-10 1 1 −1 −1 L2 L1

Run-11 1 −1 −1 −1 L3 L1

Run-12 −1 1 −1 −1 L1 L3

Run-13 −1 −1 −1 −1 L3 L2

Run-14 −1 1 −1 1 L2 L3

Run-15 1 −1 −1 1 L1 L2

Run-16 −1 1 1 −1 L1 L2

Run-17 1 1 −1 1 L2 L2

Run-18 1 −1 1 1 L L

e
h

n
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f
p
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D
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Table 3
PB design for FAM2. The parameter values and ranges are listed in Table 1 and Fig. 5.

Runs rϕ �ϕ kv/kh sal c T kr Pc

Run-1 −1 1 −1 −1 1 −1 L1 L3

Run-2 −1 −1 −1 −1 −1 −1 L3 L3

Run-3 −1 −1 1 1 −1 −1 L2 L1

Run-4 1 1 1 1 1 1 L3 L3

Run-5 1 1 −1 −1 1 1 L2 L1

Run-6 −1 1 −1 1 −1 1 L2 L3

Run-7 1 1 1 −1 −1 −1 L1 L1

Run-8 −1 −1 −1 −1 −1 −1 L3 L2

Run-9 1 −1 1 1 −1 1 L1 L3

Run-10 −1 1 1 1 1 −1 L3 L1

Run-11 1 1 1 1 1 1 L3 L2

Run-12 0 0 0 0 0 0 L1 L1

Run-13 −1 −1 1 −1 1 1 L2 L2

Run-14 −1 −1 −1 1 1 1 L1 L1

Run-15 −1 1 1 −1 −1 1 L1 L2

Run-16 1 −1 −1 −1 −1 1 L3 L1

Run-17 1 −1 1 −1 1 −1 L2 L3

Run-18 1 −1 −1 1 1 −1 L1 L2
1 3

Run-19 −1 −1 −1 1 L1 L1

ach family, a suite of geologic models exhibiting different ϕ and k
eterogeneity are built, as explained in the following.

FAM2 is a geostatistical petrophysical model with heteroge-
eous porosity and permeability. Unlike FAM1, where only a single
orosity/permeability model is built, a suite of models is built
or FAM2, whereby each model exhibits a different heterogeneity
attern. For FAM2, ϕ is modeled with sequential Gaussian simula-
ion and k is populated from porosity using log-linear transforms.

etail on the variogram analysis, the geostatistical simulation

echnique, and the development of ϕ − log k transforms can be
ound in Li et al. (2011). Compared to FAM1, 2 more uncertainty
Run-19 1 1 −1 1 −1 −1 L2 L2

factors are evaluated by the PB design because of the increased
model complexity (Table 3): horizontal ϕ correlation range and its
principal horizontal azimuth (direction of maximum ϕ correlation).
These factors are varied in the SA in addition to the shared CF with
FAM1. Uncertainty ranges for these factors are determined by the
uncertainty in fitting a horizontal variogram model to the exper-
imental variograms. Due to well sparsity, horizontal variograms
are constructed at fewer lag distances, thus horizontal variogram
modeling suffers greater uncertainty than vertical variogram

modeling. A preliminary horizontal variogram model is fitted
to the experimental variograms, with which a best-fit principal
maximum ϕ correlation range is obtained. Given the uncertainty
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Fig. 5. Family Factors varied in the PB design for each family and their ranges. Num-
bers denote family ID. SIS: sequential indicator simulation; TGS: truncated Gaussian
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imulation. Common factors are shared by all model families. Facies and ϕ correla-
ion range and azimuth are of the horizontal direction. Both two-dimensional (2D)
nd  three-dimensional (3D) facies probability models are created for FAM4.

n the fit, this range is multiplied by a correlation range multiplier,
hich is varied in the DoE and RS analysis as an uncertain FF.

For FAM3, six (discrete) petrofacies units are first modeled,
onditioned to well log data, before the petrophysical properties
re modeled within each petrofacies. Information on petro-

acies categorization and verification is provided in Li et al.
2011). In addition to the CF and FF of FAM2, 3 family factors
eflecting petrofacies modeling uncertainty are added (Fig. 5):
etrofacies correlation range, azimuth, and modeling method.

able 4
B design for FAM3. The parameter values and ranges are listed in Table 1 and Fig. 5.

