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a  b  s  t  r  a  c  t

Assuring  the  storage  security  of  geologically  sequestered  CO2 is  essential  for  proper  project  management
and  long-term  emissions  reductions.  Storage  security  relies  not  only  on  comprehensive  site characteri-
zation  prior  to  injection  and  careful  reservoir  management,  but also  on  having  a suite  of intervention  and
remediation  strategies  available  to  implement  if leakage  occurs.  In  this  study  sequential  stages  of  inter-
vention  are  analyzed  and  evaluated.  The  first step  in halting  leakage  is  likely  to  be stopping  CO2 injection
in  the  vicinity  of  the  leak  (also  termed  passive  remediation).  Results  indicate  that while  passive  remedia-
tion  can  reduce  the  leakage  rate  by  an  order  of  magnitude,  completely  stopping  leakage  may  often  require
implementation  of additional  measures.  Additional  measures  evaluated  here  focus  largely  on  hydraulic
controls,  whereby  water  is  injected  or  produced  in  or above  the  CO2 injection  reservoir  in order  to  ter-
minate  leakage.  The  degree  of residual  trapping  determines  the  extent  to which  leakage  is  ultimately
reduced.  For  example,  water  injection  into  the  overlying  aquifer  directly  above  a  fault  was  able  to com-
pletely  terminate  leakage  for  as  long  as water  injection  continues.  Remediation  was even more  effective
when  water  injection  above  the fault  was  combined  with  reservoir  fluid  production.  We  also  show  that

in addition  to  hydraulic  control  methods,  extracting  15–25%  of  the  injected  CO2 can  lead  to  permanent
leakage  termination.  The  role  of  reservoir  heterogeneity  on remediation  efficacy  was  also  examined  and
found  to  reduce  the  total  amount  of  CO2 leaked  compared  to  a homogeneous  reservoir.  Overall  this  study
demonstrates  that  temporally  limited,  multi-stage  intervention  strategies  such  as  hydraulic  barriers  can
permanently  stop  CO2 leakage  from  storage  reservoirs  into  overlying  aquifers.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Carbon capture and sequestration (CCS) can aid in the reduction
f global carbon emissions as energy systems around the world
ransition away from carbon intensive fuel sources. Despite the
romise of CCS, it has been confined to a small fraction of large
O2 emissions point sources around the world. While socioeco-
omic hurdles (e.g. global climate policy uncertainty, uncertain
echnology risks, public acceptance, and added costs of electric-
ty generation with CO2 capture) provide the largest barrier to

idespread implementation of CCS, some questions remain about
hort and long-term storage security. Several mechanisms have the
otential to compromise the security of supercritical CO2 stored in

eep saline aquifers or depleted oil and gas reservoirs (Benson and
ook, 2005; Friedmann and Nummedal, 2003; Celia et al., 2005;
ordbotten et al., 2004; Dockrill and Shipton, 2010). The two most
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750-5836/© 2016 Elsevier Ltd. All rights reserved.
likely pathways for leakage are through abandoned wells and fault
or fracture zones. Due to the large uncertainty associated with char-
acterizing the subsurface, these features could go undetected and
thus provide potential fluid migration pathways from the storage
reservoir to overlying aquifers or even to the earth’s surface. To
prepare for such an event, contingency plans are needed before
implementing a large scale injection project.

When supercritical CO2 is injected into deep saline formations
there are usually two major driving mechanisms which try to force
CO2 from the reservoir into which it is injected. The first mecha-
nism is the buoyancy force created by the density instability of a
less dense CO2 plume injected into a formation containing denser
water and brine. The second mechanism is the pressure buildup
in the reservoir resulting from the injection of CO2. Carbon diox-
ide injection will typically increase the pore pressure in the storage
reservoir relative to the pore pressure in overlying aquifer. Absent

a high quality seal, this pressure gradient will drive fluid from the
injection reservoir to the overlying aquifer.

Carbon dioxide is retained in the storage reservoir by four
trapping mechanisms (Benson et al., 2005; Gunter et al., 2004).

dx.doi.org/10.1016/j.ijggc.2016.01.035
http://www.sciencedirect.com/science/journal/17505836
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Nomenclature

Si initial gas saturation
Sgr Corey curve gas residual trapping
Slr Corey curve water residual trapping
S land trapping saturation coefficient

T
e
g
c
v
t
i
g
o
(
i
b
fl
v
g
l
t
m
a
b
t
n
m
c
b
l
t
c
d

p
g
e
f
a
R
a
l
a
o
a
a
a
l
i
s
“

f
i
t
f
a
i
t
m

nmax

Strap trapped gas saturation

hese mechanisms are structural, residual, dissolution, and min-
ral trapping. Structural trapping is provided by shale and other
eologic materials that have very low permeability and very high
apillary entry pressure. This trapping mechanism is key for pre-
enting the buoyant rise of CO2 from the storage reservoir. Residual
rapping (also referred to as phase trapping) occurs as water
mbibes into pore space occupied by CO2, resulting in trapped gan-
lia of CO2. The extent of this trapping mechanism is dependent
n the initial CO2 saturation and on the reservoir rock properties
Krevor et al., 2012, 2015). Dissolution (also known as solubil-
ty trapping) occurs when CO2 dissolves in the resident reservoir
rine, resulting in a fluid that is denser than the surrounding
uid. The solubility of CO2 in water is around 5% at typical reser-
oir conditions—though this can vary significantly depending on
roundwater salinity and chemistry (Gunter et al., 2004). Over geo-
ogic time this mechanism is thought to be able to permanently
rap over 90% of injected CO2 (McPherson and Cole, 2000). Finally,

ineral trapping arises when dissolved CO2 acts as a weak acid
nd reacts with minerals in the surrounding rock to form bicar-
onate ions or carbonate ions (Gunter et al., 2004). These ions may
hen result in the formation of carbonate minerals, thereby perma-
ently trapping the injected CO2. The contribution of these trapping
echanisms is dependent not only on the physical and chemi-

al characteristics of the storage system but also on the interplay
etween the trapping mechanisms. Doughty and Myer (2009) high-

ighted that structural trapping can hinder residual or dissolution
rapping whereas if the plume is allowed to migrate further verti-
ally and/or horizontally, this spreading will promote residual and
issolution trapping.

A number of different remediation methods have been pro-
osed to stop CO2 leakage, many of which are currently used in
round water remediation and/or the oil and gas industry (Manceau
t al., 2014). Proposed strategies generally belong to one of the
ollowing categories: (1) hydraulic controls and pressure man-
gement (Buscheck et al., 2012; Le Guénan and Rohmer, 2011;
éveillère et al., 2012; Zahasky and Benson, 2014a), (2) production
nd removal of injected CO2 (Esposito and Benson, 2012), (3) bio-
ogically active barriers (Cunningham et al., 2009), and (4) sealants
nd other physical barriers (Ito et al., 2014). Hydraulic controls rely
n altering the pore pressure in the overlying aquifer and stor-
ge reservoir by injecting water or producing reservoir fluid. By
ltering the pore pressure it is possible to counteract the mech-
nisms working to drive the CO2 from the reservoir, resulting in
eakage termination and in some cases leakage reversal (i.e. push-
ng CO2 back into the storage reservoir). For clarity throughout this
tudy, fluid in the reservoir and overlying aquifer fluid is termed
brine”, and injected fluids are referred to as water.

