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Disclaimer 
 
This report was prepared as an account of work sponsored by an agency of the United States Government.  
Neither the United States Government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness or usefulness of any information, apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by the United States Government or any agency 
thereof.  The views and opinions of authors expressed herein do not necessarily state or reflect those of 
the United States Government or any agency thereof. 
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Abstract 
 
 
The CO2 Capture Project (CCP) is a joint industry project, funded by eight energy companies (BP, 
ChevronTexaco, EnCana, Eni, Norsk Hydro, Shell, Statoil, and Suncor) and three government agencies 
(European Union {DG Res & DG Tren}, Norway {Klimatek} and the U.S.A. {Department of Energy.  
The project objective is to develop new technologies, which could reduce the cost of CO2 capture and 
geologic storage by 50% for retrofit to existing plants and 75% for new-build plants.  Technologies are to 
be developed to “proof of concept” stage by the end of 2003.  The project budget is approximately $24 
million over 3 years and the work program is divided into eight major activity areas: 
 
• Baseline Design and Cost Estimation - defined the uncontrolled emissions from each facility and 

estimate the cost of abatement in $/tonne CO2. 

• Capture Technology, Post Combustion: technologies, which can remove CO2 from exhaust gases 
after combustion. 

• Capture Technology, Oxyfuel: where oxygen is separated from the air and then burned with 
hydrocarbons to produce an exhaust with high CO2 for storage. 

• Capture Technology, Pre -Combustion: in which, natural gas and petroleum coke are converted to 
hydrogen and CO2 in a reformer/gasifier.  

• Common Economic Model/Technology Screening : analysis and evaluation of each technology 
applied to the scenarios to provide meaningful and consistent comparison. 

• New Technology Cost Estimation: on a consistent basis with the baseline above, to demonstrate cost 
reductions. 

• Geologic Storage, Monitoring and Verification (SMV): providing assurance that CO2 can be safely 
stored in geologic formations over the long term.  

• Non-Technical: project management, communication of results and a review of current policies and 
incentives governing CO2 capture and storage. 

 
Technology development work dominated the past six months of the project.  Numerous studies are 
making substantial progress towards their goals.  Some technologies are emerging as preferred over 
others.  Pre-combustion Decarbonization (hydrogen fuel) technologies are showing good progress and 
may be able to meet the CCP’s aggressive cost reduction targets for new-build plants. Chemical looping 
to produce oxygen for oxyfuel combustion shows real promise.  As expected, post-combustion 
technologies are emerging as higher cost options that may have niche roles.  Storage, measurement, and 
verification studies are moving rapidly forward.  Hyper-spectral geo-botanical measurements may be an 
inexpensive and non-intrusive method for long-term monitoring.  Modeling studies suggest that primary 
leakage routes from CO2 storage sites may be along wellbores in areas disturbed by earlier oil and gas 
operations.  This is good news because old wells are usually mapped and can be repaired during the site 
preparation process.   
 
Many studies are nearing completion or have been completed.  Their preliminary results are summarized 
in the attached report and presented in detail in the attached appendices. 
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Executive Summary 
 
 
The CO2 Capture Project (CCP) is a joint industry project, funded by eight energy companies (BP, 
ChevronTexaco, EnCana, Eni, Norsk Hydro, Shell, Statoil, and Suncor) and three government agencies 
(European Union {DG Res & DG Tren}, Norway {Klimatek} and the U.S.A. {Department of Energy}). 
The merger of Chevron and Texaco (both were participants) at the end of 2001 caused the number of 
industry participants to drop from nine to eight for 2002. 
 
The project objective is to develop new technologies, which could reduce the cost of CO2 capture and 
geologic storage by: 
 

50% for retrofit to existing plants and 
75% for new-build plants.  
 

Technologies are to be developed to “proof of concept” stage by the end of 2003. 
 
Cost reductions will be benchmarked against four practical case studies (termed scenarios within the 
CCP context), which were chosen to represent real-life energy industry applications: 
 

• An existing large European refinery (Grangemouth, UK). 
• A large new-build electrical power generation facility in Norway. 
• A group of existing distributed gas turbines Alaska, USA. 
• A new-build integrated gasification combined cycle coke de-gasification facility in Canada. 

 
The project budget is approximately $24 million over 3 years and the work program is divided into eight 
major activity areas: 
 
• Baseline Design and Cost Estimation. For each of the four applications baseline designs have been 

developed.  These define the uncontrolled emissions from each facility, developed a design for CO2 
abatement using the current best available technology (BAT), and estimated the current cost of 
abatement in $/tonne CO2.  Technology advances made by CCP will be benchmarked against the best 
available technology on a consistent basis. 

• Capture Technology, Post Combustion: technologies, which can remove CO2 from exhaust gases 
after combustion. 

• Capture Technology, Oxyfuel: where oxygen is separated from the air and then burned with 
hydrocarbons to produce an exhaust with high CO2 for storage. 

• Capture Technology, Pre -Combustion: in which, natural gas and petroleum coke are converted to 
hydrogen and CO2 in a reformer/gasifier. The CO2 is compressed for storage and the hydrogen is 
mixed with air for combustion, emitting only nitrogen and water. 

• Common Economic Model/Technology Screening : analysis and evaluation of each technology 
applied to the scenarios to provide meaningful and consistent comparison. 

• New Technology Cost Estimation: on a consistent basis with the baseline above, to demonstrate cost 
reductions. 

• Geologic Storage, Monitoring and Verification (SMV): providing assurance that CO2 can be safely 
stored in geologic formations over the long term.  

• Non-Technical: project management, communication of results and a review of current policies and 
incentives governing CO2 capture and storage. 
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The two charts (Figures 1 and 2) below illustrate spend over the life of the project, split by technology 
and funder (the dotted line shows status at the end of July 2003): 

 

 
Fig 1. CCP Spend By Technology    Fig. 2 CCP Spending By Funder 

 
 
During 2001, the project completed a comprehensive review and analysis of existing commercial 
technologies, technologies under development and identified high-potential technologies for further 
analysis. Fifty technologies were chosen for development within the CCP and over eighty contracts were 
signed with technology providers in multiple countries, to deliver that program.  A Common Economic 
Model (CEM) was completed and peer reviewed by industry experts Ed Rubin (Carnegie Mellon 
University, Pittsburgh Pennsylvania, USA) and Howard Hertzog (Massachusetts Institute of Technology 
Boston, Massachusetts, USA). The model was used to evaluate each scenario baseline (with and without 
CO2 capture) as well as key capture technologies that show most promise.  
 
During 2002, it became apparent that the cost of performing rigorous cost estimation for every technology 
in every scenario would be prohibitive, so the Executive Board established a Technology Screening 
Task - Force (TSTF) to provide early indications of abatement costs and help to choose the technologies 
most likely to meet CCP objectives. At the end of the year, the work of the CEM & TSTF yielded CO2 
avoidance costs (+/-30%) for several technologies of up 60% below BAT.  At major decision points, CCP 
processes and decisions were peer reviewed by a Technology Advisory Board (TAB) comprising 
independent experts from industry, government and academia. A Policies and Incentives team was 
formed during 2002 with the objective of producing a comprehensive review of existing policies 
governing CO2 Capture & Storage. Outreach to stakeholders built on the two successful workshops held 
in Europe and the USA in 2000 and 2001. The project website  
 

http://www.co2captureproject.org/ 
 
is updated regularly as the project develops and reports are delivered. The website has over 5000 non-
project visitors monthly.  Technical papers were delivered at several industry conferences - notably the 
International Energy Association’s (IEA) Sixth GreenHouse Gas Technology conference (GHGT-6) in 
Kyoto, Japan.  
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February 2003-August 2003 Progress 
 
Post-Combustion Studies 
 
 
Post-combustion capture of CO2 from flue gas has been studied for over 30 years so there are few 
opportunities to significantly reduce the cost of capture relative to conventional amine technology.  
However a small but steady stream of ideas continues to emerge.  Many are at the concept stage and will 
not reach the full proof of concept stage in the lifetime of this program. The team felt it was important to 
continue to review and evaluate these as they appear.  Thus, the CCP Post-Combustion team takes a 
balanced approach with regards to maturity and technical risk in technology selection.  The CCP has 
funded several engineering studies and technology development programs in the post-combustion area.  
The individual programs all vary in degrees of maturity, technical risk, and cost-reduction potential. 
 
Co-funded by NORCAP: 

• Amine Scrubbing with a Membrane Contactor (Mitsubishi Heavy Industries (MHI) and Kvaerner 
Process Systems (KPS)) 

• Cost Effective Design and Integration Study (Nexant) 
• Radical Chemistry Concepts (Norsk Hydro and numerous academic partners) 

 
Funded directly by CCP: 

• Baseline Design and Cost Estimation (Fluor) 
• Electric Swing Adsorption (Oak Ridge National Laboratories and Kvaerner Process Systems) 
• Novel Channel adsorption technology ( Norsk Hydro) 

 
Co-funded by DOE 

• Self-Assembled Nanoporous Materials for CO2 Capture (SRI) 
 
The CCP has learned that entirely new approaches would be required to reduce the cost of post-
combustion CO2 capture by the levels specified at the outset: by 50% for retrofit and 75% below 
conventional amine technology for new-build scenarios.  The only CCP project sponsored by DOE, “Self-
Assembled Nanoporous Materials for CO2 Capture,” is a high-risk program that may be useful in retrofit 
and new-build applications as well as pre-combustion CO2 capture.  The planned study on electric swing 
adsorption technology was abandoned when CCP funded studies demonstrated that the benefits 
anticipated from this approach would not materialize for our scenarios.   
 
 
Pre-Combustion Studies 
 
The four major projects in the pre-combustion technology program were subjected to stage-gate reviews.  
Three projects passed their stage -gate reviews while the Sulfur Tolerant Membrane Study passed part of 
the criteria and was re-directed in March 2003.  The study is underway based on the new focus and 
direction.     
 

• 1.2.1.1 Sulfur Tolerant Membrane Study 
• 1.2.1.1.6 Hydrogen Membrane Reactor 
• 1.2.1.3 Hydrogen Membrane Reformer 
• 1.2.1.2 Production of Hydrogen Fuel by Sorbent Enhanced Water Gas Shift Reaction, 

 
The results indicate that the membrane technologies have advanced much more than anticipated at the 
beginning of the project in view of the short development work periods (12-16 months.)  The projects 
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were high risk with a substantial likelihood of failure.  The membrane developers have overcome 
significant barriers and are well positioned to continue their work. 
 
 
Oxyfuel 
 
The principle of CO2 capture by oxyfuel combustion is to burn fuel with oxygen rather than air so that the 
flue gas consists mainly of CO2 and water with little nitrogen.  However, oxygen combustion would result 
in very high combustion temperatures without the nitrogen diluent from air.  Studies, including pilot scale 
testing on coal, indicate that oxyfuel combustion with flue gas recycle can be retrofitted to boiler and 
other heating plants with no major technical obstacles.  Gas turbine applications would require costly 
development of new combustors, compressors, and turbines to accommodate the change in working fluid.   
 
These studies have shown that the major additional capital and operating costs in oxyfuel combustion for 
CO2 capture are those associated with oxygen production when new gas turbine design costs are 
excluded.  Combustion in pure oxygen or in oxygen enriched air in special high temperature furnaces is 
widespread in the metallurgical, glass and other industries, and therefore the operational and safety issues 
of oxygen combustion are well understood.  
 
New and lower cost oxygen production methods are under active development which means that the 
overall cost of oxyfuel concepts, i.e. those using flue gas recycle, should fall significantly.  The potential 
for oxyfuel combustion to be retrofitted to existing boilers and heaters makes this route attractive to the 
CCP.  Other concepts under consideration are integration of oxygen generation directly with the 
combustion system that may have further cost reduction potential.  Other proposals seek to take advantage 
of the distinctive characteristics of oxyfuel combustion to conceive power plants with higher efficiency 
and/or lower capital cost, in order to offset the cost of generating oxygen.  One technology, chemical 
looping, looks at a novel, potentially energy saving, process that combines air separation with fuel 
oxidation.  
 
The future economic driver for the adoption of oxyfuel technologies lies mainly in novel technologies for 
air separation that are able to reduce drastically the cost of oxygen production. The CCP may benefit from 
DOE co-funded R&D projects aimed to develop novel ceramic membranes for air separation that are able 
to permeate oxygen with 100% selectivity.  The CCP funded several studies to assess the technical and 
economic potential of these technologies applied to CO2 capture. A baseline using conventional air 
separation for oxygen supply was also established.  
 
Other approaches, considered in the technology selection phase of CCP (high pressure boilers, zero 
recycle boilers, advanced cycles), were discarded after preliminary studies showed no promising 
economics. 
 
 
Storage, Measurement, and Verification Studies 
 
The CCP-SMV program is comprised of four major technology areas:  
 

1) Integrity – evaluation of natural and engineered systems and their suitability for CO2 
sequestration,  

2) Optimization – realizations of efficiencies and tradeoffs that improve the economics of CO2 
sequestration,  

3) Monitoring – the development of performance evaluation tools and safeguards in the CO2 
sequestration “life cycle” and  
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4) Risk Assessment – identification and quantification of HSE risks associated with CO2 
sequestration.   

5) A fifth program comprises an effort to integrate results of the studies and strategies for their 
dissemination outside of CCP.   

 
Since CCP’s inception in 2000, the SMV program has contracted 33 studies, including NGCAS (6 
projects).  Presently, nine of these studies are complete, sixteen have been active since before early 2003 
and eight are newly contracted in the present reporting period.   Most projects will be completed by the 
end of 2003 with the exception of NGCAS (European Union funded) and, possibly, some of the Risk 
Assessment projects.  The following is an overview of the progress of the SMV projects for the present 
reporting period 
 
Integrity 
Integrity studies include examination of competent and incompetent natural systems for CO2 storage, CO2 
exposure experiments on natural reservoir and cap-rocks and well materials and predictive modeling of 
reservoir / cap rock response to CO2 injection.  Two studies use natural geologic systems to characterize a 
formation’s competence to store CO2.  Prototypically incompetent geyser systems from the East-Central 
Colorado Plateau are examined for features that preclude effective CO2 storage (Utah State University; 
Evans).  Detailed geologic, hydrologic and geochemical work showed that despite the potential for fault 
gouge sealing or sealing by mineralization of fractures and faults, the geyser systems have been releasing 
abundant CO2 charged water since the early Tertiary.  The chemistry showed that the system is fed 
meteoric water, which reacts to release CO2 from minerals.  CO2 evolves from the water as it travels to 
shallower depths up through the fault system.  In contrast, the naturally occurring CO2 fields assessed by 
ARI (Stevens) have apparently hosted CO2 for geologic-scale time periods.  Structural and stratigraphic 
characteristics as well as details on reservoir and cap rock systems will define features favorable to CO2 
accumulation and retention.  As some of these fields are operated to produce CO2, valuable information 
on drilling, performance and safety will become available.   
 
Experiments on reservoir and seal rocks under reservoir pressure and temperature are ongoing at GFZ-
Potsdam (Borm).  The purpose of these experiments is to ascertain physical and chemical transformations 
that alter rock properties with CO2 exposure.  There is evidence for changes in the physical strength of the 
rocks, possibly due to mineralogical transformations (dissolution and precipitation).  The susceptibility of 
well materials (cement and steel) to weakening by erosion / corrosion or strengthening by scaling / 
mineral precipitation in the presence of elevated CO2 addresses perhaps the weakest link in CO2 
containment (Lindeberg, SINTEF).  Recommendations for new, less susceptible well materials, 
completion procedures and intervention will be included in the final study. 
 
The integrity program has identified the principal weaknesses to CO2 containment in natural and 
engineered systems.  The obvious solution includes careful evaluation of natural systems using analogs 
and experiments and the development special well materials / construction and remediation. 
 
Optimization 
Optimization studies attempt to identify more efficient ways to store CO2 in settings familiar to the oil 
and gas industry (e.g., EOR and EGCR), anticipate difficulties in CO2 storage in other venues (e.g., 
aquifers) and look for economic tradeoffs with the CO2 capture.  The survey conducted by the New 
Mexico Institute of Mining and Technology (Grigg) identified areas for improvement in CO2 EOR 
operations that have implications for CO2 storage.  Research recommendations included CO2 injectivity, 
conformance, monitoring and remediation.  Further work could also examine the ultimate storage 
capacity of these reservoirs as well as leakage detection and rates.  The Texas Tech University (Frailey / 
Lawal) and Tieline Technology (Stenby) studies address phase behavior of CO2 in gas and gas condensate 
reservoirs and in oil reservoirs (respectively).    
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An extensive survey of Canadian and European natural gas storage experience has been compiled by GTI 
(Perry).  Although the focus of this work was on leakage identification and remediation, there are 
valuable insights into geological features that make such operations successful.  Issues identified are 
keyed to how the CO2 storage might be impacted.  As with the natural gas storage experience in the USA, 
it is remarkable how few incidents have been reported.  The hazard levels anticipated from CO2 storage 
would seemingly be less, given that the technology to identify appropriate storage venues are improving 
and CO2 is not flammable. 
 
A baseline for piping, compression and injection systems needed to transport CO2 is the topic of the 
Reinertsen Engineering study.  An optimization of materials and necessary hydration levels will be the 
product of this study.    
 
Economic tradeoffs between the purity of CO2 (with various levels of SOx and NOx) captured at the 
surface and the behavior of impure CO2 in the subsurface are the topics of studies by Battelle (Gupta) and 
The University of Texas (Bryant), respectively.  In the surface study, possible untoward effects on amine 
and other solvent systems and piping and compression equipment will be evaluated.  Subsurface phase 
and solubility behavior of impurities and their effects on subsurface equipment and reservoirs will be 
estimated in the subsurface study. 
 
These optimization studies, once integrated and attached to realistic scenarios, will be of considerable 
value in approaching workable CO2 capture, transportation and storage programs.  
 
Monitoring 
Numerous remote (satellite and aerial), geophysical and geochemical approaches to monitoring CO2 
storage performance and leakage / seepage have been proposed.  The resolution and expense of these 
techniques varies considerably.  The principal goal of the monitoring studies is identify the most useful 
and cost effective approaches.  TNO (Arts) presented a comprehensive, comparative survey of monitoring 
technologies in addition to seismic modeling of aquifer CO2 storage and ECBM.  LBNL (Hoversten) 
provides field, experiment, model and theoretical examples of novel non-seismic geophysical monitoring 
techniques.  Ongoing work includes surface seismic, AVO analysis and electromagnetic modeling.   
 
The single geochemical-based monitoring project investigates the use of noble gas isotopes as tracers and 
leakage indicators.  The CO2 EOR Mabee Field of West Texas is used as an example application.  Doping 
of supply gas with such chemically distinctive gases allow, in addition to tracing CO2 conformance, a 
means to establish ownership of leaked gas is made available.  
  
The early study by Tang (CalTech) evaluated the state-of-the-art in atmospheric monitoring technologies.  
A follow-up study aims at identifying technologies capable of detecting leakage rates as small as 1% and 
developing scenarios at which such techniques might be applicable.   
 
Satellite and aerial hyperspectral analysis of plant stress and mineral anomalies, thought to be induced by 
high surface CO2 concentrations were investigated by LLNL (Pickles).  An aerial survey of the CO2 EOR 
Rangely Field, CO, has been examined for anomalies and a field trip is planned to determine what 
features might be associated with these anomalies.   A recently contracted study will evaluate the near 
surface approaches to detect CO2 leaks (Davis, Penn State).  The favored technology, IR laser, will be 
evaluated for capability of measuring near surface vertical turbulent flow of CO2.   
 
A broad range of monitoring technologies has been investigated for the monitoring program.  Future 
research direction will focus on the few most promising remote / aerial, near surface and subsurface 
approaches.  Additional programs should also include direct analyses of subsurface fluids (e.g., well water 
and gas sample analysis, soil gas analysis). 
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Risk Assessment 
Risk assessment was identified as a critical research area early in the SMV program.  Initial studies 
contracted and completed include an HSE assessment and lessons learned by other industries involved in 
the disposal of industrial wastes or storage of natural resources (Benson, LBNL) and one focusing mostly 
on political and regulatory lessons learned by the nuclear waste industry.  Subsequently, three large risk 
assessment methodologies development studies evolved and are ongoing (Wildenborg, TNO; Liang, 
INEL; Oldenburg, LBNL).  An additional study, involving reactive transport modeling to assess 
transformations in reservoir and cap-rocks, is also summarized but the results are also applicable to the 
“Integrity” program outlined above.       
 
The TNO study proposed two scenarios to test their risk assessment methodology (Southern North Sea 
aquifer and onshore Netherlands gas field).  Extensive work has been done on FEP (features, events and 
processes) that is now destined to become a standard, shared database.  A Monte Carlo simulation (>1000 
parameter combinations) of a reservoir seal model has recently been successfully completed.  Simulations 
of a shallow subsurface / surface (atmosphere) model was been conducted recently with LBNL 
(Oldenburg).  The probabilistic tool developed earlier in 2003 was tested and found to be user friendly 
and fast.  Work continues on collecting data needed to run simulations of the two scenarios. 
 
The coal bed-based (ECBM) risk methodology by INEL (Liang) continues apace in conjunction with a 
larger San Juan Basin coal bed methane storage capacity study.  Geomechanical studies have elucidated 
mechanisms for gas leakage from fractures in coal and its overburden.  Relative risks of poorly designed 
fracturing attempts and uncemented versus cemented wells have been estimated.  Using the larger 
Fruitland coal seepage model, simulations suggest guidelines for locating injection relative to the water 
table and outcrops.    
 
The reactive transport modeling by LLNL (Johnson) incorporates coupled thermal, hydrological and 
geochemical processes to address key technical issues related to cap rock integrity (particularly that 
associated with the well bore) in aquifer storage of CO2.   Significantly, there is evidence for continuous 
improvement of hydrodynamic seal integrity via mineral trapping mechanisms 
 
 
Communication of Results 
 
Dissemination of CCP results to the broader scientific community and to policy makers is a key activity.  
Detailed planning for that technology transfer activity is underway. Plans for integration and 
dissemination of CCP research results coordinating the SMV, Capture, and Economic Modeling efforts 
are being prepared.   LBNL (Benson) has been contracted to arrange publications at the technical 
specialist, general scientific / engineering, government / regulator, NGO and general public levels for the 
SMV program.  ARI (Thomas) will carry out a similar program for Capture and Economic modeling 
studies  
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Summary Report 
 
 
CCP’s agreement with the U.S. DOE includes a number of tasks that are reported upon in this document.  
Each summary refers to the relevant task - number in its title.  The tasks covered by this agreement 
reported here are identified in the following Table 1.  Not all the technology areas defined below are 
currently under study with DOE funding as noted in the technology development discussions.   
 
Table 1 
Relationship Between U.S. DOE Project Tasks and CCP Projects  
Task Description Related Report Section 
0.0 Project Definition Technology Selection  
0.1 Identify Relevant Separation, Capture, and 

Sequestration Scenarios 
Scenarios 

0.2 Establish State-of-the-Art Separation and Capture 3. Technology Screening 
4. Economic Modeling 

0.3 Develop and Apply Common Economic Model 3. Technology Screening 
4. Economic Modeling 

0.4 Define Work Plan See 0.0 Project Definition above. 
0.5 Select Technology Developers See 0.0 Project Definition above. 
1.0 Develop Post-Combustion Separation and 

Capture  
1.1 Post Combustion Studies - studies under this heading 

1.1 Advanced Solvents Not U.S. DOE funded in CCP 
1.2 Advanced Absorbers/Desorber Designs Not U.S. DOE funded in CCP 
1.3 Systems Integration and Optimization Not U.S. DOE funded in CCP 
1.4 New and Novel Concepts 1.1.1.1 Radical Post-combustion technologies. 

1.1.1.2 Self-Assembled Nanoporous Materials. 
2.0 Develop Pre-Combustion Decarbonization 

Techniques 
1.2 Pre-combustion Decarbonization (PCDC) Program - studies 
under this heading  

2.1 Gas Turbine Fuels 1.2.1.2 Sorption Enhanced Water Gas Shift (SEWGS) 
2.2 Fuel-Grade Hydrogen Generation 1.2.1 Membrane Studies 

1.2.1.1.7 Membrane Water Gas Shift (MWGS) 
2.3 Systems Integration and Optimization 1.2.3 Integration & Scale-up Studies  
2.4 New and Novel Concepts 1.2.1.1 Sulfur Tolerant Water Gas Shift Reactor Systems 
3.0 Develop Oxyfuel Technologies 1.2.1 Capture Studies - studies under this heading 
3.1 Advanced New/Retrofit Boiler Designs 1.3.1 Advanced Boiler Study 
3.2 Membrane Air Separation Units Not U.S. DOE funded in CCP 
3.3 Systems Integration and Optimization Not U.S. DOE funded in CCP 
3.4 New and Novel Concepts Not U.S. DOE funded in CCP 
4.0 Establish Key Geologic Sequestration Controls 

and Requirements 
2. Storage, Monitoring and Verification (SMV) Studies - studies 
under this heading 

4.1 Understanding Geologic Storage 2.1 Integrity - studies under this heading 
2.2 Optimization- studies under this heading 
2.3 Integrity - studies under this heading  

4.2 Flexibility in CO2 Purity 2.2.4 CO2 Impurities Tradeoff – surface 
2.2.5 CO2 Impurities Tradeoff - subsurface 

4.3 Maximizing CO2 Sequestration 2.2 Optimization - studies under this heading 
2.3 Integrity - studies under this heading 

4.4 Measurement and Verification 2.4 Monitoring - studies under this heading 
4.5 Risk Assessment and Mitigation Options 2.1 Risk Assessment and Analysis- studies under this heading  
5.0 Project Management, Reporting, and Technology 

Transfer 
3. Technology Screening 
4.  Economic Modeling 
Technology Advisory Board 

5.1 Project Management Technology Advisory Board  
5.2 Routine Project Reporting 1.2.4 Capture Studies Integration and Reporting Integration Into 

Topical Reports 
2.5.1 Technical Report Integration into Topical Reports 

5.3 Technology Transfer 2.5 Integration and Communications - studies under this 
heading 
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Scenarios  
 Task - 0.1 Identify Relevant Separation Capture, and Sequestration Scenarios  
 
 
CCP uses real plant and refinery applications rather than idealized model studies to ensure that the 
developed technologies and costs will represent practical circumstances.  Each scenario includes all the 
operations necessary to: 
 

• Capture the carbon dioxide from the combustion process, 
• Separate it from other stream components (water, particulates, and other gaseous contaminants), 
• Process it for further handling (cooling and compression) 
• Transport it to a storage site (by pipeline) 
• Provide for monitoring to assure the public and regulators that that the carbon dioxide is safely 

stored for the required period. 
 
The scenarios are defined by fuel type, combustion method, and the availability of storage sites.  
Separation technologies can be matched to the fuel type and plant configuration and the range of 
combustion methods represents the vast majority of systems used in industry.  The four scenarios are 
summarized in Table 2 below: 
 
Table 2:  Industrial Scenarios Used in CCP as Basis for Technology Comparison 
Scenario Fuel Source  CO2 Source  Geologic Sink Location 
Refinery Hydrocarbon Gas 

& Liquids 
Heaters & 
Boilers 

Storage European 
Refinery 

Very Large   
Gas Turbines 

Natural Gas Large Electric 
Power 
Generation 
(CCGT) 

Storage Western Europe 

Distributed Gas 
Turbines 

Natural Gas Small 
Distributed 
turbines 

Storage Alaska North 
Slope 

Gasification Solid via 
gasification 
(petroleum coke) 

Syngas 
Purification 
Process 

Storage Western Canada 

 
The Geologic Sink  to be used is chosen from a reservoir type available near the CO2 source and may be: 

• Saline aquifers 
• Depleted gas reservoir with or without potential for additional gas recovery, 
• Depleted, or late stage, oil reservoirs usually with the potential for additional recovery of oil, or 
• Unmineable coalbeds with or without the potential for methane recovery. 

