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Goals for today …

1) Discuss current regulatory and policy landscape in the USA

2) Describe field experience with Risk Management at CCS projects

3) Identify a few key needs to accelerate the deployment of CCS
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Environmental Protection Agency (EPA)

Safe Water Drinking Act

Underground Injection Control Program (UIC)



Class-II Injection Wells

o Wastewater disposal

o CO2-enhanced oil recovery

Class-VI Injection Wells

o Long-term CO2 storage

epa.gov
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ENERGY FUTURES INITIATIVE 

The costs of CCUS chiefly vary by the kind of facility where capture originates,46,47,48 with the range 
of costs dependent on location, plant design, capture technology selection, drilling and 
compression costs, and cost of capital. Figure 4 illustrates the first-of-a-kind cost ranges associated 
with different classes of industrial and power facilities.49 These costs are similar to those from other 
studies.50,51 Many operators indicate that the second project of the same kind can achieve 
operating cost reductions of 20 to 30 percent.52 

Not surprisingly, those facilities that produce a pure stream of CO2 – ethanol, petrochemical, 
ammonia, and natural gas processing – are the most likely candidates for projects (see Figure 3).53 

At $50 per ton for saline formation storage and $35 per ton for EOR and carbon-to-value (C2V), the 

                                                        
46 http://www.globalccsinstitute.com/sites/www.globalccsinstitute.com/files/uploads/global-status/1-0_4529_CCS_Global_Status_Book_layout-WAW_spreads.pdf 
47 https://www.iea.org/media/workshops/2012/ccsmexico/3IMcCoy.pdf 

48 http://hub.globalccsinstitute.com/sites/default/files/publications/201688/global-ccs-cost-updatev4.pdf 
49 http://www.globalccsinstitute.com/sites/www.globalccsinstitute.com/files/uploads/global-status/1-0_4529_CCS_Global_Status_Book_layout-WAW_spreads.pdf 

50 https://www.cmu.edu/epp/iecm/rubin/PDF%20files/2015/Rubin_et_al_ThecostofCCS_IJGGC_2015.pdf 
51 https://www.energy.gov/sites/prod/files/2017/01/f34/Carbon%20Capture%2C%20Utilization%2C%20and%20Storage--
Climate%20Change%2C%20Economic%20Competitiveness%2C%20and%20Energy%20Security_0.pdf 
52 http://www.rff.org/files/document/file/RFF-May24-CCUS%20event%20summary.pdf 

53 http://www.globalccsinstitute.com/sites/www.globalccsinstitute.com/files/uploads/global-status/1-0_4529_CCS_Global_Status_Book_layout-WAW_spreads.pdf 

Figure 4.  
Estimated and Measured First-of-a-Kind Costs for CCS Applied to Different Plants 

 

The costs of implementing CCS technologies can vary considerably across different plant types, technology mix, and geographies in the power and industrial sectors. These costs are for new-build 
systems and retrofits with current technology, and include capture, compression, transportation, and storage costs. They do not include revenues from EOR or utilization. Source: Global CCS 
Institute, The Global Status of CCS: 2017 
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ENERGY FUTURES INITIATIVE 

§ Allow the tax credit to be transferred from upstream carbon capture equipment owners to those 
involved with downstream operations such as sequestering the carbon in geological formations, 
using it for EOR, or using it for conversion into usable products. 

The incentive effect of the 45Q tax credit can be further leveraged by combining the tax credit 
with the DOE Title XVII Loan Guarantee Program. The LPO is authorized to issue loan guarantees 
to the initial set of commercial projects deploying innovative technologies, including advanced 
fossil energy projects employing CCUS. Applicants can combine the loan guarantee with federal 
tax credits such as the 45Q credit. The expanded credits could improve both the size and the 
certainty of project revenue streams, enhancing the creditworthiness of projects and ability to 
secure LPO-guaranteed debt financing and private sector equity investment.  

  
Figure 2.  
Tax Credit Value Available for Different Sources and Uses of CO2 
45-Q
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ENERGY FUTURES INITIATIVE 

Decarbonizing U.S. industry and associated manufacturing will have long-lasting implications in the 
carbon-constrained global economy following the Paris Agreement. American manufacturing 
continues to serve as an important engine of the U.S. economy. U.S. manufacturers produce 
around 17.5 percent of the total share of globally manufactured goods (second only to China), and 
manufacturing contributes approximately $2.1 trillion (12 percent of GDP) to the U.S. economy.44 
However, the U.S. has witnessed a significant decline in manufacturing jobs in the last several 
decades, which fell from 18.9 million in 1980 to 12.2 million in 2014.45 CCUS could create new 
market opportunities and revenue streams for manufacturing companies by capturing and selling 
CO2 for EOR or other novel processes that use the gas at appreciable scale.  