In this study, simulation models are employed to evaluate the
easibility of slowing or stopping leakage of CO2 through faults
n the reservoir caprock by stopping injection and implemen-
ing hydraulic controls. We  focus specifically on small, subseismic
aults, which may  be difficult to detect prior to injection (Gauthier

nd Lake, 1993; Pickering and Peacock, 1997). In this model, CO2
s injected into a reservoir capped by an impermeable seal; above
he seal is an aquifer. At some injection sites, this overlying aquifer

ay  exist above the target caprock, at other sites it be considered an
Greenhouse Gas Control 47 (2016) 86–100 87

upper portion of the containment zone that is overlain by another
and potentially more substantial seal. When the CO2 is injected,
the plume migrates along the bottom of the caprock and eventu-
ally reaches a permeable fault zone providing a pathway for CO2
to leak from the storage reservoir into the overlying aquifer. To
terminate leakage, a number of intervention methods are evalu-
ated including CO2 injection shut off, hydraulic controls such as
water injection in the overlying aquifer above the fault and reser-
voir fluid production away from the CO2 plume, and CO2 extraction
from the storage reservoir. To understand the influence that fault
permeability has on the efficacy of different intervention methods
both 10 mD and 100 mD  fault scenarios are evaluated. Lower per-
meability faults have been analyzed previously and found to have
negligible leakage rates and consequently were not considered here
(Zahasky and Benson, 2014b). Similarly, higher permeability faults
have also been studied, but leakage rates were not expected to be
significantly higher than the cases studied here because the fault
is no longer the leakage rate-limiting factor (Zahasky and Benson,
2014b).

Reservoir heterogeneity has the potential to create flow bar-
riers, compartmentalization, and preferential flow pathways for
injected CO2 and thus may enhance or inhibit both leakage from the
reservoir and the effectiveness of various remediation strategies. In
order to test the influence of reservoir geology on the leakage rates
of CO2 and the ability of hydraulic controls to slow or stop leakage, a
number of heterogeneous reservoir models are developed. Results
from the homogeneous models are compared to results from het-
erogeneous models on the century timescale in order to understand
the long-term leakage behavior resulting from various hydraulic
barrier intervention strategies. In this section the influence of leak-
age detection is also evaluated by examining two different leakage
scenarios. In the first scenario early leakage detection occurs; in the
second scenario the leak is not detected until a significant amount of
CO2 has escaped from the storage reservoir. The analysis highlights
the importance of monitoring and verification and how leakage
detection influences the ability for hydraulic controls to terminate
potential leakage.

It is important to emphasize that this is not meant to be
an exhaustive study analyzing or optimizing the remediation of
many different leakage scenarios and geologic environments, but
is meant to demonstrate the feasibility of using hydraulic controls
to slow or eliminate leakage relative to other remediation options.
Detailed leakage response at specific storage sites will require anal-
ysis and simulation studies based on the site characterization and
system conditions.

2. Methods and model development

2.1. Fault characterization

Geological faults and fractures are observed at spatial scales
ranging from tectonic to thin sections. Here we focus on subseismic
fault zones or fault zones that are below the resolution of most sur-
face seismic surveys, which could easily go undetected during site
characterization. While the subseismic threshold can vary based
on fault properties and observation techniques, it is generally con-
sidered to include fault zones with displacements or offsets of less
than 10–15 m (Gauthier and Lake, 1993; Kim and Sanderson, 2005;
Pickering and Peacock, 1997). Based on this initial constraint of fault
displacement, published correlations between fault displace and
length (Cowie and Scholz, 1992; Elliott, 1976; Krantz, 1988; Walsh

and Watterson, 1988; Peacock and Sanderson, 1991; Peacock, 1991;
Muraoka and Kamata, 1983; Opheim and Gudmundsson, 1989;
Kim and Sanderson, 2005), and fault displacement and fault width
(Sperrevik et al., 2002; Hull, 1988; Evans, 1990; Knott et al., 1996),
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an be used to establish an appropriate fault zone geometry. Results
f this characterization lead to a fault model with negligible slip (i.e.
o offset of the reservoir units), 500 m in length, 100 m in vertical
xtent, and 3 m wide (Zahasky, 2014).

Great uncertainty exists in constraining the permeability of frac-
ures and fault zones. Much of this uncertainty is due to the fact that
he permeability of fractures and fault zones is dependent on host
ock composition, stress history, slip distribution, confining pres-
ure, interaction between fault segments, deformation mechanism,
nd burial history/lithification (Fisher and Knipe, 2001). For this
tudy two fault permeabilities are evaluated, 10 mD and 100 mD.
hese values are chosen because one value is lower than the reser-
oir permeability, as permeability in fault zones can drop due to
ataclasis, reduction in grain size, and cementation (Antonellini and
ydin, 1994; Fossen et al., 2007; Fisher and Knipe, 2001; Matthai
t al., 1998). The 100 mD  fault zone has a higher average permeabil-
ty than the reservoir as can happen during grain disaggregation
r if brittle gouge is present in the fault (Fisher and Knipe, 2001;
ossen et al., 2007). As mentioned above, we consider these to be
easonable bounding cases to assess the efficacy of hydraulic con-
rols. They are not intended to represent best estimates of fault zone
ermeability at any specific geologic location.

.2. Simulation model development

Simulations are carried out using TOUGH2, a fully implicit
umerical simulator designed for modeling nonisothermal, mul-
iphase flow in porous and fractured media (Pruess et al., 1999;
ruess, 2005). The simulation model has dimensions of 5 km by

 km by 100 m thick. The horizontal boundary grid cells have
olume multiplication factors of 1050 such that the model is effec-
ively of infinite areal extent. The vertical boundaries are closed.
hese domain conditions were chosen such that the model is large
nough to prevent CO2 from reaching the boundary of the model.
he relatively close proximity of the constant pressure boundaries
o the fault zone make the pressure changes required for effec-
ive hydraulic controls more difficult to attain and consequently
rovide conservative estimates of the injection rates required to
top leakage. Using the constraints on subseismic fault geometry
nd permeability described in the previous section, areal fault zone
imensions of three meters by 500 m are assigned in the model. For
implicity, the permeability structure that typically exists in fault
ones in sedimentary rocks (e.g. Caine et al., 1996) is ignored and

 single permeability value is assigned to the fault zone which cuts
ertically through the entire thickness of the model. The distance
f the fault from the injection well is 500 m.  The grid is structured
nd locally refined around the injection well and fault zone. The
mallest grid cells have a width of one meter and the largest grid
ells near the boundary are 500 m wide. The stratigraphy of the
odel is characterized by a lower reservoir with a thickness of

8 m,  a caprock which is 12 m thick, and an overlying aquifer with
 thickness of 20 m.  For simplicity the modeled fault has no verti-
al displacement. The lower reservoir and overlying aquifer have
ean permeabilities of 28 mD  and the caprock has a permeability of

.2 nanodarcy. Relative permeability and capillary pressure curves
or the reservoir and aquifer are based on the Arqov sandstone as
escribed in Pini et al. (2012). The initial pressure and temperature
onditions are established based on typical values for a reservoir
ocated at a depth 1600 m below the water table. Initially, CO2 is
njected at a constant rate of 7.9 kg/s (0.25 Mt/yr) into the lower
eservoir over a completion interval of 0–55 m from the bottom
f the reservoir. This rate was selected to enable long-term injec-

ion into a relatively low permeability reservoir while injecting at a
igh enough rate such that the total emissions of 1 Mt/year could be
tored with three or four wells of this size. Sensitivity of CO2 leak-
ge as a function of different model parameters was performed in
Fig. 1. Grid geometry model used for TOUGH2 simulations. Note the height (z) of the
system is scaled 10× greater than the x and y directions (from Zahasky and Benson,
2014a).