Runs rf �f rϕ �ϕ kv/kh

Run−1 1 1 −1 1 1 

Run-2 1 1 1 −1 1 

Run-3 1 1 1 −1 1 

Run-4 −1 −1 −1 −1 −1 

Run-5 −1 −1 −1 1 1 

Run-6 −1 −1 1 1 1 

Run-7 −1 −1 1 1 1 

Run-8 1 −1 −1 −1 1 

Run-9 1 1 −1 1 1 

Run-10 0 0 0 0 0 

Run-11 1 −1 −1 −1 1 

Run-12 −1 1 1 −1 1 

Run-13 −1 1 1 1 −1 

Run-14 1 −1 1 1 −1 

Run-15 −1 −1 −1 −1 −1 

Run-16 1 −1 1 1 −1 

Run-17 1 −1 1 −1 −1 

Run-18 −1 1 −1 −1 −1 

Run-19 −1 −1 −1 1 1 

Run-20 −1 −1 1 1 1 

Run-21 1 1 −1 1 −1 

Run-22 −1 1 −1 −1 −1 

Run-23 1 −1 1 1 −1 

Run-24 −1 1 1 −1 1 

Run-25 1 −1 −1 −1 1 

Run-26 1 1 −1 1 −1 

Run-27 1 −1 1 −1 −1 

Run-28 −1 −1 −1 1 1 

Run-29 1 1 −1 1 −1 

Run-30 −1 1 1 1 −1 

Run-31 −1 1 1 −1 1 

Run-32 1 1 −1 1 1 

Run-33 1 1 1 −1 −1 

Run-34 1 −1 1 −1 −1 

Run-35 −1 1 1 1 −1 

Run-36 −1 1 −1 −1 −1 

Run-37 −1 −1 −1 −1 −1 
house Gas Control 22 (2014) 123–138 129

Similar to porosity modeling, horizontal facies variogram mod-
eling suffers greater uncertainty than vertical facies variogram
modeling, thus both petrofacies correlation range and azimuth
are of the horizontal direction. A preliminary horizontal var-
iogram model is fitted to the experimental variogram, with
which a best-fit principal maximum petrofacies correlation range
is obtained. It is multiplied by a correlation range multiplier
which is varied in the DoE and RS analysis as an uncertain
FF. Two facies modeling methods are also tested: Sequential
indicator simulation (SIS) versus truncated Gaussian simula-
tion (TGS) (Schlumberger, 2009b). The decision to adopt these
techniques is to (a) be consistent with previous modeling stud-
ies (see Li et al. (2011) and references therein), and (b) explore
the influence of alternative modeling techniques on creating reser-
voir heterogeneity. Given the limited well data at the injection site,
either technique may  be appropriate, as there is no evidence sug-
gesting that SIS is more suitable than TGS. Compared to FAM2, a
greater model complexity is explored (Table 4): more combinations
of reservoir variability are evaluated, including the simultaneous
variation of petrofacies and sub-petrofacies porosity and perme-
ability.

In FAM4, in addition to the CF and FF of FAM3, petrofacies
modeling is constrained by a facies probability model (soft data),
introducing one more FF into the list of uncertainty factors: no
conditioning versus conditioning to a 2D facies probability map
versus conditioning to a 3D facies probability cube. Petrofacies

modeled with SIS or TGS, when conditioned to facies probability,
becomes non-stationary. The 2D probability map  is created from
interpolating vertically integrated petrofacies types at wells,
which contains a trend to preserve geological realism, i.e., one or

sal c T kr Pc Mf

−1 1 −1 L1 L2 L1

1 −1 1 L2 L3 L1

1 −1 1 L3 L1 L1

−1 −1 −1 L3 L3 L1

1 −1 1 L3 L2 L2

−1 1 1 L3 L2 L1

−1 1 1 L1 L3 L1

1 1 −1 L3 L2 L2

−1 1 −1 L2 L3 L1

0 0 0 L1 L1 L1

1 1 −1 L1 L3 L2

−1 −1 −1 L2 L2 L2

1 1 −1 L2 L3 L2

1 −1 −1 L3 L1 L1

−1 −1 −1 L2 L2 L1

1 −1 −1 L2 L3 L1

−1 1 1 L2 L2 L2

1 1 1 L2 L1 L1

1 −1 1 L2 L1 L2

−1 1 1 L2 L1 L1

−1 −1 1 L1 L1 L2

1 1 1 L3 L2 L1

1 −1 −1 L1 L2 L1

−1 −1 −1 L3 L3 L2

1 1 −1 L2 L1 L2

−1 −1 1 L3 L3 L2

−1 1 1 L1 L1 L2

1 −1 1 L1 L3 L2

−1 −1 1 L2 L2 L2

1 1 −1 L3 L1 L2

−1 −1 −1 L1 L1 L2

−1 1 −1 L3 L1 L1

1 −1 1 L1 L2 L1

−1 1 1 L3 L3 L2

1 1 −1 L1 L2 L2

1 1 1 L1 L3 L1

−1 −1 −1 L1 L1 L1
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Table 5
PB design for FAM4. The parameter values and ranges are listed in Table 1 and Fig. 5.