                                                        
44 https://energy.gov/sites/prod/files/2017/01/f34/Carbon%20Capture%2C%20Utilization%2C%20and%20Storage--

Climate%20Change%2C%20Economic%20Competitiveness%2C%20and%20Energy%20Security_0.pdf 

45 https://www.brookings.edu/blog/the-avenue/2016/03/15/voter-anger-explained-in-one-chart/ 

Figure 3.  
Opportunities for Rapid Large-scale Carbon Management in U.S. Heavy Industry 

Opportunities for rapid large-scale carbon management in U.S. heavy industry. The green fields represent oil fields suitable for EOR, while the beige zones represent saline formations that may 

serve as storage sites. Yellow circles = ethanol plants, orange circles = refineries, purple circles = chemical plants, and red circles = petroleum operations. Black lines represent existing CO2 

pipelines, and blue lines represent proposed extensions. Source: Testimony to the Senate Environment & Public Works Committee, Expanding and Accelerating the Deployment and Use of 

Carbon Capture, Utilization, and Sequestration 

saline aquifers

EOR opportunities

ethanol plants

refineries

chemical plants

petroleum operations

existing CO2 pipeline

proposed CO2 pipeline

Opportunities for carbon management in the industrial sector



Goals for today …

1) Discuss current regulatory and policy landscape in the USA

2) Describe field experience with Risk Management at CCS projects

3) Identify a few key needs to accelerate the deployment of CCS



Key hazards considered in 
design and operations:

Pathways for brine and/or 
CO2 to escape storage zone

Earthquake nuisance potential

Storage projects are designed 
around two competing goals:

1) Storage volume

2) Storage security

1) Wellbore leakage

2) Fault leakage

3) Hydraulic fracturing

4) Induced seismicity



Components of risk ….

1) One or more scenarios of concern

2) The probability of the scenario occurring (hazard)

3) The probability of resulting damage (vulnerability)





Context …

§ It is important to talk about the things that can go wrong with CCS.

§ Like any industrial activity, CCS involves some risk. 

§ We pursue CCS to avoid the much larger risk of global climate change.

§ Empirical experience across many projects demonstrates that it can be 
deployed safely and responsibly.



How do we assess (and manage) risk for a CCS project?

Qualitative 
Methods

Quantitative 
Methods

Structured Expert Solicitation

Widely used in industry

Well-suited to complex systems

Open to bias

Probabilistic Methods

Objective

Garbage in, garbage out

Little utility for “black-swan” events



306 R.J. Pawar et al. / International Journal of Greenhouse Gas Control 40 (2015) 292–311

Fig. 11. Schematic of a bow-tie diagram. The threat is on the left while the black bars indicate barriers to the top level event. On the right hand side again the black bars are
barriers against escalation having the ability to stop the ultimate consequence from taking place.

The bow-tie method starts by identifying the “top level event”
– in the case of CCS this is often leakage from the storage reservoir,
although a project might make multiple bow-ties, one for induced
seismicity, another for brine migration, and yet another for leakage
to the surface etc. The method then identifies threats – for exam-
ple, injection pressure. Finally it looks at the barriers – why will the
injection pressure not cause a leak? because there is a competent
caprock with a measured fracture initiation pressure; because the
injection pressure will be limited to below the fracture pressure;

because the pressures within faults are not high enough to initiate
slip; because there is a secondary storage formation and another
caprock;because detected seismicity through microseismic moni-
toring reaches a level that requires a reduction in injection rate (a
monitoring and correction barrier), to name a few.

The analysis repeats this for the consequences as well. Suppose
a leak takes place (say from a well); what are the barriers to stop it
harming workers on the offshore platform? Barriers could include
detectors and alarms to ensure that people will not enter the area

Fig. 12. Summary of the safeguards in place to reduce the likelihood (left side) and consequence (right side) of any unexpected loss of containment at the Quest CO2 storage
site. The additional active safeguards are control measures triggered by monitoring.

Quest Project - Bowtie Diagram

[Bourne et al. 2014, Pawar et al. 2015]



Key Risks for CCS Projects – US Perspective

§ Financing and liability

§ CO2 Source Availability

§ Wellbore leakage in legacy wells

§ Unexpected capacity and injectivity limits

§ Induced seismicity

§ Long-term monitoring costs / obligations
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Technical Risk 1: Wellbore Leakage



Legacy Wellbore Leakage – Salt Creek CO2-EOR Case Study

Helicopter-based magnetic survey [Hendricks 2009, NRDC 2017] 



Legacy Wellbore Leakage – Salt Creek CO2-EOR Case Study

School Field

Pumpjack



Legacy Wellbore Leakage – Probabilistic Risk Assessment

Recommendations:

§ Maintain a common database of well 
schematics, repair logs, and monitoring
observations.