 
The geologic sink will be selected for its potential to ensure safe sequestration at minimum cost to the 
operator.  It may be combined with oil or gas recovery from the target reservoir to provide cost recovery 
and potential economic benefits from the sequestration project. 
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1.  Capture Studies 
 Task - 1.0 Develop Post-Combustion Separation and Capture Scenarios  
 Task - 2.0 Develop Pre -Combustion Decarbonization Techniques 
 Task - 3.0 Develop Oxyfuel Technologies 
 
 
The program began in mid-2001 with the assessment summarized here, an intense period of program 
development and technology provider selection, and in early 2002 with the technology development 
phase of the program.  This report includes the results of the early part of the program and from the past 
six months of technology development activity.  Some projects have been completed while many are in 
progress. 
 
The capture technologies are divided into the three categories that were identified in the CCP State of the 
Art (SOA) review; namely: 
 

• Post Combustion (PC) Capture technology. Where CO2 is captured from the exhaust of a 
combustion process 

• Precombus tion De-Carbonization (PCDC). Where a hydrogen-rich fuel is produced and CO2 
is captured from the produced syngas 

• Oxyfuel. Here a pure oxygen stream is produced which results in a combustion product 
containing only CO2 and water. 

 
The DOE currently funds one PC and nine PCDC studies in the overall CCP Capture program.. More 
studies are planned in Phase 2 of the program.  Table 3 shows the status of each project in January 2003. 
 
 
Table 3:  Capture Studies Status, July 2003 
Capture  
Category 

Project Title  Principal 
Investigator 

Co 
Funder
* 

Technology 
Provider 

Status  

Post 
Combustion 

Self-Assembled Nanoporous 
Materials for CO2 

Capture 

Malhotra 
Ripudaman 

DOE Stanford Research 
Institute 

Ongoing 

PCDC Sorption Enhanced Shift 
Reaction 

Allam, 
Rodney 

DOE Air Products Inc. Ongoing 

PCDC Coke Gasification and Gas 
Separation Case Study 

Reddy, 
Satish 

DOE Fluor Ongoing 

PCDC Copper Palladium Membrane 
Research 

Alptekin, 
Gokhan 

DOE TDA Research Ongoing 

PCDC Electro-Ceramic Membrane 
Research 

Mundschau, 
Michael 

DOE Eltron Ongoing 

PCDC Membrane WGS Reactor 
Development Study 

Reddy, 
Satish 

DOE Fluor Ongoing 

PCDC Develop Silica Membranes Van Delft, 
Yvonne 

DOE ECN Ongoing 
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Table 3:  Capture Studies Status, July 2003 (Cont’d) 
Capture  
Category 

Project Title  Principal 
Investigator 

Co 
Funder
* 

Technology 
Provider 

Status  

PCDC Develop Supported Copper 
Palladium Alloy 

Way, Doug DOE Colorado School 
of Mines 

Ongoing 

PCDC Develop Supported Silicalite 
Membranes 

Lin, Jerry DOE Univ. of 
Cincinnati 

Ongoing 

PCDC Membrane WGS reactor design TBA DOE SOFCo Ongoing 

 
In addition, four Oxyfuel studies are underway within the CCP program.  None are funded by the CCP / 
DOE award and are listed here for information only. 
 

1. Chemical Looping  (Vienna University, Alstom Power, CSIC and Chalmers University). This 
new combustion technology is based on oxygen transfer from combustion air to the fuel by means 
of a metal oxide acting as an oxygen carrier. Cost reduction will likely be derived from the 
combustion of pure oxygen, avoiding the requirement for air separation. This is a new 
technology, which carries significant risk but reasonable potential for cost reductions. 

 
2. Advanced Zero Emission Power (AZEP) (Alstom Power and Norsk Hydro). This technology 

would integrate a gas turbine system with an innovative membrane air separation technique. It is 
part of a separate European Union study, but CCP will economically evaluate it on a basis 
consistent with other CCP projects. 

 
3. Advanced Boilers  (Praxair and Alstom). This is similar to AZEP , this time funded by the DOE 

outside the CCP except that it integrates the same membrane air separation technique with a 
boiler (rather than a gas turbine). CCP will evaluate the technology as above. The Praxair study 
was considered for CCP funding but was set aside when they obtained direct DOE funding.   

 
4. Boilers and Heaters Conversion Study  (Air Products)   Conversion of gas turbines for oxyfuel 

combustion requires major redesign of turbines and is being studied extensively outside the CCP. 
It is also research requiring funding beyond the means of the CCP.  The conversion of boilers and 
heaters for oxyfuel combustion is regarded as practicable in the near term. This study aims to 
understand the costs and issues around such conversion using heaters and boilers similar to those 
in our refinery scenario. This technology would combust oxygen derived either from 
conventional cryogenic separation or from innovative ionic membranes, using flue gas or steam 
as the diluent. Work started at the end of 2002. 
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1.1  Post Combustion Studies 
 Task - 1.0 - Develop Post Combustion Separation and Capture Scenarios  
 
General 
 
In post-combustion capture, CO2 is recovered from the exhaust gases of large sources such as boilers, 
heaters, and turbines.  These sources are present everywhere throughout refineries, power plants, gas 
processing plants and chemical plants of the world.  Post-combustion sources of CO2 are also significant 
for the U.S. as a whole, with power plants contributing roughly one-third (~1.7 billion tonnes/year) of all 
the CO2 emitted.  Improving the economics of post-combustion capture is therefore a critical goal for the 
entire CO2 Capture Project (CCP).  
 
The current post-combustion capture practice is to install an amine separation unit at the flue-gas source.  
This is a very difficult separation, since the gases are hot, dilute in CO2 content, near atmospheric 
pressure, high in volume, and often contaminated with other impurities (SOx, NOx, ash). The presence of 
oxygen in the flue gas is problematic for conventional amine plants because of oxidative degradation of 
the amine.  Collectively, these factors result in enormous amine circulation rates, large equipment, and 
large energy requirements.  In the case of CO2 capture from power plants, the heat duty of the amine 
stripper places a substantial burden on the low-pressure steam supply.  Despite the maturity of amine 
technology, there appears to be ample opportunities for finding improvements with new technology. 
 
Post-combustion capture of CO2 from flue gas has been researched for over 30 years, resulting in fewer 
opportunities to significantly reduce the cost of capture relative to conventional amine technology.  
However a small but steady stream of potential ideas continues to emerge.  Many are at the concept stage 
and may not reach the full proof of concept stage in the lifetime of this program. The team felt it was 
important to continue to review and evaluate these as they appear.  Thus, the CCP Post-Combustion team 
takes a balanced approach with regards to maturity and technical risk in technology selection.  We seek to 
reduce the cost of CO2 capture through: 
 

• Step-change cost reduction through improving existing amine technology (e.g., better solvents, 
better solvent contactors, cost-effective plant design). 

 
• High-risk, entirely novel approaches to post-combustion capture (e.g., DOE-funded work in Self-

Assembled Nanoporous Adsorbents). 
 
The CCP has funded several engineering studies and technology development programs in the post-
combustion area.  The individual programs all vary in degrees of maturity, technical risk, and cost-
reduction potential. 
 
Co-funded by NORCAP 

• Amine Scrubbing with a Membrane Contactor (Mitsubishi Heavy Industries (MHI) and Kvaerner 
Process Systems (KPS)) 

• Cost Effective Design and Integration Study (Nexant) 
• Radical Chemistry Concepts (Norsk Hydro and numerous academic partners) 

 
Funded directly by CCP 

• Baseline Design and Cost Estimation (Fluor) 
• Electric Swing Adsorption (Oak Ridge National Laboratories and Kvaerner Process Systems) 
• Novel Channel adsorption technology ( Norsk Hydro) 
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Co-funded by DOE 
• Self-Assembled Nanoporous Materials for CO2 Capture (SRI) 

 
From the work completed thus far, the CCP has learned that entirely new radical approaches would be 
required to reduce the cost of post-combustion CO2 capture by the levels specified at the outset: by 50% 
for retrofit and 75% below conventional amine technology for new-build scenarios.  The only CCP 
project sponsored by DOE, “Self-Assembled Nanoporous Materials for CO2 Capture,” is a high-risk 
program that may be applicable for both retrofit and new-build, as well as pre-combustion CO2 capture.  
Work is ongoing and final results will not be available until 3Q 2003.     
 
The planned study on electric swing adsorption technology was abandoned when CCP funded studies 
demonstrated that the benefits anticipated from this approach would not materialize for our scenarios.  
 
The post-combustion capture technologies for which comments, observations and recommendations are 
provided are: 
 

• Membrane/KS-1 Amine solvent system - MHI/Kvaerner (Klimatek funded) 
• Electrical Swing Adsorption – Oak Ridge National Laboratory (CCP funded)  
• Cost Efficient Design – Nexant  (Klimatek funded) 
• Self-Assembled Nanoporous Materials for CO2 Capture– SRI  (DOE funded) 
• Novel Chemistry – Norsk Hydro  (Klimatek funded) 

 
 
MHI/Kvaerner Membrane/Amine Solvent System 
 
This process combines two established technologies for the capture of CO2 from industrial flue gas 
streams. 

• Mitsubishi Heavy Industries – KS-1 Hindered Amine Solvent process. 
• Kvaerner Process Technology’s – Membrane contactor. 

 
The technology was evaluated in the context of the NORCAP (Norwegian 400 MW Natural Gas-Fired 
Power Plant) scenario. 
 
Technical Issues 
Performance tests for the MHI solvent/Kvaerner membrane combination at the Nanko Power Plant in 
Japan revealed some solvent loss across the membrane system into the CO2 lean flue gas stream. For 
commercial designs, a water wash stage will be required to minimize the impact of solvent loss on the 
environment. For the initial design and cost estimate (Case 1) a conventional wash column was assumed 
downstream of the membrane unit. Additional study work (Case 2) looked at replacing the wash column 
with a water wash membrane unit.  
 
Capital Cost 
Two design cases were generated for the MHI solvent/Kvaerner membrane combination: 
 

• Case 1 - Conventional water wash column. 
• Case 2 - Membrane water wash unit. 

 
In both cases the cost of the membrane components account for about 15% of the total unit cost. 
Case 1 capital cost is, ‘within the estimate accuracy’, the same as conventional equipment performing the 
same duty (1.6% capex reduction), despite overall weight and space reductions for the membrane unit. 
Capital cost reductions are not significant because the water wash tower is still required due to amine loss 
through the membrane.  Case 2 capital cost shows a further small reduction, but this is not fully leveraged 
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in the NORCAP case since there is no weight or space premium for the scenario. An overall capital cost 
reduction of only 8.2% is realized for this case when compared with a conventional unit. 
 
Operating Cost 
There is a significant reduction in operating cost arising from the use of KS-1 solvent (about 20% versus 
MEA solvent). This operational cost saving will also be realized with conventional absorber tower 
equipment; hence there is no benefit accruing to its use in combination with the Kvaerner membrane 
contactor. 
 
Performance in Other Scenarios and Team Conclusion 
Other CCP scenarios are unlikely to show cost reduction benefits by using this technology combination.  
Grangemouth, NORCAP and the Canadian scenario’s will all employ ‘stick built’ facilities and none 
should place a high value on space/weight reductions. 
 
The Alaska scenario, which utilizes pre-fabricated modules, could be an exception, however, the team 
does not recommend this technology combination for further development in the Alaska scenario for the 
following reasons; 
 

• Major costs for the Alaska scenario are associated with supporting utility systems, CO2 
compression and the Heat Recovery/Steam Generator facilities. All of these are essential 
regardless of the capture elements employed. 
The capture facility represents less than 30% the total capital cost. 

 
• Translating the NORCAP derived capture facility cost reduction (8.2%) to the Alaska scenario 

will realize an overall cost saving of less than 3% across the entire facility within the Alaska 
scenario. 

 
For the above reasons the Post Combustion team sees no point in progressing this technology any further 
at this time.  This technology should show increased cost benefits where it is used in a scenario where its 
low weight and space requirements are valuable – e.g. on offshore platforms. 
 
 
Electrical Swing Adsorption – Oak Ridge National Laboratory 
 
The Post Combustion team worked with Oak Ridge National Laboratory (ORNL) to evaluate their 
‘Electrical Swing Adsorption’ (ESA) process. A limited range of tests were undertaken to assess the 
loading potential of the Carbon Fiber Composite Molecular Sieve (CFCMS) material, to develop 
adsorption/desorption curves and to assess the benefit of the electrical swing effect. A process scheme 
was developed from the laboratory scale test results and some preliminary economics were generated for 
the system. 
 
Technical Issues  
The loading of CO2 (dry) onto the CFCMS material was limited to 0.7 wt% (expected to extend to 1.0 
wt% at best) due to the low partial pressure of CO2 in the feed gas. The presence of water appears to 
reduce loading capacity by 10%.  Observed cycle times were between 12 and 18 minutes (adsorption) and 
25 to 30 minutes (desorption). 
 
The test equipment used was not capable of analyzing CO2 stream concentrations greater than 20,000-
ppm v/v, which obscured the initial phase of regeneration so that the ‘Electrical Swing’ effect could not 
be seen clearly. The laboratory regeneration technique utilized purge gas to create low CO2 partial 
pressures during the desorption step. This approach cannot be used in a real processing situation since it 
reverses the separation achieved by the process. A vacuum desorption system was assumed for the 
process scheme and associated cost assessment. 
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The power applied to initiate the ‘Electrical Swing’ was not optimized and it wasn’t clear from the 
laboratory results whether the dominant effect for the regeneration step was electrical or thermal 
(electrical resistance heating) driven desorption. High power consumption figures were apparent and peak 
internal bed temperatures of 50 deg C were achieved leading to the suspicion that the thermal resistance 
effect was dominant. ORNL made no attempt to optimize the power applied for regeneration. 
 
Capital Cost 
An in-house BP assessment was made for the likely capital cost for a unit sized to capture 200,000 
tonnes/annum of CO2 from two LM2500 gas turbine exhausts. This basis was taken from an earlier BP 
study based on an Alaska scenario (not the CCP baseline). 
 
Comparison of the key elements of the BP amine based route with the ESA route concluded that, like the 
CCP Alaska baseline, total cost is heavily influenced by the exhaust gas conditioning/cooling system and 
other auxiliary plant. The cost for the ‘core’ capture facility was similar, with the ESA unit cost trending 
higher per tonne of CO2 captured. The large number and size of adsorber vessels required by the process 
design (which assumed a 10 minute adsorb and a 10 minute desorb cycle) and the large inventory of 
CFCMS adsorbent required combined to add significantly to the overall unit cost.  The capital cost for an 
ESA capture unit is expected to be higher than for a conventional amine system. 
 
Operating Cost 
A brief review of operating costs for the two approaches suggests that ESA will display higher costs due 
to its high import power requirement (for electrical regeneration). However, it should be noted that the 
laboratory experiments conducted by ORNL did not attempt to optimize, or even minimize the power 
required for regeneration. This conclusion may not be reasonable without further work to confirm 
minimum (optimized) power needs for ESA. 
 
Performance in Other Scenarios and Team Conclusion 
The performance of the ESA process within the three other CCP baseline scenarios is not expected to 
favor its use over post capture (amine based) technologies given its likely higher capital and operating 
costs. 
 
Some rather fundamental technical issues need addressing before it is likely to compete with and/or better 
the performance of conventional amine systems; 
 

• The low CFCMS CO2 loading 
• The ‘Electrical Swing Effect’ – is it real?  
• The impact of other gas components (water, NOx, SOx etc.). 
• Cycle pressure drop and its influence on cycle time (particularly desorption). 
• Power requirements for desorption. 

 
The Post Combustion team cannot recommend this technology for further development at this time. 
 
 
Cost Efficient Design – Nexant – Klimatek funded 
 
This work focuses on reducing the cost of amine capture systems by employing novel process 
configurations and reduced cost design standards reflecting the ‘non-hydrocarbon’ nature of the process 
when used in a flue gas/exhaust gas environment. 
 
The work is being undertaken by Nexant and is being executed in three phases; 
 
Phase 1 Cost reduction ideas generation and review of current codes, standards, and amine plant 

practice. 
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Phase 2a Design and cost estimate for a conventional amine capture plant. 

Phase 2b Design and cost estimate for a ‘lower cost’ capture unit employing the ideas, codes and 
standards selected from phase 1.        

Phase 3 Integration of the ‘lower cost’ design into a 350 MW power generation plant, within the 
NORCAP scenario.  Complete process design and cost estimate.  

 
Technical Issues 
Nexant has developed a low-cost capture plant based on a number of non-refinery, yet technically viable 
process design ideas.  The plant performance and cost were estimated by commercial process simulators 
or by vendors with specialized know-how.  However, it is recommended that the more radical cost-saving 
ideas by verified by either pilot or demonstration plant testing.  Out of 46 potential cost-saving ideas, 
Nexant has recommended the following design changes for the standalone, low-cost capture plant: 
 

• Use compact, plate and frame heat exchangers for liquid-liquid service 

• Elimination of the flue-gas cooler (relying on evaporative cooling inside the absorber as the flue-
gas enters hot) 

• Use of structured packing in the absorber to reduce diameter 

• Use ANSI-standard pumps instead of API-standard pumps when possible  

• Use of a single-train CO2 compressor instead of two smaller trains 

• Reduce overall reboiler steam demand by using lean solution flash and steam ejector 

• Relax flue gas blower metallurgy from stainless steel to carbon steel 
 
Capital Cost 
The low-cost plant, with all of the above modifications, is expected to have a total capital savings of 42% 
over the Base Case Amine Plant using traditional refinery standards. 
 
Operating Cost 
For operating cost comparisons, the low-cost plant uses 15% less steam, 11% less power, and 12% less 
cooling water than the Base Case Amine Plant. 
 
Performance in Other Scenarios and Team Conclusion 
Although this study was based on the NORCAP scenario, Nexant plans to do an assessment on the effect 
of other hydrocarbon fuels, such as butane, diesel, and IGCC syngas. 
 
The cost-saving ideas generated by this work appears promising thus far, and the team recommends the 
completion of the study to 3Q 2003.  Additional cost-savings may result from integrating the low-cost 
plant with the power plant. 
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Self-Assembled Nanoporous Materials for CO2 Capture – SRI – DOE funded 
 
This work is investigating the ‘design’ of adsorbent materials for improved adsorption of CO2 from low-
pressure flue gas streams.  SRI International is under taking the work, which is being executed in three 
phases: 
 
Phase 1  Thermodynamic assessment of co-operative bonding in adsorption processes. 

Phase 2  Modeling co-operative bonding effects with Copper Dicarboxylate materials. 

Phase 3 Testing of Copper Dicarboxylate materials including the development of a preliminary 
process design to adsorb CO2 from low-pressure, dilute, flue gas streams. 

 
Technical Issues 
Several samples of Copper Dicarboxylate adsorbents were synthesized and characterized (by XRD, TGA, 
SEM, BET).  The material synthesis procedure is not yet optimized, and it remains a challenge to make 
high-surface area adsorbents in a reproducible manner.  SRI has thus far made about 10-g of material with 
material in excess of 900 m2/g.  SRI has also received 300-g of similar material from Dr. Seki of Osaka 
Gas, which only has 600 m2/g.  Both adsorbents will be sent to Adsorption Research, Inc. (ARI) for 
performance testing and PSA process design. 
 
Initial laboratory results show that the adsorbents exhibit a linear adsorption isotherm for CO2 and N2, 
which is ideal for PSA.  The adsorbent reaches its equilibrium CO2 loading in a matter of minutes, which 
is similar to commercial zeolites such as 13X and 5A.  One key critical issue is whether the CO2 loading 
is sufficiently high for a PSA process to by economically viable for flue-gas capture.     
 
Capital Cost 
A capital cost estimate of a PSA processing utilizing the SRI material will be generated at the end of 3Q 
2003. 
 
Operating Cost 
An operating cost estimate of a PSA processing utilizing the SRI material will be generated at the end of 
3Q 2003. 
 
Performance in Other Scenarios and Team Conclusion 
If successful, the nanoporous adsorbents can be applicable to both post-combustion (low CO2 partial 
pressure) and pre-combustion (high CO2 partial pressure) of CO2.  Although the initial laboratory 
materials made at SRI are not yet optimized, nominal results appear promising.  The structure of the 
Copper Dicarboxylates appears highly microporous, and the material appears capable of adsorbing large 
amounts of CO2 in a reversible manner based on the isotherm measurements.   
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1.1.1  Adsorption Technology 
 
1.1.1.1  Radical Post-Combustion Technology Investigations 
 Task - 1.4 - New and Novel Concepts  
 
 
Given the time available and the need for funds in higher potential areas, this work was stopped. 
 
The CCP Post Combustion Team was to screen many new technology ideas for novel ways to capture 
CO2 after combustion.  The objective was to evaluate and select up to three promising candidates for 
further exploratory development during 2003.  In each case, up to $50,000 was to be made available to 
technology developers for preliminary studies.  
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1.1.1.2  Self-Assembled Nanoporous Materials for CO2 Capture 
 Task - 1.4 - “New and Novel” Concepts  
 Principal Investigator:  Ripudaman Malhotra 
 Technology provider: Stanford Research Institute (SRI) 
 
 
Highlights  
 
• The synthesis of the copper terephthalate 3-D complex  has been achieved, based on literature data by 

Seki (Osaka Gas).  Surface area of the prepared materials ranged  from 20 m2/g  to 1200 m2/g. 

• The pore size distribution performed on one sample ( surface area, 450 m2/g) resulted in over 90% of 
the area with pores less than 20 A°. 

• Surface morphology analysis by SEM showed, for a high surface area SRI sample, a multi-lamellar 
structure whereas the reference Seki material showed a cubic morphology. 

• The adsorption of CO2 and N2 was measured on the SRI product. The CO2 isotherm did not level off 
at the highest pressures tested (1 atm. CO2), which is consistent with a high capacity of the material to 
adsorb CO2. The selectivity of the material for CO2 over N2 was estimated to be about 8. 

 
Summary 
 
SRI International, Chemical Science and Technology Laboratory, proposed and is executing the title 
study to produce sorbent materials for CO2 capture in pressure swing adsorption (PSA) processes. The 
overall objective of this fundamental research is to develop new nanoporous materials that will effectively 
capture CO2 from power plant flue gases. The study materials were based on work of Seki (Osaka Gas) 
who has shown that a range of nanoporous structures can be made from copper salts of dicarboxylic acids. 
The materials have a square cavity whose dimensions can be controlled by the choice of the dicarboxylic 
acid.  Solids with cavities large enough to accommodate four to five methane molecules were shown to 
have the highest capacity for methane.  SRI proposed to synthesize and test these materials that would 
physi-sorb CO2 by relatively weak van der Waals forces and that would have a high adsorption capacity 
for CO2.   
 
Structures that could accommodate multiple CO2 molecules at each site may exhibit cooperative binding 
of CO2.  Binding is considered cooperative when subsequent molecules of CO2 adsorb onto the material 
with slightly greater heats of adsorption.  In such a case, the PSA system would require less work to 
capture an equivalent amount of CO2 than a non-cooperative system. The key objectives of the project 
have been identified as follows:  
 
• Phase 1 - Demonstrate the thermodynamic validity of the proposed concept and also to demonstrate 

the computational tools necessary for designing these materials,  
• Phase 2 - Synthesize and characterize the new materials, to test them as CO2 sorbents under PSA 

conditions, and to perform a cost analysis of a process based on the new materials. 
 
The thermodynamic validation of the proposed concepts and the ability of molecular modeling to describe 
the adsorption behavior were reported in the February Semiannual Report. It was determined that the 
optimal heat of adsorption should be only 27kJ/mole to allow a PSA system to operate near ambient 
temperature.  Calculations showed that a modest level of cooperativity would markedly reduce the 
pressure swing needed to desorb CO2 from the material. Molecular structure calculations showed that a 
copper oxalate structure would hold one molecule of CO2 while the larger copper terephthalate lattice 
would accommodate four molecules of CO2 in a single cell. 
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During the present reporting period synthesis, characterization and evaluation of copper terephthalate, 
prepared by the procedures of Seki, was undertaken. The two-step synthesis procedure first produced the 
2-D complex by reaction of terephthalic acid with copper sulfate  followed by pillarization with 
triethylenediamine to produce the 3-D complex. Over fifty different preparations were conducted to 
optimize the process. The best materials with high surface areas were obtained with preparations on a 3-6 
gram size scale. Larger scale preparations gave poorer results.  The complexes obtained had BET surface 
area measurements between 20 m2/g and 1200 m2/g. The pore size distribution of a 450 m2/g surface area 
sample was found to have over 90% of its pores less than 20 A° in size.  Earlier molecular structure 
calculations indicated that cavities should be about 10A° in size.  The materials have been characterized 
using scanning electron microscopy(SEM), X-ray diffraction(XRD) and thermogravimetric analysis. 
SEM studies included a comparison of a high surface area SRI material with Seki’s material. Seki’s 
sample showed a cubic morphology while the SRI sample exhibited a multi-lamellar structure.  XRD 
analysis showed that the 2θ = 9° peak intensity that is an indicator of nanoporosity was intermediate 
between Seki’s published data and that measured in our laboratory for Seki’s sample.  These results give 
us confidence that our laboratory procedures are capable of producing nanoporous copper phthalate 
materials.  
 
10 grams of SRI material with surface area exceeding 900 m2/g and a 30 g sample received from Seki 
(surface area, 600 m2/g) were sent to ARI (Adsorption Research Inc.), a subcontractor, to perform further 
testing.  Preliminary measurements of CO2 and N2 adsorption on the SRI sample showed that the CO2 
isotherm did not level off even at the highest pressures tested (1 atm. CO2, corresponding to 20 atm. flue 
gas containing 5% CO2). The result is consistent with a high capacity of the material to adsorb CO2. The 
selectivity of the SRI material for CO2 over N2 was estimated to be about 8.  
 
Plans for the next reporting period include flowing adsorption tests in which simulated flue gas will be 
passed through a packed bed of pellets pressed from the copper terephthalate 3-D complex. CO2 
breakthrough will be monitored as a function of flow conditions. Pelletization of the powdered material is 
necessary to maintain a low pressure drop across the bed.  Breakthrough tests will yield parameters that 
will help SRI/ARI design a laboratory PSA system whose performance will then be used in a process 
model to design and estimate the cost of a full scale PSA system.    These are Tasks 5 through 7 in the 
contracted work: 
 
• Task - 5: Breakthrough Tests.  Column-flow adsorption experiments (breakthrough tests) will be 

conducted where both the inflow and effluent gas composition are monitored continuously by mass 
spectrometry.  Some of the parameters that will be varied include: feed velocity, dry versus wet feeds 
and type(s) of adsorbent.  Breakthrough tests provide information on capacity, selectivity, and 
kinetics under dynamic conditions that simula te those in a PSA cycle. 