Runs rf �f rϕ �ϕ kv/kh sal c T kr Pc Mf Mp

Run-1 −1 1 −1 −1 −1 −1 1 1 L2 L1 L1 L2

Run-2 −1 1 −1 −1 −1 −1 1 1 L3 L2 L1 L3

Run-3 1 1 −1 1 1 1 −1 1 L1 L2 L1 L3

Run-4 1 1 −1 1 −1 −1 −1 1 L3 L3 L2 L1

Run-5 −1 −1 −1 −1 −1 −1 −1 −1 L1 L1 L1 L1

Run-6 1 −1 −1 −1 1 1 1 −1 L2 L1 L2 L1

Run-7 −1 −1 1 1 1 1 1 1 L1 L3 L1 L2

Run-8 0 0 0 0 0 0 0 0 L1 L1 L1 L1

Run-9 1 1 −1 1 −1 −1 −1 1 L2 L2 L2 L2

Run-10 −1 1 1 1 −1 −1 1 −1 L2 L3 L2 L3

Run-11 1 1 1 −1 1 1 −1 1 L2 L3 L1 L2

Run-12 1 −1 1 1 −1 −1 −1 −1 L2 L3 L1 L1

Run-13 1 −1 1 1 −1 −1 −1 −1 L1 L2 L1 L3

Run-14 1 1 1 −1 1 1 −1 1 L1 L2 L1 L1

Run-15 1 1 −1 1 1 1 1 −1 L3 L1 L1 L2

Run-16 −1 −1 1 1 1 1 1 1 L2 L1 L1 L3

Run-17 −1 1 −1 −1 −1 −1 1 1 L1 L3 L1 L1

Run-18 −1 −1 −1 1 1 1 −1 1 L1 L3 L2 L2

Run-19 1 −1 1 −1 −1 −1 1 1 L2 L2 L2 L2

Run-20 −1 −1 −1 −1 −1 −1 −1 −1 L2 L2 L1 L2

Run-21 1 1 −1 1 −1 −1 −1 1 L1 L1 L2 L2

Run-22 −1 −1 −1 −1 −1 −1 −1 −1 L3 L3 L1 L3

Run-23 −1 −1 −1 1 1 1 −1 1 L3 L2 L2 L1

Run-24 −1 −1 −1 −1 1 1 1 −1 L3 L2 L2 L2

Run-25 1 1 −1 1 1 1 1 −1 L2 L3 L1 L1

Run-26 −1 −1 −1 1 1 1 −1 1 L2 L1 L2 L3

Run-27 −1 1 1 1 −1 −1 1 −1 L1 L2 L2 L2

Run-28 −1 1 1 1 −1 −1 1 −1 L3 L1 L2 L1

Run-29 1 1 1 −1 1 1 −1 −1 L3 L3 L2 L2

Run-30 1 −1 1 −1 −1 −1 1 1 L3 L3 L2 L3

Run-31 1 −1 −1 −1 1 1 1 −1 L1 L3 L2 L3

Run-32 1 1 1 −1 1 1 −1 1 L3 L1 L1 L3

Run-33 −1 1 1 −1 1 1 −1 −1 L1 L1 L2 L3

Run-34 −1 1 1 −1 1 1 −1 −1 L2 L2 L2 L1

Run-35 1 −1 1 1 −1 −1 −1 −1 L3 L1 L1 L2
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Run-36 1 −1 1 −1 −1 

Run-37 −1 −1 1 1 −1 

ore petrofacies may  disappear or become replaced by another
etrofacies. For each of the 6 petrofacies units (previously modeled

n FAM3 as a stationary geostatistical population conditioned only
o well petrofacies or the “hard data”), petrofacies modeling is
dditionally constrained by the probability map. The 3D probabil-
ty cube, created from the same well data, additionally accounts
or petrofacies non-stationarity with depth. How the probability

odels are created and used to condition petrofacies modeling is
escribed elsewhere (Ma  et al., 2009), and is not repeated here.
he PB design for FAM4 is shown in Table 5.

Based on the PB design, families of geostatistical reservoir mod-
ls are created. For each family, a porosity realization is shown
Fig. 6), corresponding to the center runs of the design (all param-
ters assume median values). Depending on the modeling method
nd the amount of supporting data, different heterogeneities are
reated. As expected, porosity model of FAM2 has less inter-
al structure than those of FAM3 and FAM4. By conditioning to

acies probabilities, FAM4 honors the non-stationary facies trends
nferred from well data. The comparison here illustrates the dif-
erence in mean heterogeneity representation among the families.
dditional variability exists among the models of each family,
here parameters (and modeling method) are varied according to

he experimental design.

.3. Dynamic modeling of CO2 injection and monitoring
For all families, the same CO2 injection test is simulated using
ASWAT of Eclipse 300, a multiphase compositional simulator

hat models gas/aqueous phase equilibrium through an equation
f state (EOS) (Schlumberger, 2009a). Two phases are considered:
1 1 1 L1 L1 L2 L1

1 1 1 L3 L2 L1 L1

a CO2-rich supercritical phase and a H2O-rich liquid phase. CO2
density is computed using a cubic EOS tuned to experimental mea-
surements. Liquid density is corrected for total dissolved solids.
Between the two  phases, three components (CO2, H2O, NaCl) are
modeled. CO2 and H2O can exist in both phases, but NaCl can only
exist in the liquid phase. GASWAT solves the pressure and molar
density of each component. Mole fractions of the components in
the phases are then computed through a flash process, in which
mutual solubilities of CO2 and H2O are calculated to match exper-
imental data. Initial reservoir fluid pressure is hydrostatic, with a
reference pressure of 6372.85 psi (∼44 MPa) at a true vertical depth
of 14,000 ft (4267 m)  (a brine density of 1.05 g/cm3 is assumed).
With GASWAT, temperature of the reservoir can vary with depth,
which determines the initial fluid properties (no energy balance
equation is solved). A temperature field is assigned to the model
by interpolating and extrapolating data from temperature logs (Li
et al., 2011).