Zahasky and Benson (2014b) (Fig. 1). A complete table of simulation
model parameters is given in the Appendix (Table A1).

2.3. Residual trapping

A parameter that deserves detailed attention due to its
importance in controlling plume stabilization and remediation
effectiveness is CO2 residual trapping. In order to incorporate
residual trapping into the simulation model, a history-dependent
trapping model implemented in the TOUGH2-ECO2N module by
Patterson and Falta (2012) was  employed. This model utilizes
the commonly used Land residual trapping method (Land, 1968),
shown in Eqs. (1) and (2).

Strapped = Si

1 + (C · Si)
(1)

C = 1
Snmax

− 1 (2)

In these equations C refers to the Land trapping coefficient.
The residual trapping coefficient (Snmax) describes the maximum
possible non-wetting residual saturation (i.e. the residual CO2 sat-
uration if the CO2 saturation is equal to one prior to imbibition).
The initial CO2 in the pore spaces is given by Si, and the amount of
CO2 that is residually trapped is Strapped. An evaluation of different
residual trapping coefficients in Fig. 2 shows how the selection of
Snmax impacts the residually trapped CO2 saturations. When Snmax

is larger, more of the CO2 is trapped in the pore space during imbi-
bition.

Trapping coefficient and residual trapping measurements have
been measured extensively in the lab (Bennion and Bachu, 2005,
2008; Bachu, 2013; Shi et al., 2011; Pentland et al., 2011; Krevor
et al., 2012; Akbarabadi and Piri, 2013; Ruprecht et al., 2014;
Burnside and Naylor, 2014; Krevor et al., 2015), but also in field
experiments (Laforce et al., 2014). Capillary trapping has been
carried out on a number of reservoir rock samples. Krevor et al.
(2012) measured Land trapping coefficients in cores from four dif-
ferent sandstone formations and found that core-averaged Snmax

values ranged from 0.21 to 0.33 and is heavily dependent on
pore scale heterogeneity. Other laboratory experimental studies
(Bachu, 2013; Akbarabadi and Piri, 2013; Pentland et al., 2011;
Ruprecht et al., 2014) using a variety of methods for measuring ini-

tial and residual saturation values yielded similar, and sometimes
higher, residual trapping results. Residual trapping values were also
measured during one phase of the CO2CRC Otway demonstration
project (Paterson et al., 2013). During this project, supercritical
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ig. 2. Land trapping characteristic curves for different Snmax coefficients. Note that
he residual gas saturation is only equal to the Snmax coefficient if the initial gas
aturation is 100%.

O2 was injected into a deep saline aquifer and monitored until
lume immobilization occurred. Measurements from this experi-
ent found residual CO2 saturation values in the reservoir between

1 and 20% (Laforce et al., 2014), again suggesting a Snmax trapping
oefficient of around 0.3. Based on these studies, a Land trapp-
ng Snmax value equal to 0.3 is assigned in the remediation model
cenarios in the following sections.

.4. Heterogeneous model development

For this study, 16 heterogeneous reservoir models are devel-
ped which represent a variety of different geologic scenarios. The

ature of the heterogeneity is modeled after typical depositional
nvironments found in sedimentary basins. These facies are chan-
el systems, layered systems, large dunes, and small dunes (Fig. 3).

ig. 3. Top views of heterogeneous models for each of the lithofacies modeled.
lockwise from the top left are channels, layers, small dunes, and large dunes. Differ-
nt  shades of grey indicate different rock types. Only the 2 km × 2 km model centers
here plume exists are shown.
Fig. 4. Brine leakage rate (dashed grey line) and CO2 leakage rate (black line) through
the fault zone. The light grey line indicates the pressure (right axis) at the top of the
fault as a function of time.

The heterogeneity is discretized into up to six lithofacies, from shale
with a permeability of 10 �D, to coarse sand with a permeability of
1 D (see Table A2 for details of each lithofacies). The capillary pres-
sure curves are scaled with permeability for each lithotype. The
volume weighted median permeability of the reservoir models are
fixed at 28 mD,  the same permeability as the homogeneous model.
The average volume weighted geometric mean for the models is
roughly 23 mD.  The heterogeneity is only applied to the injection
reservoir; the overlying aquifer remained homogeneous with a per-
meability of 28 mD.  Since reservoir heterogeneity is the focus of
this section, the fault permeability is fixed at 10 mD.  Permeability
is isotropic within grid cells. The system gridding and discretization
is identical to that of the homogeneous model.

The heterogeneous models were constructed with two  differ-
ent techniques. The channel and large dune systems are regridded
models originally constructed using the Stanford Geostatistical
Modeling Software (Remy et al., 2009). The layer and small dune
models are constructed in Matlab. In the layered models, additional
28 mD  cells are added to the layers in order to guarantee some
vertical connectivity between layers. Different layered models had
different permeability sequences to represent reservoirs that fine
upwards, coarsen upwards, or have discontinuities that prevent
vertical permeability trends. Due to the coarseness of the grid-
ding near the model boundaries, much of the character of the facies
systems is lost away from injection wells and fault zone (Fig. 3).

3. Base case leakage scenario

As CO2 is injected at a constant rate of 7.9 kg/s into the reservoir,
brine is displaced away from the well and some brine begins to leak
up the fault. Fig. 4 shows the brine flow rate and associated pressure
buildup in the overlying aquifer. After a period when only brine
leaks up the fault, the CO2 injection plume eventually reaches the
base of the fault; in this case, after 3.4 years. The pressure drops
briefly when CO2 begins to migrate up the fault (also shown in
Fig. 4) because the presence of CO2 lowers the relative permeability
to water causing the brine flow rate to decrease rapidly. As the CO2
plume continues to advance in the lower reservoir, CO2 leakage
increases as a result of: (1) the increasing relative permeability to
CO2, (2) the length of fault exposed to the plume increases as the

CO2 plume covers the entire base of the fault zone, and (3) the
thickness of the CO2 plume underneath the fault grows, increasing
the buoyancy force driving CO2 up the fault zone. After about 10
years the CO2 leakage rate stabilizes.
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Fig. 5. Comparison of injection shutoff at 5 years, shutoff at 10 years, and contin-
ued injection on the cumulative mass of CO leaked into the upper aquifer. The

storage reservoir following injection shutoff drops to nearly zero.
As discussed in Section 2.3, coefficient values around 0.5 are possi-
ble under certain geologic conditions, however a coefficient value
0 C. Zahasky, S.M. Benson / International Jour

