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Benefit to the Program  
• Program goals being addressed 

– Develop and validate technologies to ensure 99 percent storage 
performance. 

– Develop Best Practice Manuals for MVA; site screening, selection and 
initial characterization; public outreach, well management activities, and 
risk analysis and simulation 
 

• Project benefits statement 
– This project developed a comprehensive, quantitative CO2 risk 

assessment tool, based on a Quantitative Failure Modes and Effects 
Analysis (QFMEA) model, that can be customized to assess site-specific 
projects, integrated with other CO2 storage assessment tools, and easily 
modified, improved or expanded. This tool helps identify and 
characterize risks and risk prevention/mitigation steps,  and estimate 
associated costs to safely store CO2 in deep saline aquifers (DSA), 
enhanced oil recovery (EOR) and enhanced coal bed methane (ECBM).  
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Project Overview: Objectives & Goals 

• Project Objectives 
– The primary objective of this project is to develop and apply an 

innovative, advanced, process-based risk assessment model and 
protocol to determine quantitative risks and predict quantitative impacts 
for CO2 geologic sequestration project sites. The model shall be capable 
of integration with advanced simulation models and MVA technologies. 

• Project goals 
– Identify and characterize technical and programmatic risks for CO2 

capture, transportation and sequestration in DSA, EOR and ECBM. 
– Employ probabilistic calculations, process- and system-level simulation 

models, and shortcut calculations to quantify risks 
– Develop a Quantitative Failure Modes and Effects Analysis (QFMEA) 

model. 
– Estimate capital, operating and closure costs, potential damage recovery 

costs, risk mitigation costs and potential cost savings with risk mitigation. 
– Conduct quantitative risk assessments on three different sites. 
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Project Team 
• Headwaters Clean Carbon Services LLC – Risk 

identification and characterization, QFMEA 
development, financial modeling, estimating potential 
damage recovery costs and mitigation costs. Project 
management. Review of overall work product. 

 
• MMA/Faulkner & Flynn – Refining QFMEA, financial 

model, estimates of potential damage recovery costs 
and mitigation costs. Development of insurance 
schedule for CO2 sequestration. Review of overall 
work product. 
 

• The University of Utah – Process-level modeling 
and probability calculations. Review of overall work 
product. 
 
 

• Los Alamos National Laboratory – System-level 
modeling. Review of overall work product. 
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QFMEA Model 
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Quantitative Risk Assessment 
Methodology 

1. Gather site-specific information 

2. Input site-specific information into the QFMEA model 

3. Identify information gaps or uncertainties  

4. Adjust failure modes, causes, severity, and methods of detection for site-specific 
conditions. 

5. Eliminate risk areas that are not applicable 

6. Input site-specific risk prevention and mitigation steps 

7. Run simulation and financial models to quantify probability, severity and cost factors. 

8. Input damage recovery costs (w/o and w/ risk mitigation), risk mitigation costs and 
potential cost savings. 

9. Rank and prioritize risk areas based on probability, severity and detectability. 

10.Submit results to a cross-functional team of experts for review. 

11.Use results to manage risks during design, construction, operation and closure. 

12.Update and revise as more information becomes available or conditions change. 
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Ranking Factors for Risks 
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Ranking  Probability of Failure 
Occurring  Severity of Failure Effect  

Difficulty of Detecting Failure 
Early  Factor  

5 
Likely – frequency >1x10-1 per 
year (one event every 1 to 10 

years) 

Catastrophic – Multiple fatalities. 
Damages exceeding $100M. 

Project shut down.  

Almost Impossible – No known 
control(s) available to detect  

failure early. 

4 
Possible – frequency from 1x10-

2 to 1x10-1 per year (one event 
every 10 to 100 years) 

Serious – Isolated fatality. 
Damages $10M-$100M. Project 

lost time greater than 1 year.  

Low – Low likelihood current 
control(s) will detect failure early. 

3 
Unlikely –  frequency from  

1x10-4 to 1x10-2 per year (one 
event every 100 to 10,000 years) 

Significant – Injury causing 
permanent disability, Damages 

exceeding $1M to $10M. Project 
lost time greater than 1 month. 