Model boundaries are represented by a Fetkovich analytical
aquifer of a large radius and thickness (Schlumberger, 2009a),
which ensures an open boundary that allows the formation brine,
and later scCO2, to flow out. This is consistent with a reservoir
model in communication with a larger aquifer (see the regional
model in Fig. 1). The injection well is located at the Shute Creek
gas plant and is fully perforated in the sandstone. To prevent fluid
overpressure, an injector bottomhole pressure (BHP) constraint is
set at 1.8 times the hydrostatic pressure (Li et al., 2011). The con-

straint is used to monitor the actual calculated BHP at the injector
well screen which fluctuates with time for a fixed mass injec-
tion rate. If this rate is too high, the actual injector BHP can rise
above this constraint, at which time Eclipse 300 will adjust the rate
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M4, corresponding to the center run of the respective PB design.

d
r
t
l
e
b
r
(
s
t
t
p
n
b
o
p
t

i
t
o
m
t
m
h
v
I
e
e
fl
u
p
d
l
e
i
d
s
p

p
a
E
A
b
i
a

4

s

Fig. 7. Screening test result for FAM4 at the end of injection at the 95% significance

factors are identified as significant at one or both time scales. These
9 factors are used in the subsequent RS design, which involves addi-
tional simulations. This approach of coupling the screening design
with the RS design is implemented for each model family.

Table 6
Significant factors that impact the predicted CO2 storage ratio at the 95% significance
level. For each model family, at both time scales (EOI and EOM), the significant factors
are  identified using t-ratio. The factors are ranked from the most important to the
least important on influencing the storage ratio.

Family Significant factors
(end of injection)

Significant factors (end of
monitoring)
Fig. 6. A porosity model realization for FAM2, FAM3, and FA

own, which makes it difficult to ensure that all the simulation
uns inject the same amount of CO2. Due to adverse parame-
er combinations, some model runs may  have low injectivity, i.e.,
ow reservoir permeability. The injection rate must be chosen to
nsure that all simulations proceed normally without the injector
eing shut-in due to high BHP. After trial and error with different
ates, CO2 is injected for 50 years at a fixed rate of 1/10 Mt/year
1.0 × 108 kg/year), selected so that, for the given injector BHP con-
traint, all model families can accommodate the same amount of
he injected CO2. To model industrial scale injection at a rate of 10
o 50 Mt/year, however, more than one injectors, and possibly brine
roducers, are needed (Stauffer et al., 2009a). These scenarios are
ot investigated. Because of the low injection rate and the specified
oundary conditions, formation brine is continuously displaced out
f the model by the pressure increase at the injector. Reservoir fluid
ressure never rises high enough to fracture the formation and is
herefore not examined as an outcome.

Parameters important to predicting the CO2 storage ratio is first
dentified for each model family at the end of injection, along with
he uncertainty in the storage ratio. Because model complexity
n the long-term fate of CO2 is also of interest, a post-injection
onitoring phase is simulated. For all models, the total simula-

ion time is 3000 years. This timeframe is selected because gravity
igration of scCO2 occurs continuously, long after the injection

as ceased. Over the monitoring period, effect of large-scale reser-
oir heterogeneity on migration and trapping can come into play.
n GCS modeling, both shorter and longer time scales have been
xamined. In general, shorter monitoring times were simulated to
valuate the effect of multiphase flow on CO2 capillary trapping and
uid pressure responses, while longer monitoring times were sim-
lated to understand the long-term fate of CO2 after a significant
eriod of dissolution and fluid–rock interaction. Here, an interme-
iate time scale (3000) was chosen, so that both the short-term and

ong-term outcomes related to CO2 storage and migration can be
valuated, e.g., CO2 storage ratio at the end of injection and mon-
toring, gas plume shape, gas footprint, etc. The simulation time
oes not extend much longer than 3000 years, because by that time
cCO2 in many runs will dissolve out and there would not be a gas
lume left for assessing the footprint.

Finally, given the number of DoE runs that are simulated, com-
utational effort of this study is significant: for the combined DoE
nd RS analysis, 404 reservoir simulation runs were performed.
ach run has taken from overnight to up to 2 weeks to complete.
ll simulations are checked for accuracy and proper convergence,
efore the results are analyzed. For all families, the amount of the

njected gas is examined to ensure that all families inject the same
mount of CO2.
. Results

Results of this uncertainty study are presented in 4 sections: (1)
creening test outcomes; (2) RS modeling and verification; (3) MC
level. Statistically significant factors include relative permeability, temperature, cap-
illary pressure, and kv/kh . “Propensity” refers to facies conditioning by the facies
probability models.

analysis to assess the storage ratio uncertainty; (4) visualization of
end-member CO2 plumes and footprints. In each section, results
are analyzed at two output times: end of injection (EOI) and end of
monitoring (EOM).