 
• Task - 6: Laboratory-Scale PSA Testing.  A laboratory system for PSA will be assembled to assess 

the performance of the nanostructured materials.  Performance will be measured in terms of CO2 
product recovery, purity, and productivity.  A mathematical model will be used to facilitate the 
selection of the optimum PSA cycle under a given set of operating conditions. 

 
• Task - 7: Process and Economic Modeling.  The laboratory test data will be used to model and 

design a PSA system to process a commercial CO2-capture process (e.g., effluent from a 350-MW 
combined-cycle gas turbine).  After sizing all of the relevant equipment, SRI will use in-house 
programs to generate a capital and operating cost for the nanostructured adsorbents.   

 
Reports and Publications  
 
• No formal reports or presentations were made during the reporting period. 
• The semiannual progress report for this project is in Appendix A under the same heading as this 

summary. 
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1.2  Pre-Combustion Technology  
 Task - 2.0 Develop Pre-Combustion Decarbonization Techniques 
 
 
The CCP Pre-Combustion Decarbonization Program is based on 13 projects carried out by about 20 
different technology suppliers. The studies are divided into 6 main categories as listed below: 
 

• 1.2.1 Membrane studies 
• 1.2.1.2 Sorption Enhanced Technology 
• 1.2.2 Coke Gasification 
• 1.2.3 Integration and Scale -up Studies 
• 1.2.3.1 Generation of Hydrogen Fuels for Gas Turbines 
• 1.2.4 Integrated Report and Communication 

 
Table 4 provides a complete list of all sub-projects and their status in July 2003.   
 
Table 4:  Pre Combustion Technology Studies, Status July 2003 

Internal 
Ref 

Number 
 

Project Title Co 
Funder* 

Technology Provider Status 

1.2.1.1.1 Sulfur Tolerant Membrane 
Study 

DOE Fluor, SOFCo, Eltron, 
TDA Research, CSM, 
ECN, University of 
Cincinnati 

Did not pass complete stage 
gate review 
Entered into phase II with 
reduced and revised scope. 
Eltron, Fluor and SOFCo are 
remaining technology providers 

1.2.1.1.6 Hydrogen Membrane Reactor EU BP, Norsk Hydro, 
KTH, SINTEF, 
University of Twente, 
Institute for membrane 
technology, University 
of Zaragoza 

Passed stage gate review 
Entered into phase II 

1.2.1.1.1
2 

Precombustion Membrane 
Reactor Study 

CCP Haldor Topsoe Completed in Feb 2001 

1.2.1.2 Production of Hydrogen Fuel 
by Sorbent Enhanced Water 
Gas Shift Reaction 

DOE Air Products and 
Chemicals  

Passed phase II stage gate 
review Entered into phase III 
which is soon to be completed 

1.2.1.3 Compact Reformer with 
Advanced Pressure Swing 
Adsorption System for 
Hydrogen Fuel Production 

DOE Fluor/Davy Contract Negotiation 

1.2.1.4 Hydrogen Membrane Reformer Klimatek Norsk Hydro Passed stage gate 
Entered into phase II 

1.2.2.1 Advanced Technology for 
Separation and Capture of CO2 
from Gasifier Process 
Producing Electrical Power, 
Steam and Hydrogen 

DOE Fluor Federal Ongoing – close to completion 

1.2.3.1 Study of Gas Turbine Retrofit 
Requirements to Burn 
Decarbonized Fuel (Hydrogen) 

DOE General Electric Contract Negotiation 
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Table 4:  Pre Combustion Technology Studies, Status July 2003 (Cont’d) 
Internal 

Ref 
Number 

 

Project Title Co 
Funder* 

Technology Provider Status 

1.2.3.2 Standardized PCDC Klimatek Jacobs Contract Negotiation 

1.2.3.3 Very Large Scale Autothermal 
Reforming 

CCP Jacobs Completed in May 2003 

1.2.3.4 Advanced Syngas Study CCP Foster-Wheeler Completed in Feb 2001 

1.2.4.1 Capture Study Integrated 
Reports 

DOE ARI Contract Negotiation 

1.2.5.1 Generation of H2 Fuels  Klimatek IFE Completed Feb 2002 

 
 
Project Progress and Stage Gate Review 
 
The technology providers were required to define a program scope that would bring the technology to a 
“proof-of-concept” stage. A stage-gate process was adopted to monitor progress and differences in timing 
and to be able to redirect the program.  Each project identified critical milestones for each stage in the 
development work.  These stage gate criteria were established in collaboration between the CCP and 
technology supplier with agreed-upon metrics and goals.  The stage gate process has been used to make 
program decisions by a clear process. 
 
The four major projects (bullet list below) in the Pre Combustion technology program were subjected to 
stage-gate reviews.  Three projects passed their stage-gate reviews while one, the Sulfur Tolerant 
Membrane Study passed part of the criteria and was re-directed in March 2003.  The study is underway 
based on the new focus and direction.     
 

• 1.2.1.1 Sulfur Tolerant Membrane Study 
• 1.2.1.1.6 Hydrogen Membrane Reactor 
• 1.2.1.3 Hydrogen Membrane Reformer 
• 1.2.1.2 Production of Hydrogen Fuel by Sorbent Enhanced Water Gas Shift Reaction, 

 
The results indicate that the membrane technologies have advanced much more than anticipated at the 
beginning of the project in view of the short development work periods (12-16 months.)  The projects 
were high risk with a substantial likelihood of failure.  The membrane developers have overcome 
significant barriers and are well positioned to continue their work. 
 
The Sorbent Enhanced Water Gas Shift Reaction Study passed its second stage gate in April 2003 and is 
now in the middle of phase III.  
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Several integration and scale -up studies will hopefully start up during AUG 2003 with completion in 
NOV 2003. These studies will bring a broader view of the potential of pre combustion technologies in the 
different scenarios. 
 
The coke gasification study is close to completion and provides important new information on CO2 
capture from coke-based power plants (like IGCC.) This study includes co-production of high grade 
hydrogen thus the results gives insight of hydrogen fuel supply cost for hydrogen fuel cell vehicles. 
 
Successes and Highlights  
 
Some of the major successes and highlights in the reporting period FEB 2003 through JUL 2003 were: 
 

• Development of a novel compact design for a membrane water gas shift reactor by SOFCo and 
improved membrane for a water gas shift reactor by Eltron that will lead to reduced reactor and 
membrane cost in the US DoE refinery scenario. 

• Development of an IGCC unit producing steam and power with CO2 capture and co-production of 
hydrogen by Fluor using conventional CO2 removal technology and new advanced technology 
called CO2LDSep. Preliminary results indicates that very low CO2 avoided cost can be obtained 
in the US DOE Canadian scenario by adopting pre combustion technology 

• Improved design of the membrane reformer process in the NorCap Norwegian scenario which 
leads to very high energy efficiency, approx. 90-91% (LHV) 

• A mathematical reactor model and 2nd generation membranes have been developed for reactor 
testing in the hydrogen membrane reactor project for the EU supported refinery scenario. 

• The leading adsorbent material ADS1-2 has a CO2 removal capacity of up to 1.1% in PDU cyclic 
testing. However, a new material has been identified which has the potential for significantly 
higher CO2 capacities than the other adsorbents tested. This could lead to significant 
improvement of the sorption enhanced water gas shift reactor scheme for gas turbine application 
like the US DOE scenario for Alaska. 

 
Commercial Value - Present and Future  
 
Pre-Combustion technology for CO2 capture has broader potential than any other capture technology. The 
technology is widely applicable within syngas production for methanol, synfuel, ammonia and hydrogen 
etc. Thus technology improvements made by the CCP can be adopted as well in these areas. For example, 
a large GTL (gas-to-liquids) plant costs about $ 1billion with 60% of the cost being related to the syngas 
technology. 
 
Significant improvement in some of the technologies could be the basis for low-cost hydrogen for 
hydrogen fuel cell vehicles in the future. Hydrogen production with capture and storage of CO2 may be 
able to “bridge-the-gap” towards the renewable hydrogen economy and make a transition more 
economically viable.  
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1.2.1  Membrane Studies 
 Task - 2.2 Fuel-Grade Hydrogen Generation 
 Technology Providers:  Fluor Federal 
      McDermott Technology (SOFCo) 
      Colorado School of Mines (CSM) 
      TDA Inc, 
      Eltron Inc 
      Energy Research Center of the Netherlands (ECN),  
      University of Cincinnati 
 
 
The objective of this study is to integrate a hydrogen transfer membrane into a water gas shift reactor to 
simultaneously produce a high purity hydrogen stream for use in boilers and furnaces and a concentrated 
high pressure CO2 stream for geologic sequestration. The MWGS reactor combines water gas shift and 
CO2 removal. The hydrogen stream pressure is low therefore this system is not suitable for use in gas 
turbines.  
 
The project comprises two phases.  Phase I focuses on identifying the most promising membrane 
developed by the four consortia that were selected for testing by the CCP program.  The first phase 
included the development and laboratory-scale testing of the four membrane types for their hydrogen 
transfer potential and their sensitivity to hydrogen sulfide, water and other gases.  Sensitivity to 
contaminant gases is a key technology issue for the membranes.  The membrane classes include 
palladium alloy, silicate, dense ceramic and microporous silica. All four classes of membrane have been 
developed and testing began in late 2002. Concurrently, ECN (Netherlands) developed a membrane 
simulation model for the four membrane types.  Fluor Daniel is responsible for incorporating this model 
into a process simulation model of an actual refinery.   
 
The CCP Pre Combustion Technology Membrane Study program includes 3 individual projects and 
screening studies by about 15 different technology suppliers. The study is divided into 4 sub-projects as 
listed below: 
 

1.2.1.1  Sulfur Tolerant Membrane Study 
1.2.1.1.6  Hydrogen Membrane Reactor 
1.2.1.3  Hydrogen Membrane Reformer 
1.2.1.2  Production of Hydrogen Fuel by Sorbent Enhanced Water Gas Shift Reaction 

 
Membrane Studies dominate the CCP Pre Combustion Technology program with major funding by DOE, 
EU and Klimatek because the analysis and selection processes in 2000 and 2001 showed that the 
hydrogen membrane was one of the best candidates for achieving the CCP cost reduction target. This is 
analysis was later supported by economic modeling.  All the membrane development work is focused on 
technologies that combine chemical reaction and hydrogen separation in one step. Two systems has been 
the key target: 
 

• A one-step process for producing hydrogen-rich fuel and separating CO2. This is system is 
normally called the hydrogen membrane reformer. 

• A two-step using a conventional syngas-producing technology like autothermal reforming, partial 
oxidation or steam methane reforming, in which the downstream shift section and physical and/or 
chemical CO2 removal system is replaced by a technology that converts the remaining CO in the 
syngas and simultaneously separates out hydrogen and CO2. The system is normally called 
membrane water gas shift reactor. 

 
The key results, highlights and future plans for the projects is discussed below. 
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1.2.1.1  Sulfur Tolerant Membrane Study 
 
 
Conclusions from Phase I of the project was: 
 

• The 12-month time frame for Phase I was extremely challenging for developing and testing 
hydrogen transfer membranes for sour MWGS service. 

• Obtaining an adequate selectivity between hydrogen and carbon dioxide is as important as 
obtaining adequate hydrogen permeation performance.  H2:CO2 permselectivities of over 50 are 
required to obtain adequate carbon recovery. 

• H2S can severely reduce the performance of palladium alloy and cermet membranes. 

• Based on our process simulation work and preliminary cost analysis, the concept of the 
membrane water gas shift reactor still shows promise for reducing the CO2 avoided capture costs. 

 
Based on the Phase I results, the Phase II tasks were modified to:   
 

• The process flow scheme will be modified so that H2S is removed upstream of the water gas shift 
section of the plant.  This change will provide H2S-free syngas to the MWGS reactor.  The 
process design will be based on the cermet membrane.  Process flow diagrams, heat and material 
balances and equipment specifications are the deliverables.  This work will be transmitted to a 
CCP cost estimator, who will determine the cost of the capture plant and determine the cost of 
CO2 capture with MWGS technology. 

• The effort to develop a laboratory-scale, proof-of-concept MWGS reactor will be based 
on the cermet membrane because it was the only membrane that demonstrated adequate 
selectivity. 

• The preliminary design of a commercial scale MWGS reactor will be based on the Phase 
I results from the cermet membrane. 
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1.2.1.1.6  Hydrogen Membrane Reactor 
 
 
Conclusions from Phase I are: 
 
Significant efforts have been made to improve existing and develop new membrane preparation 
techniques. The following results have been obtained: 
 

• Very high hydrogen permeances of planar Pd membranes on stainless steel supports have been 
achieved while permeation of other gases was below the detection limit. 

• By deposition of Pd nanoparticles from Pd micro-emulsions on zeolite membranes improved 
selectivity was achieved. 

• The stability of the silica membranes was increased by doping of the γ−alumina support with 
lanthanum and coating the support with mono-aluminum phosphate. 

 
The work in phase II is focusing on further improving the membranes, reactor testing and development of 
a process concept. 
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1.2.1.3  Hydrogen Membrane Reformer 
 
 
Key results and highlights from Phase I were: 
 

• More than 26 candidate materials were synthesized and permeability measurements were made 
on 20 of these during Phase I. 

• Several process concepts integrating the membrane reformer in combined cycle gas turbine 
(NorCap scenario) have been developed.  

• A reactor model was established to estimate the required membrane surface area. Based on this 
the hydrogen flux target was defined as a 5 Nml/min/cm2 H2 flux at 1000 °C with a total pressure 
of 20 bar, an initial steam/carbon ratio of 2 with 20% of the hydrogen extracted, and a permeate 
hydrogen partial pressure of 0.1 bar.  This target may give a CO2 cost reduction close to 50% 
compared with the NorCap baseline technology. 

• Several of materials synthesized reached the flux target at stable conditions 
 
In addition to continuously improve the best candidate membrane the work in Phase II is to produce 
tubular membrane modules and perform testing at real conditions, i.e. high temperature and pressure. 
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1.2.1.1 Sulfur Tolerant Membrane Water Gas Shift Reactor System   
 
 
Background 
 
Phase I of the Membrane Water Gas Shift project was kicked off on March 1, 2002 after a six month 
delay to finalize the contracts.  Four teams were selected to work on developing hydrogen membranes for 
a membrane water gas shift reactor fed with sour synthesis gas.  The Phase I work plan involved 
screening potential membrane materials, conducting preliminary permeance performance tests with pure 
or binary gases, and, finally, conducting permeance tests on a prescribed sour syngas composition.  The 
four membrane developer teams are: 
 

• Eltron - Proton-conducting ceramic-metal composites 

• Colorado School of Mines/TDA – palladium alloy 

• University of Cincinnati – zeolite 

• Energy Centre of the Netherlands (ECN) - microporous silica 
 
Phase I also involved developing a membrane simulation program (ECN), which was used to compare the 
performance of the various membranes.  The membrane simulator was integrated into an overall program 
(Fluor) that simulated an entire pre-combustion de-carbonization facility.  The facility was based on the 
Grangemouth refinery scenario with the feed streams consisting of fuel oil and fuel gas. 
In Phase II, the plan called for one or two teams to develop a lab-scale membrane water gas shift reactor.  
Additional work involved providing a sized equipment list for the PCDC plant and designing a 
commercial membrane water gas shift reactor. 
 
The original schedule called for these teams to complete their testing with the protocol sour syngas on 
December 31, 2002.  Since none of the teams were able to meet this date, the deadline was moved back to 
February 28, 2003. 
 
 
Phase I Summary 
 
The following are brief descriptions of the progress reported by each of the membrane development 
teams. 
 
Eltron 
 
The Eltron membrane is clearly the most novel and has evolved into a metal alloy membrane 130 microns 
thick.  A thin layer (<0.5micron) of palladium catalyst is coated onto the dense metal substrate.  This 
palladium layer catalyzes hydrogen dissociation and reassociation and may protect the membrane from 
hydrogen embrittlement. There are two advantages of this membrane: 
 

• The permselectivity between H2 and CO2 is infinite because the metal alloy is a “dense” 
membrane and CO2 cannot pass through.  Leaks through the membrane are eliminated and the 
catalyst coating does not have to be leak-free. 

• The requirements for expensive palladium have been significantly reduced. 
 
Table 5 compares the performance of the Eltron membrane to the “state of the art” membrane that was 
assumed in the March 2001 Haldor Topsoe (HT) hydrogen membrane feasibility study.  It is important to 
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note that the Eltron performance is based on tests conducted with a hydrogen/nitrogen/helium mixture and 
thus represents a “best case” performance.  Values such as driving force, hydrogen flux, and palladium 
unit costs were kept the same as in the Haldor Topsoe study. 
 
It is clear that the Eltron membrane potentially represents a significant improvement over the “state of the 
art” assumptions made in the Haldor Topsoe report.  Although the permeance is not as high as what HT 
assumed, the low palladium requirements results in very low palladium costs.  These low costs are very 
close to the costs calculated by the screening task force for the “future” MWGS reactor. 
Unfortunately, more recent tests conducted with sour syngas showed a drastic reduction in permeance.  It 
was surmised that the H2S affected the hydrogen disassociation at the catalyst surface.  These results are 
also shown in Table 5. 
 
Table 5:  Comparison of Eltron Membrane to Haldor Topsoe’s State of the Art Membrane 

 
Haldor Topsoe 

study 

Eltron 
Best Case 

No H2S 
Eltron 

With H2S 
Thickness, microns 25 0.5 0.5 
Temperature, C ? 400 400 
Permeance, mol/sm2Pa0.5  3.35E-04 2.61E-06 
Permeance, Nm3/hm2bar0.5 20 8.6 0.07 
Driving force, bar0.5 0.7 0.7 0.7 
Hydrogen flow, Nm3/h 230,000 230,000 230,000 
Area, m2 16,429 38,420 4,941,180 
Cost, $/oz 1,100 1,100 1,100 
Palladium density, g/cc 11.97 11.97 11.97 
Palladium volume req., m3 0.41 0.02 2.47 
Palladium weight req., g 4,916,250 229,946 29,572,962 
Palladium weight req., oz 173,396 8,110 1,043,038 
Palladium cost, MM$ 191 9 1147 
Membrane cost, $/m2 11610 232 232 

 
 
CSM/TDA 
 
Prior to the start of Phase I, this program was rated as having the highest chance of success.  Several 
papers indicated that obtaining an infinite selectivity between hydrogen and other components was 
achievable.  The key questions centered on reducing the thicknesses (and costs) of the palladium layer 
and determining the robustness of the membrane under sour syngas conditions.   
 
Work has been conducted on palladium/copper alloys on both alumina and stainless steel porous supports.  
Initial alloy film layers were around 4 microns thick.  Unfortunately, defects in the film and/or the seals 
resulted in very poor H2:CO2 selectivities of around 10.  (Previous evaluation work by Fluor showed that 
a minimum H2:CO2 selectivity of around 50 is required to meet retentate and permeate purity 
specifications.  This selectivity target was clearly presented to each of the membrane developers at the 
Mid-Phase I meeting in October of 2002).  CSM/TDA suspects that diffusion through the defects is 
following a mechanism other than Knudsen diffusion.  CSM/TDA have been having problems in 
producing thicker films (~15 microns) to reduce or eliminate defects.  Sour syngas tests were conducted 
with membranes that have previously demonstrated poor selectivity. 
 
University of Cincinnati 
 
The focus of the University of Cincinnati program was to improve the H2:CO2 selectivity of zeolite 
membranes by eliminating intercrystalline micropores.  Performance tests on the initial set of zeolite  
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membranes showed very poor H2:CO2 selectivities in the range of 3-4.  Later membranes showed a slight 
improvement in H2:CO2 selectivity to the 6-8 range. 
 
 
Table 6:  Comparison of Membrane Performance 

Membrane Vendor/Type 
ECN -
Silica 

Eltron  
(Sweet 
Syngas) 

Eltron  
(Sour 

Syngas) 
CSM/TDA - 

Pd-Alloy UCinn - Zeolite 
Overall Gasification Plant Performance 

Gasifier feed (41% fuel oil/59% 
refinery fuel gas), MMBtu/hr (LHV) 3605.2 3605.2 3605.2 3605.2 3605.2 
Natural gas required (for power 
generation in gas turbine), MMBtu/hr 716.5 716.5 716.5 716.5 716.5 
Total feed plus fuel, MMBtu/hr LHV) 4321.7 4321.7 4321.7 4321.7 4321.7 
Hydrogen fuel (return to existing 
boilers), MMBtu/hr (LHV) 2753.8 2654.6 2652.4 2743.5 2776.4 
Overall thermal efficiency 64% 61% 61% 63% 64% 
CO2 to sequestration, MMtonnes/yr* 0.70 2.02 2.01 0.92 0.25 
Expansion factor  186% -1% 0% 117% 700% 
Non-sequestered CO2, MMtonnes/yr** n/a n/a n/a n/a n/a 
Power required, MW n/a n/a n/a n/a n/a 
HP steam produced, Klbs/hr n/a n/a n/a n/a n/a 
IP steam produced, Klbs/hr n/a n/a n/a n/a n/a 
LP steam produced, Klbs/hr n/a n/a n/a n/a n/a 

Water Gas Shift Membrane Performance 
Syngas feed temperature, C 315 315 450 350 315 
Syngas feed pressure, barg 34 34 34 34 34 
Sweep gas pressure, barg 2 2 2 2 2 
Carbon recovery,% 35.1 100.0 100.0 45.6 12.4 
CO2 purity, dry % 90.0 90.2 90.0 90.0 86.6 
Hydrogen recovery, % 95.9 95.3 95.2 97.8 98.9 
Hydrogen LHV, Btu/SCF (Note 1) 149.8 149.7 149.8 150.7 150.1 
Hydrogen purity, % (Note 2) 53.0 54.7 54.7 54.6 54.4 
Permeate H2, kmol/hr 11653.7 11582.9 11582.4 11883.7 12023.3 
H2 flux, mol/m2-sec 0.22 0.19 0.08 0.15 0.17 
H2 permeance, mo l/m2-sec-Pascal 1.77E-07 n/a n/a 2.38E-07 3.27E-07 
H2 permeance, mol/m2-sec-Pascal0.5 n/a 1.966E-4 2.650E-05 n/a n/a 
H2 pre-exponential factor,  
mol/m2-sec-Pascal 4.93E-07 n/a n/a 2.38E-07 1.46E-07     Note3  
H2 pre-exponential factor,  
mol/m2-sec-Pascal0.5 n/a 2.87E-02 7.14E+08 n/a n/a 
H2 Activation Energy, J/mol 5007 24896 186000 0 -3941 
H2:CO2 permselectivity at feed 
conditions 4.7 infinite infinite 5.5 2.6 Note 3  

Membrane area required, m2      15,000       17,325        39,000        21,500         19,400  
Nitrogen sweep gas required, kgmol/hr        7,000          9,100          9,100          5,000           4,500  
Steam sweep gas required, kgmol/hr    230,000         8,800      20,000        20,000           8,000  

* Based on 90% on-stream factor 
** Includes CO2 in hydrogen stream and gas turbine exhaust 
 
Notes:   
(1) Cooling of fuel to 95F was required to meet LHV requirement 
(2) H2 Purity after water condensation 
(3) Permeance at 10 bar 
(4) n/a = not available  
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ECN 
 
The focus of the ECN program was to improve the hydrothermal stability of silica membranes by 
modifying the silica structure.  They also proposed to examine alternative materials such as zirconia or 
titania.  Unfortunately, ECN was not able to investigate these avenues so only standard silica membranes 
were tested. H2:CO2 selectivities of around 18 were reported with dry syngas.  Adding water reduced the 
H2:CO2 selectivity to around 9.   Tests with sour syngas resulted in H2:CO2 selectivities in the 3-5 range. 
 
Membrane Comparison 
 
Each of the membrane developers was requested to provide permeance equations for each of the major 
components of the entering syngas (H2, CO2, CO, H2O).  This information was fed into the membrane 
model and the results are summarized in the Table 6. 
 
The CCP established performance targets for all membranes were:   
The concentration of the CO2 in the retentate stream must be over 90%. 
The lower heating value of the permeate stream must be greater than 150 btu/scf. 
The previously mentioned H2:CO2 selectivity target of 50 was determined by using the membrane model 
and adjusting the H2:CO2 selectivity until the above two targets was met. 
 
It is clear that only the Eltron membrane has demonstrated sufficient H2:CO2 selectivity to meet the purity 
targets.  Unfortunately, the Eltron membrane demonstrated a significant reduction in performance when 
subjected to a sour syngas feed gas. 
 
 
Phase I General Conclusions  
 
• The four membrane developers were not successful in developing sulfur tolerant hydrogen 

membranes.  

• Membrane development and testing in a twelve month time span was extremely ambitious and that 
the firm performance targets were unreasonable.   

• More reasonable stage-gate goals such as those adopted for the Membrane Reformer and EU Grace 
projects should have been adopted.   

• In perfect hindsight, other palladium-based membrane developers may have been a better choice 
than the CSM/TDA team 

• The ECN membrane simulation program was inflexible and required high convergence times at 
elevated membrane areas.  Reducing the syngas feed rate did not improve the convergence time. 

• The failure of the membrane developers should not be a reason for completely dismissing the 
MWGS concept 

• The Eltron membrane should be considered for development of a MWGS reactor fed with H2S-free 
Syngas 

 
 
Phase II Recommendations  
 
It is clear that the DOE MWGS project has not been able to develop a membrane demonstrating adequate 
flux and selectivity in a sour syngas environment. Therefore, it has not passed the required stage-gate 
evaluation.  However, the project has provided a novel membrane, having promising design and 
performance characteristics.  The PCDC team recommended that this membrane be the basis for further 



37 

development and evaluation.  Since the membrane cannot tolerate H2S, a sulfur removal system must be 
added to the flowsheet upstream of the water gas shift system.   
 
Task 1 –Eltron will develop a MWGS reactor for sweet syngas 
 
Eltron is the only developer who has demonstrated membrane performance that can meet CCP purity 
targets.  By minimizing the use of palladium they have approached the palladium costs estimated in the 
“future MWGS” case developed by the screening task force.  At these cost levels, the screening task force 
estimated that this represented a reduction of about 25% in avoided CO2 capture cost.  Unfortunately, the 
catalyst that is used for the hydrogen disassociation step showed a significant sensitivity to H2S.  
Although this precludes the Eltron membrane from a sour syngas situation, it is still a viable membrane 
for desulfurized syngas. It was recommended that Eltron be asked to develop a proof-of-concept 
membrane water gas shift reactor operating with sweet syngas.  Desulfurizing the syngas upstream of the 
MWGS reactor would produce the sweet syngas. 
 
Task 2 – Fluor will develop the equipment list for the PCDC plant 
 
The Phase I plant simulation model is based on a sulfur tolerant MWGS reactor and removal of H2S from 
the CO2-rich retentate stream. 
 
It was recommended that Fluor be requested to: 
• Modify the process simulation model to provide sulfur removal from the syngas so that H2S-free 

syngas is fed to the water gas shift section of the plant.    

• Use this model for providing a process design and major equipment specifications 
 
Task 3 – SOFCo will design and cost estimate the commercial WGS reactor 
 
It was recommended that SOFCo be asked to design a commercial scale MWGS reactor and estimate the 
cost of this reactor. 
 
 
Phase II Status  
 
• Phase II of the MWGS project is on schedule.   

• Eltron has made considerable improvement in their metal foil membrane, increasing the 
permeability four-fold.   

• SOFCo has developed an innovative design to provide support to Eltron’s membrane.  Overall, 
costs should be significantly lower than the costs assumed in the Haldor Topsoe study. 

