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Sleipner: the Poster Child of CCS
•
•

2-decade-long operation

•

Time-lapse 3D seismic monitoring

Injection of ~1 MtCO2/yr

(IPCC Report on Carbon Capture and Storage, 2005)

Chadwick et al., The Leading Edge,

Other CCS Projects Worldwide
•

“Tens” of industrial and demonstration projects (~ kt to
MtCO2/yr)

http://www.netl.doe.gov/technologies/carbon_seq/global/database/index
.html

How Big is the Problem, Really?
•

•

•

World CO2 emissions …
‣

Current emissions ~ 7 billion metric tons of carbon-equivalent per year (7
GtC/yr)

‣

Coal-fired and gas-fired power plants ~ 35% ~ 2.5 GtC/yr

Take 1 GtC/yr ≈ 3.7 GtCO2/yr (“1 unit”) …
‣

That’s 3.7 billion tons per year, 3.7×1012 kg/yr

‣

At a reservoir density ~ 500 kg/m3, that’s 7.4×109 m3/yr

‣

1 m3 = 6.25 bbl, 1 year = 365 days, gives 125 million barrels per day

3500 times the injection rate at Sleipner
‣

~ 1.5 Sleipners every week for the next 50 years

And that is to address just 15% of current emissions

Storage Must be Understood at
the Scale of Geologic Basins

‣

Deep, thin

‣

Capped by impermeable layers

‣

Horizontal or weakly sloped

‣

Slow natural groundwater through-flow

Storage Capacity
•

Storage capacity informs about the physical limitations of
CCS, over which economic and regulatory limitations must be
imposed

•

We develop basin-scale capacity estimates based on fluid
dynamics

•

Two constraints:

•

‣

The footprint of the migrating CO2 plume must fit in the basin

‣

The pressure induced by injection must not fracture the rock

Both constraints can be limiting in practice, and which one
applies is dependent on the aquifer and the injection period

Some controversy
• “underground carbon dioxide
sequestration via bulk CO2
injection is not feasible at
any cost.”
‣

“CCS can never work, US study says”
(Canada Free Press on Ehlig-Economides and Economides, 2010)

• … and some rebuttals
‣

“Open or closed? A discussion of the mistaken assumptions in the Economides
pressure analysis of carbon sequestration”
(Cavanagh, Haszeldine, and Blunt, JPSE 2010)

‣

“The realities of storing carbon dioxide – A response to CO2 storage capacity
issues raised by Ehlig-Economides & Economides”
(Chadwick et al., Nature Preceedings, 2010)

Traditional Approach

Source: USDOE Methodology for Development of Geologic Storage Estimates for Carbon Dioxide, 2008
See also: Bachu et al., IJGHGC 2007

Migration Model
The geologic setting of our migration model has two key features:
• basin scale
• line-drive array of wells
groundwater
CO2

Trapping Mechanisms
(Juanes et al., Water Resour. Res. 2006)
(Juanes, MacMinn & Szulczewski, Transp. Porous Med. 2010)
(MacMinn, Szulzcewski, Juanes, J. Fluid. Mech. 2010, 2011)

Dissolution
trapping
Capillary
trapping

Dissolution by Convective Mixing

Fu et al.
PTRS 2013

Experiments of Dissolving Gravity
Currents
Convective mixing stops the plume

MacMinn &
Juanes
GRL 2013

Migration with Dissolution
Advective Effects

capillary
trapping

g.w. flow

up-slope migration

Diffusive Effects

Sink

buoyant spreading

dissolution

Migration Storage Capacity
We estimate aquifer capacity by using the model in
reverse
Forward
Set injection
Calculate footprint
volume

Reverse
Set footprint to aquifer size

Calculate injection volume

Pressure Model
The geologic setting of our pressure model has three key features:
• basin scale
• line-drive array of wells
• multiple layers
groundwater
CO2

Model Features
• Lateral pressure dissipation
‣
‣

no-flow at faults and pinchouts
constant pressure at outcrops

• Vertical pressure dissipation
‣

major contributor to pressure dissipation

• Ramp-up, ramp-down injection scenario

Vertical Pressure Dissipation
We model the overburden and underburden with average,
anisotropic permeabilities

Pressure Storage Capacity
We estimate pressure-limited capacity by using the model in
reverse
Forward
set injection scenario