4.1. Screening tests

Screening test results of all model families are examined with
MANOVA to determine the key uncertainty factors that influence
the predicted CO2 storage ratio at a significance level of 95%. As a
key statistics of MANOVA, t-ratio is used to determine the effect
of each uncertainty factor on CO2 storage. For FAM4, at the end of
injection, the uncertainty factors are ranked (Fig. 7). At both time
scales, the important factors (ranked from the most important to
least important) are also listed in Table 6. Out of the 12 factors
screened by the PB design (Table 5), 3 factors (petrofacies mod-
eling method, petrofacies variogram range, petrofacies variogram
azimuth) are identified as insignificant at both time scales, while 9
FAM1 kr , Pc , kv/kh , T sal, T, kr , kv/kh

FAM2 kr , Pc , T, sal kr , T, ˇ, Pc

FAM3 kr , kv/kh , T,  ̌ kr , sal, porosity correlation range, Pc

FAM4 kr , T, kv/kh , Pc kr , T, facies soft data conditioning, sal
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For all families, key uncertainty factors influencing the storage
atio are summarized in Table 6. For each family, the important fac-
ors are observed to change with time, reflecting the different flow
hysics that dominates CO2 flow, before and after injection. When
omparing the important factors across the families (at the same
ime), when complexity in representing reservoir heterogeneity
s not modeled, the important uncertainty parameters are domi-
ated by the engineering/environmental factors. When complexity

s increased, geologic uncertainty factors become more important,
ut only over the monitoring time. Clearly, these factors, which

nfluence permeability heterogeneity, become more important as
O2 flows away from the injector and continuously experiences

arge-scale heterogeneities during its post-injection migration.

.2. RS modeling and verification

For each family, at each time scale, the PB design has identified a
umber of important uncertainty factors, with which a RS design is
enerated to create a proxy model for reservoir simulation. The RS
esigns are typically of higher resolution than the screening design,
hus additional simulations are needed. The number of RS runs is
9 (FAM1), 49 (FAM2), 97 (FAM3), 97 (FAM4) (detailed designs are
ot shown). A second order polynomial is adopted as the RS model,
hich is fitted to the simulation outcomes. For each family, two

torage ratio RS models are created, one for each time scale. These
odels are verified by comparing their predictions to the simulated

torage ratios that were not used in generating the RS models, i.e., at
he PB design points. Though such verification can overestimate the
S error, this comparison still yields relatively small errors. Table 7
resents a summary statistics of the RS model errors: error means
re close to 0.0, standard deviations are generally small and, with
inor exceptions, error distributions are symmetrical around the
eans (Fig. 8). When comparing the errors across the families (at

he same time), interestingly, error appears to grow with increasing
odel complexity. This is attributed to the fact that, as model com-

lexity increases, more factors come into play (Fig. 5), resulting in
ore uncertainty sources contributing to the RS errors. Moreover,

ad the verification points been selected internal to the parameter
pace boundaries, the RS error is expected to be smaller. Given these
esults, the RS models are considered adequate proxy models for
eservoir simulation and are used in the subsequent MC analysis.

.3. MC  analysis

For each family, at each time scale, the response surface model
s used to assess the prediction uncertainty of the storage ratio (SR),

hich arises from the uncertain input factors including family fac-
ors and common factors. This analysis is conducted by running
00,000 MC  simulations with the RS model, randomly sampling
he important factors (i.e., axes of the RS model) according to their
espective pdfs. A drawing of a random vector of the input factors

ives rise to one RS-predicted storage ratio. After 100,000 draw-
ngs, an experimental cumulative distribution function (cdf) of the
R, or the exhaustive cdf,  is created (Fig. 9 for FAM4; solid line). As
xpected, the range of the SR is centered at a higher value at the

able 7
ummary statistics of the RS model error for each family at both time scales. RS
odel error = RS-predicted storage ratio − simulated storage ratio at the PB design

oints.

Family EOI [min, mean, max, std] EOM [min, mean, max, std]

FAM1 [−0.064, 0.000, 0.042, 0.006] [−0.060, 0.004, 0.061, 0.008]
FAM2 [−0.030, 0.018, 0.066, 0.007] [−0.110, 0.041, 0.130, 0.012]
FAM3 [−0.078, −0.002, 0.077, 0.005] [−0.130, 0.014, 0.190, 0.013]
FAM4 [−0.350, −0.040, 0.210, 0.017] [−0.290, −0.009, 0.360, 0.020]
house Gas Control 22 (2014) 123–138

end of monitoring than that at the end of injection. A set of MC  runs
usually takes less than one second to complete on a PC workstation.
It must be cautioned, however, that because the RS models contain
errors, they are imperfect representations of the true (unknown)
prediction space. For a given system, these errors may be higher
or lower depending on the RS design and the fitted model. In gen-
eral, the RS error decreases with increasing resolution of the design,
but more full-physics simulations are needed. The MC-predicted
storage ratio ranges and cdfs are therefore approximations.