The exact timing and rates of potential CO2 leakage will vary
epending on the geology of the injection reservoir, caprock, fault,
nd overlying aquifer as well as the geometry of the system (i.e. well
nd fault location). Previous work has shown that the reservoir and
quifer permeability are as important as the fault permeability in
etermining leakage rates (Zahasky and Benson, 2014b). For exam-
le, when the overlying aquifer has a very low permeability relative
o the injection reservoir, the reservoir injection pressure may  be
oo low to overcome the capillary entry pressure of a low per-

eability overlying aquifer. Alternatively, if the overlying aquifer
ermeability is high relative to the reservoir permeability then the

eakage rate is only limited by the fault permeability. If the fault
ermeability is also high relative to the injection reservoir perme-
bility, the leakage rates are likely to be larger than those shown in
ig. 4. While the timing and rates of leakage can vary significantly,
he key stages of leakage are: (1) brine leakage, (2) CO2 leakage
ncreasing at a declining rate and (3) approximately steady-state
eakage. These three stages are observed in all of the cases examined
ere.

. Leakage intervention

In this section a number of leakage intervention techniques
ill be explored. The first action that can be taken is to shutoff
O2 injection into the storage reservoir. Following this, addi-
ional measures such as hydraulic controls and CO2 production
re explored. Hydraulic controls consist of water injection in the
icinity of the leakage plume and producing brine from the injec-
ion reservoir. Individually or in combination, these actions can
top the migration of CO2 up the fault zone, increase dissolution
f CO2, displace CO2 away from the fault zone at the base of the
aprock, and manipulate the CO2 plume geometry throughout the
njection reservoir. All of the strategies presented here have been
xamined through a lens of practicality and feasibility of imple-
entation. Specifically, we limited remediation activities to less

han a decade, avoided pressure buildup from fluid injection that
ould exceed the fracture pressure, and ruled out injection and
roduction strategies that included more than two wells due to cost
onsiderations.

In order to explore how remediation efficacy is dependent on
he quantity and rates of CO2 leaking from a storage reservoir, two
nitial leakage conditions are used. In the first scenario intervention
egins five years after the start of CO2 injection, approximately two
ears after CO2 first begins to leak into the overlying reservoir. In
his case about 5000 tons of CO2 has leaked into the overly aquifer,
r roughly 0.5% of all of the CO2 injected into the system. The leak-
ge plume size in the overlying aquifer in this scenario is 100 m
ide and 300 m long. In the second scenario intervention begins 10

ears after the start of CO2 injection. In this case the total amount
f CO2 leaked is 76,000 tons, or roughly 3% of the total CO2 injected.
he leakage plume in the overlying aquifer above is 500 m wide and
00 m long. Pressure monitoring (Hovorka et al., 2011; Meckel and
ovorka, 2010; Bao et al., 2013; Picard et al., 2011; Birkholzer et al.,
009; Chabora, 2009) and seismic monitoring (Arts et al., 2004;
hadwick et al., 2005; Daley et al., 2008) are two  commonly cited
onitoring techniques shown to be capable of detecting plumes
ithin this size range.

.1. Injection shutoff

Carbon dioxide injection shutoff prevents further pressure build

p in the storage reservoir and over time allows the pore pres-
ure in the reservoir to dissipate, lowering CO2 leakage rates. Fig. 5
llustrates the impact that injection shutoff for each of the detec-
ion scenarios has on cumulative CO2 leakage compared with the
2

residual trapping coefficient for these simulations is set to Snmax = 0.3 and the fault
permeability in this case is 10 mD (from Zahasky and Benson, 2014a).

scenario of continued CO2 injection. In the 5 year detection sce-
nario, injection shutoff reduces the cumulative CO2 leakage after
50 years by over 97% (relative to the amount that would leak with-
out any intervention) and in the 10 year detection scenario the
reduction in cumulative CO2 leakage is over 85%. In both detec-
tion scenarios, the pressure at the injection well returns to nearly
initial conditions approximately four years after injection shutoff.

To investigate the influence of trapping coefficients, the efficacy
of injection shutoff is evaluated for scenarios where Snmax ranges
from 0.0 to 0.5 while all of the other parameters remain fixed. Fig. 6
shows the effect that different trapping coefficients have on the
amount of leakage through a 10 mD fault zone when injection is
shutoff after 5 years. As residual trapping increases, the amount of
mobile CO2 available to leak from the storage reservoir decreases,
leading to lower leakage rates. As the Land residual trapping coef-
ficient (Snmax) approaches 0.5, the leakage rate of CO2 from the
Fig. 6. Influence of residual trapping on cumulative mass of CO2 leaked into the
upper aquifer with injection shutoff occurring after 5 years in the homogenous
model.
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f Snmax = 0.3 appears to be typical for CCS storage reservoirs and is
sed in the remainder of this modeling study.

.2. Hydraulic controls

Following shutoff of injection it may  be necessary to imple-
ent additional measures, in order to not just reduce leakage

ut, to terminate leakage completely. In this section a number
f hydraulic control options are examined including water injec-
ion into the overlying aquifer, water injection at the base of the
ault in the injection reservoir, and reservoir brine production. In
ll of the cases examined, intervention occurs after five years of
O2 injection and CO2 injection is terminated before implemen-
ing hydraulic controls. Two different fault permeability values are
valuated, 10 mD  (roughly one third of the reservoir permeability),
nd 100 mD  (approximately four times higher than the injection
eservoir permeability). These two models provide insight into the
ensitivity of fault permeability on both leakage behavior and reme-
iation effectiveness.

.2.1. Water injection into the overlying aquifer
Following CO2 injection shutoff there remains a buoyancy

nduced pressure gradient driving CO2 from the high-pressure
njection reservoir into the lower pressure overlying aquifer. By
njecting water into the overlying aquifer, pore pressure increases
t the top of the fault, reducing and in some cases reversing the flow
f CO2 in the fault zone. In addition to altering the pressure gradi-
nt in the reservoir water injection is able to dissolve a substantial
raction of the CO2 that has already leaked in the overlying aquifer.
his dissolution trapping reduces the mobility of supercritical CO2
nd permanently traps the CO2 dissolved in the water.