Permit suspension. Area 
evacuation.  

Moderate - Moderate likelihood 
current control(s) will detect 

failure early 

2 

Extremely Unlikely – frequency 
from 1x10-6 to 1x10-4 per year 

(one event every 10,000 to 
1,000,000 years) 

Moderate – Injury causing 
temporary disability. Damages 
$100k to $1M. Project lost time 
greater than 1 week. Regulatory 

notice.  

High – High likelihood current 
control(s) will detect failure early 

1 
Incredible – frequency <1x10-6 
per year (less than one event 

every 1,000,000 years) 

Light – Minor injury or illness. 
Damages less than $100k. Project 

lost time less than 1 week.  

Almost Certain – Current 
control(s) almost certain to detect 

the failure early. Reliable 
detection controls are known with 

similar processes. 
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Quantitative Risk Assessments 
Completed  

• Pump Canyon CO2-ECBM 
Site in the San Juan Basin 
(San Juan County, NM) 
 
 
 

• Farnsworth Unit CO2-EOR 
Site in the Anadarko Basin 
(Ochiltree County, TX) 

 
 
• Mature, SACROC Northern 
Platform CO2-EOR Site in the 
Permian Basin (Scurry 
County, TX) 
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Comparison of SACROC Unit and 
Farnsworth Unit CO2-EOR Operations 
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Site: SACROC Unit Farnsworth Unit 
Location Scurry County, TX Ochiltree County, TX 
Basin Permian Basin Anadarko Basin 
Owner/operator Kinder Morgan Chaparral Energy 
Type of operation Mature CO2-EOR Early CO2-EOR. 
Start of CO2-EOR January 1972 December 2010 
Reservoir lithology Carbonate Sandstone 
Reservoir depth 2,042 m (6,700 ft) 2,408 m (7,900 ft) 
Reservoir thickness 15 to 244 m (50 to 800 ft) 3 to 16.5 m (10 to 54 ft) 
Average net pay 
thickness 

48.8 m (160 ft) 6.9 m (22.5 ft) 

Reservoir area 202 km2 (50,000 acres) 51.4 km2 (12,698 acres) 
Formation fluid 
salinity 

159,000 mg/L TDS 4,000 mg/L TDS 

CO2 type Natural Anthropogenic 
CO2 injection rate Purchased: 6,312 t/d 

Recycled: 46,291 t/d 
Purchased: 526 t/d 
Recycled: 105 t/d 

Oil production 28,000 STB/d 1,000 STB/d 
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SACROC Northern Platform 
Geologic Model 

11 

Porosity 

Permeability 
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Source: Han 2010 



• Fluid volumes injected and 
produced (hydrocarbon 
pore volumes) 

• CO2 purchased, injected 
and recovered 

• Oil, HC, NG and NGL 
produced and recovered 

• Water injected, recovered 
and disposed 

• Power consumption and 
generation 

• Labor 
• Active wells 
• Capital expenses 
• Prices 
• Sales volumes 
• Revenues 
• Operating expenses 
• Earnings 
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CO2-EOR Financial Modeling HCCS 
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SACROC Unit History 
2002-2011 

SACROC Unit Projection 
2012-2021 



SACROC Northern Platform 
CO2-EOR Site Top 10 Risk Areas 
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Risk Area/FEP 
Failure Probability  

(P = 1 to 5) 

Failure Severity  
(S = 1 to 5) 

D
ifficulty of  Failure 

D
etection  

 (D
 = 1 to 5) 

R
isk Priority N

um
ber  

(PxSxD
 = 1 to 125) 

1   Hedging 5 4 3 60 
2   Price of oil (or other related commodities) 4 4 3 48 
3   EOR oil reservoir heterogeneity 5 4 2 40 
4   Precipitation of carbonate minerals (scale buildup) 5 4 2 40 
5   Loss of containment 4 3 3 36 
6   EOR viscosity relations 4 4 2 32 
7   EOR hydrocarbon precipitation 4 4 2 32 
8   Reservoir water chemistry 4 4 2 32 
9   Formation damage 3 3 3 27 