From the same RS design runs, a non-exhaustive cdf of the SR
is also constructed for both time scales (Fig. 9 for FAM4; dashed
line). For all families, at both time scales, these two sets of cdfs
are comparable, although the cdfs based on the RS design runs are
less smooth and tend to underestimate the extremes in the stor-
age ratio, as shown by the exhaustive cdf.  For example, for FAM4,
the minimum storage ratio predicted by the MC  runs is 5% (EOI)
and 18% (EOM), respectively. In comparison, the minimum storage
ratio from the RS design runs is much higher at 16% (EOI) and 30%
(EOM), doubling or tripling the MC  projections. This illustrates the
importance of exploring the full parameter space in a prediction
uncertainty analysis, which is facilitated by the RS models.

After MC samplings, cdfs of the RS-predicted storage ratios are
compared among the families, at both time scales (Fig. 10). Results
suggest a large SR uncertainty, given the uncertainties in model
parameters and modeling choices: at the end of injection, SR pre-
dicted by all families varies from 5% to 60%; at the end of monitoring,
it varies from 18% to 100%. For each family, the large variability in
the SR is largely controlled by parameter uncertainty (FAM1), or
both parameter and within-family conceptual model uncertainties
(see Section 4.1 for the important factors identified for each family).
The SR uncertainty, however, does not differ significantly among
the different modeling choices that created these families. For exam-
ple, at the end of injection, mean SR predicted by different families
varies only from 26–33%; at the end of monitoring, its varies from
73–82%. At a given time, variability in the mean SR that is due to dif-
ferent modeling choices is only about 7–9%. Clearly, for the Nugget
Sandstone, different modeling choices do not lead to significant
differences in the predicted range of the SR, although the shapes of
the cdfs differ among the families, suggesting different modalities.
The SR distribution of FAM4 is more Gaussian (unimodality), which
may  reflect its greater number of random input factors.

4.4. Plume predictions

For each simulation, three-dimensional CO2 plumes can be visu-
alized at any time by plotting both scCO2 saturation (i.e., mobile +
trapped gas) and dissolved CO2 mole fraction in brine. The approx-
imate end-member plumes are shown for each family, which are
predicted by the RS design runs with the minimum (Fig. 11) and
maximum storage ratios (Fig. 12) at the end of monitoring,  i.e., long-
term storage is of interest. The scCO2 plumes corresponding to the
lowest (Fig. 11) and highest storage ratios (Fig. 12) are also visual-
ized at the end of injection (left columns in both figures). In general,
factors that contribute to a high storage ratio tend to create a larger
scCO2 plume before it is dissolved out. During gas migration, more
residual gas trapping is expected when the plume size is large. A
larger plume also experiences greater dissolution, as more scCO2 is
in contact with fresh brine per unit time.

All model families predicting minimum SRs at the end of mon-
itoring have also developed gravity-stable flow (Fig. 11), whereas
the injected scCO2 has a higher density than formation brine and
gas migration is toward the bottom of the reservoir. By inspecting

the input factors, these runs are characterized with cooler forma-
tion temperatures, higher (injection) fluid pressures, and higher
brine salinities. Cooler temperature and higher pressure give rise
to a dense and more compact plume that does not spread out much.
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igher salinities result in less dissolution. Both lead to a lower SR.
owever, despite the low SR, these runs yield a high storage secu-
ity because of gravity-stable migration and the fact that scCO2 at
he bottom of the reservoir will eventually dissolve out. Moreover,
ll families predicting maximum SRs at the end of monitoring have
eveloped buoyancy-driven upward migration (Fig. 12). In these
d of injection and (right) the end of monitoring.

cases, warmer formation temperatures, lower pressures, and lower
salinities dominate the plume behavior: warmer temperature gives

rise to a larger and more buoyant plume, which contributes to more
residual trapping and dissolution. In the meantime, higher den-
sity contrast between scCO2 and brine results in a greater distance
traveled by the mobile gas per unit time, which can be visualized
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ig. 9. Cumulative distribution function (cdf) of the storage ratio for FAM4: (left)
imulations (exhaustive cdf); “RS” is the cdf constructed using results of the 97 resp

y examining the dissolved CO2 plume at the end of monitoring
third column of this figure). For each family, size of the dissolved
as plume indicates the maximum extent of the mobile gas plume
and therefore the trapped gas) before it is dissolved out. Compared
o the dissolved gas plumes of Fig. 11 (which similarly indicate the

aximum extent of the gas plumes), these plumes are more exten-
ive in size. Because the non-exhaustive cdfs from the RS design
uns can underestimate the exhaustive cdfs (Fig. 9), for each family,
he dissolved plume corresponding to the true maximum SR could
e even more extensive (or, the dissolved plume corresponding to
he true minimum SR could be more compact).