• Fluor is currently finalizing the flowsheet for the revised process scheme.  
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1.2.1.1.1  Development of Sulfur Poisoning Resistant Palladium/Copper Alloy 
Membranes for Hydrogen Fuel Production by Membrane Reaction 

Task - 2.2 Fuel-Grade Hydrogen Generation 
Technology Provider:  Colorado School of Mines (CSM) 
     TDA Research  

 
 
Highlights  
 
CSM and TDA noted the following achievements:  

• Prepared thin films on ceramic supports that can separate hydrogen with a flux of 0.36 mol/m2.s while 
maintaining an ideal selectivity of 70,000.   

• Pd-Cu alloy membranes were tested under WGS reaction conditions with high sulfur concentrations.  
We believe that these tests are the first ever completed. 

• Binary gas experiments with H2/CO, H2/CO2 and H2/H2O showed that hydrogen can be separated 
from these mixtures without significant degradation in the membrane performance. 

• Binary gas experiments also showed that the Pd-Cu alloy films do not catalyze any undesirable side 
reactions to any significant extent. 

• Membranes exposed to the H2S-free WGS stream performed reasonably well, achieving H2/CO, 
H2/CO2 and H2/H2O selectivity of 20, 12 and 18, respectively. We observed that the separation factor 
decreased with the addition of the mixture gases. 

• H2/H2S binary gas experiments showed that in the presence of H2S, the hydrogen flux decreases due 
to sulfur inhibition.  Under dry gas streams with no water vapor present, a lower (up to 30 to 40% of 
the original flux) but stable hydrogen flux can be maintained at 20 ppm, 115 ppm and 600 ppm H2S 
inlet concentrations.  The membrane also maintained its integrity when exposed to H2S. 

• In two attempts, the membranes failed when exposed to WGS gases with 630 ppm H2S (protocol 
conditions).  In these experiments, overall gas flux increased and the separation effectiveness 
decreased to Knudsen diffusion level.   

 
Summary 
 
Prior to the start of the project, this initiative by CSM/TDA represented the most promising membrane in 
terms of both permeance and selectivity.  Being a dense membrane, it was expected that the H2:CO2 
selectivity would be infinite.  The key question was whether the palladium alloy layer could be fabricated 
thin enough so that the permeance was satisfactory and the raw material costs were acceptable.  
Unfortunately, defects in the film and/or in the seals reduced the performance considerably.  The expected 
H2:CO2 permselectivity at the MWGS reactor feed conditions was only 5.5, which resulted in a carbon 
recovery of only 46% (the target was 90%).  The target permselectivity was 50.  The presence of H2S 
reduced the permeance by 50-60 percent. 
 
The failure of CSM/TDA to produce a leak-free membrane was very disappointing.  The short time 
period of Phase I (12 months) was probably insufficient time to allow this team to rectify this key 
problem in leakage. 
 
Reports and Publications  

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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1.2.1.1.2  Development of Silica Membranes for Hydrogen Fuel Production 
and Development of A Mathematical Model of  the Membrane Reactor 
  Technology Provider:  Energy Resource Centre of the Netherlands (ECN) 
 
 
Project objectives were to develop microporous silica membranes for use in a water gas shift membrane 
reactor and to develop a software model of the membrane water gas shift reactor.  The project work 
period was from March, 2002 to February, 2003 and represented Phase I of the Membrane Water Gas 
Shift study.  
 
Highlights  
 
ECN noted the following achievements: 
• The maximum H2/CO2 permselectivity measured at 350°C for standard silica membranes calcined at 

400ºC was 39 against a target of 50. At a H2/CO2 permselectivity of 50, the hydrogen permeance is 
expected to be between 1 and 0.5*10-7 mol/m2sPa (= 0.01-0.02 cc (stp)/sec/cm2 at dP= 1 bar).  

• Exposure of standard silica membrane to steam at 350ºC shows as expected a decline in permeance 
and selectivity. In 15 days the H2/CO2 selectivity decreased from 29.7 to 20.9 and the hydrogen 
permeance with a factor of 3.  A modified silica membrane has been on stream in wet gas stability 
testing for 1000 hours and shows stable and reproducible performance. 

• H2/H2S selectivity is 400. Three days testing with H2S has no detrimental effect on a standard silica 
membrane.  

• Gas separation with a dry gas mixture showed that from a feed stream containing 35% hydrogen a 
permeate stream containing 75% hydrogen could be derived. The presence of water in the feed 
mixtures reduces the hydrogen permeance and hydrogen purity in the permeate compared to the tests 
without water.  

• The final version of the water gas shift membrane reactor model program was delivered in November 
2002.  The model is running successfully at Fluor. It includes models for Pd alloy and  proton-
conducting membrane. 

 
Summary 
 
Prior to the start of the project, there were two concerns over the use of silica-based membranes in a water 
gas shift reactor.  The first concern was over the stability of the membrane in a high moisture 
environment.  The second concern was over the ability of porous membranes, in general, to achieve the 
target H2:CO2 permselectivity.  
 
The hydrogen permeance, derived from the hydrogen partial pressure driving force during gas separation 
testing with a dry gas mixture is well above 0.1 mol/s.m2bar, which is the target permeance for the 
application. The maximum H2/CO2 permselectivity measured at 350°C for standard silica membranes 
calcined at 400ºC was is 39. At a H2/CO2 permselectivity of 50 the hydrogen permeance is expected to be 
between 1 and 0.5*10-7 mol/m2sPa (= 0.01-0.02 cc (stp)/sec/cm2 at dP= 1 bar).  H2/H2S selectivity is 400. 
Three days testing with H2S had no detrimental effect on a standard silica membrane. 
 
Selectivity improvement research is focused on higher sintering temperatures. Increase of the H2/CO2 
selectivity by increasing the sintering temperature of the silica membranes has not yet been 
experimentally proven at ECN. Heat-treating the modified silica membranes (with built in inert groups) at 
600°C instead of 400°C did not increase selectivity. The majority of these membranes cracked and further 
testing was not possible.  
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Exposure of standard silica membranes to steam at 350ºC showed, as expected, a decline in permeance 
and selectivity. In 15 days the H2/CO2 selectivity decreased from 29.7 to 20.9 and the hydrogen 
permeance with a factor of 3. Thermodynamic calculations at ECN with FactSageTM show that the 
hydrothermal stability of zirconia and titania is not expected to be significantly better than standard silica. 
ECN has focused on modified silica membranes for improved hydrothermal stability. A modified silica 
membrane has been on stream in wet gas stability testing for 1000 hours and shows stable and 
reproducible performance. 
 
Gas separation with a dry gas mixture showed that from a feed stream containing 35% hydrogen a 
permeate stream containing 75% hydrogen could be derived. The presence of water in the feed mixtures 
reduces the hydrogen permeance and hydrogen purity in the permeate compared to the tests without 
water. Values for Qo (permeance) and Eact (activation energy) to be used as input in the software model 
have been obtained for the different components in the feed mixture (H2O, H2, CO2, CO and H2S) through 
silica membranes. 
 
The preliminary water gas shift membrane reactor model program was provided to Fluor in August 2002 
and was run successfully at Fluor.  Critical improvements were made and final version with both the Pd 
alloy and the proton-conducting membrane was transmitted to Fluor in November 2002.  The 
temperature-dependent hydrogen permeance and the flux equations of the dense membrane model have 
been extensively tested.  
 
Membrane Stability concerns 
 
In their proposal, ECN indicated that they would address the stability concerns by 1) replacing OH- 
groups with alkyl- groups to reduce viscous sintering and 2) examining alternative materials, such as 
zirconia or titania.  Method 1) was largely successful in that modified membranes showed stable 
performance for periods over 1000 hours in steam atmosphere testing.  The presence of H2S did not effect 
performance.  Literature research indicated that using alternative materials, such as zirconia or titania, 
would not increase stability and this approach was abandoned. 
 
Selectivity concerns 
 
The key failure of this technology was the inability of the membrane to achieve the target H2:CO2 
permselectivity of 50.  Permeance equations supplied by ECN showed that the expected H2:CO2 

permselectivity was only 4.7 at feed conditions.  This poor selectivity resulted in an unacceptable carbon 
recovery of 23% against a target carbon recovery of  90%. The failure of ECN’s microporous silica 
membrane to achieve the target H2:CO2 permselectivity was not unexpected. 
 
Membrane water gas shift reactor model 
 
The model supplied by ECN fulfilled the minimum requirements stated by the CCP.  However, the model 
suffered from a lack of flexibility.   
• Alternative reactor configurations, such as cross or co-current flow, could not be analyzed. 
• Pressure drop on either side of the membrane could not be considered. 
• User inputs were limited to seven categories. 
• Convergence times were excessive.  Work-arounds, such as reducing the gas flows and membrane 

areas, did not alleviate the problem. 
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Reports and Publications  

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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1.2.1.1.4  Development of Dense Ceramic Hydrogen Transport Membranes 
for Hydrogen Fuel Production by Membrane Reaction 
  Technology Provider:  Eltron Research, Inc. 
 
 
Highlights  
 
Phase I extended from March, 2002 to February, 2003.  Phase II work period began in April, 2003 and 
extends to the end of 2003.  Eltron noted the following achievements in Phase I: 
 
• Composite membranes were developed with 100% selectivity towards hydrogen permeation. 

• New ceramics with the perovskite crystal structure were designed and synthesized to both lattice 
match and possess similar coefficients of thermal expansion to palladium. Palladium-perovskite 
cermets were successfully fabricated and tested and found to have hydrogen permeabilities 
comparable to pure palladium. 

• Composite membranes of low-cost metals were fabricated, tested, and found to have hydrogen flux of 
12 mL-min -1-cm-2 (STP) corresponding to permeabilities for hydrogen of up to 6.4 x 10-8 mol-m-m-2-
s-1-Pa-0.5 at 320°C, which is superior to that of palladium under similar conditions. 

• Membranes of select elements were successfully operated in high-pressure reactors and remained 
leak-free to helium up to 15 bar differential pressure and 450°C in hydrogen-helium test mixtures. 

• A membrane of a select element was run continuously for over three months at 400°C in a hydrogen-
helium test mixture, demonstrating long-term stability of the membrane materials towards hydrogen 
diffusion. 

• Various hydrogen dissociation catalysts were screened under the full water-gas shift mixture with 
steam. Supported platinum-based catalysts showed the best promise. 

 
Eltron noted the following achievements in Phase II: 
 
• Hydrogen transport membranes are being developed and tested.  These membranes have ten times the 

hydrogen permeability of palladium membranes under the same conditions at a fraction of the cost. 

• High-pressure reactors have been designed, built, and tested to operate at an absolute pressure of 3.2 
million Pascal (32 bar), with a differential pressure of 3.1 million Pascal (31 bar) across the 
membranes in the water-gas shift temperature range between 593-713 K.  Reactors were designed to 
operate with a partial pressure of steam on the feed side of the membrane of 1.2 million Pascal (12 
bar), a partial pressure of hydrogen of 1.3 million Pascal (13.2 bar), and partial pressures of  570,000 
Pascal of CO2 and 106,000 Pascal of CO, to simulate conditions in industrial water-gas shift reactors. 

• Membranes, 127 microns thick, have already been tested in preliminary tests for over 300 hours under 
a hydrogen partial pressure of 0.6 million Pa at 673 K (400°C), and an absolute pressure on the 
hydrogen feed side of the membrane of 3.2 million Pascal (32 bar), with a differential pressure of 3.1 
million Pascal (31 bar) across the membrane.  Membranes have successfully resisted the differential 
pressure without leak and have shown a steady hydrogen permeability of over 
2 x 10-8 mol·m·m-2·s-1·Pa-05, which is comparable to membranes of pure palladium.  In a separate 
100hour test at 3 bar partial pressure hydrogen, absolute pressure of 3.2 million Pascal, and 
differential pressure of 3.1 million Pascal, membrane disks, 1.5 cm in diameter, were found to distort 
0.5 mm at the center due to the pressure.  Membranes purged of hydrogen and cooled show only the 
original metallic phase by X-ray diffraction without evidence of hydrides. 
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• More recent batches of membrane, with improved deposition procedures for membrane catalysts, 
have consistently shown initial values of hydrogen permeability as high as 2 x 10-7  mol m m-2 s-1 Pa-

0.5, which is approximately ten times better than pure palladium under comparable conditions.  If 
these values of hydrogen permeability are maintained under water-gas shift conditions, cost of 
membrane materials and catalysts is estimated at U.S $1.45 million for a power plant emitting two 
million metric tons of carbon dioxide annually.  For perspective, pure palladium membranes, of 
similar thickness, would cost U.S. $137 million, at current prices.  At carbon dioxide emissions tax 
rates of U.S. $60 per ton, as in Norway, the annual tax on a power plant with annual carbon dioxide 
emissions of two million metric tons would be $120,000,000 per year or $329,000 per day.  At this 
tax rate, costs for Eltron membrane materials could be recouped in less than one week, whereas that 
of pure palladium would require over one year for the materials alone.  Eltron’s membrane materials 
thus appear to be economically viable. 

• In the first ten weeks of the Phase II project, hydrogen transport membranes have already be 
integrated with beds of commercial high-temperature water-gas shirt catalysts.  New ambient pressure 
reactors were designed, built and tested.  A shift in the chemical equilibrium of the reaction has 
already been observed as predicted by calculations.  

 
Summary 
 
Phase I, 3/02 – 2/03 
 
This initiative, focused on ceramic membranes,  was considered a long range, high-risk alternative to the 
palladium alloy membranes. 
 
Initially, Eltron focused on two membrane configurations.  The first type consisted of a cermet that is a 
mixture of ceramic oxide and metal (palladium) sintered together.  The ceramic oxide was a perovskite 
that was specifically designed and synthesized to match the coefficient of thermal expansion of palladium 
and to match the lattice constants of palladium at the atomic level.  The ceramic provided mechanical 
integr ity at the temperature levels of the MWGS reactor (300- 400°C) but did not aid in the transfer of 
hydrogen.  This configuration was dropped because of low hydrogen flux rates and high palladium 
requirements.  The second configuration that was initially considered was a ceramic -metal composite.  In 
this case, the ceramic served as a porous support for a dense layer of palladium.  The ceramic was again 
chosen to provide good lattice matching to the palladium.  This configuration was dropped because of 
unacceptable flux rates and high palladium requirements. 
 
Eltron moved on to alternative metals that have hydrogen permeance qualities much higher than 
palladium at much lower costs.  The key concern was a tendency of these metals to swell and be 
embrittled by hydrogen.  A very thin coating of palladium is required on both sides of the metal alloy 
membrane to provide hydrogen disassociation and reassociation.  Preliminary tests conducted at 15 bar 
differential pressure indicated that the metal alloy membrane may be able to withstand the required 
pressure differential (~30 bar) without the need of a porous support.  This configuration was used for 
testing with the protocol MWGS reactor syngas feed composition. 
 
Initial flux testing with pure hydrogen/inert gas mixtures and sweet syngas mixtures showed very 
favorable permeance results.  Permeability values were higher than what would be expected with pure 
palladium.  It appears that the hydrogen disassociation step is rate limiting.  H2:CO2 selectivity was 
essentially infinite.  No stability problems were observed.   Unfortunately, when subjected to H2S 
containing syngas, performance deteriorated significantly.  For this reason, it was decided to modify the 
flowsheet to provide H2S-free syngas feed to the MWGS reactor. 
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Phase II, 4/03 – present 
 
Eltron continues to report significant improvements in the permeabilities of their metal alloy film 
membrane.  Demonstrated permeabilities are as much as an order of magnitude higher than pure 
palladium and about 4.5 times higher than the performance demonstrated in Phase I.  Tests are also being 
conducted to verify the ability of this membrane to withstand full differential pressure (~30bar). 
A water gas shift catalyst has been added to the test system.  Apparently, H2S evolves from this catalyst 
and poisons the palladium on the membrane.  The sulfur on the WGS catalyst is a residue from the 
catalyst production process.   A guard bed was added to adsorb the H2S. 
 
Eltron was chosen to continue membrane development in Phase II because they were the only membrane 
developer that could demonstrate adequate H2:CO2 permselectivity.   Since this membrane is significantly 
impaired by H2S, the flowsheet was modified to eliminate H2S. 
Eltron has demonstrated significantly higher permeabilities than achievable with pure palladium.  In 
addition, the metal alloy they are proposing is significantly less expensive than palladium. 
 
Reports and Publications  
 
• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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1.2.1.1.5  Development of Sulfur Poisoning Resistant Zeolite Membranes for 
Hydrogen Fuel Production by Membrane Reaction 
   Technology Provider:  University of Cincinnati  
 
 
The objective of this project was to develop microporous silicalite (zeolite) membranes for use in a water 
gas shift membrane reactor.  Improvements in H2:CO2 permselectivity were to be achieved by reducing or 
eliminating intercrystalline pores.  The project work period was from March 2002 to February 2003 and 
represented Phase I of the Membrane Water Gas Shift study.  
 
Highlights  
 
The University of Cincinnati noted the following achievements: 

• Good quality silicalite membranes were prepared by the template-free secondary growth method. 
The membranes exhibit a good p-xylene/o-xylene separation factor (as high as 40), indicating that 
intercrystalline pores of the silicalite membranes have been minimized. 

• H2:CO2 selectivities as high as 12 were achieved at low pressures.  However, at elevated pressures, 
the H2:CO2 selectivity decreased significantly.  Based on results from the MWGS reactor model, 
the expected H2:CO2 permselectivity at feed conditions would be only 2.6.  This is far below the 
target permselectivity of 50. 

 
Summary 
 
Prior to the start of the project, the main concern was the H2:CO2 selectivity of microporous zeolite 
membranes.  The goal of the development work was to determine if the reduction in intercrystalline pores 
would improve selectiv ity significantly. 
 
Silicalite membranes were prepared by the template-free secondary growth method. XRD analysis 
indicates that silicalite can grow well without an organic template on the surface of silicalite-seeded α-
Al2O3 supports.  SEM showed that the silicalite membranes were about 5 µm thick. The membranes were 
further characterized by pervaporation experiments with 1,3,5-triisopropylbenzene and xylene and the 
results indicated good quality with few intercrystalline pores.  
 
Under dry conditions, the ideal separation factors of H2/CO and H2/CO2 were as high as 6 at 500ºC with 
hydrogen permeance of 1.2×10-6 mol/m2.s.Pa. At lower temperatures the separation factors of H2/CO and 
H2/CO2 are not so high. The ideal separation factors of H2/CO and H2/CO2 for the silicalite membranes 
under wet conditions were as high as 9.4 and 8.8, respectively, and the permeance of hydrogen is around 
10-7mol/m2.s.Pa.    With the proposed syngas as the feed in the separation experiments, separation factors 
for H2/CO and H2/CO2 as high as 11.6 and 12, respectively, were obtained for the silicalite membrane.    
The separation factor decreases at the higher feed side pressure, especially for H2/CO2.   
 
The silicalite membranes are chemically very stable. Temperature dependency for the permeability for the 
linear flux equation was obtained for H2, CO and CO2 for the silicalite membrane prepared in this project.  
 
Reports and Publications  

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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1.2.1.1.7  Development of Gasification Process Incorporating Membrane 
Water Gas Shift Reactor for Producing Hydrogen Fuel With CO2 Capture” 
   Technology Provider:  Fluor Federal 
 
 
Highlights  
 
Phase I – March 2002 through February 2003:  
 
Fluor developed an AspenPlus process simulation model of the entire capture plant, including the 
following units. 

• Air Separation Unit 
• Gasification Island 
• Preheating and Bulk Shift Catalyst Unit 
• Membrane WGS Reactor 
• Permeate Cooling Unit 
• Retentate Cooling Unit 
• Condensate (Ammonia) Stripper Unit 
• Sulfur Recovery (Sulferox) Unit 
• CO2 Compression/Dehydration Unit 
• Natural Gas Fired Combined Cycle  
• Utilities and Support Systems 

 
A key piece of the work scope was the integration of the WGS membrane simulation model into the 
flowsheet.  The plant model was used to determine the overall plant efficiency, to determine the feed 
composition to the MWGS reactor, and to provide the basis for equipment sizing that is part of Phase II.  
Using the WGS membrane simulation model developed by ECN, Fluor provided feedback to the 
membrane technical providers on the performance of their membranes.   
 
Phase II 
Fluor modified the Phase I flowsheet to provide a H2S-free feed to the MWGS reactor.  Fluor is currently 
developing a equipment specifications list that will be used for cost estimation purposes. 
 
Summary 
 
Phase I 3/02 – 2/03 
 
The original plan called for Fluor to create a simulation model for each of the four types of membranes 
that were being evaluated in Phase I.  Because of the inability of three of the membrane developers to 
reach the target H2:CO2 selectivity, it was decided that only one flowsheet (for the Eltron membrane) was 
required.  The savings were used for various sensitivity studies. 
 
The thermal efficiency based on the production of hydrogen fuel was 61.4%.  This was based on 
sequestrating 2 million tonnes per year of CO2.  The efficiency does not include 37 MW of exported 
power. 
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Phase II, 4/03 – present 
 
Flowsheet development and equipment sizing are on schedule. 
 
Reports and Publications  

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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1.2.1.2  Sorption Enhanced Water Gas Shift (SEWGS) 
  Task - 2.1 Gas Turbine Fuels  
  Technology Provider: Air Products and Chemicals Inc (APCI) 
 
 
Highlights  

• The Phase 2 adsorption development program has been essentially completed and the leading 
adsorbent material identified for use in the Phase 3 sizing and performance calculations.   The 
Phase 3 work has been initiated, Phase 1 work indicated suitability of the sorption enhanced water 
gas shift (SEWGS) process for two of the CCP scenarios, both of which involve CO2 capture from 
gas turbines, the Phase 3 work has therefore been extended to cover both these cases. 

• A novel adsorbent has been identified which has potential for significant future improvement in 
system performance and cost, but will require additional development and characterization to 
determine how it should best be deployed and under what conditions, a small additional piece of 
work (Phase 4) has been initiated to investigate this material.  This work is expected to feed into 
any future development of the SEWGS concept. 

 
Summary 
 
The project is investigating a process to produce hydrogen for use as a decarbonized gas turbine fuel with 
integral CO2 capture for geologic sequestration.  A combined shift reaction and CO2 removal process is 
being developed that could be applied to fired heaters and boilers as well. The initial development 
program focuses on sweet gas fed systems that could be extended for use in sour gas environments 
downstream of a coal, coke or residual oil fed gasification system.   
 
The work comprises experimental studies for the development and measurement of the performance of 
improved adsorbents tailored to the above application.  For the experimental studies a single adsorber 
experimental rig that can be operated in cyclic mode was designed and built to simulate the operation of a 
multi-bed system. Modeling studies of the combined reaction/adsorption process are underway.   
 
Characterization tests have been conducted on several prospective adsorbent materials, including thermo-
gravimetric analysis, breakthrough and cyclic tests in the process development unit (PDU).  The 
adsorption properties of a number of different adsorbent materials have been tested in cyclic service, these 
cover several different classes of adsorbent and different formulations of each material type. 
 
The leading adsorbent material ADS1-2 has a CO2 removal capacity of up to 1.1% in PDU cyclic testing.  
The cyclic adsorption capacity of ADS1-2 has been found to be relatively independent of operating 
temperature in the region of interest (400-500 oC), this is believed to be due to desorption rate increase 
with temperature compensating for the reduction in equilibrium CO2 capacity as exhibited in the 
adsorption isotherm, this implies that the sorbent enhanced reactor is not tightly constrained in operating 
temperature and can be designed for the optimum temperature for the overall capture process. 
 
A material has been identified which has the potential for significantly higher CO2 capacities than the 
adsorbents tested above. This material would require some significant changes to conditions of operation 
of the SEWGS reactor system.  An extension to the adsorption development and characterization study 
has been initiated to evaluate the options for deployment of this material. Although the state of 
development is at an early stage, early tests suggests that the material could offer significant 
improvements in performance and reduction in cost of the SEWGS concept. 
 
Following calibration checks against experimental data, it was concluded that whilst the dual site 
Langmuir adsorption model can accurately predict the adsorption cycle of the system, the desorption step 
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cannot be accurately represented by this model and extensive additional model development work would 
be required to correctly predict the unusual desorption characteristics observed.  In order to determine the 
size of the adsorbent/reactor beds, the system has been experimentally operated under PDU conditions, 
which most closely approach those of the operating plant and this data used as the basis for the sizing 
calculations.  In addition, parametric studies of key parameters such as purge gas flow and steam content 
has been undertaken to provide a better understanding of the effects of translating this data to the real 
plant.    
 
An additional experimental investigation was to establish whether the ADS1-2 material exhibited any 
water gas shift reaction catalytic activity under the high operating temperatures of the sorption enhanced 
water gas shift (SEWGS) process.  This work was delayed by the need to undergo an additional safety 
review of the suitability of the metallurgy of the experimental rig for syngas service due to concerns about 
possible metal dusting corrosion, but have now been completed and established that ADS1-2 has no 
significant water gas shift catalytic activity under proposed process conditions.  An assessment will 
therefore be made of the required quantity of catalyst to be mixed with the adsorbent.  It is however 
considered feasible to support an active catalytic material (e.g. iron/copper) onto the ADS1-2 material, 
which would reduce the vessel size, hence the sizing is likely to be conservative. 
  
Discussions with valve manufacturers have been initiated to establish the requirements for valve 
operation under the severe service of SEWGS with process specifications submitted to several vendors to 
make technical and pricing proposals.   
 
The Phase 3 design study has been initiated, with scope extended to include designs for CO2 capture from 
two of the CCP scenarios. 
 

i. Alaska Prudhoe Bay oil production facility gas turbines  
ii.  400 MW combined cycle gas turbine  

 
APCI are preparing process designs incorporating the SEWGS system into each of the these cases, 
starting with the Alaska scenario, the design information for which will be fed into the CCP cost 
estimating process to give direct cost comparison with the baseline (post-combustion) costs.   APCI are 
liaising with a gas turbine manufacturer to ensure compatibility between the fuel processing plant and the 
machines and to accurately determine the performance of these machines when fired on de-carbonized 
(hydrogen) fuel.   This will influence the process design, specifically the selection of oxygen or air blown 
autothermal reformer as the syngas generation step, the steam content and temperature of the fuel all of 
which influence performance in terms of efficiency, peak power output and NOX emissions. 
 
It is planned to link this work to a study of the requirements to retrofit the gas turbines to operate on the 
selected fuel, this will complete the picture of costs of  CO2 capture and address other influencing factors 
including reliability and maintenance (RAM).  
 
Reports and Publications  
 
Air Products and Chemicals Inc. have prepared the following report for submission with this summary. 

• Production of Hydrogen Fuel by Sorbent Enhanced Water Gas Shift Reaction -Semi-Annual Report 
February-July 2003, Jeffrey Hufton, Robert Chiang, Rodney Allam, Ed Weist, and Vince White.  
(Non-confidential with confidential appendix) 

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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1.2.1.3  Compact Reformer with Advanced Pressure Swing Adsorption 
System for Hydrogen  
  Technology Provider:  Davy Process Technology 
     Air Products, Ltd. 
 
 
Highlights  

• Proposals have been received from both Davy Process Technology (for the Compact Reformer) and 
from Air Products Ltd (for the Gemini PSA system). 

• Contract details have been submitted to enable the production of a draft contract. This draft is still 
to be issued to the two above named companies for their approval and signature. Contract start date 
is likely to be early August 2003 with report delivery at the beginning of November 2003. 