10   EOR injection and production well pattern and spacing 3 4 2 24 
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SACROC Northern Platform CO2-EOR Site 
Top 10 Potential Fatal Risk Areas 
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Risk Area/FEP 
Failure Probability  

(P = 1 to 5) 

Failure Severity  
(S = 1 to 5) 

D
ifficulty of  Failure 

D
etection  

 (D
 = 1 to 5) 

R
isk Priority N

um
ber  

(PxSxD
 = 1 to 125) 

1   Accidents and unplanned events  3 4 2 24 
2   Excavation/drilling 3 4 2 24 
3   Pipeline rupture 3 4 2 24 
4   Explosions and crashes 2 5 2 20 
5   CO2 release processes 2 4 2 16 
6   CO2 release to the atmosphere 2 4 2 16 
7   Health effects of CO2 2 4 2 16 
8   Elevated CO2 in air 2 4 2 16 
9   Toxicity of contaminants (H2S) 2 4 2 16 

10   Moving equipment 2 4 2 16 
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SACROC Northern Platform CO2-EOR Site 
Risk Assessment Conclusions 

• Over 40 years of successful (safe) CO2-EOR operation 
• “Not significant” environmental risk due to nearly ideal subsurface* 

and surface** conditions, long-term operating experience and extent 
of technical knowledge. 

• Top four risks (hedging, oil price, reservoir heterogeneity, and scale 
buildup) impact profitability rather than health, safety or environment.  

• 639 deep wells penetrate the caprock, but operator has a 
preventative maintenance program for evaluating and reworking “at 
risk” wells. 

• The presence of H2S in the reservoir increases the toxicity of 
recycled gas, but also helps earlier detection of small to moderate 
leaks.  
 

*Deep reservoir, balanced injection/production, intact caprock, multiple stacked seals 
and sinks, and no significant faults.  

**Sparse population, no sensitive receptors, and no significant environmental targets. 
15 
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Farnsworth Unit CO2-EOR Site 
Geologic Model 
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Farnsworth Unit CO2-EOR Site 
Top 10 Risk Areas 
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Risk Area/FEP 
Failure Probability  

(P = 1 to 5) 

Failure Severity  
(S = 1 to 5) 

D
ifficulty of  Failure 

D
etection  

 (D
 = 1 to 5) 

R
isk Priority N

um
ber  

(PxSxD
 = 1 to 125) 

1   Price of oil (or other related commodities) 4 4 3 48 
2   Hedging or derivative positions 4 3 3 36 
3   Formation damage 3 3 3 27 
4   Loss of containment 3 3 3 27 
5   Extreme weather event causing human injury/death 3 4 2 24 
6   Accidents and unplanned events  3 4 2 24 
7   Excavation/drilling 3 4 2 24 
8   Pipeline rupture 3 4 2 24 
9   Caprock fracture pressure 2 4 3 24 
10   Leaks and spills (oil spills) 2 4 3 24 

HCCS 
A HEADWATERS COMPANY 

HSE risk Economic risk Economic risk 



Farnsworth Unit CO2-EOR Site  
Top 10 Potential Fatal Risk Areas 
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Risk Area/FEP 
Failure Probability  

(P = 1 to 5) 

Failure Severity  
(S = 1 to 5) 

D
ifficulty of  Failure 

D
etection  

 (D
 = 1 to 5) 

R
isk Priority N

um
ber  

(PxSxD
 = 1 to 125) 

1   Extreme weather event causing human injury/death 3 4 2 24 
2   Accidents and unplanned events  3 4 2 24 
3   Excavation/drilling 3 4 2 24 
4   Pipeline rupture 3 4 2 24 
5   Explosions and crashes 2 5 2 20 
6   CO2 release processes 2 4 2 16 
7   CO2 release to the atmosphere 2 4 2 16 
8   Health effects of CO2 2 4 2 16 
9   Elevated CO2 in air 2 4 2 16 

10   Buildings 2 4 2 16 
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Farnsworth Unit CO2-EOR Site 
Risk Assessment Conclusions 

• The CO2-EOR operation represents a “not significant” environmental risk. 
– The caprock is intact.  
– Multiple stacked sinks and seals separate the reservoir from the Ogallala aquifer.  
– The surface is flat cropland and sparsely populated. 
– There are no sensitive receptors or significant environmental targets nearby. 