The geometry of the injection well will need to be determined by
he length of the fault zone through which CO2 is leaking. Horizon-
al wells are able to more evenly distribute water and the resulting
ressure buildup above the fault zone, whereas vertical wells con-
entrate the pressure build up at a single location in the overlying
quifer. All models in this study use a vertical injection well com-
leted in only the top 5 m of the overlying aquifer, only injection
ates which kept the pressure build below roughly 150% of the ini-
ial pore pressure are considered. However, different storage sites
ill have to be evaluated individually in order to optimize water

njection rates, considering among other factors, potential risks of
ydraulic fracturing or induced seismicity.
For the given system it is important to understand how chang-
ng the water injection rate influences the rate of CO2 leakage
rom the storage reservoir. Fig. 7 shows the results of a number
f simulations in which the injection rates varied from 1 kg/s to

ig. 7. (a) (left) Comparison of the influence of different injection rates on percent of CO
f  CO2 in the aquifer by the total mass of CO2 injected into the system. In all cases, the in
ercent  of gas phase CO2 in the overlying aquifer.
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3 kg/s. In all cases, water injection is able to completely terminate
CO2 leakage during water injection, reduce the cumulative amount
of CO2 that exists in overlying aquifer (Fig. 7a), and completely
immobilize nearly all of the CO2 in the overlying aquifer through
dissolution trapping (Fig. 7b). The reason for the significant drop
in cumulative leakage is due to the dissolution of CO2—making
the brine denser—and the continued water injection for 10 years
which carries this dissolved CO2 back down the fault into the stor-
age reservoir. It is important to note that increasing reservoir and
aquifer salinity reduce the dissolution capacity of the system; for
simplicity the salinity in these simulations is set to zero.

Results indicate that CO2 leakage in a homogeneous system can
be quickly terminated by injection shutoff and water injection into
the overlying aquifer. However in the cases examined here, CO2
leakage eventually resumes after the end of water injection due to
the large volume of mobile CO2 present in the injection reservoir
near the bottom of the fault zone. Therefore, injection of water in
the aquifer is highly effective for quickly reducing leakage and may
be used as a temporary containment method to stop leakage while
the risks and benefits of additional remediation strategies are being
evaluated.

4.2.2. Reservoir brine production
To suppress leakage for tens to hundreds of years after reme-

dial actions end, further action can be taken to reduce the overall
mobility of CO2 in the injection reservoir. With reservoir brine pro-
duction it is possible to draw the CO2 plume away from the fault
zone and further accelerate residual CO2 trapping.

Proper placement of the extraction well is essential for maxi-
mum  CO2 mobility reduction. Early scoping studies found that the
best location for a production well is on the far side of the injection
plume from the fault zone (see description in Fig. 3). Producing
brine on the fault-side of the CO2 injection plume was found to
increase the long-term CO2 leakage by pulling more CO2 into the
region around the fault zone. In these simulations brine production
takes place for 10 years from a well located 750 m away from the
original CO2 injection well, far enough from the injection plume to
avoid extracting CO2 from the storage reservoir. Fig. 8 illustrates the
reduction in leakage of CO2 using water injection activities com-
bined with reservoir brine production through a horizontal well
(dotted lines) compared with water injection without reservoir
fluid production (solid lines). While brine production alone is insuf-

ficient to stop leakage into the overlying aquifer, when combined
with water injection into the overlying aquifer it reduces cumu-
lative CO2 leakage by roughly 25% after 100 years as compared to
water injection alone.

2 in the upper aquifer. The leakage percent is calculated by dividing the total mass
jection rate is constant for the first 10 years, after which injection stops. (b) (right)
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Fig. 8. Comparison of different stages of remediation for a 10 mD fault zone (left figures) and a 100 mD fault zone (right figures), showing both leakage rates (top figures)
and  cumulative leakage percent as a function of time (bottom figures). Note the y-axis limits on the leakage rate figures are an order of magnitude larger in the 100 mD fault
scenario. The medium grey solid line corresponds to water injection of 2 kg/s above the fault only, the dashed medium grey line corresponds to water injection and reservoir
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hows  the leakage of CO2 in the case of injection of water below the fault, above th

In order to limit the costs of water storage and multiple
ater sources, all of the cases examined in this study have

rine production rates equal to the total injection rate of 2 kg/s.
his simultaneous injection and production addresses many of
he financial and logistical concerns associated with large-scale
ater injection activities. This assumption relies on the ability to

nject reservoir water into the aquifer, which may  not always be
ossible—or may  require filtration or treatment—depending on the
alinity, chemistry, and current and future utility of the reservoir
nd aquifer fluids.

.2.3. Water injection below the caprock
The second possibility for reducing long-term CO2 mobility and

eakage is to inject water below the fault in the injection reservoir.
ater injection below the caprock is able to drive the CO2 plume

way from the vicinity of the fault zone and dissolve any remaining
O2 in the area, the combination of which significantly increases
he residual and dissolution trapping.

Initiation of water injection below the fault must take place
ometime after the injection above the fault has stopped the CO2
eakage and re-saturated the fault with brine. Delayed water injec-
ion below the caprock prevents more CO2 from being pushed up
he fault zone during this stage of remediation. In these simula-
ions water is injected above the fault for two years before water

njection below the fault zone begins at a rate of 2 kg/s (light grey
ines in Fig. 8). When injection of water below the caprock begins,
eservoir fluid production increases to 4 kg/s in order to maintain
n equal balance of water injected versus fluid produced. The water
ault and below the fault at a rate of 2 kg/s in each well. The dashed light grey line
, and fluid production from the reservoir.

injection well in the storage reservoir is located directly below
the water injection well in the overlying aquifer. This placement
enables both injection activities to be performed using only one
well perforated at two  different intervals, one below the caprock
and one above the caprock. In all of the simulations injection and
production activities end after 10 years.

Results from this work indicate that the combination of all three
hydraulic controls, water injection above and below the caprock
and reservoir fluid production terminates leakage in the homoge-
neous model for decades. Fig. 8 shows that when only injection
shutoff is implemented, the leakage rates after 100 years drops to
roughly 30 tons/year, or 0.003 kg/year, resulting in a cumulative
leakage of 12,213 tons of CO2 in 100 years. For the 100 mD  fault,
the highest leakage rates are roughly 300 tons per year after 100
years with a cumulative leakage percent of roughly 8% of the total
CO2 injected into the system after 100 years. In both cases, the
cumulative leakage values after 100 years drop in half when water
injection occurs in the overlying aquifer. The rates drop nearly in
half again with water injection both above and below the caprock.

4.3. Carbon dioxide production

Carbon dioxide production from the original injection well can
also be used as a means for remediation of CO2 leakage from the

injection reservoir. Producing CO2 removes mobile CO2 in the injec-
tion reservoir and pulls brine into the periphery of the CO2 plume,
increasing the amount of CO2 dissolved in brine and accelerating
residual trapping. Simulations are run in which fluid production
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ig. 9. (a) (left) Comparison of different production rates on the total percent of CO
uid  that is water, for different fluid production rates.

s performed through the original CO2 injection well for 10 years
t constant mass production rates. Fig. 9 shows both the frac-
ion of total CO2 produced and fraction of produced fluid that is
ater (i.e. watercut) for several different fluid production mass
ow rates. Due to the residual trapping and dissolution that take
lace in the system, even the highest production rates produce

ess than 40% of the injected CO2. At larger production rates the
atercut increases; for the highest production rates almost 70% of

he produced fluid is water. At production rates less than 2 kg/s,
he fraction of produced water is less than 10% for over 5 years of
roduction.