§ Use probabilistic methods to quantify risk and 
update constantly with new information.

§ Use results to inform inspection frequency and 
similar decisions.

§ Avoid sensitive receptors and deploy multiple 
leak barrier strategies.

§ Research community should invest in novel 
leak detection sensing.

NRAP Integrated Assessment Model, 2018



Technical Risk 2: Capacity and Injectivity Limits



Snøhvit CCS Project

Lawrence Livermore National Laboratory LLNL-PRES-642912-DRAFT 

Snøhvit CO2 Project 

!  Gas fields with a 5 – 8 % CO2 
content, need to be reduced 
before liquefaction 

!  Separated CO2 re-injected into 
Tubåen Fm. at ~2600m depth 

!  Delta plain depositional 
environment: fluvial distributary 
channels & some marine-tidal 
influence 

!  High structural complexity 

Structural diagram of Hammerfest Basin 

[Spencer et al. 2008, Chiaramonte et al. 2014]



Snøhvit CCS Project

4D Seismic Difference Amplitude Map [Hansen et al. 2012]

8 Author name / Energy Procedia 00 (2011) 000–000 

clearly observe that the 4D anomaly for the lower perforation zone is extending much further out than the 
upper perforations than from the upper.  This was confirmed by the inflow profile measured by the PLT 
logging, see Figure 4. Most of the 4D anomaly in the 2003-2009 data away from the CO2 injector is 
likely to be related to the pressure increase and reflects the heterogeneous reservoir. The 4D seismic 
differences also show that the main faults at Snøhvit, bounding the F-segment to the north and south, are 
sealing at the current pressure levels. 

 
 

 

Figure 4 4D difference amplitude map for the lower perforation and the upper perforation for 2003-2009 and 2009-2011.b) Down-
hole log interpreted log curves from the F-2 H well. Red rectangles indicate perforated intervals. CO2 injection influx profile as 
estimated from the PLT during injection.  

 

Figure 5 Approximately N-S seismic sections along the maximum 4D anomaly in the repeated seismic data. 2009 seismic (left), 4D 
difference 2003-2009 and 2009-2011 (right). Perforation zones are marked in the left pane, where the green rectangle is the new 
perforation from April 2011. 

The pressure time series, Figure 3, shows the bottom-hole shut-in-pressure and the equivalent 
simulated reservoir pressure. It is estimated that the high pressure in April 2011 has been reduced to about 
the same level as when the 2009 4D seismic data were shot. This may explain the small changes observed 
in the seismic data between the 2009-2011 data. A new perforation was open in Tubåen 4 in April 2011 
(green rectangle, in Figure 5 left pane), before Tubåen was plugged and injection continued in the Stø 

South bounding fault

North bounding fault

Injection well
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[Statoil]



Snøhvit CCS Project

N-S vertical cross section showing Tubåen and Stø formations, providing multiple injection targets



Capacity and Injectivity

Recommendations:

§ Have a backup plan—i.e. wells with multiple injection horizons available

§ Focus on a hub model of CCS deployment, using previous success to place 
new wells

§ Research community should invest in site characterization and monitoring 
methods, as well as well design and permeability-stimulation methods.



Technical Risk 3: Induced Seismicity



[USGS 2016]
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USGS Map of 21 Areas Impacted by Induced Earthquakes

USGS map displaying 21 areas impacted by induced earthquakes as well as the location of fluid injection wells that have and have not been
associated with earthquakes.



Dallas

Denver
Washington

Atlanta

New
Orleans
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Raleigh
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Oklahoma
City
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Austin

Phoenix

Sacramento
Denver

Seattle

Based on natural and
induced earthquakes

Based on the presumption
earthquakes occur naturally

Modified Mercalli Intensity
VIII+ Shaking severe, heavier damage

VII Shaking very strong, moderate damage

VI Shaking strong, felt by all, minor damage

V Shaking moderate, felt indoors by most, outdoors by many

IV Shaking light, felt indoors by many, outdoors by few

III Shaking weak, felt indoors by several

USGS Forecast for Ground Shaking Intensity from Natural and Induced Earthquakes in 2016

USGS map displaying intensity of potential ground shaking from natural and human-induced earthquakes. There is a small chance (one percent) that
ground shaking intensity will occur at this level or higher.  There is a greater chance (99 percent) that ground shaking will be lower than what is displayed
in these maps.