• 169 deep wells penetrate the caprock. This will require a preventative 
maintenance program for evaluating and reworking “at risk” wells. 

• Extreme weather (tornadoes) is a more significant risk at this Site than the 
other sites. 

• The presence of H2S in the reservoir increases the toxicity of recycled gas, 
but also helps earlier detection of small to moderate leaks.  

• The planned injection of 2.9 million tonnes of purchased CO2, from 2011 
through 2024, in the West side of the Farnsworth Unit, represents 0.3 
Hydrocarbon Pore Volume (HCPV). This is consistent with current best 
practices for CO2-EOR operation. 
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Pump Canyon CO2-ECBM 
Geologic Model 

20 

HCCS 
A HEADWATERS COMPANY 



21 

Pump Canyon CO2-ECBM 
Three Site Reference Areas HCCS 

A HEADWATERS COMPANY 



Pump Canyon CO2-ECBM 
Three Site Reference Areas 
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One-Section Area 
(Section 32) 

Nine-Section 
Area 

Sixteen-
Township Area  

Area 2.59 km2 
1 mi2 

23.3 km2 
9 mi2 

1,424 km2 
550 mi2 

Estimated coal in place 56.7 Mt 510 Mt 28 Gt 
Estimated original methane 
gas in place 22.5 BCF 200 BCF 9 TCF 

Initial # of CBM wells Production: 4 Production: 36 Production: 684 

Final # of CO2-ECBM wells Production: 2 
Injection: 2 

Production: 18 
Injection: 18 

Production: 324 
Injection: 324 

CO2-ECBM capital 
expense $740,000 $9,386,000 $151,148,000 

CO2 purchase over 10 yrs 260,000 t 
4.9 BCF 

2,360,000 t 
44.9 BCF 

31,500,000 t 
599 BCF 

Methane prod. over 10 yrs 
(CO2-ECBM mode)  1.9 BCF 17.5 BCF 247 BCF 

Methane prod. over 10 yrs 
(CBM mode) 0.7 BCF 6.5 BCF 118 BCF 
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Pump Canyon CO2 Sequestration 
Three Site Reference Areas 
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One-Section Area 
(Section 32) 

Nine-Section 
Area 

Sixteen-Township 
Area  

Area 2.59 km2 
1 mi2 

23.3 km2 
9 mi2 

1,424 km2 
550 mi2 

Estimated coal in place 56.7 Mt 510 Mt 28 Gt 
Estimated original 
methane gas in place 

637 Mm3 
22.5 BCF 

5.66 Gm3 
200 BCF 

256 Gm3 
9 TCF 

Number of existing 
deep wells 

Active: 10 
Shut in: 1 
Plugged: 2 
Total: 13 

Active: 76 
Shut in: 1 
Plugged: 8 
Total: 85 

Active: 5,308 
Shut in: 25  
Plugged: 797 
Total: 6,201 

Estimated CO2 
adsorption capacity at 
2.83 MPa (411 psia) 

562,239 t 
10.7 BCF 

5 million t 
95 BCF 

82 million t 
1.6 TCF 

Estimated number of 
CO2 wells needed 4 injection wells 36 injection 

wells 648 injection wells 
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CO2-ECBM and CBM  
Financial Modeling 
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• CO2 purchased, injected 
and recovered 

• Methane produced and 
recovered 

• Water produced and 
disposed 

• Number of injection and 
production wells 

• Capital expenses 
• Prices 
• Sales volumes 
• Revenues 
• Operating expenses 
• Gross margin 



Pump Canyon CO2-ECBM Site 
Top 10 Risk Areas 
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R
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Risk Area/FEP 
Failure Probability  

(P = 1 to 5) 

Failure Severity  
(S = 1 to 5) 

D
ifficulty of  Failure 

D
etection  

 (D
 = 1 to 5) 

R
isk Priority N

um
ber  

(PxSxD
 = 1 to 125) 