 
Summary 
 
The CCP will develop new and novel technologies to reduce the cost of capturing CO2 from large 
industrial combustion sources.  Targets have been established for a 50% reduction in the cost to capture 
CO2 from existing (retrofit) facilities and a 75% reduction from new-build facilities.  To measure progress 
towards these goals, cost estimates for the application of the technologies must be developed which are 
prepared on a common, consistent, and comparable basis. 
 
The CCP has defined a number of ‘scenarios’ (combinations of fuel burning equipment and fuel types) 
that are commonly found in its operations.  The scenarios include: 
 

• Large gas-fired turbine combined-cycle power plant; 
• Distributed small/medium simple cycle gas turbines; 
• Refinery heaters and boilers; 
• Petroleum coke gasification. 

 
The main objective of the technology developers will be to prepare process engineering designs and 
associated cost estimates that allow the technology under development to be compared with other 
technologies under consideration, on a transparent and comparable basis.  The designs and associated 
costs developed will also be bench marked against a series of baseline studies, developed by the CCP 
using conventional CO2 capture technology.  The focus of this study will be the Pre-Combustion capture 
of CO2 via the Hydrogen production route. The study will incorporate two distinctive technologies: 
 

• Compact Reforming – Davy Process Technology 
• Gemini Pressure Swing Adsorption (PSA) – Air Products Limited 

 
The aim of the study is to develop a process design and associated cost estimate that integrates the 
Reforming and Adsorption units into a single process for the production of hydrogen with the co-incident 
capture of CO2 within scenario 3 (Refinery heaters and boilers). 
 
The study aim is to capture 2.0 million tonnes per annum of CO2 by utilizing refinery fuel gas streams as 
feed to the combined Reformer/PSA unit and subsequently utilizing the produced Hydrogen as a 
substitute fuel in the refinery heaters and boilers. The CO2, captured as a pressurized product from the 
Gemini PSA unit, will be further compressed for export for use in an offshore enhanced oil recovery 
scheme. 
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Reports and Publications  

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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1.2.2  Coke Gasification 
 
1.2.2.1  Advanced CO2 Separation Technologies for Integrated Gasification 
Combined Cycle (IGCC) Processes  

  Task - 2.3 Systems Integration and Optimization 
  Technology Provider: Fluor Daniel 
 
 

Highlights  
 
• Baseline cost estimates for the Canadian Petroleum Coke Scenario were completed and the final 

non-confidential report was delivered to the CCP 
 
• A reliable CO2 avoidance cost can be calculated for a world-scale Integrated Gasification Combined 

Cycle (IGCC) facility designed to capture CO2 using today’s commercially available technologies.  
This cost that is being calculated by the CCP Common Economic Modeling Team will be 
transparent and robust and able to withstand stakeholder scrutiny as a result of this rigorous process 
design and cost estimating work done by a credible third party (Fluor). 

 
• Total Installed Costs for a Fort McMurray, Alberta plant are:   
 - No CO2 capture, uncontrolled release, case:  $870million USD 
 -  90% CO2 capture case:  $1,360million  USD  
 
• Qualitative screening on ten advanced technologies with potential application to the Canadian 

Petroleum Coke Scenario was conducted using these criteria: 
 - Ability to capture between 85% and 90% of carbon 
 - Ability to produce CO2 with less than 30 ppmv of H2S 
 - Ability to produce CO2 at greater than 97 mol % 
 - H2 produced at pressure to minimize compression costs  
 - Sulfur tolerant process 
 
• Qualitative screening exercise identified CO2LDSep as the most promising advanced technology 

for reducing CO2 capture costs as compared to the controlled baseline 
 
Summary 
 
This work evaluates advanced  (i.e. not yet commercially available or commercially demonstrated) CO2 
separation technologies for integration into a pre-combustion IGCC process scheme.  The objective is to 
identify those technologies that can deliver a 50% to 75% cost reduction in the capture costs of CO2 over 
today’s IGCC technologies.   
 
The conceptual IGCC plant used in this study would gasify petroleum coke to produce steam, electricity, 
and refinery grade hydrogen.  It is based on the Canadian petroleum coke scenario  being used by the 
CCP to focus their CO2 capture work.   
 
Baseline costs were defined for an IGCC process using commercially available technologies. Two 
baseline cost estimates were prepared; an uncontrolled case without no CO2 capture and a controlled case 
in which where 90% of the CO2 is captured by commercially available technology.  Both baselines 
consist of an IGCC plant that gasifies petroleum coke using high purity oxygen in a high pressure total 
quench gasifier based on ChevronTexaco technology.  
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The base cases produce the same amount of steam (1,300,000 lbs/hr) and hydrogen (60,000,000 
SCF/day); however, the controlled base case electrical power output is about 100 MWe higher than the 
uncontrolled case because of the addition of another combustion turbine.  
 
Since the Uncontrolled Baseline Case represents state -of-the-art with no CO2 capture and the Controlled 
Baseline Case represents currently available commercial technologies to capture CO2, these base cases 
represents the reasonable estimates of the costs industry would incur if they were required to capture CO2 
for storage purposes today.   
 
Advanced Technologies: 
 
The Advanced Cases are similar to the Controlled Baseline Case except that new, technologies are 
inserted in place of commercially available technologies.  The Advanced Cases were used to: 
 
(i)  learn how best to integrate these new technologies into a practical IGCC design, 

(ii)  determine the reduction in CO2 capture costs that can be obtained by using advanced technologies, 
and 

(iii)  elucidate process performance and cost goals the advanced technologies must meet in order to 
deliver on the CCP cost reduction targets (75% for new facilities and 50% for retrofits) 

 
The list of considered technologies included the following, in addit ion to those technologies under 
development in the CCP program:   

• sorbent enhanced reforming 

• water gas shift membranes 

• Gemini pressure swing adsorption 
 

In addition to the above technologies, Fluor Daniel has identified their proprietary autorefrigeration 
COLDSEP technology as having cost reduction potential in an IGCC application tailored to the Canadian 
petroleum coke scenario.  CCP asked that this technology be included as an advanced technology Fluor 
Daniel. 
 
Reports and Publications  

•  “CCP Baseline Costs for Four Real-Life Scenarios”, presentation given by Iain Wright of the CCP 
at the 2nd Annual DOE NETL Conference on Carbon Sequestration, May 5-8, 2003. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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1.2.3  Integration and Scale-up Studies 
 
 
The CCP Pre-Combustion Technology Integration and Scale -up Study program includes five studies.: 
The objective in the integration and scale -up studies is to apply commercially -, or close to commercially-
, available pre-combustion technology to the four CCP scenarios. By system integration, optimisation and 
value engineering it is expected that significant cost reductions can be obtained at very low risk. 
 
The results, highlights and future plans for different activities is given below: 
 
• 1.2.3.1 Study of Gas Turbine Retrofit Requirements to Burn Decarbonized Fuel (Hydrogen).  The 

study has not started and is still in contract negotiation. 
 
• 1.2.3.2 Standardised PCDC:  The study has not started and is still in contract negotiation. The work 

will be done in collaboration with IEA. Norsk Hydro prepared a report summarizing earlier pre-
combustion studies and included recommendations on technology choices. 

 
• 1.2.3.3 Very Large Scale Autothermal Reforming:  A plant concept using a gas-heated reformer 

was suggested by the technology provider.  An internal assessment identified very small benefits so 
no further work was initiated.  

 
• 1.2.3.4 Advanced Syngas Technology:  The advanced syngas technology was screening study of 

different technology options for an integrated reforming combined cycle focusing on commercially 
available technologies.  The results showed no significant improvement over the base case thus no 
further work was recommended in this area. 

 
• 1.2.3.5 Compact Reformer with Advanced Pressure Swing Adsorption System for Hydrogen Fuel 

Production:  The study has not started and is still in contract negotiation. 
 



55 

 
1.2.3.1  Gas Turbine Retrofit Requirements to Burn Decarbonized Fuel (H2) 
 
 
Highlights  
 
• GE manufactured seven of the eleven gas turbines in the Alaska scenario and is the only gas turbine 

manufacturer to have published data on the firing of carbon free hydrogen rich fuels for CO2 
capture applications.  A Statement of Requirements for the Study has been prepared and agreed by 
the CCP Precombustion Team and submitted to GE to tender and discussions held to clarify the 
aims and deliverables of the study. 

 
• Contract Negotiations are underway. 
 
Summary 
 
One scenario that CCP uses evaluate CO2 capture processes is a gas compression facility in Alaska’s 
North Slope oilfields.  It includes four GE Frame-6 and three GE Frame-5 gas turbines in gas 
compression service. Application of pre-combustion capture technology to this scenario requires that the 
gas turbines can be modified to burn hydrogen as a fuel without adversely affecting the key performance 
characteristics such as power output, turndown, emissions and reliability.  This retrofit study will evaluate 
a range of hydrogen fuel mixtures on generic GE Frame-5 and GE Frame-6 Gas Turbines.  Fuel 
compositions will be selected to cover the composition range anticipated from PCDC capture 
technologies. 
 
The study will cover issues of hydrogen firing feasibility and its effects on the performance and emissions 
from the machine.  Key considerations in the design of the overall capture scheme such as the fuel 
temperature and steam content will be studied.  It is anticipated that some of the hydrogen fuel 
compositions available will enable significant reductions in the NOX emissions from the existing 
machines, and all PCDC schemes will totally eliminate sulphur oxide emissions.  
 
GE will also evaluate the engineering modifications required to accommodate the change to hydrogen 
fuel and provide scoping engineering work requirements and estimate the cost of implementation. 

 
The objectives of the Gas Turbine Retrofit Study as follows 

1. Establish the feasibility of firing a carbon-free hydrogen rich fuel on generic GE Frame 5 and GE 
Frame 6 type Gas Turbines. 

2. Evaluate alternate hydrogen fuel mixtures for gas turbine firing  
3. Predict the performance of the gas turbines on the same range of fuels. 
4. Determine costs of retrofitting an existing machine to permit hydrogen firing 
 
The major tasks that will be completed in this study are: 
1. Requirements definition. 
2. Condition assessment 
3. Combustion assessment 
4. Performance predictions 
5. Conversion Requirements 
6. Summary Report 
 
Reports and Publications  
 
None – project has not yet been started. 
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1.2.4  Capture Studies Integration and Reporting   
 
1.2.4.1  Capture Study Integrated Reports 

Technology Provider:  Advanced Resources International. 
 
 
Early stage work for final reporting of the Capture Studies effort is underway.  A rough outline for the 
book has been prepared.   
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1.3  Oxyfuel Technology 
 
 
Overview 
 
The principle of CO2 capture by oxyfuel combustion is to burn fuel with oxygen rather than air so that the 
flue gas consists mainly of CO2 and water with little nitrogen.  CO2 can then easily be separated. 
However, oxygen combustion would result in very high combustion temperatures without the nitrogen 
diluent from air.  It is usually proposed that a fraction of the flue gas be recycled as a substitute diluent.  
Other novel solutions may be feasible such as injecting recycled water as a diluent or using high 
temperature materials in place of recycle.  
 
Studies, including pilot scale testing on coal, indicate that oxyfuel combustion with flue gas recycle can 
be retrofitted to boiler and other heating plants with no major technical obstacles.  Gas turbine 
applications would require costly development of new combustors, compressors, and turbines to 
accommodate the change in working fluid.  These studies have shown that the major additional capital 
and operating costs in oxyfuel combustion for CO2 capture are those associated with oxygen production 
when development and new gas turbine design costs are excluded.   
 
No oxyfuel technologies have been demonstrated on a commercial scale for CO2 capture and therefore 
there is no existing oxyfuel technology against which to assess cost reductions for new approaches.  
However, most studies suggest that overall capture costs for the oxyfuel flue gas recycle techniques 
would be comparable with those for existing post-combustion capture methods.  Therefore for the 
purpose of this assessment the basic oxyfuel flue gas recycle techniques have been taken as baselines.   
 
While oxyfuel combustion is not currently used for CO2 capture, it should be noted that combustion in 
pure oxygen or in oxygen enriched air in special high temperature furnaces is widespread in the 
metallurgical, glass and other industries, and therefore the operational and safety issues of oxygen 
combustion are well understood. 
 
New and lower cost oxygen production methods are under active development which means that the 
overall cost of oxyfuel concepts, i.e. those using flue gas recycle, should fall significantly.  The potential 
for oxyfuel combustion to be retrofitted to existing boilers and heaters makes this route attractive to the 
CCP.  Other concepts under consideration are integration of oxygen generation directly with the 
combustion system that may have further cost reduction potential.  Other proposals seek to take advantage 
of the distinctive characteristics of oxyfuel combustion to conceive power plants with higher efficiency 
and/or lower capital cost, in order to offset the cost of generating oxygen.  One proposal, called chemical 
looping, looks at a novel, potentially energy saving, process that combines air separation with fuel 
oxidation. 
 
The future economic driver for the adoption of oxyfuel technologies lies mainly in novel technologies for 
air separation that are able to reduce drastically the cost of oxygen production. The CCP may benefit from 
DOE co-funded R&D projects aimed to develop nove l ceramic membranes for air separation that are able 
to permeate oxygen with 100% selectivity.  The CCP funded several studies to assess the technical and 
economic potential of these technologies applied to CO2 capture. A baseline using conventional air 
separation for oxygen supply was also established.  
 
Other approaches, considered in the technology selection phase of CCP (high pressure boilers, zero 
recycle boilers, advanced cycles), were discarded after preliminary studies showed no promising 
economics. 
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Novel Ceramic Membranes 
This period saw the completion of the baseline study funded by the CCP and commissioned to Air 
Products concerning the retrofitting boilers and heaters in the Grangemouth refinery (BP – UK) using 
conventional cryogenic air separation to capture 2 million tonnes per year of CO2 from refinery 
combustion effluents. Phase II of the study evaluating retrofitting the same boilers and heaters in 
Grangemouth using the novel ITM (Ionic Transport Membranes) technology being developed by a 
consortium led by Air Products and co-funded by the DOE with the target of commercialization by 2008. 
The results of this study will allow assessment of the economic potential of ITM in CO2 capture. 
 
A novel technology, AZEP (Advanced Zero Emission Power), based on the integration of ceramic air 
separation membranes being developed by Norsk Hydro with a gas turbine system designed by Alstom 
Power. The AZEP development is co-funded by the European Community in a three-year project started 
in January 2002.  CCP funded an evaluation of this concept for a selected turbine in the Alaskan scenario 
of the CCP. Activity started in May 2003 and the final reports will be issued in October 2003. 
 
Chemical Looping  
The only large Oxyfuel R&D project funded by the CCP is the chemical looping project briefly described 
above. This project has seen a remarkable development since the start in January 2003. Due to the wide 
range of disciplines involved, the activity has been split into five different packages, covering different 
aspects of the work: 
 

• T-051 Project Management (BP). 
• T-079 Particle Screening and Development (CSIC). 
• T-089 Pilot Unit Design, Construction and Operation (Chalmers). 
• T-095 Hydrodynamic experiments (Vienna Univ.). 
• T-058 Engineering scale -up and Economics (Alstom). 

 
The chemical looping combustion concept is based on the transfer of oxygen from the combustion air to 
the fuel by means of an oxygen carrier such as a metal oxide.  Central to the system are an air reactor and 
a fuel reactor.  The gaseous fuel is introduced to the fuel reactor, where it is oxidized by the oxygen 
carrier (the metal oxide, MeO).  A description of the combustion process for methane fuel follows: 

MeO + CH4 → ME + 2H2O + CO2   (1) 

The exit gas stream from the fuel reactor contains CO2 and H2O, and almost pure CO2 is obtained when 
H2O is condensed.  The particles of the oxygen carrier are transferred to the air reactor where they are 
regenerated by taking up oxygen from the air: 

Me + ½O2 → MeO     (2) 

The air reactor gives a flue gas containing only N2 and some unused O2.  The total amount of heat evolved 
from reactions (1) and (2) is the same as for normal combustion, where the oxygen is in direct contact 
with the fuel.  The significant advantage compared to normal combustion is that the CO2 is not diluted 
with N2. 

While this approach may not be suited for air separation, since it does not convey pure nitrogen, it may 
extract from air the required amount of oxygen for oxyfuel combustion.   The CCP is directly funding 
R&D activities on chemical looping through the GRACE Project (co-funded by the European 
Community), managed by BP, with Alstom Power, Chalmers University, Vienna University and CSIC as 
Partners. The Project started in January 2002 and activities will be completed by end of December 2003. 
Target of the Project is the achievement of Proof-of-Feasibility through operation of a large fluidized bed 
pilot unit (riser reactor 2 meters high per 2 inches internal diameter) complete with reactor/regenerator 
system and continuous circulation of solid, at Chalmers University. 
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Main achievements of the last semester are: 
 

• Completion of the pilot unit and operation in hot hydrodynamic mode with sand for 
troubleshooting and training of operators. 

• Preparation of 15 kg of Ni/Al catalyst as the first batch to be tested in the pilot unit. Preparation 
was made by freeze granulation that should simulate spray drying on a small scale. 

• Detailed kinetics on Fe/Al and Cu/Ti particles that will constitute next batches for the pilot unit. 
• Construction of a large “mock-up” at Vienna University to define rules for hydrodynamic scale -

up of the reactor/regenerator and solid circulation system. 
 
The next period will see operation of the pilot unit with different catalysts to reach the main target of the 
Project and operation of the “mock-up” to define hydrodynamic rules.  Alstom will perform a 
technical/economical evaluation to assess the potential of the technology at the commercial level. 
 
Post-CCP activities and conclusions  
As stated above, no oxyfuel technology will be ready for commercialization by the end of 2003. The 
novel technologies required to perform oxyfuel CO2 capture will be ready for the market by 2008, at best.  
 
Oxyfuel technologies may fit into different scenarios from atmospheric pressure boilers to high pressure 
gas turbine applications. Even chemical looping, currently investigated for atmospheric pressure boilers 
may be extended to high pressure combustion for gas turbines as already proven in a DOE-funded project. 
The main additional issue in this case is the feed of dusty gases to the turbine. This might require turbine 
mechanical development or high temperature filtering systems still in the development phase. This 
extension may be feasible using work on high temperature filters being carried out independently by 
major companies in the field.   
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1.3.1  Advanced Boiler Study 
  Technology Provider:  Praxair 
 
 
Highlights  
 

• Contract negotiations are in the final phases.  The work should be completed by end of October 
2003. 

 
Summary 
 
This study is in coordination with a DOE funded study by Praxair.  The objective of the Praxair study is 
development of technology to fit novel ceramic membranes for air separation (OTM – Oxygen Transport 
Membranes) into a newly designed boiler that combines air separation and combustion in a single unit.  
The CCP add-on study will consider the replacing an existing boiler in the Grangemouth refinery with a 
novel boiler including OTM membranes.  
 
Publications  
 
None at this time. 
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2.  Storage Monitoring And Verification (SMV) Studies 
Task - 4.0 - Establish Key Geologic Controls & Requirements  

 
 
The CCP-SMV program is comprised of four major technology areas:  
 

• Integrity – evaluation of natural and engineered systems and their suitability for CO2 
sequestration,  

• Optimization – realizations of efficiencies and tradeoffs that improve the economics of CO2 
sequestration,  

• Monitoring – the development of performance evaluation tools and safeguards in the CO2 
sequestration “life cycle” and  

• Risk Assessment – identification and quantification of HSE risks associated with CO2 
sequestration.   

• A fifth program comprises an effort to integrate results of the studies and strategies for their 
dissemination outside of CCP.   

 
Since CCP’s inception in 2000, the SMV program has contracted 33 studies, including NGCAS (6 
projects).  Presently, nine of these studies are complete, sixteen have been active since before early 2003 
and eight are newly contracted in the present reporting period.   Most projects will be completed by the 
end of 2003 with the exception of NGCAS (European Union funded) and, possibly, some of the Risk 
Assessment projects.  The following is an overview of the progress of the SMV projects for the present 
reporting period 
 
Integrity 
 
Integrity studies include examination of competent and incompetent natural systems for CO2 storage, CO2 
exposure experiments on natural reservoir and cap-rocks and well materials and predictive modeling of 
reservoir / cap rock response to CO2 injection.   
 
Two studies use natural geologic systems to characterize competence to store CO2.  Prototypically 
incompetent geyser systems from the East-Central Colorado Plateau are examined for features that 
preclude effective CO2 storage (Utah State University; Evans).  Detailed geologic, hydrologic and 
geochemical work showed that despite the potential for fault gouge sealing or sealing by mineralization of 
fractures and faults, the geyser systems have been releasing abundant CO2-charged water since the early 
Tertiary.  The chemistry showed that the system is fed meteoric water, which reacts to release CO2 from 
minerals.  CO2 evolves from the water as it travels to shallower depths up through the fault system.  In 
contrast, the naturally occurring CO2 fields assessed by ARI (Stevens) have apparently hosted CO2 for 
geologic-scale time periods.  Structural and stratigraphic characteristics as well as details on reservoir and 
cap rock systems will define features favorable to CO2 accumulation and retention.  As some of these 
fields are operated to produce CO2, valuable information on drilling, performance and safety will become 
available.   
 
Experiments on reservoir and seal rocks under reservoir pressure and temperature are ongoing at GFZ-
Potsdam (Borm).  The purpose of these experiments is to ascertain physical and chemical transformations 
that alter rock properties with CO2 exposure.  There is evidence for changes in the physical strength of the 
rocks, possibly due to mineralogical transformations (dissolution and precipitation).  This study offers an 
opportunity to history match the reactive transport modeling project conducted by LLNL (Johnson).   
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Geomechanical modeling by APCRC (Rigg) will add further to our capability to predict rock response to 
the physical and chemical effects of CO2 injection into reservoirs.   
The susceptibility of well materials (cement and steel) to weakening by erosion / corrosion or 
strengthening by scaling / mineral precipitation in the presence of elevated CO2 addresses perhaps the 
weakest link in CO2 containment (Lindeberg, SINTEF).  The study reveals both types of responses to 
stagnant and moving CO2.  Recommendations for new, less susceptible well materials, completion 
procedures and intervention will be included in the final study. 
 
The integrity program has identified the principal weaknesses to CO2 containment in natural and 
engineered systems.  The obvious solution includes careful evaluation of natural systems using analogs 
and experiments and the development special well materials / construction and remediation. 
 
Optimization 
 
Optimization studies attempt to identify more efficient ways to store CO2 in settings familiar to the oil 
and gas industry (e.g., EOR and EGCR), anticipate difficulties in CO2 storage in other venues (e.g., 
aquifers) and look for economic tradeoffs with the CO2 capture. 
 
There is extensive CO2-EOR experience in the Permian Basin of West Texas.  The survey conducted by 
the New Mexico Institute of Mining and Technology (Grigg) identified areas for improvement in CO2 
EOR operations that have implications for CO2 storage.  Recommendations include further research on 
CO2 injectivity, conformance, monitoring and remediation.  Further work could also examine the ultimate 
storage capacity of these reservoirs as well as leakage detection and rates.   
 
The Texas Tech University (Frailey / Lawal) and Tieline Technology (Stenby) studies address phase 
behavior of CO2 in gas and gas condensate reservoirs and in oil reservoirs (respectively).   The Texas 
Tech study is expected to produce software that will predict the CO2 storage capacities of reservoirs and 
the potential for EGCR.  The Tieline Technology software predicts CO2 gas behavior in oil reservoirs.   
 
An extensive survey of Canadian and European natural gas storage experience has been compiled by GTI 
(Perry).  Although the focus of this work was on leakage identification and remediation, there are 
valuable insights into geological features that make such operations successful.  Issues identified are 
keyed to how the CO2 storage might be impacted.  As with the natural gas storage experience in the USA, 
it is remarkable how few incidents have been reported.  The hazard levels anticipated from CO2 storage 
would seemingly be less, given that the technology to identify appropriate storage venues are improving 
and CO2 is not flammable. 
 
Predicting the behavior of CO2 injected into reservoirs is complex and varies with state (i.e., supercritical 
versus non-supercritical), water salinity and reservoir architecture.  The study by the University of Texas 
(Pope) begins to characterize storage performance of CO2 in aquifers by looking at brine density 
transformations and mineralization.  Simulation studies will identify reservoir / brine suitability criteria 
that will influence operating procedures.  To date, a base case simulation has been run for a generic 
aquifer with sensitivity analysis of reservoir parameters such as permeability (mean, vertical, and 
horizontal), residual gas saturation, salinity, and temperature.  Initial findings show that residual gas 
saturation will significantly impact the strategy used in CO2 sequestration. 
 
A baseline for piping, compression and injection systems needed to transport CO2 is the topic of the 
Reinertsen Engineering study.  An optimization of materials and necessary hydration levels will be the 
product of this study.    
 
Economic tradeoffs between the purity of CO2 (with various levels of SOx and NOx) captured at the 
surface and the behavior of impure CO2 in the subsurface are the topics of studies by Battelle (Gupta) and 
The University of Texas (Bryant), respectively.  In the surface study, possible untoward effects on amine 
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and other solvent systems and piping and compression equipment will be evaluated.  Subsurface phase 
and solubility behavior of impurities and their effects on subsurface equipment and reservoirs will be 
estimated in the subsurface study. 
 
These optimization studies, once integrated and attached to realistic scenarios, will be of considerable 
value in approaching workable CO2 capture, transportation and storage programs.  
 
Monitoring 
 
Numerous remote (satellite and aerial), geophysical and geochemical approaches to monitoring CO2 
storage performance and leakage / seepage have been proposed.  The resolution and expense of these 
techniques varies considerable.  The principal goal of the monitoring studies is identify the most useful 
and cost effective approaches.   
 
TNO (Arts) presents a comprehensive, comparative survey of monitoring technologies in addition to 
seismic modeling of aquifer CO2 storage (Sleipner-like) and ECBM.  The applicability of various 
monitoring techniques to caprock leakage, ground movement, lateral spreading, and verification/mass 
balance were rated.  Further seismic modeling of CO2 storage is recommended with a focus on escape 
scenarios. 
 
LBNL (Hoversten) provides field, experiment, model and theoretical examples of novel non-seismic 
geophysical monitoring techniques.  Recent highlights of this study include an effort to test the spatial 
resolution of geophysical monitoring approaches to a reservoir simulation model on Schrader Bluff 
(North Slope, Alaska) and the laboratory demonstration that streaming potential (SP) induced by flowing 
CO2 through core samples might be measurable at the surface in a field CO2 storage project.  Ongoing 
work includes surface seismic, AVO analysis and electromagnetic modeling.   
 
The single geochemical-based monitoring project investigates the use of noble gas isotopes as tracers and 
leakage indicators.  The CO2 EOR Mabee Field of West Texas is used as an example application.  To 
date, the proposed optimal system involves Xenon, the isotopes of which allow a distinction among air, 
subsurface gases and the supply gas.  Doping of supply gas with such chemically distinctive gases allow, 
in addition to tracing CO2 conformance, a means to establish ownership of leaked gas is made available.  
The amount of gas needed for a test of the system has been calculated. The remaining tasks include 
details of a protocol for noble gas injection and testing of a gas transport model.              
  
The early study by Tang (CalTech) evaluated the state-of-the-art in atmospheric monitoring technologies.  
A follow-up study aims at identifying technologies capable of detecting leakage rates as small as 1% and 
developing scenarios at which such techniques might be applicable.   
 
