
Training Students in Simulation & Risk 
Assessment for Carbon Sequestration 

John McCray 
Department of Civil and Environmental Engineering 

U.S. Department of Energy 
National Energy Technology Laboratory 

Carbon Storage R&D Project Review Meeting 
Developing the Technologies and Building the  

Infrastructure for CO2 Storage 
August 20-22, 2013 

DE-FE0002059 



2 

Presentation Outline 

• Benefits to Program 

• Project Overview:  Goals, objectives, tasks 

• Accomplishments 

• Technical Status and Findings 

• Summary: Lessons Learned & Future Work 

• Bibliography  



3 

Benefit to the Program  
Program goals being addressed. 

– Develop technologies that will support industries’ ability to 
predict CO2 storage capacity in geologic formations to within 
±30 percent.  

 

From the RFP:  “… provide training opportunities for graduate and 
undergraduate students that will provide the human capital and 
skills required for implementing and deploying CCS 
technologies. Training can be accomplished through 
fundamental research ….   Fundamental research is needed to 
advance science in:  simulation and risk assessment; …. 
verification, and accounting; ….and integrity for long-term CO2 
storage and capture. 
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Benefit to the Program  
Benefits are related to both training and research.  
 

Training:    

• Train advanced professionals to enter the CCS field 
 

Research:    
• Enhance public confidence in sequestration (maintain 

license to operate and reduce costs)  
• Reduce environmental footprint 
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Project Overview:   
Goals and Objectives 

The primary objectives of the project are to train 
students and advance the science in two critical 
areas of risk assessment:   

(1)multi-process, multi-scale model simulation: risks 
associated with leakage into overlying aquifers;  

(2)pore-scale geochemical processes in CO2 
sequestration needed to assess the environmental 
impact and the likelihood of an successful 
sequestration effort.   
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Project Overview:   
Goals and Objectives 

Success criteria:    

– MS students complete thesis & receive graduate 
degrees 

– PhD student completes dissertation, & receives PhD 
degree.   

– Post-doctoral researcher achieves career position 

– Simulations and experiments are completed. 

– 5 peer-reviewed journal articles are 
submitted/accepted (goal:  1 per MS student and 3 per 
PhD student) 



Accomplishments to Date 
– Alexis Sitchler (PhD Penn State) has received training as a 

project manager for this project, and recently agreed to a 
tenure-track faculty position in the Geology & Geological 
engineering Dept at CSM.  She will continue a career in 
GCS research. 

– Erica Siirilla (B.S. Univ. Colorado) completed PhD degree 
in May 2013.   Moving to Post-doc position in Spain. 

– Hannah Menke (B.S. Columbia Univ) completed her M.S. 
degree (Environmental Engineering). Currently in PhD 
program in CCS at Imperial College (London). 

– Katy Kirsch (BS Middlebury College) completed M.S. 
Thesis (Hydrology) in May.   
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Accomplishments to Date 
– Developed and delivered (twice) a graduate-level 

course on carbon sequestration, focusing on 
fundamental applied concepts and papers from the 
literature.    More than 35 graduate students received 
training via course.   

– 2 M.S. Theses completed (Siirilla and Menke) 

– 5 peer-reviewed papers completed.  

– Risk assessment methodology created.  

– Experimental protocol developed, experiments 
complete 
 

 



Technical Status 

Because this is a training grant, we have 
arranged this section by student: 
 

• Erica Siirilla 
• Hanna Menke 
• Katie Kirsch 

 
• Will focus on the work of Katy Kirsch 

(presented other work last year) 9 



CO2 plume 

A: CO2 leakage and 
dissolution of metals 

 
B: Heterogeneous flow 

and transport of 
metals 

 
C: Possible capture in 

one or more down-
gradient wells 

 
D: Water delivery 

system to many 
different households 

 
E: Household exposure 

and health risk via 
multiple pathways 
to varying 
individuals 

Overview:  Development of a Quantitative Human 
Health Risk Framework for CO2 Leakage  





• Multi-component, 
nonlinear 
geochemical 
reactions and fluid 
transport 
 

• Run until a steady-
state metal 
concentration and 
pH are achieved 
 

 
 

Steady-state  
Concentration 

Initial 
Concentration 

? 

(A) At the leakage source:     (B) Far-field 
aquifer: • Steady-state 

concentration from 
(A) used as initial 
metal concentration 
 

• Contaminant plume 
modeled with a 
particle-tracking 
technique 
 

• Linear reactions  
 
 

Drawing Connections Between Geochemical Reactions and 
Aquifer Transport at Different Scales 

?” 
 



• Initialize variable 
parameters 
•Uncertain parameters 
unchanged 

Outer, Uncertainty Loop 

Stochastic Monte Carlo Simulations 

Inner, Variability Loop 

Includes a Robust, Probabilistic Treatment of Risk:  
The Nested Monte Carlo Approach 
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Yields Risk as a Function of Uncertainty and Variability 
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Example simulations show: 

1. The specific metal mobilized in the 
event of CO2 leakage greatly affects 
the outcome of risk 

 
1. Hydrologic aquifer properties such 

as the degree of stratification and 
local dispersion greatly affect the 
magnitude and distribution (i.e. 
uncertainty) of risk 

 
1. Risk is sensitive to the hydrologic 

flow parameters and warrants further 
examination in CCS risk assessment 





 
Even when equilibrium conditions 

were expected based on Da 
number (i.e. slow groundwater 
velocities), the effect of kinetic 
reactions is apparent 