Reverse
set maximum pressure
to fracture pressure

calculate maximum pressure

calculate injection scenario
and volume

Pressure Storage Capacity
• Pressure capacity depends on the duration of injection T
• If the aquifer is laterally infinite and the overburden and underburden
are impermeable, then capacity grows as
capacity

injection duration

Pressure Storage Capacity
If the aquifer is laterally bounded, the capacity growth deviates from
capacity

open aquifer
infinite aquifer
closed aquifer

injection duration

Capacity Estimates from Fluid
Dynamics
Storage capacity is dynamic

Szulczewski and Juanes
(IJGGT 2014)

- For short durations of injection, overpressure is more limiting
- For long durations of injection, CO2 migration is more limiting

Capacity Estimates for the United
States
•

•
•

Studied 20 well arrays in 12 saline aquifers throughout the U.S.
‣

Largest, most structurally sound, best characterized aquifers

‣

Capacities between 1 and 18 GtCO2

8 were limited by pressure, 12 by migration
Estimates are representative of geologic capacity constraints
nationwide

Storage Footprint for 100-year
Injection

(Szulzcewski, MacMinn, Herzog & Juanes, PNAS
2012)

What Does This All Mean for
Climate Change Mitigation?
•

We adopt a simplified
CO2-production curve
that resembles
emissions
scenarios

•

Rates increase during
deployment and then
decrease during phase-

out

•

Cumulative storage
increases quadratically
with injection duration

Supply and Demand
Determine CCS Lifetime
•

Geologic capacity scales at most as C ~ T1/2 (“supply
curve”)

•

Cumulative injection scales as I ~ T2 (“demand curve”)

(Szulzcewski, MacMinn,
Herzog & Juanes, PNAS 2012)

Can CCS Be a Bridge Technology
Towards a Low-Carbon Energy
Future?

•

CCS is a geologically-viable climate-change mitigation option in
the United States over the next century (Szulczewski et al., PNAS
2012)

•

CCS is a risky, and likely unsuccessful, strategy for significantly
reducing greenhouse gas emissions (Zoback and Gorelick, PNAS
2012)

Is Fault Leakage a Show-Stopping
Risk?
•

Zoback & Gorelick’s line of argument:
‣

Maps of earthquakes epicenters show earthquakes occurring almost
everywhere, suggesting Earth’s crust is near critical state

‣

Overpressure from CO2 injection will trigger earthquakes within the reservoir
and the caprock

‣

Occurrence of seismicity will inevitably cause leakage through faults

Is Fault Leakage a Show-Stopping
Risk?
Induced Seismicity Potential in Energy Technologies

•

Zoback and Gorelick articulate an
important, albeit well-known, concern:
CCS may induce seismicity,
as can other subsurface technologies

•

However, their characterization misrepresents its relevance to CCS
‣

The vast majority of earthquakes are much deeper
than CO2 storage reservoirs
Committee on Induced Seismicity Potential in Energy Technologies

‣

on Earth Resources
Sedimentary rocks can undergo substantial deformation Committee
without
establishing
on Geological and Geotechnical Engineering
leaking pathways, in contrast with brittle basement Committee
rocks
Committee on Seismology and Geodynamics

‣

Board on Earth Sciences
and Resources
Link between fault slip and leakage is tenuous for sedimentary
rocks:
Division
Earth and Life Studies
hydrocarbon reservoirs have existed for millions of years
in onregions
of intense
seismic activity (e.g., Southern California)

‣

While induced earthquakes and leakage risk could compromise particular CCS
THE NATIONAL ACADEMIES PRESS
projects,
Washington, D.C.
w w w .na
p.edu
many geologic formations exhibit excellent promise for storing
CO2

An Ongoing (and Invigorating) Debate

Vilarrasa and Carrera (PNAS 2015)

Juanes et al. (PNAS 2012)
Zoback and Gorelick (PNAS 2015)

Zoback and Gorelick (PNAS 2012)

Vilarrasa and Carrera (PNAS 2015)

Modeling Seismicity Risk
•

Recent studies have extended the framework for risk assessment
of induced seismicity from subsurface operations

•

Joint analysis of seismicity, ground deformation and reservoir
pressures through coupled flow-geomechanical modeling

•

Recent examples:

•

‣

Groningen gas field (Lele et al., SPE IPEC 2016)

‣

Castor gas storage (Juanes et al., Report to Energy Ministry of Spain 2017)

‣

Oklahoma water injection (Lagenbruch, Weingarten and Zoback, Nat. Comm.
2018)