The satellite radar interferometry (InSAR) study by Stanford University (Zebker) involved working up 
the theoretical resolution of ground movement due to CO2 injection into a hypothetical reservoir.  The 
resolution (~1 cm) is comparable to tiltmeters and time lapse GPS but is thought to have advantages in the 
abundance of data available and large coverage area.  Some work was done on estimating reductions in 
resolution due to atmospheric and topographic effects.       
 
Satellite and aerial hyperspectral analysis of plant stress and mineral anomalies, thought to be induced by 
high surface CO2 concentrations, were investigated by LLNL (Pickles).  A satellite application was 
presented for Mammoth Mountain, CA where tree kills from a volcanic-related CO2 release was 
confirmed.  An aerial survey of the CO2 EOR Rangely Field, CO, has been examined for anomalies and a 
field trip is planned to determine what features might be associated with these anomalies.  
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A recently contracted study will evaluate the near surface approaches to detect CO2 leaks (Davis, Penn 
State).  The favored technology, IR laser, will be evaluated for capability of measuring near surface 
vertical turbulent flow of CO2.   
A broad range of monitoring technologies has been investigated for the monitoring program.  Future 
research direction will focus on the few most promising remote / aerial, near surface and subsurface 
approaches.  Additional programs should also include direct analyses of subsurface fluids (e.g., well water 
and gas sample analysis, soil gas analysis). 
 
Risk Assessment 
 
Risk assessment was identified as a critical research area early in the SMV program.  Initial studies 
contracted and completed include an HSE assessment and lessons learned by other industries involved in 
the disposal of industrial wastes or storage of natural resources (Benson, LBNL) and one focusing on 
political and regulatory lessons learned by the nuclear waste industry.  Subsequently, three large risk 
assessment methodologies development studies evolved and are ongoing (Wildenborg, TNO; Liang, 
INEL; Oldenburg, LBNL).  The status of these projects is summarized below.  An additional study, 
involving reactive transport modeling to assess transformations in reservoir and cap-rocks, is also 
summarized but the results are also applicable to the “Integrity” program outlined above.       
 
The TNO study has proposed two scenarios to test their risk assessment methodology (Southern North 
Sea aquifer and onshore Netherlands gas field).  Extensive work has been done on FEPs (features, events 
and processes) that is now destined to become a standard, shared database.  A Monte Carlo simulation 
(>1000 parameter combinations) of a reservoir seal model has recently been successfully completed.  
Simulations of a shallow subsurface / surface (atmosphere) model were conducted recently with LBNL 
(Oldenburg).  A grid convergence problem was noted and is being resolved.   The probabilistic tool 
developed earlier in 2003 was tested and found to be user friendly and fast.  The globality parameter, 
which determines the “radius of influence” of various data points, however, was found require further 
expert input and sensitivity studies.  Work continues on collecting data needed to run simulations of the 
two scenarios. 
 
The coal bed-based (ECBM) risk methodology by INEL (Liang) continues apace in conjunction with a 
larger San Juan Basin coal bed methane storage capacity study.  Geomechanical studies have elucidated 
mechanisms for gas leakage from fractures in coal and its overburden.  Relative risks of poorly designed 
fracturing attempts and uncemented versus cemented wells have been estimated.  A mechanistic field 
model matched to field performance revealed the sensitivity of coal reservoir properties to performance in 
terms of gas and water permeability and gas / water ratios.   Using the larger Fruitland coal seepage 
model, simulations suggest guidelines for locating injection relative to the water table and outcrops.   
 
The near surface / surface coupled CO2 flow model by LBNL (Oldenburg) shows good agreement with 
the commercial FLUENT model for surface-layer diffusion and agrees with empirical correlations for 
density-dependent flow.  Other simulations show that atmospheric dispersion of CO2 is twice as large 
when modeled in 3D as opposed to 2D.  The coupled model framework will be used to estimate CO2 
fluxes and concentrations for various leakage and seepage scenarios.    
 
The reactive transport modeling by LLNL (Johnson) incorporates coupled thermal, hydrological and 
geochemical processes to address key technical issues related to cap rock integrity (particularly that 
associated with the well bore) in aquifer storage of CO2.   Significantly, there is evidence for continuous 
improvement of hydrodynamic seal integrity via mineral trapping mechanisms.  Proof of this concept will 
be approached using the experimental results of GFZ-Potsdam (Borm). 
 
Maintaining progress in the risk assessment studies requires close supervision and collaboration among 
the research groups.  An effort has been made to ensure that the programs are mutually aligned in the 
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sense that they all include the essential elements of scenario development, hazard identification and 
probability and simulation.   
 
 
Integration and Communication 
 
A plan for integration and dissemination of SMV research results, coordinated with that of the larger CCP 
program, is in progress.  LBNL (Benson) has been contracted to arrange publications at the technical 
specialist, general scientific / engineering, government / regulator, NGO and general public levels.  The 
workshop planned for September 22-25, 2003 in Dublin, Ireland will bring together final plans for this 
effort. 
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2.1  Risk Assessment and Analysis  
 Task - 4.5 Risk Assessment and Mitigation Options  
 
 
Risk assessment is fundamental to public acceptance and ultimate deployment of geologic CO2 
sequestration.  Risk assessment is based on the ability to predict the likelihood of significant CO2 release 
from the reservoir and its impact on plants, animals and humans.  Those organizations and businesses 
wishing to use geologic carbon sequestration as a means to reduce the CO2 emission impacts on the 
environment will have to demonstrate that they have evaluated these risks and taken steps to ensure that 
the public is protected. A key activity in the risk assessment portfolio of projects is to develop 
methodologies and tools to evaluate those risks and to develop monitoring tools that allow for early 
detection and remediation.  It is essential that the whole process be clear and transparent to both the 
public and to regulators.   
 
The CCP Storage, Monitoring and Verification (SMV) program includes eight projects, six of which are 
co-funded by DOE.  There are two literature and policy reviews, completed prior to the present reporting 
period, that cover “lessons learned” from geologic disposal of industrial materials in general (LBNL, 
Benson) and the nuclear waste in particular (Monitor Scientific, Stenhouse).   The studies by TNO 
(Wildenborg), INEL (Liang), and LBNL (Oldenburg) entail development of risk assessment 
methodologies.  The LLNL (Johnson) study uses reactive transport modeling to predict cap-rock integrity.    
The major findings of the completed and current risk assessment studies are outlined below. 
 
In “Lessons Learned from Natural and Industrial Analogs for Storage of Carbon Dioxide in Deep 
Geologic Formations” (LBNL, Benson), information related to HSE effects of CO2 exposure and the 
history, status and issues associated with disposal of industrial waste and storage of natural gas are 
reviewed.  With respect to CO2 storage, the review offers a valuable perspective to how to proceed with 
establishing safeguards and engaging regulators and the public.     
 
In “Lessons Learned from Nuclear Waste Disposal” (Monitor Scientific, Stenhouse), the results of past 
efforts achieve regulatory approval and public acceptance of nuclear waste disposal in the US, Canada 
and Europe were reviewed.  In addition to having robust technical designs prepared, such efforts require 
early stakeholder involvement and transparency in decision-making.   Although CO2 storage is clearly 
much less risky than nuclear waste disposal, the process for gaining approval of individual projects must 
be approached in a similar fashion. 
 
The objective of the TNO “Safety Assessment Methodology for CO2 Sequestration” (SAMCARDS) is to 
develop a methodology and computational tools for HSE risk assessment of geological CO2 sequestration 
in example geologic venues (offshore aquifer and onshore gas field) in the southern North Sea.  Although 
assessments will be performed on specific sites as deliverables, the overall methodology is expected to 
comprise a generic framework for site characterization, risk mitigation, remediation and monitoring of a 
given storage facility.  In the period reported here, tools have been developed that allow consistent 
analysis of an FEP (features, events, processes) database and therefore identify groups of scenario-
defining FEPs for a given site.  A June 2003 workshop showed that once necessary adjustments are made 
to the tools, base case scenarios and variants thereof can be defined.  Monte Carlo simulations of the 
reservoir seal model, carried out with > 1000 parameter combinations was successful.  Simulations of a 
shallow subsurface / surface (atmosphere) model (conducted with LBNL, Oldenburg) reveal a grid 
convergence problem which needs to be worked out.  The probabilistic tool that will form the basis of the 
performance assessment model has been finalized and shown to be fast and easy to work with.  The 
important “globality” parameter, which determines the “radius of influence’ of various data points, still 
requires expert input.  The sensitivity of the probabilistic model to the choice of the globality parameter 
needs further examination.   
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The “Methodology for Conducting Probabilistic Risk Assessment of CO2 Storage in Coal Beds” by 
Liang(INEL) aims to develop the knowledge, tools, and strategies for risk evaluation, risk mitigation and 
monitoring / verification for CO2 - Coal Bed storage.  The methodology is being developed in the context 
of the Tiffany Field (BP, San Juan Basin, CO) enhanced coal bed methane gas injection (presently N2) 
demonstration project.  The work scope includes data acquisition / knowledge gaps, predictive 
quantitative modeling and consequence analysis / risk prediction.  For the present reporting period, a 
geomechanical study was performed to evaluate factors that lead to risks of developing CO2 leakage paths 
at each stage of the methane producing operation.  Risk factors identified include operating without 
cement well casing and poorly selected fracturing procedures.  The process of depressurization during 
dewatering followed by repressurization with CO2 likely leads to leakage via coal failure and preexisting 
slip discontinuities in the coal and overburden.  A mechanistic field model was developed to match field 
performance of a Tiffany Filed 5-spot pattern.  Findings from a sensitivity study of key coal reservoir 
properties showed: the importance of history matching coal methane content data, the influence of cleat 
porosity and permeability to gas / water production ratios and the effect that early N2 injection has on coal 
fracture patterns and consequent methane and CO2 conformance.   In a representative seepage model for 
the Fruitland coal, simulations show the importance of injection location relative to the water table and 
outcrops to avoid leakage.   
 
The Lawrence Berkeley National Laboratory (Oldenburg) study on “Leakage and Seepage from Geologic 
CO2 Sequestration Sites” is a coupled model that handles subsurface and atmospheric surface-layer flow 
and transport.   The coupled model shows good agreement with the commercial fluid dynamics code 
FLUENT for surface-layer dispersion and agrees with empirical correlations for density-dependent flow.  
Simulations demonstrate that dilution of CO2 by atmospheric dispersion is approximately two times larger 
in 3D than in 2D.  The coupled model framework can be used to estimate CO2 fluxes and concentrations 
for risk characterization of various leakage and seepage scenarios.   
 
In the “A Risk Assessment Methodology for Geologic CO2 Storage: Reactive Transport Modeling to 
Predict Long-Term Cap-Rock Integrity” study (LLNL, Johnson), an advanced computational package is 
used to treat coupled thermal, hydrological and geochemical processes to address key technical issues 
associated with CO2 storage in saline aquifers.  Foremost among these issues is the integrity of cap-rocks 
in the vicinity of the well bores.  Recent work has shown that the hydrodynamic seal integrity of shale 
cap-rocks is continuously improved by mineral trapping mechanisms.  Proof of concept might involve 
simulation to match core flood experiments or natural analogs.       
 
With earlier completed studies as an underpinning, the SMV Risk Assessment Portfolio covers key 
technical HSE issues related to geologic CO2 sequestration.  The TNO and ECL (European NGCAS) 
studies have been aligned and are benchmarking of all major methodologies within CCP to those from 
other JIPs is expected this year.    
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2.1.1  Safety Assessment Methodology for Carbon Dioxide Sequestration 
(SAMCARDS) 

Task - 4.5 - Risk Assessment And Mitigation Options  
Principal Investigator: Ton Wildenborg 
Technology Provider: TNO-NITG 

 
 
Highlights  
 

• Tools were developed that allow consistent analysis of the FEP database, and hence the 
development of methods to identify groups of scenario defining FEP’s.  

• Testing during a two-day workshop in June 2003 showed, that adjustments in the tools and the 
FEP database are still needed. With these adjustments the base case scenario and variant 
scenarios can be defined. 

• Monte Carlo simulations with the reservoir-seal model have been carried out for some 1,000 
combinations of parameter values. No major problems were encountered in carrying out these 
simulations. 

• Simulations for the shallow subsurface model, including the atmosphere, are carried out by 
LBNL. The first results of these simulations are now being evaluated and discussed. These results 
indicate that there is a grid convergence problem, i.e. results are still dependent on spatial 
resolution of the model.  

• The probabilistic tool that will form the basis of the Performance Assessment model has been 
finalized. The first tests show that the tool is easy and fast to work with. One of the major 
parameters in the model is the globality parameter that determines the “radius of influence” of the 
different data points. Choosing this parameter is a question of expert judgment. It needs to be 
seen how sensitive answers of the probabilistic tool are for the choice of this globality parameter. 

 
Summary 
The objective of the project Safety Assessment Methodology for Carbon Dioxide Sequestration 
(SAMCARDS), conducted by TNO-NITG of the Netherlands, is to develop a methodology and 
computational tools for HSE risk assessment of geological CO2 sequestration in various geological media 
of the North Sea region. The main deliverable, consisting of risk assessment method and computational 
tools, will be suitable for site-specific assessment of geological sequestration projects, in particular 
storage in an offshore aquifer and storage in an onshore gas field. The methodology is to be applied in a 
generic performance assessment of two European sequestration scenarios, one defined by CCP JIP and 
one introduced by TNO-NITG. The results of the generic safety assessment will provide building blocks 
for site characterization, risk mitigation, remediation and monitoring of the storage facility. 
 
FEP analysis and scenario formation 
 
The SAMCARDS FEP database that was reported in the previous semi-annual report consists of some 
665 different FEP’s. Analyzing this comprehensive set of FEP’s in terms of interactions, relations and 
grouping will require, apart from expert judgment, a lot of effort. In fact, such an analysis is virtually 
impossible without the aid of a number of tools that allow for a consistent treatment of these FEP’s. These 
tools have now been developed. They allow visualization of interactions between FEP’s and relations 
between the different FEP’s. They also allow the grouping of FEP’s based on information available in the 
database. However, even though these tools are a necessity, analysis of the FEP’s and grouping them into 
scenario defining elements cannot be done without expert judgment. 
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During a two-day workshop held in June 2003, a number of experts were requested to work with these 
tools and analyze the FEP’s that were previously screened and, if possible, define groups of FEP’s that 
form scenario elements. The workshop showed that, in principle, the different abstraction levels of FEP’s 
makes it in some cases difficult to define interactions between them. The fact that definitions are not 
always clear, and that there sometimes still is considerable overlap between the FEP’s does not help 
either. Thus, definitions and rules with respect to the screening of the FEP’s are not always clear and need 
further documentation. Apart from small adjustments in the tools, the possibility to show circular 
relations in the influence diagrams may need to be implemented. With these adjustments and 
developments the definition of scenarios should be possible using the previously mentioned tools. 
 
Integration with the Weyburn FEP database and placing it on a public web-site (IEA Greenhouse Gas 
R&D Programme) is desirable and will be on the program for the next period, provided funding becomes 
available. 
 
Process modeling 
 
Based on the sensitivity analysis reported in the previous semiannual report, Monte Carlo simulations 
have been carried out for the reservoir-seal model without encountering problems. Some 1,000 
combinations of parameter values were generated, and CO2 fluxes that must serve as boundary conditions 
for the shallow subsurface model have been calculated for these different combinations. Monte Carlo 
simulations are needed because the different compartments all suffer from the fact that the 
physical/chemical/mechanical parameters required for these models are in general highly uncertain. Thus, 
a stochastic approach has to be taken. Because of the non-linearities of the models, this will require 
Monte Carlo simulations with the different compartment models.  
 
Simulations for the shallow subsurface compartment, including the atmosphere, are being carried out by 
LBNL. The first results are now being discussed and evaluated at the moment. They seem to indicate that 
the spatial resolution of the model still plays a role, i.e. that no grid converged solution was obtained with 
a course grid. This problem needs to be resolved in order to make Monte Carlo simulations with the 
shallow subsurface model possible. Furthermore, in contrast to what was reported in the previous semi-
annual report, CO2 spreads much further in the aquifer and enters the atmosphere. That has to do with an 
error in the definition of the CO2 flux boundary conditions in the previous simulations. The first results 
obtained now indicate a strong dependence of the results on the calculational grid used. Further 
discussions with LBNL are required to solve that problem. 
 
The development of the probabilistic Performance Assessment model has been finalized. Documentation, 
both of the scientific background and the computer program are available (Wojcik and Torfs, 2003a, 
2003b). One of the important parameters in the probabilistic model is the globality parameter that in 
effect determines how far the influence of the different data points reaches. How sensitive results of the 
probabilistic model are for values of the globality parameter needs to be tested further. The model was 
tested with the results of the Monte Carlo simulations of the reservoir-seal model. The test showed that 
the probabilistic tool is easy to work with. Although it is almost impossible to visualize the multi-
dimensional (in this case four dimensional) probability density functions, it is easy to generate individual 
probabilities, e.g. the probability that the CO2 flux exceeds a certain limit. These probabilities are 
generated by Monte Carlo type simulations with the multi-dimensional probability density function, and 
these can easy and fast be carried out. 
 
Publications  
 

• Wojcik, R. and Torfs, P., 2003a “Fitting multidimensional Parzen densities with the use of a 
Kullback-Leibler penalty.” Submitted to: Journal of the American Mathematical Society. 
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• Wojcik, R. and Torfs, P., 2003b “Manual for the use of the PARDENS tool.” Wageningen 
University and Research Centre. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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2.1.2  Probability Risk Assessment Methodology for CO2 Injection into 
Coalbeds 
 Task - 4.5 - Risk Assessment And Mitigation Options  
 Principal Investigator: Jenn-Tai Liang 

Technology Provider: INEL 
 
 
Highlights  
 

• A study was performed to evaluate geomechanical factors that need to be taken into account in 
assessing the risk of CO2 leakage in CO2 sequestration in coal beds. Geomechanical processes 
lead to risks of developing leakage paths for CO2 at each step in the process of developing a coal 
bed methane project for methane production and eventual CO2 sequestration. Though each of the 
risks identified in this study needs to be evaluated for specific sites, some general conclusions 
have been drawn from this review. 

 
• Reservoir Simulations to Support Risk Characterization was completed. The mechanism, by 

which CO2 can enhance the coalbed methane recovery and at the same time sequester CO2 in coal 
matrix, is a complex physical and chemical interaction process. More research in both laboratory 
experiments and field demonstrations are needed before CO2 sequestration in coal can become an 
applicable industry practice. Consequently, future improvements to simulation models are also 
needed, especially in modeling coal structure reactions to gas injection and the multiple 
component adsorption/desorption processes. 

 
Summary 
 
The goal of this project is to provide a methodology acceptable to regulators and the public alike by 
which to conduct a meaningful probability based risk assessment of CO2 injection and storage in coal 
beds.  Consequently, the work is developing the necessary knowledge, tools, and strategies for risk 
evaluation, risk mitigation, monitoring, and verification.  The work is conducted within the context of an 
actual field demonstration of the technology employing field data from BP’s Tiffany project in the San 
Juan Basin, Colorado.  To date, BP’s Tiffany project is the only commercial scale enhanced coal bed 
methane recovery by gas injection in the US. The work scope of this project includes three major task 
areas: 
 

• Data acquisition/knowledge gaps;  
• Predictive quantitative modeling;  
• Consequence analysis and risk characterization.   

 
Geomechanical Study (Task 1.0.3) 
 
Wellbore stability is a geomechanical problem that can be encountered during drilling of the well. Weak 
shale layers, weak coal layers, overpressure, and faults zones are common causes. Rock failure and 
displacements associated with wellbore instability generate potential leakage paths in the vicinity of the 
well. Cementing the casing minimizes the risk of leakage.  Risks of leakage are much higher for open 
cavity completions than for cased well completions.  Careful selection of fracturing technology for well 
completion that account for the specific coal properties should minimize the risk that hydrofractures grow 
out of the desired interval. Techniques to monitor fracture height need further development. 
 
The processes of depressurization during dewatering and methane production, followed by 
repressurization during CO2 injection, lead to risks of leakage path formation by failure of the coal and 
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slip on discontinuities in the coal and overburden. The most likely mechanism for leakage path formation 
is slip on pre-existing discontinuities that cut across the coal seam. Relationships between the amount of 
slip and the increase in flow (if any) along a discontinuity need to be developed. 
 
Predictive Quantitative Modeling (Task 2.0.2) 
 
In this study, the focus of quantitative modeling was placed on an actual field case (Tiffany field), the 
sensitivity study of key coal reservoir properties, and CO2 seepage from outcrops. This approach 
establishes a linkage between the first-hand knowledge of the actual field performance and a more 
realistic CO2 seepage forecast. For comparison and validation purpose, two reservoir simulators were 
used, the BP-Amoco GCOMP and the COMET2, developed by Advanced Resources International. 
 
A mechanistic field model was developed to match the field performance of a 5-spot pattern in the 
northern part of the Tiffany Field where BP-Amoco is conducting nitrogen injection to enhance methane 
recovery and plans to perform a micro-pilot CO2 injection test. By matching the nitrogen breakthrough 
times and nitrogen cut, simulation revealed that the elevated pressure by N2 injection caused the coal 
fractures on the preferred permeability trends not only to expand but also to extend from injectors to 
producers. Even in the low-pressure regions near the producers, the permeabilities were higher than 
expected. The model suggests that the future gas injection and CO2 sequestration may be restricted to 
only one third of the total available pay. The model also predicted early inert gas (N2 plus CO2) 
breakthrough and high inert gas cut during future gas injections. The high volume of inert gas produced 
could overwhelm the reprocessing capability resulting in early termination of the project. 
 
The findings from a sensitivity simulation study of key coal reservoir properties include:  
 
1. Laboratory measured isotherms on dry coals should be rescaled by matching field history 

performance. Without rescaling, incorrect estimates of initial methane content calculation, CO2 
sequestration capacity in coal, and CO2 or N2 injection performance could result.  

 
2. During the primary production, the gas to water production ratio is very sensitive to cleat porosity 

because the cleat porosity is usually very small and initially filled with water.  
 
3. The permeability aspect ratio of face cleat permeability to butt cleat permeability could have a 

significant effect on gas and water production rates as demonstrated in history matching the five 
production wells in the Tiffany pilot area. 4)  

 
4. The early N2 breakthrough and high N2 cut observed in the Tiffany field suggest that the elevated 

pressure during gas injection caused the coal fractures on the preferred permeability trends not only 
to expand but also to extend from injectors to producers. Consequently, the injected inert gas (CO2 
or N2) may only contact a small portion of the entire pay volume. A dual model with one injection 
well and one production well on a 160-acre well spacing was used to simulate the effect of coal net 
pay thickness thereby the coal volume on the inert gas production cut. In comparison with the 
actual field performance, it suggests that only about one tenth to one fifth of the total pay interval 
may be contacted by injected inert gas (CO2 or N2). 

 
A representative seepage model was developed for the Fruitland coal in Colorado portion of the San Juan 
basin. The model is a two-layer, 1.25 mile by 12-mile strip with a down dip of 2.92 degree from the up 
outcrop to the bottom of the basin. The model consists of two seepage wells to represent the 1.25mile 
outcrop and three water recharge wells placed just below the water table to represent the ground water 
recharge. Under preferable scenarios, if CO2 injection wells are placed below and at least 2 miles away 
from the water table, simulations have predicted no significant change in methane seepage from 
outcropping formations with various CO2 injection schemes. To simulate the worst-case scenarios, CO2 
injection wells have been placed above the water table. The results show that a large CO2 and methane 
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breakthrough could happen if the CO2 injection wells are too close, within 2 miles, to the outcrop. 
Consequently, any CO2 injection within a distance of 3 miles from outcrop should be considered with 
high risk. 
 
Publications  
 

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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2.1.3  HSE Risk Assessment of Deep Geological Storage Sites 
 Task - 4.5 - Risk Assessment and Mitigation Options  
 Principal Investigator: Curt Oldenburg 
 Technology Provider: LBNL 
 
 
Highlights  
 
• A coupled modeling framework has been demonstrated for risk characterization.  The coupled 

model handles subsurface and atmospheric surface-layer flow and transport assuming that 
dispersion in the surface-layer is passive and that the wind is described using a logarithmic wind 
profile.   

• The coupled model shows good agreement with a commercial fluid dynamics code FLUENT for 
surface-layer dispersion, and agrees with empirical correlations for the transition from passive to 
active (i.e., density-dependent) flow.   

• Coupled subsurface–surface-layer demonstration simulations show the large degree of dilution that 
occurs in the surface layer, and the possible reflux of CO2 to the subsurface that occurs when CO2 
dissolves in infiltrating rainwater.   

• Simulations show that dilution of CO2 by atmospheric dispersion is approximately two times larger 
in 3-D than for similar 2-D results.   

• This coupled modeling framework can be used to estimate CO2 fluxes and concentrations for risk 
characterization of various leakage and seepage scenarios.  

 
Summary 
 
Risk assessment is fundamental to public acceptance and ultimate deployment of geologic carbon 
sequestration.  Risk assessment is based on the ability to predict accurately CO2 concentrations likely to 
impact plants, humans, and other animals.   
  
The Site Specific HSE Risk Assessment Project goal is to develop and a test a model coupling ground 
leakage and atmospheric transport to evaluate the HSE risk for a range of CO2 injection scenarios. 
Probabilistic estimates for the consequences of CO2 leakage will also be developed.  All aspects of risk 
assessment (RA) will be summarized using the coupled models and include a study of long term 
degradation or erosion and cross effects of cap rocks and two other geologic materials.   
 
The project is investigating how CO2 is transported through the geologic subsurface from the target 
formation along potential leakage paths.  During the leakage process, significant attenuation due to 
secondary hydrodynamic trapping, solubility trapping, and dispersion is expected.  When CO2 reaches the 
shallow subsurface and seeps out from the ground, further dispersion will occur.  We are investigating 
through numerical simulation the transport and dispersion processes associated with CO2 leakage, 
seepage, and atmospheric dispersion.  The results of these analyses will feed into the risk assessment 
framework development and application.  We are developing a coupled modeling framework for HSE 
risk assessment for geologic sequestration of CO2.  The framework will couple the following (i) geologic 
description of the reservoir, caprock and shallower formations, (ii) simulation of subsurface CO2 
migration, (iii) CO2 dispersion over the ground surface and into buildings,  (iv) exposures to human and 
ecological receptors, and (v) risk characterization.  The framework can be used to assess the risks to 
plants, humans, and other animals of various leakage and seepage scenarios.   
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The basis for the risk assessment is a detailed prediction of CO2 concentration in space and time in both 
the subaerial and subsurface environments.  Risk assessment of this type would normally be carried out 
prior to sequestration project development, although it could also be used to assess risks from known 
leakage from an operating storage reservoir.  This framework will be demonstrated in this project through 
its application to the potential use of an onshore natural gas reservoir for carbon sequestration.   
 
A coupled modeling framework was developed for simulating carbon dioxide (CO2) leakage and seepage 
in the subsurface and in the atmospheric surface layer for risk characterization.  The results of model 
simulations can be used to quantify the two key health, safety, and environmental (HSE) risk drivers, 
namely seepage flux and near-surface concentrations.  The methodology and structure of the coupled 
modeling framework are based on the key concepts that  
 
(1) the primary HSE risk is in the near-surface environment where humans, animals, and plants live,  
(2) leakage and seepage flow processes are coupled, and  
(3) the main risk drivers are CO2 flux and concentration.   