  
- Faster breakthrough, lower peak 

concentration, but more tailing 

- Higher overall risk 

Significant Findings Include: 

Kinetic Scenario 

Equilibrium Scenario 





max 

 
Traditional:  Risk calculated during this time of contamination 
 
1.Information on how risk changes as a function of time: d(Risk) / dt 
2.A comparison of risk duration versus magnitude  
 
Overall risk may be higher if we consider a lower exposure over a 
longer period of time 

Siirilla: The Development of a Time Dependent Risk 
Assessment (TDRA) framework 
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Menke:   Numerical multiphase simulations to 
investigate leakage through a fault 
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•Simulations Conducted at Golden Energy Computing 
Organization (GECO). Run for 3 years of injection,  then 0.5 years 
for pressure/saturation equilibration.  
 

•Variables included: variations in fracture permeability, injection 
rate, and distance from injection to fracture. 
 

Won the best student 
presentation at the Front 
Range Consortium for 
Research Computing 
Symposium 



Menke:  Findings 

-Initially (which might be a long time), brine leakage is 
significantly higher than CO2 leakage on a mass basis.  We 
should pay attention to brine leakage.  

 

-Brine leakage may increase for conditions where CO2 
leakage decreases (lower injection pressures, further 
distance from fault) due to relative permeability 
considerations 

 

-Leakage ends more quickly after stopping injection for 
lower injection rates and shorter injection periods.  
Suggests pulsed injection might reduce leakage risks.   
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Submitted to Environmental Science & Technology, July 2013 



Kirsch:  Dissolution Experiments with      
         Siliclastic Rocks     

Samples were collected from outcrop of the 
Mesaverde Group in northwestern Colorado 
 

These sandstones currently yield water to wells 
for local domestic and agricultural purposes, 
and have the potential for increased 
groundwater development in a water-scarce 
future. 

(1) 

(2) 

(3) 

Investigate the geochemical response of 
sandstone aquifers to CO2 leakage 

Outcrop of the Mesaverde 
Group 



 
 

(3) 

Rock characterization: which minerals are likely 
controlling the aqueous concentration of metals?  

• XRD 
• SEM/EDX 
• Point count 
• Sequential extraction 
 

FCC1 FCC2 TMM 

2% carbonate 1% carbonate <1% carbonate 



Experiments:  How does the fluid composition 
and microbiology change with time at elevated 
CO2 partial pressures? 

Pressures up to 1 bar above atmospheric, representative of aquifers, yet 
small enough to enable cost-effective experimental apparatus.   
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Dissolution of carbonate minerals in silicate rock 
can significantly buffer pH 

100 μm 



CO2-acidified water induces the mobilization of 
metals  (Note:  none above MCL) 
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Metal concs 
varied ~ 

linearly with 
Calcium, 

suggesting 
a CaCO3 
source  
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Mechanisms:  Which mineral phases are 
the source of the metal release? 
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Mobile    Immobile Mobile    Immobile Sequential 
Extractions 
 
Mobile  
 
•  Ion-exchangable  
 
•  Carbonate 
dissolution 
 
Immobile 
  
•  Fe-Mn Oxides 
 
•  Sulfides, Organic 
Matter 



Ba 

FCC1 

Sr 

Mobile Fraction Mobile Fraction 

Trace elements released from carbonate fraction 

Carbonates 
 
Ion Exchange 



Pb Cd 

Mobile Fraction Mobile Fraction 
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Trace elements released from carbonate fraction 

Carbonates 
 
Ion Exchange 



32 Time (days) Time (days) 
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Mg 
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Mn 
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Geochemical modeling of experimental data       
re-affirms hypothesis of carbonate dissolution 



Summary: Lessons Learned 
-Aquifer heterogeneities are important in risk calculations 

-Kinetic reactions with local dispersion result in lower peak 
concentrations, but earlier arrival and longer tails:  higher calculated risk 

-Temporal risk calculations that consider longer exposure durations with 
smaller concentrations are important in evaluating the true risk 

-Brine leakage may increase for conditions where CO2 leakage 
decreases (lower injection pressures, further distance from Fault) due to 
relative permeability-pressure considerations 

-Carbonate minerals in sandstones can buffer acidity during leakage 
into aquifers, but may also be the dominant source of mobile trace 
metals 

-In experiments, one aquifer rock resulted in exceeding secondary MCL 
for Fe and Mn:  rock type is important! 
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Summary: Future Work 

-  Project ends this fall. 

 

- Wrap up publication on multiphase modeling of 
brine and CO2 leakage (Menke) and 
hydrochemical changes from CO2 leakage into 
sandstone aquifers.   
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Abstracts  More than 15: 
 American Geophysical Union Fall Meeting 
 Geological Society of America Annual Meeting 
 ASCE Environmental Water Resources Institute Annual Meeting 
 Goldschmidt Meeting on Geochemistry 
 National Ground Water Association Summit 
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Questions? 



Appendix 
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Organization Chart 

John McCray, Principal Investigator 

Reed Maxwell  
co-PI 

Alexis Navarre-
Sitchler, PM 

Ralph Brown 
Contracts, 

ARRA 
Reports 

Erica Siirilla 
PhD Student 

Hannah Menke  
MS Student 

Katie Kirsch  
MS Student 
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Project Overview:   
Goals and Objectives : Tasks 
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Project Overview:   
Goals and Objectives : Milestones 
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