1   Coal swelling (decreased injectivity) 5 5 2 50 
2   Coal seam permeability (decreased injectivity) 5 5 2 50 
3   Reservoir permeability and injectivity 5 5 2 50 
4   CO2 quantities, injection rate 5 5 2 50 
5   Buildings 3 4 3 36 
6   CO2 release processes 3 4 3 36 
7   Topography and morphology 3 4 3 36 
8   CO2 release to the atmosphere 3 4 3 36 
9   Geographical location 3 4 3 36 
10   Complex structural geology of coal seams 4 3 3 36 
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Pump Canyon CO2-ECBM Site 
Top 10 Potential Fatal Risk Areas 
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Risk Area/FEP 
Failure Probability  

(P = 1 to 5) 

Failure Severity  
(S = 1 to 5) 

D
ifficulty of  Failure 

D
etection  

 (D
 = 1 to 5) 

R
isk Priority N

um
ber  

(PxSxD
 = 1 to 125) 

1   CO2 release processes (methane seeps) 3 4 3 36 
2   Topography and morphology 3 4 3 36 
3   Buildings 3 4 3 36 
4   CO2 release to the atmosphere 3 4 3 36 
5   Geographical location 3 4 3 36 
6   Accidents and unplanned events  3 4 2 24 
7   Excavation/drilling 3 4 2 24 
8   Explosions and crashes 2 5 2 20 
9   Health effects of CO2 2 4 2 16 

10   Elevated CO2 in air 2 4 2 16 
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Pump Canyon CO2-ECBM Site 
Risk Assessment Conclusions 

• CO2-ECBM is technically feasible at this site but not economically feasible 
at current market prices for CO2 and natural gas. 

• Coal swelling, during CO2 injection, significantly decreases injectivity. 
• The presence of natural CO2  in the Fruitland Formation and the presence 

of methane in the Fruitland Formation and in all of the overlying formations 
will complicate MVA activities for CO2 sequestration. 

• Methane gas seeps are a more probable risk than CO2 leakage. Methane 
seeps have been observed in the area since the 1880s. 

• Conversion of CBM wells to CO2 injection wells may be hindered by open-
hole cavity completions. 

• As long as current CBM operations remain viable, it is unlikely that CO2 
sequestration would be considered in the Fruitland Formation. CBM favors 
low reservoir pressure and CO2 sequestration favors high reservoir 
pressure. Repressurization of the Fruitland Formation via CO2 injection may 
be difficult due to limited injectivity. 
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Accomplishments to Date 
• Identified and characterized a comprehensive list of technical and 

programmable risks for CO2 capture, transport and sequestration in DSA, 
EOR and ECBM operations. 

• Developed a comprehensive Quantitative Failure Modes and Effects 
Analysis (QFMEA) model for CO2 capture, transport, and sequestration in 
DSA, EOR and ECBM.  

• Developed and employed probability calculations, process- and system-level 
simulation models, and shortcut calculations to quantify risks. 

• Developed cost factors and financial models for CO2 DSA, EOR and ECBM 
operations to quantify damage recovery costs, mitigation costs and potential 
cost savings. 

• Completed comprehensive, quantitative risk assessments on three sites: 
– SACROC Northern Platform CO2-EOR Site in the Permian Basin 
– Pump Canyon CO2-ECBM Site in the San Juan Basin 
– Farnsworth Unit CO2-EOR Site in the Anadarko Basin 
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Summary 
• Key Findings 

– QFMEA is an effective tool for quantitative risk assessment and 
generates the necessary thought process for risk management during 
design, construction, operation and closure. 

– The CO2-EOR operations are technically and commercially feasible at 
current market prices. The breakeven oil price is approximately $40/bbl. 

– The CO2-ECBM operation is technically feasible, but not commercially 
feasible at current market prices. The CO2 cost would need to be close to 
free or the natural gas price would need to double to be commercially 
sustainable. 

• Lessons Learned 
– Most CO2 sequestration risks can be avoided by proper site selection. 

– Compliance with regulations, codes, permits and best practices is critical. 

• Future plans 
– Complete final project report. 

29 
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