Comparing plume predictions across the families, FAM1 predicts
he classic plume shapes (either the scCO2 plume or the dissolved
lume), which are slightly asymmetrical due to the small forma-
ion tilt. The shapes become more irregular as more heterogeneity
nd model complexity is built into the families. In the lowest-
torage-ratio scenarios (Fig. 11), CO2 footprint, defined as the size

f the scCO2 plume at the reservoir top, is negligible at both time
cales, because the plumes have sunk to the formation bottom.
n comparison, the footprint is more significant in the highest-
torage-ratio scenarios (Fig. 12). Moreover, most of the CO2 is

Fig. 10. Cumulative distribution function of the storage ratio predicted by the M
f injection; (right) end of monitoring. “MC  w/RS” is generated with 100,000 MC
urface design runs.

dissolved out by the end of monitoring. Because of the open bound-
ary conditions assigned to the simulations, some mobile gas will
migrate out of the bottom (lowest-SR) or top (highest-SR) reservoir
boundaries. At the proposed injection site, for the engineering and
geologic uncertainty factors identified, long-term leakage risk is
considered small. This is because, in the lowest-storage-ratio cases,
gravity-stable gas plume is predicted by all model families. In the
highest-storage-ratio cases, gas plume footprints at the end of mon-
itoring is negligible because of significant dissolution (although
a small fraction of the mobile scCO2 has leaked out of the reser-
voir top). True behavior of the CO2 plume likely lies between these
extremes, which together suggests good storage capacity and low
leakage risk. In the lowest-SR cases, given sufficient time, scCO2 will
eventually dissolve out while being gravity-stable; in the highest-
SR cases, scCO2 will have diminishing footprints over time.

5. Discussion
For the simulation runs exhibiting gravity-stable flow, mixture
densities predicted by the EOS of GASWAT are inspected. Under
certain conditions (e.g., low formation temperature as controlled

C runs for all families: (left) end of injection; (right) end of monitoring.
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ig. 11. The lowest-storage-ratio scenario (i.e., minimum CO2 SR at the end of moni
ow;  FAM3: third row; FAM4: fourth row). (Left column) total gas (mobile + trapped
f  monitoring; (right column) dissolved CO2 (mole fraction) in brine at the end of m

y a small geothermal gradient, combined with high formation
uid pressure due to low injectivities), the scCO2-rich phase (with a
mall amount of H2O dissolved in it) can have higher mixture den-
ities than the H2O-rich phase (with a small amount of CO2 in it). In
u et al. (2009), under certain temperature and pressure conditions,
hen a certain EOS is implemented, CO2 dissolution in brine can

ause brine to become less dense than pristine brine. Firoozabadi
nd Cheng (2010) pointed out that under sufficiently high pres-
ure, “CO2 density can be higher than water density”, and “There is
uch theoretical work in the literature on buoyancy-driven flow

n CO2-liquid systems. A restrictive assumption in most cases is
he fixed interface between the CO2-rich and water-rich phases.
ecause of the large swelling of the water, a fixed boundary may
ot be a good assumption.” The EOS describing mixture densities
re being actively researched. If the GASWAT EOS for predicting
ixture densities is adequate for the range of temperature and

ressure conditions that are encountered in the DoE simulations,
his study has shown that gravity-stable migration is possible under
uitable conditions. However, to better understand deep injection,

ore research into mixture EOS needs to be carried out.
In this work, though stochastic techniques are used to gener-

te heterogeneity to populate the model families, realization-based
ncertainty analysis is not conducted, which leads to significant
) as predicted by the RS design runs for each family (FAM1: first row; FAM2: second
 saturation at the end of injection; (middle column) total gas saturation at the end
ring. Arrow points North.

computational savings, as hundreds to thousands of heterogeneity
realizations can be populated with a single geostatistical model-
ing technique, and given a single set of the spatial parameters.
Potential variability in the RS outcomes due to stochastic fluctu-
ations from multiple realizations is generally considered smaller
than that due to uncertainty in facies and petrophysical prop-
erty variations (Li et al., 2011). Though the DoE methodology is
employed here, other uncertainty techniques including those that
create proxy models exist (Razavi et al., 2012). For example, with
Markov Chain MC  techniques, both parameters and conceptual
models were evaluated for their impact on modeling radionu-
clide transport (Ye et al., 2009). These surrogate techniques can
be adapted to analyze CO2 problems and their accuracy and effi-
ciency compared to the DoE methodology. After dynamic data are
collected from an actual injection test, RS-based history matching
can be carried out for all families to further constrain their parame-
ters. Because these families are largely consistent with the same site
data, calibration-enabled uncertainty analysis can be used to assess
model likelihoods, with which a subset of the most likely models

may  be selected to further reduce the uncertainty in prediction (Ye
et al., 2010).

This study explores the effect of different conceptual modeling
assumptions on parameter importance and prediction uncertainty.
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econd row; FAM3: third row; FAM4: fourth row). (Left column) total gas (mobile +
he  end of monitoring; (right column) dissolved CO2 (mole fraction) in brine at the 

ompared to shallow drinking water aquifers, where often a cer-
ain amount of drilling, logging, and well test data exist, most deep
aline aquifers proposed for GCS are extremely data-poor. At the
utureGen site, for example, only a few boreholes exist, similar to
his study where the few existing measurements came from hydro-
arbon exploration. In GCS, besides the needs to keep the cost of
rilling down, we additionally wish to minimize the number of
ells drilled so as to reduce the leakage risk. Thus, despite the

nowledge that subsurface saline aquifers are heterogeneous (e.g.,
uch as that can be gained from outcrop analogs or wireline logging
t test holes), modelers often choose to either ignore smaller scale
eterogeneity in building GCS site models, or choose simplified
odels. This assumption is often necessary because CO2 simula-

ion with a multiphase compositional simulator is computationally
emanding when the simulation domain is large and when the pre-
iction times extend to hundreds to thousands of years. However,

nsights of this study suggest that, when conducting uncertainty
nalysis, conceptual model assumption should be carefully evalu-

ted using alternative models in addition to evaluating parameter
ncertainty.