These approaches can provide blueprints for its application to
CCS
‣

Effective monitoring design

‣

Quantitative forecasts and adaptive model-based traffic-light systems

Groningen Gas Field
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Abstract
The Groningen Gas Field in the Northern Netherlands is the largest gas field in Europe and has been
producing since 1963. Small magnitude seismic events in this seismologically quiet region were first
observed in the early 1990's and linked to gas production. The objective of the work described here is to
advance the understanding of subsurface deformation induced by gas production by including hundreds of
mapped faults and fault-offsets to (i) characterize subsurface behavior related to production-induced fault
reactivation, (ii) evaluate alternate production strategies to help manage subsurface stresses to reduce fault
slippage which can lead to seismicity, and (iii) integrate with a seismological model for prediction of seismic
activity rate.
The multi-scale modeling framework includes a global model to capture full-field phenomena and three
sub-models for regions with observed seismic activity which honor conditions of the global model, but also
include explicit modeling of multiple faults. This approach considers the following features: i) Irregular
stratigraphy and fault surfaces, ii) Non-uniform reservoir rock properties based on porosity, iii) Nonuniform pressure depletion mapped from reservoir simulations, iv) Relaxed deviatoric salt stresses at start
of production, v) Salt creep effects during production, vi) Biot coefficient effects for reservoir rocks, and
vii) Coulomb friction behavior to capture slippage along faults.
The geomechanical models are used to better understand subsurface behavior related to production
induced compaction and fault reactivation. Several production scenarios are analyzed and compared on a
relative basis based on the predicted dissipated energy. The slip and contact force data for all finite element
(FE) nodes on the fault surfaces are used as input to the seismological models for prediction of seismic
activity rate. Results show the fault offset is a key factor for production induced fault slip. A fault with
offset can develop slip due to differential compaction on two sides even if the dip and azimuth are not
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Coupled Flow and Geomechanical Modeling,
and Assessment
of Induced Seismicity, at the
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Castor Underground Gas Storage Project

Figure 5.3: Two views of the earthquake locations relative to the Amposta fault
system.
Final Report

Castor
UGS
Notably, the portion of the Amposta fault system illuminated by the seismicity corresponds
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to its tectonically active segments. There are very few earthquakes that occur along the
Amposta fault north of the field (Figure 5.3). This suggests that many of the events were
triggered on critically stressed, geologically active faults, relieving a component of tectonic
stress. Moreover, the six largest events in the sequence are clustered along the tectonically
active juncture of the Amposta fault and its hanging wall splays (Figure 5.4). Presumably,
the active portions of the faults were tectonically stressed near the point of failure, and
thus CFF changes due to reservoir operations were sufficient to trigger slip.
David Castiñeira
Massachusetts Institute of Technology
Michael C. Fehler
Massachusetts Institute of Technology
Bradford H. Hager
Massachusetts Institute of Technology
Birendra Jha
Massachusetts Institute of Technology
John H. Shaw
Harvard University
Andreas Plesch
Harvard University

April 24, 2017

Juanes et al.: Assessment of Induced Seismicity at the Castor Project — Final Report

Hypocenters: Fehler
(this study)
Layer Velocity Model
DCFF (9/1 – 9/16/2013)

Reservoir
faults

Amposta fault
system
(red trace active)

Hypocenters: Fehler
(this study)
Layer Velocity Model

Reservoir
faults

Amposta fault
system
(red trace active)

DCFF (9/1 – 9/16/2013)

(M)

(M)

meters

meters

Figure 5.4: Two views of the earthquake locations of the 6 largest seismic events (of magnitudes
3.8 to 4.3).
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Oklahoma Water Injection

Modeling Leakage Risk
•
•

Little is known about whether fault slip leads to fluid leakage

•

Example: Gulf of Mexico (Miocene Offshore Texas State Waters)

M iocene
OTSW
For CCS: emphasis on injection inStructure
“soft” 啶
rocks
that
behave
aseismically

‣

Extensional regime, coast-parallel faults; multiple confining units

(Treviño and Meckel (eds), Bureau Econ. Geol. 20176

Summary and Outlook
•

Storage capacity is dynamic, and depends on duration of injection:
both CO2 migration and pressure dissipation may limit storage
capacity
‣

Cumulative injection scales as I ~ T2 (“demand curve”)

‣

Geologic capacity scales at most as C ~ T1/2 (“supply curve”)

‣

The crossover of these two curves constrains the life span of CCS

•

Importance of site selection:
high-perm, multiple caprocks, “soft” rocks, away from crystalline
basement

•

Need for multi-faceted monitoring:
high-quality microseismic, pressure monitoring, time-lapse 3D
seismic

•

Increase our knowledge of frictional and hydraulic properties of
faults:

Summary and Outlook
CCS remains an attractive and realistic bridge
technology in a carbon-constrained world
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