 
The coupled modeling framework is built on the integral finite difference multiphase and multicomponent 
reservoir simulator TOUGH2 and models CO2 and air in both subsurface and atmospheric surface-layer 
regions simultaneously.  The surface-layer modeling assumes CO2 dispersion is passive and uses the 
logarithmic wind profile assumption and advective-dispersive transport equation.  Surface-layer 
dispersivities are calculated from the Pasquill-Gifford curves and Smagorinski Model.  We have tested 
the coupled modeling framework for gas-mixture physical property prediction, surface-layer transport and 
dispersion, and transition from passive to active flow. 
 
The model for a coupled subsurface–surface-layer system was demonstrated and the large dispersion and 
dilution expected in the atmospheric surface layer was shown.  Whereas CO2 concentrations in the 
subsurface can be extremely high, surface layer winds easily reduce CO2 concentrations to trace levels for 
the fluxes investigated.  Even for calm conditions, density-driven CO2 flow appears capable of preventing 
CO2 concentrations from reaching significant levels over flat and horizontal ground surfaces.  It is also 
observed in the demonstration problem that there is reflux of CO2 by infiltrating rainwater containing 
dissolved CO2, a process that shows the importance of using a coupled modeling framework.  Finally, 
downwind concentrations were compared for 2-D and 3-D simulations of surface-layer dispersion and 
approximately a factor of two decrease in CO2 concentration was observed for the 3-D simulation relative 
to the 2-D simulation. 
 
Reports and Publications  
 

• Oldenburg, C.M., A.J.A. Unger, R.P. Hepple, and P.D. Jordan, On Leakage and Seepage from 
Geologic Carbon Sequestration Sites, Task 1 Report, Lawrence Berkeley National Laboratory 
Report LBNL-51130, July 2002a. 

 
• Oldenburg, C.M., T.E. McKone, R.P. Hepple, and A.J.A. Unger, Health Risks from Leakage and 

Seepage of CO2 Sequestered in the Subsurface: Requirements and Design of a Coupled Model for 
Risk Assessment, Task 2 Report, Lawrence Berkeley National Laboratory Report LBNL-51131, 
July 2002b.  

 
• Oldenburg, C.M., A.J.A. Unger, and R.P. Hepple, On Atmospheric Dispersion of CO2 Seepage 

from Geologic Carbon Sequestration Sites, Task 3 Report, Lawrence Berkeley National 
Laboratory Report LBNL-51734, November 2002c. 

 
• Oldenburg, C.M., D.H.-S. Law, Y. Le Gallo, and S.P. White, Mixing of CO2 and CH4 in gas 

reservoirs: code comparison studies, in proc. of GHGT-6, Kyoto Japan, Oct. 1–4, 2002, and 
Lawrence Berkeley National Laboratory Report LBNL-49763, March 2002d. 
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• Oldenburg, C.M., and A.J.A. Unger, Coupled subsurface-surface layer gas transport and 
dispersion for geologic carbon sequestration seepage simulation, Proceedings of the TOUGH 
Symposium 2003, Lawrence Berkeley National Laboratory, May 12–14, 2003, and Lawrence 
Berkeley National Laboratory Report LBNL-52477, May 2003a.   

 (http://esd.lbl.gov/TOUGHsymposium/pdfs/OldenburgUnger.pdf) 
 

• Oldenburg, C.M., and A.J.A. Unger, On leakage and seepage from geologic carbon sequestration 
sites: unsaturated zone attenuation, Vadose Zone Journal, in press, 2003b. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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2.1.4  Synthesis Of Nuclear Waste Disposal Experience  

Task - 4.1 Understanding Geologic Storage  
Task - 4.5 Risk Assessment and Mitigation Options  
Principal Investigator: Mike Stenhouse 
Technology Provider: Monitor Scientific 

 
 
Highlights 
 
The study was completed and a final report was delivered to the project sponsors during the last reporting 
period. 
 
Reports, Publications, and Presentations  
 

• Final Report: Synthesis of Nuclear Waste Disposal Experience, Monitor Scientific.  Mike 
Stenhouse 
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2.1.5  Reactive Transport Model: Caprock Integrity 
 Task - 4.1 - Understanding Geologic Storage  
 Principal Investigator: Jim Johnson 

Technology Provider: LLNL 
 
 
Highlights  
 
• Recent technical focus has been to carry out and analyze a series of NUFT/LDEC simulations 

designed to address a fundamental question regarding natural CO2 reservoirs: are they natural analogs 
to engineered CO2 storage sites?  There are important distinctions between the emplacement scenarios 
associated with natural and engineered sites that this modeling work suggests limit the extent to 
which these settings can be considered analogous—especially in terms of long-term cap rock integrity 
and isolation performance.    

 
• The influx-rate dependence of pressure, effective stress, and aperture evolution within the cap rock 

has been modeled.  These simulations suggest that geomechanical degradation of seal integrity will be 
characteristic of both natural and engineered CO2 influx, but significantly more severe during the 
latter.  This result implies that cap-rock isolation performance may vary considerably as a function of 
filling mode.  When combined with the near influx-rate independence of geochemical alteration, 
which enhances the seal integrity of typical shale cap rocks, it further suggests that shales—during 
both natural and engineered CO2 influx—may in fact evolve into effective seals during an initial 
leakage event. 

 
Summary 
 
The Reactive Transport Model for Caprock Integrity Assessment project aims to develop methodology 
and simulation capability for quantitative assessment of the relative long-term performance of potential 
caprocks for geologic storage of CO2.  The project will develop improved understanding of the various 
mechanisms by which CO2 can penetrate caprocks and the time frame for caprock failure.   
 
Reactive transport modeling is an advanced computational method for quantitatively predicting the long-
term consequences of natural or engineered perturbations to the subsurface environment.  Because these 
predictions typically involve space, time, and system complexity scales that preclude development of 
direct analytical or experimental analogs, they often represent a unique forecasting tool.  The fundamental 
advance embodied in reactive transport modeling is its explicit integration of these conceptually distinct 
process models.   
 
A unique computational package was developed that integrates a state -of-the-art reactive transport 
simulator supporting geochemical software and databases.  In a series of recent studies, we have used this 
package—which treats coupled thermal, hydrological, and geochemical processes—to address a number 
of key technical questions regarding CO2 storage in saline aquifers.  Paramount among these is the issue 
of long-term cap-rock integrity, which represents the most important risk-assessment concern when 
evaluating potential sites. 
 
Recent work has shown that the hydrodynamic-seal integrity of shale cap rocks is continuously improved 
by mineral trapping mechanisms, which reduce local porosity and permeability throughout active-
injection and post-injection storage regimes.  The ability to forecast long-term hydrodynamic-seal 
performance of cap rocks as a function of coupled hydrological, geochemical, and geomechanical 
processes will be a unique means of identifying optimal storage sites, where leakage potential is minimized. 
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Demonstrated efficacy of our simulation capabilities (“proof of concept”) can be achieved through 
laboratory and field confirmation of predicted cap-rock porosity-permeability evolution.  On the 
laboratory scale, it may be possible to simulate some of the experiments being conducted by Borm et al.  
On the field scale, it may be possible to simulate long-term evolution of cap-rock integrity for one or 
more of the “natural analog” sites under investigation by Stevens et al., which would provide a useful 
complement to the work on natural CO2 accumulations. 
 
Reports and Publications  
 
• Johnson, J.W., Nitao, J.J., Morris, J.P., and Blair, S.C., Reactive transport modeling of geohazards 

associa ted with offshore CO2 injection for EOR and geologic sequestration: Proceedings Offshore 
Technology Conference 2003, Houston, TX, May 5-8, 2003, 9 p. 

• Johnson, J.W., Nitao, J.J., and Morris, J.P., Reactive transport modeling of cap rock integrity during 
natural and engineered CO2 sequestration: American Chemical Society National Meeting, New 
York, NY, September 7-11, 2003  

• Johnson, J.W., Nitao, J.J., Blair, S.C., and Morris, J.P., CO2 reservoirs: are they natural analogs to 
engineered geologic storage sites? Special Session on Geological Sequestration of CO2, AAPG 
Annual Meeting, Salt Lake City, UT, May 11-14, 2003  

• Johnson, J.W., Nitao, J.J., and Morris, J.P., Reactive transport modeling of long-term cap rock 
integrity during CO2 injection for EOR or saline-aquifer storage: Second National Conference on 
Carbon Sequestration, Alexandria, VA, May 5-8, 2003  

• Johnson, J.W., Nitao, J.J., Blair, S.C., and Morris, J.P., Reactive transport modeling of geohazards 
associated with offshore CO2 injection for EOR and geologic sequestration: Special Session on 
Geohazards (Fred Aminzadeh, organizer), Offshore Technology Conference 2003, Houston, TX, 
May 5-8, 2003  

• Johnson, J.W., Nitao, J.J., Blair, S.C., and Morris, J.P., Reactive transport modeling to predict long-
term cap-rock integrity, JIP CO2 Capture Project Workshop: “Leveraging the SMV Family of 
Technology Providers”, Santa Cruz, CA, Oct 21-23, 2002  

• Johnson, J.W., Nitao, J.J., and Blair, S.C., Reactive transport modeling to predict long-term cap-
rock integrity, JIP CO2 Capture Project Workshop: “Building the SMV Family of Technology 
Providers”, Potsdam, Germany, Oct 31-Nov 2, 2001  

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 

 



80 

 
2.1.6  Early Detection and Remediation of Leakage from CO2 Storage Projects 

Principal Investigator: Sally M. Benson 
Technology Provider: Lawrence Berkeley National Laboratory 

 
 
Summary 
 
A frequent issue brought up by environmental NGOs in discussion of CO2 storage is the need for early 
detection and remediation of CO2.  As little research has been conducted on this topic, Lawrence Berkeley 
National Laboratory was contracted to scope the problem and identify novel approaches to addressing it.  
Although the study has been very recently contracted, CO2 leakage scenarios and ideas for its early 
detection and remediation have been outlined.  The project deliverable is a scoping paper that identifies:  
 

• Monitoring approaches for early detection of leakage 
• Remediation options that could be used to eliminate or manage risks after leakage has been 

detected  
• Additional information and R&D that is needed to develop the remediation approaches identified.  

 
The overarching goal of the proposed study is to begin to develop approaches that can be used to manage 
human health and environmental risks to an acceptable level in the event that a storage project leaks. 
 
Detection and remediation of CO2 leakage from CO2 storage project is addressed by the following 
approach: 
 
1. Calculate a range of leakage rates from prototypical storage projects, including those performing 

effectively and those leaking at unacceptable rates. 

2. Identify and develop the major leakage scenarios that are most likely to occur in geologic storage 
projects (e.g. leakage up abandoned wells, leakage up undetected faults or fractures in the reservoir 
seal, etc.) 

3. Identify the consequences of leakage in each of these scenarios (e.g. degradation of groundwater 
quality, human exposure to elevated CO2 concentrations, etc.) 

4. Identify monitoring approaches that could be used for early detection of leakage in each of the 
scenarios (e.g. seismic imaging, satellite or air-borne imaging, surface IR detectors, etc) 

5. Survey and document remediation practices currently used in natural gas storage, oil and gas 
production, groundwater and vadose zone remediation, damn construction and maintenance and 
acid gas disposal. 

6. Evaluate how and the extent to which existing remediation practices could be employed to 
remediate leakage in geologic storage projects. 

7. Identify potential new approaches for remediation of geologic storage projects for scenarios where 
existing remediation approaches are not sufficient. 

8. Identify additional knowledge or information needed to develop and build confidence in the 
effectiveness of new or improved remediation approaches. 

9. Identify existing regulations that would be applicable to protecting human and ecosystem health at 
leaking geologic storage sites. 

 
Work has begun on items 1-5.   
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A list of possible options for remediation of leaking CO2 storage projects appears below (abbreviated 
from report). 
 

a) Ideas for vadose zone remediation: 
i) Passive methods 
ii) Active methods 

(1) Soil gas extraction 
(2) Covers 
(3) Sprinkling/irrigation to dissolve CO2 and move it downward 

 
b) Ideas for groundwater remediation: 

i) Passive methods 
(1) Natural attenuation by dissolution, migration, and mineralization 

ii) Active methods 
(1) Gas phase pumping 
(2) Groundwater extraction to resolve plume 
(3) Single well dissolution system – inject CO2 then water (WAG) 

iii)  Methods to deal with other contamination due to dissolution of minerals by CO2 (e.g., As, Pb) 
(1) Pump and treat with wells 
(2) Containment by managing hydraulic heads 

iv) Ideas for sealing faults in limited areas 
(1) Foam injection 
(2) Grout injection 

 
c) Ideas for managing surface fluxes: 

i) Fans to dissipate hazardous concentration of CO2 at night 
ii) Trenches – gravel-filled with covers to collect CO2 from leaks such as faults or in the vadose 

zone 
 

d) Ideas for controlling leaks with in the storage reservoir: 
i) Lower reservoir pressure 
ii) Extract CO2 before it reaches the leakage path 
iii)  Hydrofractures to access new areas of the reservoir away from areas of leakage 

 
e) Ideas for remediating leakage from abandoned wells: 

i) Plug and abandon using techniques developed for oil and gas leaks 
 

f) Ideas for basement CO2 remediation 
i) Active or passive ventilation 

 
g) Ideas for remediation of CO2 dissolved in deep lake 

i) Controlled discharge of CO2 through gas lift from depth (now used at Lake Nyos) 
  
The completed project will detail numerous options for CO2 leakage detection and remediation that will 
offer reassurance to NGOs, regulators and the public. 
 



82 

 
2.1.7  Impact of CO2 Injection On Subsurface Microbes and Surface 
Ecosystems  

Task - 4.1 - Understanding Geologic Storage  
 Technology Provider:  Princeton University  

Principal Investigator:  T. C. Onstott 
 
 
Highlights  
 
• A literature survey to define the current understanding of the topic issues was completed. 

• A draft final report was sent July 31, 2003.  
 
Summary 
 
Environmental assessment of subsurface CO2 injection requires an understanding of impact on microbia l 
communities both in the subsurface as well as surface. The project will provide an estimate of the present-
day distribution and composition of deep microbial communities using literature review and compilation 
of current research. Furthermore, thermodynamic and kinetic modeling will project the outcome of CO2 
injection into these ecosystems. A variety of parameters including CO2 concentration, carbonate versus 
clastic reservoirs, type of bacteria, and ground water salinity will be varied to observe the outcome in a 
range of scenarios covering the possible locations for CO2 injection being considered by the CCP 
Consortium. 
 
As of August 4, 2003 the project is nearing completion and the final version of the final report will be 
available soon. 
 
Deliverables:  
 

1) Review of literature – current understanding 

2) Modeling outputs for CO2 injection varying parameters such as rates of injection, total volumes 
injected, ambient temperature and pressure, and types of microbial biomass 

3) Written report interpreting the findings. 
 
Reports and Publications  
 

• “Impact of CO2 Injections on Deep Subsurface Microbial Ecosystems and Potential 
Ramifications for the Surface Biosphere,” T.C. Onstott, Dept. of Geosciences, Princeton 
University, Draft Final Report, 4 August 2003. 
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2.2  Optimization 
 Task - 4.1 - Understanding Geologic Storage  
 
 
The CCP-SMV optimization studies aim to realize efficiencies of CO2 sequestration from EOR and 
EGCR, benefit from lessons learned from natural gas storage, and optimize storage to economic tradeoffs 
with capture technology.    
 
The New Mexico Institute of Mining and Technology (Grigg) completed their study “Long-Term CO2 
Storage Using Petroleum Industry Experience” early in 2003.  A survey of Permian Basin CO2 EOR 
operators with projects dating back to the 1970s was taken to assess the type and rate of successes and 
failures.  The data compiled reveals that whereas oil response timing has generally met expectations, there 
were substantial injectivity, CO2 breakthrough, and scaling / corrosion problems.  The variety of 
remediation attempts have been pursued to address problems is documented.  The operators identified 
sweep/profile/conformance, productivity / injectivity, monitoring and prediction / economics as 
recommended research areas.  Although monitoring of these operations has not been extensively applied, 
there is no evidence for large-scale leakage.  The principal investigator’s experience was that the industry 
possesses the technology needed to efficiently produce, transport and inject / recycle CO2 on a large scale 
and that there is no records of a fatality associated with such operations. 
 
“Use of Depleted Gas and Gas Condensate Reservoirs for the Geologic Storage of CO2”, conducted by 
Texas Tech University (Frailey /Lawal) uses laboratory measurements of the physical properties of CO2 / 
hydrocarbon mixtures to predict their phase behavior in depleted gas-condensate reservoirs.  From the 
resultant data, a material balance model has been developed to determine how much CO2 can be stored in 
gases (dry, wet and retrograde).  The capacity for CO2 storage in reservoirs of varying gas and condensate 
content will be estimated.  The suitability of reservoirs for CO2 storage versus the potential of enhanced 
gas-condensate production with CO2 storage will be possible using software developed for this study. 
 
Reinertsen Engineering, with IFE as subcontractor, has evaluated existing pipeline transportation and is 
developing recommendations for optimizing CO2 transportation.  Reports have been issued on 1) 
dehydration, compression and transportation and 2) water solubility in CO2 with calculation models and 
experiments to justify models.   
 
Tieline Technology has completed the “Screening Tool for MMP / MME Evaluation”.  This software is 
used to predict minimum miscibility pressure and enrichment for injection gas (e.g., CO2) into oil or 
mixed gas reservoirs.    The Windows-based tool predicts phase behavior and the conditions for which 
multi-contact miscibility will develop when a gas is injected into reservoir oil.  Once the fluid system is 
specified, PT- flash, bubble/dew point, phase envelope and MMP (including an indicator for sensitivity 
towards numerical dispersion if finite difference compositional simulation) are calculated and a 
conceptual slim-tube simulator, swelling test and MME simulation tool are made available.         
      
The “Gas Storage Technology Applicability to CO2 Sequestration” study by GTI (Perry) reviews  gas 
storage technologies applicability to field integrity, monitoring and mitigation.  A survey was sent out to 
Canadian and European operators to analyze successes and difficulties in natural gas storage.  Specific 
problems, particularly those related to leakage, can be prevented by proper reservoir selection and 
monitored / mitigated using a variety of techniques.  These experiences are relevant to CO2 sequestration, 
but specific differences are anticipated given the distinct physical and chemical properties of CO2 and 
natural gas.   The safety record of the gas storage industry has been remarkable (6 reported gas migration 
incidents from ~600 storage fields over ~90 years). 
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The University of Texas (Pope) study “CO2 Sequestration Modeling” uses a compositional reservoir 
simulator to quantify physical and chemical behavior phenomena associated with CO2 sequestration in 
aquifers.  The focus is on the effect of brine density changes and geochemical reactions associated with 
CO2 injection.  These processes might reduce leakage by CO2 solubility trapping and formation of 
carbonate minerals (respectively).   A base-case model that tests the sensitivity of permeability (mean, 
vertical, and horizontal), residual gas saturation, salinity and temperature shows that CO2 storage capacity 
is strongly influenced by residual gas saturation.    
 
Two newly contracted studies involve CO2 Impurities “Tradeoffs”, i.e., optimization of cost savings from 
capture of less than pure CO2 (i.e. for example varying concentrations of reactive SOx and NOx) and the 
effects of injecting such a gases into a reservoir.  The “surface” study, conducted by Battelle Memorial 
Institute (Gupta), examines possible untoward effects of CO2 impurities on absorption and regeneration 
performance of amine and other solvents used to separate CO2 from waste gas streams.  Possible 
difficulties and their solution on materials used in pipelines, compressors, etc will be documented from 
the literature.   The “subsurface” study conducted by the University of Texas (Bryant) will simulate the 
effects of these impurities on phase behavior, mobility ratio, WAG ratio, well productivity and spacing 
for EOR operations. 
 
The optimization studies introduce several key lessons on efficiency and risk reduction that could make 
CO2 sequestration economically feasible, effective and safe.  Future research should focus on likely 
synergies gained from integration of results using realistic scenarios. 
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2.2.1  Depleted Gas and Gas Condensate Reservoirs for the Geologic Storage 
of CO2 
 Task - 4.1 - Understanding Geologic Storage  
 Principal Investigator: Scott Frailey; Technology Provider: Texas Tech University 
 
 
Highlights  

• The analyses of results show that irrespective of the CO2/hydrocarbon gas mixture’s reservoir 
composition, dry and wet gas reservoirs remain as a vapor phase in the reservoir as well as at 
surface conditions, thereby showing no phase change in these reservoirs due to CO2 storage. The 
same analysis is not yet completed for retrograde gas condensate reservoirs. 

• The analysis of results shows that a developed Material Balance Model can provide estimates of 
CO2 storage in gas reservoirs.   

 
Summary 
 
This research project is aimed at using laboratory measurement of the physical properties of carbon 
dioxide-hydrocarbon gas mixtures and reservoir simulation to investigate the phase behavior to be 
encountered by using depleted gas reservoirs for CO2 storage.   
 
To quantify the volume of sequestered CO2, enhanced gas recovery (EGR) and enhanced condensate 
recovery (ECR), a material balance model (MBE) has been developed to determine how much CO2 that 
can be stored in the respective dry gas, wet gas and retrograde gas reservoirs.  This material balance 
model is currently being analyzed to include fundamental fluid and petrophysical properties of gas 
reservoirs. 
 
The purpose of this project is to investigate the use of a depleted gas reservoir for the geologic storage of 
CO2.  Furthermore, a benefit may exist for the recovery of hydrocarbon gas and condensate that formed in 
the reservoir due to depletion below the dew point of the gas.  The idea is to identify the geologic storage 
of CO2 in terms of Mscf (or lbs) per acre-foot of reservoir formation as a function of initial pressure, 
reservoir temperature, hydrocarbon gas composition, water, and oil saturation.  The three main objectives 
of the project are as follows: 
 

• Study the feasibility of geologic storage of CO2 in depleted or abandoned gas reservoirs.  

• Determine EGR and EOR benefits of geologic CO2 storage in dry gas, wet gas, and retrograde 
reservoirs. 

• Develop guidelines for selecting optimal CO2 storage reservoir candidates. 
 
The methodology used towards proving a reliable and resourceful means of validating the use of depleted 
gas reservoirs for CO2 storage follows: 

• Collect group of candidate gas reservoirs. 

• Classify gases as dry, wet, or retrograde based on TTU gas identification chart. 

• Estimate CO2 storage using TTU charts developed as CO2 storage (MMscf) vs. CO2 
Sequestration Parameter (CSP, yet-to-be-determined) for each of the three gas types.  (Reservoir-
Variable  includes rock and fluid properties specific to a candidate gas reservoir.) 

• Estimate gas and condensate recovery using TTU charts developed as gas and condensate 
recovery (MMscf and Mstb) vs. CO2 storage (from TTU Chart) and CSP.  
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The continued development of the CO2 sequestration parameter (CSP) to be used to determine 
sequestered CO2 volume (SCV), EGR and ECR is based on a novel combination of reservoir engineering 
fundamental equations, that is, P/Z plot, volumetrics, and diffusion-dispersion term for the porous media. 
Since mixing between the injected CO2 and reservoir gas is influenced by macroscopic dispersion in the 
pores of the porous medium and dispersion is affected by permeability and viscosity, it is possible to draw 
the inference that permeability and viscosity have been acknowledged in the CSP. Therefore, CSP can be 
expressed in term of reservoir bulk volume, porosity, permeability, viscosity, gas formation volume 
factor, and diffusion-dispersion factor, that is, CSP can be symbolically represented as  

CSP = ƒ (Bg, VB, k, µ, φ , Kd).  

The highlight of this analysis is that CSP can be used to group compositional reservoir simulation results 
into a family of curves that can subsequently be used to predict the volume of sequestered CO2 in a 
depleted gas reservoir.  
 
The results of the laboratory experiments will be incorporated into the phase behavior software to create 
PVT data for use in the compositional and black-oil reservoir simulation.  In order to correlate the 
ultimate sequestered CO2 volume (USCV) with the CSP, multiple data sets from controlled reservoir 
examples for each of the three gas types are required to develop a usable correlation. The only controlled 
reservoir examples are via reservoir simulation models.  Consequently, data sets will be synthetically 
generated using the compositional reservoir models.  Using a representative range of the CSP parameter 
as input into the compositional reservoir simulation models, estimates of the sequestered CO2 volume will 
be made.  The final result will be CSV versus CSP for each gas type.   
 
Likewise, to develop a correlation between SCV and the CSP to EGR and ECR, the same compositional 
model results used to the CSV vs. CSP graphs will be used to correlate EGR/ECR with CSP.  The final 
result will be EGR and ECR vs. CSP for a family of SCV curves.  Methodically, the gas type, reservoir 
fluid and rock properties, and the initial sequestration pressure are used to calculate the CSP.  CSV is 
graphically estimated based on CSP.  EGR and ECR are estimated based on CSV and CSP for a specific 
gas type. 
 
To attempt a simplification of the final correlations of CSV vs. CSP and EGR/ECR vs. CSP for a family 
of SCV curves, black oil reservoir models will be used to simulate the compositional behavior identified 
with the compositional models.  The compositional reservoir simulation provides the compositional 
benefits of CO2 storage and also investigates the feasibility of a benefit of CO2 storage that may enhance 
gas production and re-vaporize condensate deposited in the reservoir. The highlight of the simulation 
results is the development of guidelines for selecting optimal CO2 reservoir candidates in terms of USCV, 
EGR and ECR. Conclusion 
 
This research focuses on using laboratory investigation and computer simulation to analyze phase 
behavior and enhanced gas and condensate recovery by CO2 storage in depleted gas reservoirs. The 
laboratory measured CO2 compressibility factor (or Z-factor) is much lower than hydrocarbon gas 
mixtures at the specified temperatures and pressures.  Therefore, that offers the opportunity to store larger 
surface volumes of CO2 than hydrocarbon gases.  Five times the storage is possible depending on 
pressure, temperature and hydrocarbon gas composition.  
 
Reports and Publications  

• Sobers, L. E., “Phase Behavior of CO2 Sequestration in Depleted Gas Reservoirs,” MS Thesis, 
Department of Petroleum Engineering, Texas Tech University, Lubbock, Texas (August 2003). 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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2.2.2  Screening Tool for CO2 Miscibility Determination 
 Task - 4.1 - Understanding Geologic Storage  
 Principal Investigator: Erling Stenby 

Technology Provider: Tie -Line Technology 
 
 
Highlights  
• This project has been completed and the final report delivered. 
 
Summary 
 
The result of the project is a software product that can be used to predict the Minimum Miscibility 
Pressure (MMP) for an injection gas - e.g. CO2 - in a reservoir oil. Also it can be used to calculate the 
effect on the MMP of mixing two gases. Furthermore a dispersion free, semi analytical, one-dimensional 
compositional simulator was made available that is useful for prediction of the composition of the gas 
phase that will produced during the gas injection process. The simulation tool will be of significant 
importance in evaluation of CO2 injection into oil reservoirs. A favorable license for the software will be 
available to the CCP partners. 
 
The product is a Windows based tool for prediction of phase behavior and the conditions for which 
multicontact miscibility will develop when a gas is injected into a reservoir oil. The user must specify the 
critical properties of the reservoir fluid in question.  When the fluid system is specified, several tasks are 
available for the reservoir engineer. These are a PT-flash, bubble/dew point calculation, phase envelope, 
MMP calculation including indicator for sensitivity towards numerical dispersion if finite difference 
compositional simulation, a conceptual slimtube simulator, swelling test and a MME simulation tool. 
 