The effectiveness of carbon dioxide production for stopping CO2
eakage can also be compared with the hydraulic control interven-
ion methods (Fig. 10). Results indicate that CO2 production at a
elatively modest rate of 2 kg/s is more effective in the short and
ong-term at reducing CO2 leakage from the storage reservoir than
ydraulic control methods. Almost immediately after production
tarts, the leakage rate drops to zero. Based on these results, it is
lear that CO2 production has a number of tradeoffs. It is very effec-
ive at stopping long-term leakage, however at least a quarter of
he injected CO2 may  have to be removed from the reservoir before
eakage is stopped completely. This CO2 would need to be stored at
nother location. Otherwise, the benefits of CCS would be negated.

epending on the rate of production and other reservoir attributes,

pecifically heterogeneity, significant amounts of water would be
roduced and require disposal.

ig. 10. Comparison of injection shutoff, water injection, and CO2 production on the
eduction of leakage through the fault zone in the model with a 10 mD fault zone.
uced from the system. (b) (right) Comparison of watercut, or fraction of produced

5. Leakage intervention in heterogeneous reservoirs

In reality, since all reservoirs are heterogeneous it is essential
to assess the degree to which the conclusions based on the inves-
tigation of homogeneous reservoirs can be extended to reservoirs
with more realistic permeability distributions. Heterogeneity has
the potential to create zones of high permeability that could allow
more CO2 to reach the fault. However, heterogeneity can also cre-
ate flow barriers and reservoir compartmentalization, slowing or
potentially blocking CO2 from reaching the fault zone. The second
question is to examine how leakage rates of both heterogeneous
and homogenous systems respond to remediation on the century
time scale rather than decadal time scale. The previous section
focused on examining the impacts of various intervention meth-
ods on the short-term behavior of leakage from the reservoir. In
this section, longer-term leakage rates will be examined in order
to enable general risk assessment of future leakage from seques-
tration reservoirs. Finally, using the 5 year and 10 year detection
scenarios outlined in the beginning of Section 4, what is the influ-
ence of early leakage detection on hydraulic barrier remediation
effectiveness for both heterogeneous and homogenous systems?

The models used and developed in this section are identical
to the homogeneous model with the exception of changes to grid
cell permeability, porosity and capillary pressure characteristics as
described in the heterogeneous model development section. All of
the water injection and production activities are identical to the
cases explored in the homogeneous models (i.e. water injection
rates are 2 kg/s for 10 years, fluid production rates match water
injection rates). This enables direct comparison between homoge-
nous model results and results from the heterogeneous models.

5.1. Five year detection scenario

Following the construction of the different heterogeneous mod-
els, the long-term leakage rates and percent of CO2 leaked into the
aquifer could be calculated at the various stages of passive remedia-
tion and hydraulic barrier implementation. Results from the 5-year
detection scenario are given in Fig. 11. The red line in each graph
corresponds to the values of the homogeneous base case model
(long-term simulations results from models used in Fig. 8 for the
10 mD fault case). With passive remediation alone, the highest leak-
age percent is roughly 1.75% of the total CO2 injected 500 years after

CO2 injection ends. The median leakage percent is under 1% (solid
blue line). Both of these values drop in half when water injection—at
2 kg/s for 10 years—is implemented. As in the homogeneous case,
water injection prevents a significant amount of the leakage that
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ig. 11. Homogeneous (red line) and heterogeneous model responses (grey areas) t
he  left column of plots show the mass leakage rate, the right column of plots show

ccurs immediately after injection shutoff as the reservoir pressure
s dissipating. After water injection stops, leakage resumes in about
5% of the heterogeneous models. Water injection at 2 kg/s with a
orresponding reservoir fluid production of 2 kg/s further reduces
he long-term leakage value to less than 1% of the total CO2 injected

nto the system in all models.

In the case where water is injected above the fault at 2 kg/s for
0 years, injected below the fault at 2 kg/s, and reservoir brine is
roduced at 4 kg/s, the maximum leakage percent of any of the
rent stages of remediation when the leak is detected after 5 years of CO2 injection.
umulative leakage percent. The blue line indicates the median leakage model.

heterogeneous model is less than 0.3%. For the homogeneous
model, the leakage percent is over double the highest value of any
of the heterogeneous models, around 0.7%. Full implementation of
all of the hydraulic controls leads to permanent leakage termina-
tion in over half of the heterogeneous models. In the models that

experience some leakage following implementation of multistage
hydraulic controls, the leakage rates are very small and most of the
CO2 that exists in the overlying aquifer is a result of CO2 that leaked
prior to intervention taking place.
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ig. 12. Homogeneous (red line) and heterogeneous model responses (grey areas) t
he  left column of plots show the mass leakage rate, the right column of plots show

In every model except one, the leakage percent in the mod-
ls with heterogeneity are lower than leakage percent in the
omogeneous model following injection shutoff. Following water

njection above the caprock, reservoir fluid production, and/or
njection below the caprock, the homogeneous model had the
ighest leakage percent. From these results, it can be con-
luded that heterogeneity often reduces the rates of CO2 leakage,
nd nearly always makes hydraulic controls more effective. In

eterogeneous systems hydraulic controls are more effective
ecause they are capable of dissolving and displacing mobile
O2 from the most permeable areas of the storage reservoir,
hile CO2 in low permeable regions of the reservoir remain
rent stages of remediation when the leak is detected after 10 years of CO2 injection.
umulative leakage percent. The blue line indicates the median leakage model.

effectively trapped by capillary forces following the termination of
remediation.

5.2. Ten year detection scenario

In the 10-year detection scenario, over 10 times the amount of
CO2 leaked into the overly aquifer relative to the 5-year detection
scenario by the time intervention begins. In this leakage scenario,

the initial leakage rates are roughly double the rates of the 5-year
detection scenario. Fig. 12 shows the leakage rates and cumulative
leakage percent for the different intervention options implemented
after 10 years of leakage. With passive remediation alone, the
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ighest leakage percent is roughly 3% of the total CO2 injected in the
eterogeneous models, while it is almost 5% after 500 years in the
omogeneous model. However, the median leakage percent is still
oughly 1%, similar to the 5-year detection scenario. When water
njection, at 2 kg/s for 10 years, is implemented the maximum leak-
ge after 500 years in the homogeneous model drops to 4% and the
eterogeneous model drops to roughly 3%.

The leakage rate response to water injection below and above
he caprock highlights the importance of understanding the reser-
oir response to remediation techniques. In this scenario, one of
he layered system models actually experiences a higher leakage
ate as a result of water injection below the fault. While this model
xperienced a long-term leakage percent similar to other heteroge-
eous models, the leakage could have been lower if the remediation
trategy had been customized for this particular geologic scenario.

Additional hydraulic controls such as water injection at 2 kg/s
ith a corresponding reservoir fluid production of 2 kg/s does very

ittle to reduce the long-term leakage values in the models with the
ighest leakage rates. Similarly, in the case where water is injected
bove the fault at 2 kg/s for 10 years, injected below the fault at

 kg/s and reservoir brine is produced at 4 kg/s, the maximum leak-
ge percent in many of the heterogeneous models is again fairly
lose to the values of water injection alone. However, in almost
alf of the heterogeneous models leakage is permanently stopped
ith these additional hydraulic controls.