Finally, this work obtains a set of site-specific insights. The study
ethod, when repeated for a different reservoir, will likely yield
ed CO2) saturation at the end of injection; (middle column) total gas saturation at
f monitoring. Arrow points North.

different results. For example, Zhang et al. (2014) modeled a
deep inclined aquifer following a similar approach of developing
multiple conceptual models. Because of significant formation dip,
however, modeling choice was found to exert a much stronger
influence on the predicted CO2 storage. A runaway plume was
indeed simulated, whereas scCO2 continuously migrates along dip,
thus different large-scale heterogeneities (as represented by the
different conceptual models) are continuously experienced by the
plume, which influences its trapping and storage. In this work,
because of the lack of significant dip at the model site, gas plume is
mostly aggregating near the injector. Therefore, whether or not the
insights of this study can be extended to other saline aquifer sites
will require additional research examining diverse systems, i.e.,
flat versus inclined, strongly versus weakly heterogeneous, porous
versus fractured, nonreactive systems versus strongly reactive,
shallow versus deep injection, sluggish versus strong background
groundwater flow, etc.
6. Conclusion

Injection of supercritical CO2 into deep saline aquifers is con-
sidered a promising option to mitigate climate change. To evaluate
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 storage site, reservoir simulation is commonly performed with
 geologic site model. This study conducts an uncertainty analy-
is of CO2 storage in the Nugget Sandstone, a deep saline aquifer
n western Wyoming with a large storage potential. Along with
ngineering and environmental parameters, conceptual model
ncertainty and the associated impact on simulating CO2 flow
nd storage is evaluated. For the Nugget Sandstone, using sub-
ets of the available site data, a suite of increasingly complex
eologic model families are built: a homogeneous model fam-
ly (FAM1), a stationary petrophysical model family (FAM2), a
tationary facies model family with sub-facies petrophysical vari-
bility (FAM3), and a non-stationary facies model family (with
ub-facies variability) conditioned to soft data (FAM4). These
amilies, representing alternative conceptual models built with
ncreasing data, were simulated with the same CO2 injection
est (50 years at 1/10 Mt  per year [1.0 × 108 kg/year]), followed
y 2950 years of monitoring. Using design of experiment, an
fficient sensitivity analysis is conducted for all families, system-
tically varying the uncertain input parameters, while assuming
dentical well configuration, injection rate, BHP constraint, and
oundary conditions, i.e., model is considered part of a larger
emi-infinite system, where both the injected CO2 and the
ormation brine can flow out. For each family, parameter impor-
ance and prediction uncertainty are assessed over increasing
imes.

The sensitivity analysis outcomes are compared among the
odel families to identify parameters that have 1st order impact

n predicting the CO2 storage ratio (SR), at both time scales. For
his deep aquifer with a gentle incline, geologic modeling choices
o not significantly influence the short-term prediction of the stor-
ge ratio. However, geologic factors can become more important
ver longer times, but only for those families where such factors
re accounted for (in other words, their long-term importance
annot be revealed by the relatively simple conceptual models).
ased on results of the sensitivity study, a response surface (RS)
nalysis is conducted to generate prediction envelopes of the stor-
ge ratio, which are also compared among the families. Results
uggest a large uncertainty in the predicted storage ratio, given
he uncertainties in model parameters and modeling choices. At
he end of injection, the SR varies from 5% to 60%; at the end of

onitoring, it varies from 18% to 100%. The SR variation among
he model families, however, is relatively small. At the proposed
njection site, for the engineering and geologic uncertainty fac-
ors identified, long-term leakage risk is considered small. This is
ecause, in the lowest-SR scenarios, all families predict gravity-
table scCO2 that migrates toward the bottom of the reservoir. In
he highest-SR scenarios, scCO2 footprints are relatively insignifi-
ant by the end of monitoring due to significant dissolution. These
esults, though significant, depend on whether the EOS adopted
y the reservoir simulator can correctly model the mixture densi-
ies.

The issue of conceptual model uncertainty is not limited to GCS
odeling. This study is applicable to analyzing other subsurface

ata-poor environments, where key performance metrics can be
valuated against different conceptual models, and over time. For
xample, in Milliken et al. (2007), multiple reservoir models were
valuated as part of a screening analysis to understand whether
omplex site geology has an effect on oil recovery predictions.
hese reservoir models were built and simulated prior to when

 single borehole was drilled. The multiple conceptual modeling
pproach can reveal insights that are difficult to discern with a
ingle model. It is the most useful when it asks us this question:

ill conceptual model uncertainty, which varies with data support

nd our experience, skills, and perception of the site geology, affect
he uncertainty outcomes – including important parameters and
rediction uncertainty?
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