[USGS 2016]



Induced seismicity

Paradox Valley Brine Disposal Unit

Colorado, USA

[Data: Bureau of Reclamation]



Seismicity observed at CO2 injection operations

Operation Category Max Observed 
Magnitude

Seismicity
Type

Aneth
USA

CO2-EOR M 0.8 Type II

Cogdell
USA

CO2-EOR M 4.4 Type I

Weyburn
Canada

CO2-EOR M -1 Type II

Decatur
USA

Dedicated Storage M 1 Type I

In Salah
Algeria

Dedicated Storage M 1 Type I & II

Type I = Seismicity concentrated within overpressured zone.  
Type II = Seismicity outside overpressured zone. 

Aneth: Rutledge 2010, Zhou et al. 2010, Soma & Rutledge 2013. Cogdell: Gan and Frohlich 2013, Davis and Pennington 1989. Weyburn: Whittaker et al. 2011, 
White et al. 2011, Verdon et al. 2010 & 2011. Decatur: Will et al. 2014, Couëslan et al. 2014, Kaven et al. 2014 & 2015. In Salah: Oye et al. 2013, Goertz-Allman 
et al. 2014, Verdon et al. 2015.



Carbon Storage Seismicity Protocol: Ongoing Effort

Reference: E. Majer et al (2012). 

§ Starting Point: GTO Geothermal 
Seismicity Protocol (2012).

§ Goal: Develop best-practices 
guidelines relevant for US 
carbon storage 

§ See also: Many relevant reports 
completed / underway by other 
countries and organizations 



Reference: E. Majer et al (2012). 

GTO Seismicity Protocol: Key Steps

5

2. STEPS IN ADDRESSING INDUCED SEISMICITY

5Protocol for Addressing Induced Seismicity Associated with Enhanced Geothermal Systems

2. Steps In Addressing Induced Seismicity

A series of recommended steps to meet the objective stated above is included below. This is not a “one size fits all” 
approach, and stakeholders should tailor their actions to project-specific needs and circumstances.

This document outlines the suggested steps a developer should follow to address induced seismicity issues, implement 
an outreach campaign, and cooperate with regulatory authorities and local groups. With the goal in mind of gaining 
acceptance by non-industry stakeholders and promoting safety, the Protocol is a series of technical steps to inform the 
project proponent, as well as complementary outreach and/or education steps to inform and involve the public. 

The following steps are proposed for addressing induced seismicity issues as they relate to the whole project.

Step 1    Perform a preliminary screening evaluation. 

Step 2    Implement an outreach and communication program. 

Step 3    Review and select criteria for ground vibration and noise. 

Step 4    Establish seismic monitoring. 

Step 5    Quantify the hazard from natural and induced seismic events. 

Step 6    Characterize the risk of induced seismic events. 

Step 7    Develop risk-based mitigation plan. 

The steps above are listed in the order generally expected to be followed, but it is anticipated that each developer will 
organize its own program. Regulatory or other requirements may affect the order or approach to undertaking these steps. 
For example, when a Federal agency is involved (e.g., Federal lands, funding, permitting), compliance with the National 
Environmental Policy Act (NEPA) may be required. This document is not intended to be a substitute for such activities, 
but instead seeks to advise stakeholders who may be involved with such regulatory activities. Project proponents should 
work closely with NEPA compliance officials with the involved Federal agency(ies) to align information needs and public 
involvement activities with the NEPA review process. This also would be true for compliance with other environmental 
review requirements such as state NEPA-like laws (e.g., California Environmental Quality Act) and permitting or 
approval requirements.



Induced Seismicity

Recommendations:

§ Avoid pressure communication with brittle basement units

§ All projects should deploy passive seismic monitoring 

§ All projects need a comprehensive seismic risk management plan

§ Focus on a hub model of CCS deployment, using previous success to place 
new wells

§ Research investments: novel passive seismic monitoring techniques, real-time 
hazard forecasting methods, and US-offshore CCS targets.

[White et al. 2016]



Goals for today …

1) Discuss current regulatory and policy landscape in the USA

2) Describe field experience with Risk Management at CCS projects

3) Identify a few key needs to accelerate the deployment of CCS



Key hurdles hindering storage project deployment include:

1. Policy commitment to mitigating climate change

2. Accelerating project permitting timelines

3. Public perception and risk communication issues

Technical risks exist, but many successful projects demonstrate that they can be managed.





Questions ?



Contact
§ Joshua A. White

Lawrence Livermore National Laboratory

jawhite@llnl.gov
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