Comparing the results of these two detection scenarios provides
 better understanding of the influence of leakage detection timing
n the long-term leakage behavior. In the 5-year detection sce-
ario, the majority of the CO2 that had leaked into the aquifer after
00 years came after the termination of remediation. However in
he 10-year detection scenario, the majority of the CO2 that leaked
nto the overlying aquifer occurred prior to any intervention taking
lace. As a result, much more CO2 leaked into the overlying aquifer

n the late detection scenario, reducing the efficacy hydraulic bar-
ier options. This emphasizes both the importance of monitoring
nd early detection, as detecting the leak after 5 years of CO2 injec-
ion results in roughly a quarter of the leakage as compared to the
0- year detection scenario.

. Discussion

Implementation of hydraulic controls in homogeneous systems
as able to terminate CO2 leakage into an overlying aquifer by

ounteracting the fluid potential and buoyancy forces, and immo-
ilizing much of the CO2 in the system. In the models used in
his study, the fluid potential differences between the reservoir
nd overlying aquifer resulting from CO2 injection create a larger
riving force than the buoyancy instability between the CO2 and
esident reservoir fluid. As a result, stopping injection drops the
eakage rate to a small fraction (less than 1/20th) of the initial
eakage rate. While some leakage still occurs, it was  very small
nd decreasing exponentially as the injected CO2 plume stabilizes
ue to secondary trapping mechanisms. This exponential decline in

eakage rates causes the cumulative amount of CO2 leakage to stabi-
ize after several centuries. For example, for a 10 mD  fault with CO2
njection shutoff after 5 years, the cumulative leakage was less than
% of the total CO2 injected after 500 years (Fig. 11). Stopping injec-
ion was only effective in completely stopping CO2 leakage if the
uoyancy force acting on the CO2 plume below the fault falls below
he capillary entry pressure of the fault zone. Additional studies are
eeded to better understand the capillary entry pressure of faults

nd fractures in caprock materials.

Water injection was a very effective remediation technique
ecause it increases the fluid potential in the overlying aquifer
elative to the injection reservoir. This enables water injection to
Greenhouse Gas Control 47 (2016) 86–100

quickly stop leakage and in some cases push some amount of CO2
back down the fault. Water injection also dissolves large quantities
of CO2, with the rates of dissolution dependent on the water injec-
tion rate and salinity of the injected water. However, leakage often
resumes after water injection was  terminated as the fluid potential
in the aquifer drops below the fluid potential at the bottom of the
fault.

Additional hydraulic controls such as reservoir fluid production
and water injection below the caprock can be used to manip-
ulate the fluid potentials in the system in the short term and
increase rates CO2 trapping in the long term. In most cases, the
addition of hydraulic controls can reduce the cumulative leakage
after 500 years to less than 1% of the injected CO2 when early leak-
age detection occurs. In the homogeneous model for example, the
combination of water injection above and below the fault with CO2
injection shutoff drops the cumulative amount of leakage to less
than 0.8%, and less than 0.0025%/year was leaking after 500 years.
If no intervention occurred then after only 40 years the total amount
of CO2 leaked into the aquifer would be around 655,110 tons. When
the leak was detected after 5 years of CO2 injection, and these inter-
vention methods were implemented, the total mass of CO2 in the
aquifer after 500 years was  14,000 tons and much of this CO2 was
dissolved in water.

Carbon dioxide production from the storage reservoir has been
shown to be very effective in stopping long-term CO2 leakage. The
consequences of CO2 production vary depending on the extent of
the CO2 injection operation. If multiple CO2 injection wells existed
and the produced CO2 could be diverted to another injection well,
the main challenge in implementing this method would be min-
imizing the water production and locating a new CO2 storage
location. If other injection wells do not exist then the CO2 would
likely have to be vented to the atmosphere thus negating all of the
benefits that motivate the implementation of CCS.

Results from this study produced several findings that are
important to the implementation and logistics of intervention with
hydraulic controls. First, delivery of injected water can be through
vertical or horizontal wells. The well geometry should be deter-
mined by the areal extent over which CO2 is leaking (e.g. fault zone
length) and the limit on pore pressure build up in the overlying
aquifer. Horizontal wells will be able to distribute the pressure
buildup more evenly above the fault zone compared to a vertical
water injection well. Second, one of the biggest benefits of water
injection relative to other intervention options such as sealant
delivery is that water injection does not require high precision
leakage location because pressure build up due to injection will
extend over hundreds of meters from the well location, depend-
ing on injection rates and aquifer properties. In all of the cases in
this study, water injection through a vertical well located about
ten meters from the center of the fault was able to completely stop
CO2 leakage, even though the fault length is 500 m.  The vertical well
successfully stopped leakage at the tips of the fault zone roughly
250 m from the location of the well. Finally, water injection in the
overlying aquifer and injection reservoir can occur in the same well
perforated at different intervals, as done in this study. If brine pro-
duction from the reservoir is implemented, an additional well will
have to be drilled because fluid production around the fault zone
pulls more CO2 in to the region.

Understanding the extent to which different trapping mech-
anisms contribute to leakage reduction and plume stabilization
for different forms of remediation is vital for optimizing interven-
tion effectiveness and understanding the time duration required
for remediation. Fig. 13 shows the extent of different mechanisms

of trapping for different intervention scenarios 10 years (left fig-
ures) and 100 years (right figures) after CO2 injection ends. Fig. 13
also shows differences between trapping in the entire system (top
row) and trapping in the overlying aquifer (bottom row). Several
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Fig. 13. (top row) Extent of different CO2 trapping mechanisms (residual, solubility, or structural) in the entire system for different remediation options 10 years and 100 years
after  CO2 injection is terminated. (bottom row) Contribution of different trapping mechanisms of CO2 in the overlying aquifer for different remediation options. The abbre-
viations  for the different remediation options are: PASS = passive remediation/injection shutoff, IA = injection in overlying aquifer and no fluid production, IA&P = injection
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n  overlying aquifer and balanced reservoir fluid production, IAB = injection above a
elow  the caprock with equal production of reservoir fluid, PCO2 = production of CO

mportant insights can be gained from this analysis. First, producing
0–30% of the total CO2 reduces the mobile CO2 in the entire system
ore than with any other intervention technique. Second, imme-

iately following water injection in the overlying aquifer, all of the
O2 in the aquifer was dissolved; this leads to significantly higher
ates of solubility trapping in the long term. Finally, the amount of
esidually trapped and dissolved CO2 increases with time, leading
o less mobile CO2 in the system and thus decaying leakage rates.
he exact amount of trapping as a function of time will control how
ong hydraulic controls are necessary. This trapping behavior is in
ood agreement with other studies (e.g. Doughty and Myer, 2009)
nd emphasizes the fact that the highest risks of CO2 leakage will
e during the injection phase of CO2 storage and that risk of leak-
ge from the storage reservoir will decrease with time after CO2
njection in the reservoir is terminated.

One of the most notable results of this work was  the influence
f reservoir heterogeneity on CO2 and on remediation efficacy. The
odels used in this study indicate that much more CO2 leakage

ccurs in the homogeneous model relative to the heterogeneous
odels prior to the initiation of remediation. Flow barriers and

eservoir compartmentalization caused by heterogeneity in the
njection reservoir leads to lower CO2 leakage rates and often leads

o a longer delay between beginning CO2 injection in the storage
eservoir and the initiation of CO2 leakage up the fault. Additionally,
umulative leakage for the heterogeneous scenarios was almost
alf of the cumulative leakage for the homogeneous case in nearly
low the caprock without production of reservoir fluid, IAB&P = injection above and

every model and in every intervention scenario. We did not focus
on upper aquifer heterogeneity because the pressure buildup for
hydraulic control will eventually extend over the overlying aquifer,
regardless of the permeability distribution. The pressure buildup
will occur first on the highest permeability zones and later in the
lower permeability zones. The magnitude of the pressure buildup
will be controlled primarily by the injection rate and the average
permeability-thickness of the overlying aquifer. Furthermore, in
previous work we  have found that when upper aquifer perme-
ability is two or more orders of magnitude below the reservoir
permeability, there is very little leakage and hence remediation will
not be required (Zahasky and Benson, 2013b). Alternatively, if the
upper aquifer permeability is much higher than the storage reser-
voir then the injectivity should be favorable for hydraulic barrier
implementation.

Early leakage detection is vital for effective remediation with
hydraulic barriers because remediation is more effective when less
CO2 has leaked and the column of CO2 beneath the fault is thin-
ner. This is supported by results from the heterogeneous models
in the 10-year detection scenario. The models with the highest
leakage rates show very little response to brine production and
water injection below the caprock relative to results when leakage

was detected after 5 years. Additionally, in the 5-year detection
scenario, the majority of the CO2 that had leaked into the aquifer
came after the termination of remediation. However, in the 10-
year detection scenario, the majority of the CO2 that leaked into
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Appendix.

See Tables A1 and A2.

Table A1
Summary of model properties.

Value

Reservoir attributes
Upper aquifer permeability (mD) 28
Aquifer porosity (%) 10
Aquifer thickness 20
Lower reservoir permeability (mD) 28
Reservoir porosity (%) 10
Reservoir thickness 68
Buoyancy: angle of caprock (deg) 0
Caprock permeability (nD) 0.2
Caprock porosity (%) 5
Caprock Thickness 12
Salinity (mass fraction of NaCl) 0
Capillary pressure � (van Genuchten) 0.295
Reservoir capillary pressure 1/P0 (van Genuchten) 2.83 × 10−5

Residual brine trapping 0.2
Rock Density (kg/m3) 2600
Initial pressure (Pa) ∼1.6 × 107

Temperature – isothermal (◦C) 48

Fault zone attributes
Permeability (mD) 10/100
Porosity (%) 10
Fault zone length (m) 500
Fault zone thickness (m) 3
Distance from injection well (m) 500

Table A2
Summary of lithotope properties.

Lithotope Permeability (mD) Porosity (%) van Genuchten P0 (kPa)

Coarse sand 1000 25 9.344
Medium sand 100 15 22.89
8 C. Zahasky, S.M. Benson / International Jour

he overlying aquifer took place prior to initiation of intervention.
evertheless, the hydraulic controls were very effective at reducing

urther leakage once they were implemented.

. Conclusion

Hydraulic controls provide a valuable technique for remedia-
ion of CO2 leakage from storage reservoirs when the geographic
ocation of the leakage point is uncertain or if the leakage is occur-
ing over a large spatial region as would be expected for leakage up
aults, fractures, or high permeability zones in the caprock. In this
tudy, three different leakage intervention strategies were evalu-
ted: CO2 injection shutoff, hydraulic controls (specifically water
njection and reservoir fluid production), and CO2 production from
he reservoir. The goal of implementing these techniques is to
epressurize the injection reservoir, counteract the buoyant flow
f CO2 from the storage reservoir to the upper aquifer, and enhance
esidual and dissolution trapping of mobile CO2. A range of models
ere built in order show how residual trapping, fault permeabil-

ty, timing of leakage detection, and heterogeneity influenced the
fficacy of the different intervention strategies.

Prior to analyzing more sophisticated and costly remediation
trategies, the impact of CO2 injection shutoff was  first analyzed.
n the event of leakage up a fault, detection and shutoff will reduce
he mass that would otherwise have leaked from the storage reser-
oir by over 85% percent. In some cases, particularly if the leak
s detected early, shutting off injection will be all that is required
o manage the risks caused by leakage. However, in most cases,
hutting off injection is not sufficient to completely stop the leak.

If injection shutoff alone is not sufficient then additional
ydraulic controls such as water injection and brine production
rovide an effective means to remediate leakage of CO2 from stor-
ge reservoirs. Water injection above and below the fault is able to
ush CO2 down, and away from, the fault zone while enhancing dis-
olution trapping. Results of this study indicate that even relatively
mall injection rates are able to terminate CO2 leakage during water
njection. Leakage may  resume following the termination of water
njection, though leakage may  be delayed by a decade or more. This
ighlights the importance of evaluating the efficacy of remediation
n the multi-decade to century timescale.

Producing reservoir fluid away from the fault zone is shown
o further increase the efficacy of remediation. Fluid production
ecreases the pressure in the reservoir, enhances dissolution and
esidual CO2 trapping by roughly 5–10%, and provides water for
njection activities. Removing CO2 by extracting it from the origi-
al CO2 injection well is a very effective means of remediation in
he short and long term, however there are significant drawbacks to
emoving injected CO2. The extracted CO2 would need to be trans-
orted and stored in a new location to avoid releasing it back into
he atmosphere.

To our knowledge this is the first paper to analyze the influence
f reservoir heterogeneity on CO2 leakage behavior and remedia-
ion. This study illustrates that reservoir heterogeneity generally
ecreases leakage rates and makes remediation and mitigation
fforts more effective. Heterogeneity introduces flow barriers that
estrict CO2 migration and structurally trap injected CO2. Fur-
hermore, injected water is able to penetrate higher permeability
egions of the reservoir near the fault zone enabling the displace-
ent of CO2 to regions of the storage reservoir away from the

ault zone. This indicates that in heterogeneous formations mul-
istage hydraulic controls may  not always be necessary. Future

ntervention planning and modeling should include site-specific
eservoir heterogeneity as this will have important implications
or the intensity of remediation necessary to completely terminate
eakage.
Greenhouse Gas Control 47 (2016) 86–100

Regardless of initial leakage rates, this study emphasizes that the
highest leakage rates are always during, or immediately following
the end of CO2 injection. Long-term leakage rates declined in an
exponential fashion in all cases examined in this study as the CO2
plume in the injection reservoir and overlying aquifer stabilized
due to continuous and ongoing CO2 trapping. Regardless of fault
permeability, detection timing, and heterogeneity, it is possible to
terminate leakage with injection shutoff and multistage hydraulic
barriers. The findings from this study should provide assurances
to industry, policy makers, and the public that intervention meas-
ures can quickly and effectively mitigate potential leakage from
carbon sequestration reservoirs and that long-term risks of leak-
age are smaller than during the operational phases of CO2 injection
activities.
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