Reports and Publications  
 

• No formal reports or presentations were made during the reporting period. 
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2.2.3  Reservoir Simulation of CO2 Storage 
 Task - 4.5 - Risk Assessment and Mitigation Options  
 Technology Provider:  University of Texas  
 Principal Investigator:  Gary Pope  
 
 
Summary: 
 
The general goal of this proposed research at the University of Texas Austin is to use compositional 
reservoir simulation to better understand and quantify the chemical and physical phenomena associated 
with the sequestration of CO2 in aquifers.  More particularly, the group will quantitatively assess: 
 

• Effect of common aquifer minerals (calcite, kaolinite, siderite, anorthite) on how much of the 
injected CO2 can be stored as a solid carbonates. Relative contribution of the CO2 in solid 
minerals compared to how much of the CO2 remains in the gas and brine phases after long 
periods of storage (up to 1000 years).   

 
• Effect of the increase in brine density due to the dissolved CO2 (about 3%) and whether this 

density increase is large enough for it to be feasible to store all of the CO2 in the brine and/or 
solid phases to mitigate at least some of the geological issues associated with CO2 escape from 
the aquifer via faults, fractures or boreholes. 

 
• Effects of well injectivity associated with injected composition, brine composition, aquifer 

heterogeneity and well skin and completion. 
 

• Effects of relative permeability hysteresis and in particular the effect of trapped gas saturation on 
the transport of the supercritical CO2. 

 
A preliminary simulation study has been completed in the Center for Petroleum and Geosystems 
Engineering using the simulator UTCOMP.  In a study by Vikas supported by DOE NETL, factors such 
as the effect of salinity were evaluated.  After a careful effort to calibrate the physical property models in 
the simulator, a series of simulations were completed with aquifer storage times of 1000 years.  However, 
mineral reactions were not modeled in this study. 
 
Both the UTCOMP simulator and CMG's GEM simulator will be used in the proposed study.  The 
UTCOMP simulator has the advantage that the source code can quickly and easily be modified to add 
new reactions, improved physical property models and the like.  The GEM simulator has the advantage in 
terms of modeling complex geological features and could be used for large simulations up to one million 
grid blocks.  GEM already has several of the key geochemical reactions pertinent to CO2 sequestration in 
aquifers.  Simple kinetic expressions will be added to the UTCOMP code and comparisons made between 
the two simulators as a preliminary step.   
 
Reports and Publications: 
 

• No formal reports or presentations were made during the reporting period. 
• The semiannual progress report for this project is in Appendix A under the same heading as this 

summary. 
 



89 

 
2.2.4  CO2 Impurities Tradeoff – Surface (SOx/NOx) Impurities Study) 
  Principal Investigator:  Gupta 

Technology Provider:  Battelle Memorial Institute 
 
 
Highlights  

• Contract was executed July 23, 2003. 

 
Summary 
 
Gas impurities, such as SOx and NOx, have the potential for interacting unfavorably with the absorption 
and regeneration characteristics of amine and other solvents used to separate CO2.  
 
Battelle will assess the issues-related impact of impurities in CO2 streams on above ground processing 
systems through three activities: 

• Study into the effects of SOx and NOx on a few selected amines that are commonly used by the 
separation industry. 

• Review the literature on compressed gases to determine the corrosivity of various pipeline and 
coating materials for Sox and NOx species with moisture present. 

• Evaluate the phase behavior of multi-component gas-mixtures on multi-stage compressors. 
 
The research will be limited to compilation of information in existing literature. Preliminary calculations 
may be performed. 
 
A closeout report is planned by September 15th, 2003. 
 
Reports and Publications  

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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2.2.5  CO2 Impurities Tradeoff – Subsurface 
  Technology Provider:  University of Texas  
  Principal Investigator:  Bryant 
 
 
Highlights  

• Contract was executed July 1st, 2003. 

• Work to date has focused on a literature review to determine whether impurities might adversely 
affect enhanced oil recovery processes. 

• The report identifies correlations of MMP with solvent composition that should allow fairly 
accurate estimates of the tradeoff between oil recovery vs. the cost of impurity removal. 

 
Summary 
 
CO2 has been used as an enhanced oil recovery agent since the early 1970s and research on this 
technology predates that by nearly 20 years.  Since that time, more than 50 CO2 floods have conducted, 
primarily in West Texas, with a corresponding accumulation of field experience and production data. 
There has also grown a large technology base for the process, which we exploit in this work. 
 
This project has two goals: 

• To examine with a mathematical simulator the potential effect of highly reactive impurities (SOx, 
NOx) on well injectivity during large-scale CO2 sequestration; and 

• To review the literature to determine whether impurities might adversely affect enhanced oil 
recovery processes. Work to date has focused on the second goal. 

 
The current progress report summarizes the literature on minimum miscibility pressure (MMP), thought 
to be one of the primary determinants to the success of an oil-recovering CO2 flood. The report identifies 
correlations of MMP with solvent composition that should allow fairly accurate estimates of the tradeoff 
between oil recovery vs. the cost of impurity removal. 
 
MMP is only one of the factors that determine the efficiency of a CO2 flood. Other factors include 
mobility ratio, WAG (water-alternating-gas) ratio, well productivity as well as several reservoir-specific 
quantities such as heterogeneity and well spacing.  These will be addressed in a subsequent report.  
 
Closeout report is planned for September 15th. 
 
Reports and Publications  
 

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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2.3  Integrity 
Task - 4.1 - Understanding Geologic Storage  
Task - 4.4 – Measurement and Verification  

 
 
The portfolio of CCP-SMV “integrity” projects address a broad range of issues relating to strengths and 
weaknesses of natural and engineered systems for CO2 storage.   Prototypical competent and incompetent 
venues for CO2 storage are characterized to identify flaws and strengths.    Reservoir and cap-rock 
capacity for resisting deterioration caused by CO2 storage are addressed experimentally.  Likely, the most 
vulnerable element in CO2 storage, are existing wells and associated disrupted cap rock.  These issues are 
being assessed experimentally and from an improved materials and protocols viewpoint.  
 
“Evaluation of Natural CO2 Charged Systems as Analogs for Geologic Sequestration” by Utah State 
University (Evans) examines a prototypical leaky, or incompetent reservoir for CO2 sequestration, a 
natural geyser.  A synthesis of the geology (structure and stratigraphy), hydrology and geochemistry is 
used to construct a detailed scenario for CO2 origin, subsurface migration and leakage.  Water associated 
with the geysers was found to be of meteoric origin based on oxygen and deuterium isotopes.  The CO2 
emanating from the geysers is thought to originate from clay-carbonate or thermal decarbonation 
reactions.  A case was made for isotopic equilibrium among carbonate species present minerals, water and 
gas (once corrections were made for fractionation) suggesting prolonged water-rock interactions and a 
lack of an extraneous source for CO2 such as from mantle exhalations.  The favored scenario for the 
origin and movement of CO2 in this system: 1) meteoric water descends to >1.0 km where it is heated and 
reacts with the host rock to release CO2, 2) CO2 charged water moves laterally beneath clay seals and 
vertically up fault systems, 3) some CO2 exsolves from the water at shallower depths and moves to the 
surface episodically with fault seal failure.  Ancient and recent travertine deposits suggest that this 
process has been active since the early Tertiary and that despite extensive mineralization the system is not 
self-sealing. 
 
The ARI (Stevens) study “Natural CO2 Field Analogs for Geologic Sequestration” characterized geologic 
features of three natural CO2 accumulations (McElmo Dome, Jackson Dome and St. Johns Field) that 
result in “successful” long-term storage of CO2.  The study also identifies procedures that have permitted 
safe and effective handling of these resources.  The data gathering is complete and geologic; reservoir and 
production analyses and synthesis thereof are nearly complete.  The results of the study should dispel 
fears that geologic sequestration of CO2 is not “natural” or and cannot be accomplished without 
acceptable risk.  Lessons learned will improve cost effectiveness, safety and performance of CO2 handling 
and storage management.                       
 
The GFZ-Potsdam (Borm) study “Influence of CO2 Injection on the Physical Properties of Reservoir and 
Cap Rocks” is focused on experimental exposure of rocks to CO2 at reservoir pressures and temperatures.  
Post-experiment, physical properties (seismic velocities, ultrasonic frequency range, electrical 
conductivity, quasi-static Young’s modulus and transport properties) of the rocks were measured to assess 
how CO2 affects their mechanical strength.  Additional petrographic and fluid chemistry analyses 
document mineral precipitation and dissolution.   To date, several experiments have been run and the 
resultant data compiled.  Preliminary analysis suggests that seismic wave speeds follow trends predicted 
by the Gassmann model for fluid substitution problems.  The Vp is reduced by several percent with 
supercritical CO2 present whereas Vs is essentially unchanged.  Flooding with non-supercritical CO2 
changes velocity characteristics permanently, suggesting chemical mobilization.  The nature and extent of 
chemical transformations is now under investigation and autoclave experiments to document reaction 
kinetics has begun.     
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SINTEF’s (Lindeberg) study of “The Long-Term Sealing Capacity of Cemented Petroleum Wells in a 
CO2 Storage Project” has documented well cement and steel dissolution rates and mechanisms upon 
exposure to stagnant and flowing CO2 at reservoir pressure and temperature.  Recognizing that not only 
well materials but the adjacent cap rock is vulnerable to failure during long-term CO2 storage, SINTEF 
continues work on identifying well materials and well completion techniques that can reduce the risk of 
CO2 leakage.   
 
The newly contracted “A Study of the Geomechanical Effects of CO2 Storage with Emphasis in the Effect 
of Stress on Seal Integrity” by APCRC (Rigg) is designed to predict stress effects on reservoirs and seals 
resulting from CO2 injection and recommend optimization of leak monitoring and prediction technology.   
 
Given that well and cap-rock (particularly adjacent to the well bore) is generally recognized as the most 
vulnerable element in CO2 storage, future work should be directed towards experiments and simulations 
to quantify the risk and the development of preventative and remediative solutions.  
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2.3.1  Evaluation of Natural CO2 Charged Systems for CO2 Sequestration 

Task - 4.1 - Understanding Geologic Storage  
 Principal Investigator: James Evans  

Technology Provider: Utah State University 
 
 
Highlights  
 

• An integrated assessment of the geology, hydrology and geochemistry of natural CO2 geysers on 
the Colorado Plateau of Utah aimed at documenting features that make geologic systems prone to 
CO2 leakage is underway. 

• The geological setting of the CO2 geysers is documented in detail.  Considerable work was done 
in collecting and analyzing appropriate samples to infer the origin of groundwater and CO2 
emanating from the geysers.   

• The CO2 present in the geysers is determined to originate from clay-silicate or thermal 
decarbonation reactions at elevated temperature.  Carbonate species in three phases (minerals, 
water gas) were found to be in isotopic equilibrium, suggesting thorough water rock interaction.   

• Fault sealing by clay gouge or calcite precipitation was evidently ineffective.  Movement of these 
deep-soled faults, is thought to have occurred repeatedly since the early Tertiary, allowing large 
quantities of CO2 to escape.    

 
Summary 
 
The Evaluation of Natural CO2 Charged Systems for CO2 Sequestration project is preparing a case study 
of ‘failed’ natural CO2 storage sites and will produce a 3D model of the origin, storage and release of 
CO2. Several natural CO2 leaks have been identified in Utah, including one, a geyser that blows twice 
daily. Understanding why some CO2 systems leak and others don’t is a ‘critical success factor’ for CO2 
storage. The group has evaluated literature reservoir flow maps and performed geologic mapping and 
synthesis for these natural analogs.  Geochemical analysis of the water, gas and oil and minerals 
associated with these analogues has been made and a model framework put in place.  Modeling studies 
are underway to address flow and sensitivity issues.  The design for an injection experiment will be 
completed as part of the final product.   
 
Deep sequestration of CO2 in underground reservoirs may provide the most cost-effective, technically 
feasible, and politically acceptable short-term method to limit CO2 emissions, especially where large CO2 
point sources exist and a suitable underground reservoir is nearby.  With increasing interest in the 
possibility of subsurface CO2 sequestration it is important to assess the feasibility of different 
sequestration options in natural CO2 reservoirs.  Issues that must be addressed at specific sites include:  
 

• Influence of fine-scale variations in permeability caused by faulting, fracturing or facies variation 
on CO2 injectivity near the well bore and the ultimate migration of CO2 throughout the 
prospective reservoir system,  

• Reasons for failure of CO2-charged systems and the rates / volumes of CO2 loss in the short and 
long term,  

• Ability of various water rock interactions (function of temperature, pressure and salinity) found in 
separate, neighboring reservoirs to aid identification of a preferred storage option.   

 
The present study addresses these issues by detailed characterization of the structural, stratigraphic and 
hydro-chemical system of a natural, leaking (geyser) CO2 reservoir.  This work could be used to identify 
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elements of reservoir systems that make them prone to leaking and thus quantify and establish risk of CO2 
storage options.  Effective use of geologic sites for CO2 sequestration requires careful evaluation of 
system geology (permeable beds, faults, seals) to ensure that leakage rates are acceptable.  The objective 
of this study is to evaluate “leaky”, or incompetent CO2-charged systems to document features that are 
inconsistent with long-term geologic CO2 sequestration.   
 
In addition to some large natural CO2 accumulations, numerous CO2 charged geysers have been identified 
on the Colorado Plateau.  This study focuses on geysers associated with the Little Grand and Salt Wash 
faults in East-central Utah, where the Colorado Plateau adjoins with the Paradox Basin.  These high 
angle, anastomosing fault complexes crosscut sandstones, siltstones and shales with evidence of clay-rich 
gouge and calcite precipitation.  As is evident from past (travertines) and present geyser activity, fault 
sealing has not been effective.   
 
An extensive sampling program that includes carbonate minerals, water and gas was undertaken in this 
study.  Field sampling appears to have been well planned and rigorously conducted.  Safeguards were in 
place to avoid atmospheric contamination and preserve samples for laboratory analysis.  The analytical 
plan and execution was appropriate to achieve the interpretive goals of the study.  New insights into 
collection and analytical protocols of these physicochemically unstable water and gas samples are an 
important feature of this study. 
  
Analyses of gases, waters and minerals are used to infer the origin of each and to develop a 
comprehensive carbonate system history for the system.  He isotopic analysis suggests a crustal, as 
opposed mantle/magmatic origin for the gas.  This, however, assumes that crustal He was always 
associated with the system and that mantle/magmatic He that might once have been associated with the 
system was not lost.  The conclusion of crustal He origin seems likely given that the geyser waters are not 
hydrothermal and volcanic intrusions are not known in the area.  The δ13C values for CO2, TDC and 
calcite were determined and an effort was made to assess their respective origins.  The δ13C values for the 
carbonate species averaged -6.6%0 (gas), +0.6%0  (TDC) and +5.6%0 (calcite).  Considerable effort was 
made to determine if the carbonate system was in equilibrium and therefore compatible with a similar 
origin.  Taking into account fractionation resulting from natural rock-water-gas interactions and sampling, 
corrections of measured values were made.  The conclusion was that the carbonate system is indeed 
equilibrium.  The procedure used and the presentation thereof, however, is in need of more clarity before 
this conclusion should be accepted.   
 
The origin of CO2 in the study area was tested against three possibilities:  

1) Mantle or magmatic emanations,  

2) Degradation of organic matter,  

3) diagenetic reactions involving clay (siliceous) and carbonate rock,  

4) thermal decarbonation of carbonate rocks by metamorphic processes.     
 
The isotopic value of the CO2 (average = -6.6%0) is compatible with all of the listed origins although the 
mantle / magmatic explanation is thought unlikely given the He isotopic results.  The authors propose 
clay-carbonate diagenesis as the likely source of the CO2 although an equally plausible origin might be 
hydrolysis of carbonate rocks or cements at moderately elevated temperatures (although it is suggested 
from solute chemistry that “simple” calcite dissolution alone is not occurring).  Supporting this is the 
likely meteoric origin of the host water as evidenced by H and O stable isotope results.  A bacterial 
(anaerobic fermentation) possibility is not considered although uncorrected carbon isotope data from the 
TDC and precipitated calcite might favor this explanation.  Release of CO2 from organic diagenesis is 
also a possibility as a minor contributor to the total CO2. 
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The favored scenario for the origin, subsurface movement and leakage to the surface of CO2 in the east-
central Utah geysers reads:  

1) Meteoric water descends to depth (1.0-1.5 km) where it is heated and interacts with the host rock 
to incorporate dissolved carbonate species,  

2) CO2 charged water moves laterally underneath fine-grained seals and vertically up through fault 
complexes,  

3) Some CO2 exolves from solution at shallower depths and moves to the surface CO2 charged water 
in an episodic fashion afforded by fault movement or breaching of vein precipitates.  It is evident 
that the faults are not self-sealing.  The longevity of this system is evidenced in the presence of 
extensive recent and ancient travertine deposits in the area.   

 
The remainder of the project will focus on construction of a 3D geologic model, including flow paths, 
from which there will be an opportunity to history match the release of CO2-charged water from the 
system.  The numerical model might be used to benchmark with other numerical models and test the 
integrity of features necessary for long-term CO2 storage in geologic systems.  
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2.3.2  Long Term Sealing Capacity Of Cemented Petroleum Wells  
 Principal Investigator: Erik Lindeberg  

Technology Provider: SINTEF 
 (Task - 4.1 - Understanding Geologic Storage) 
 
 
Highlights  

• Project is complete.  Technical SINTEF Report no. 54.5232.00/01/03 entitled “Report January 
2003: The long term sealing capacity of cemented petroleum wells in a CO2 storage project” was 
submitted and accepted. 

 
Summary 
 
The objective of this study was to estimate the risk of CO2 leakage from abandoned petroleum wells and 
to make recommendations for well plugging and treatment prior to field abandonment. This study aimed 
to verify the integrity of well materials to avoid leakage of wells that penetrate sealing caprock for CO2 
storage.  SINTEF was the technology provider for this work that includes the long-term 
degradation/erosion of steel and cement in the subsurface environment during and after CO2 injection. 
Studies were conducted on the long-term corrosion of cement and steel in a CO2/brine environment and 
the cross effects of steel corrosion in cement.  The erosion of cement in flowing and stagnant CO2/brine at 
various temperatures and pressures in the presence and absence of steel were assessed.  The final product 
included mechanisms and rates of steel corrosion/cement corrosion and the contact effects at various 
temperatures and pressures useful for predicting integrity over thousands of years.  The final report 
considered remedies to avoid leakage such as special cementing and produce some recommendations for 
well plugging and abandonment.   
 
The advantage of storing CO2 in abandoned oil and gas fields is that the geological formation has already 
demonstrated long-term sealing capacity. However the seal integrity is altered when it is penetrated by 
production and exploration wells and the wells represent a potential escape path for stored CO2. Corrosion 
of steel and reaction between CO2-rich brine and cement must be considered and related to creation of 
leak paths.   
 
Reports and Publications  

• Mid-term report June 2002: The Long Term Sealing Capacity of Cemented Petroleum Wells in a 
CO2 Storage Project. Presented at the Santa Cruz, CA, workshop October 21-23, 2002. 

• Presentation: SMV Santa Cruz, CA, Workshop October 21-23, 2002: Well materials, leakage and 
experiments. 

• SINTEF Report no. 54.5232.00/01/03 entitled “Report January 2003: The long term sealing 
capacity of cemented petroleum wells in a CO2 storage project”. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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2.3.3  Geomechanical Effects of CO2 Storage With Emphasis on the Effects of 
Stress on Seal Integrity 

Technology Provider:   APCRC 
Principal Investigator:   Andy Rigg, Juergen Streit, Milovan Urosevic, D. Sherlock 

 
 
Highlights  

• The contract for this project has been executed 

• Work is underway. 
 
Summary 
 
The goal of the project is to produce a report that documents the predicted stress effects on, and responses 
by, both reservoirs and seals resulting from storage of CO2 in geological formations.  The main objectives 
are to study the expected geomechanical responses of both reservoirs and seals, and the optimum 
technologies for verification of geomechanical responses, and in particular technologies for early leak 
detection. 
  
 Deliverables will be: 
 1 Brief discussion of CO2 storage processes, concentrating on the likely changes in stress fields in 

the reservoir and the seal. 

 2 Discussion of seal characterization especially relating to seal capacity measurement 

 3 Discussion of the factors controlling geomechanical changes which are predicted to occur, with 
a focus on likelihood of induced seismicity, fault reactivation and fault or fracture initiation, and 
measures to be taken to reduce likelihood. 

 4 Discussion of monitoring technologies available and the underlying changes in 
physical/chemical properties being measured, concentrating on those that appear most suitable 
to detect changes in stress in both the reservoir and seal, again with a focus on induced 
seismicity.  

 5 Review of technologies that appear suitable for early leak detection. 
   
 
Reports and Publications  
 

• None as yet.  
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2.4  Monitoring  
 Task - 4.4 - Measurement and Verification 
 
2.4.1  Atmospheric CO2  Monitoring Systems – A Critical Review of Available 
Techniques and Technology Gaps  
  Technology Provider:  CalTech 
  Principal Investigator:  Yongchun Tang  & Patrick J. Shuler  

Task - 4.4 - Measurement and Verification 
 
 
Highlights  

• Tang and Shuler have produced a report assessing the current state of the industry technology 
capabilities as regards CO2 atmospheric monitoring.  

 
Summary 
 
The report considers detection methods ranging from personal monitors that might be worn to warn a 
project employee of very high local concentrations of carbon dioxide, to instruments mounted in satellites 
to detect over many square miles any subtle increases in CO2 that might be associated with a leakage of 
the injected greenhouse gas back to surface.   
 
The greatest challenge and probably most important application is the long-term, continuous 
measurement of CO2 near ground level across the several square miles of a project area, and the 
immediate surrounding area.  Options include 

1) Remote sensing from satellites or aircraft,  

2) Development of new open path instruments that can sample over significant distances, or  

3) A large network of conventional fixed point detectors.   
 
NASA indicates satellite surveys might be useful for a “global” view of CO2 although they may be 
limited to two-dimensions (satellites do not sample at ground level, but over the entire air column, from 
the surface to the stratosphere).  Aircraft surveys may be an efficient means to collect data near ground 
level, but this is only practical in an infrequent basis.   
 
Novel instruments located on the ground that are based on open path sampling appear to offer a good 
compromise.  They could have the capability to detect increases of just a few percent of CO2 from 
normal background, over a sample path of tens of meters, and, importantly, continuously and with 
unattended operation.  Potentially, just a few such instruments could provide efficient long-term 
monitoring over a large area.   
 
Many different commercial fixed-point units suitable for networking are available, but this is probably an 
impractical approach to monitor more than a small area.  These detectors are better suited for deployment 
to monitor sensitive, high-risk points of leakage.  Infrared spectroscopy detection based methods are the 
most common technical approach for CO2 measurement in ambient air. 

 
The report also discusses other novel approaches to carbon dioxide monitoring.  For example, one 
technology development in progress is the real-time measurement of carbon and oxygen isotopes via laser 
spectroscopy.  This technique could aid in pinpointing the source of the measured CO2.  Another example 
is the efforts by NASA to use satellite data to determine the changes in the biomass (e.g. changes in forest 
cover) over large areas.  These observations provide a method to monitor carbon sinks over a wide area, 
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and also are related at least indirectly to changes in greenhouse gas concentrations.  CCP is sponsoring at 
LLNL a similar approach where remote sensing is used to monitor changes in local fauna as indicators of 
elevated CO2 concentrations.      
 
Recommended Further Studies and Activities 
 

1. Development should be encouraged for a long, open-path laser spectrometer instrument to 
measure CO2 in the ambient air.  Potentially, a single such laser device positioned near ground 
level could cover a radius of several square miles.  Such a device would have the distinct 
advantages of continuous monitoring, accuracy to within a couple of percent, and  remote and 
unattended operation. 

 
2. Further discussions are encouraged with NASA with regards to their research activities and plans 

for monitoring greenhouse gases.  NASA has several separate research efforts that bear directly 
or indirectly on the CO2 monitoring requirements for CCP.    

 
3. Track future developments in laser/detection technology because improvements in this hardware 

can aid in creating more cost-effective CO2 measurement devices.   
 

4. Use ongoing CO2 sequestration project sites such as at Weyburn Field as test beds to evaluate and 
develop further CO2 monitoring concepts. 

 
Track further developments in laser spectroscopy technology that can measure in real time carbon and 
oxygen isotopes; such data could serve as tracers for the fate of transported or injected CO2.  This 
approach would complement the ongoing CCP supported project that is evaluating isotopic analysis of 
noble gases as a tracer for gas migration in sequestration projects.    
 
Reports and Publications  
 

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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2.4.2  Novel Geophysical Techniques To Monitor CO2 Movement  
 Task - 4.4 - Measureme nt and Verification 
 Principal Investigator: Mike Hoversten 

Technology Provider: LBNL 
 
 
Highlights  

• Seismic techniques, gravity measurements and streaming potential have been tested as monitoring 
techniques. 

• This project is scheduled to complete by October 31, 2003. 
 
Summary 
 
A number of different geophysical techniques are considered in this project.  Seismic, gravity, 
electromagnetic and streaming potential (SP) geophysical techniques are being considered as CO2 
monitoring tools in this study.  To date, seismic, gravity and SP have been modeled and have been 
considered in the latest report.  Numerical modeling has been done on flow simulations based on a 
proposed CO2 sequestration project on the North Slope of Alaska (Schrader Bluff) as well as a project in 
South Texas (to be begun in fall 2003).  The SP modeling done for the project is more limited than the 
other geophysical techniques because the SP modeling codes are restricted to steady state injection in 2D 
whereas all other geophysical modeling is three-dimensional.  The SP part of the project has also involved 
laboratory measurements of fundamental properties of SP for CO2 injection into sedimentary rocks.  

 
The magnitude of the surface gravity response calculated for Schrader Bluff is approximately an order of 
magnitude above the gravimeter sensitivity, and therefore measurable in the field.  However, the 
difference caused by CO2 injection over a 5-year period is only about 0.5 µGal, which is in the noise level 
of the field survey (Hare, 1999).  The decrease in the gravitational attraction of the reservoir is caused by 
increased CO2 saturations reducing the bulk density of the reservoir.  The spatial pattern of the change in 
the vertical gradient of gravity has a strong correlation with the change in reservoir pressure.  Just as with 
the vertical component of gravity, the magnitude of the gradient signal measured in the field is above the 
gradiometer accuracy, but the difference between initial conditions and 5 years into CO2 injection is very 
small.  If the changes in dGz/dz could be measured, due to advances in technology, it offers a potential 
tool for monitoring.  In addition to surface gravity measurements, we have also modeled borehole gravity 
measurements.  The difference in both the borehole vertical component of gravity and the borehole 
vertical gravity gradient (dGz/dz) identifies the position of the reservoir.  The sign of the change reflects 
the changes in the local densities caused by either water or CO2 saturation changes. 
 
The seismic amplitude associated with the reservoir interval in the Schrader Bluff model shows a large 
response to changes is water and CO2 saturation produced by the simulated CO2 sequestration.  In 
addition, the AVO response of the reservoir reflections shows a significant change as sequestration 
proceeds.  Both amplitude and AVO can be exploited to make quantitative estimates of saturation 
changes.  Forward calculations using Zoeppritz equation for both 2005 and 2020 models support this 
argument.  We have developed an AVO inversion technique for estimating saturations from AVO data 
that will be applied to the synthetic data set by the end of the project.  
 
Hoversten et al. may be unduly pessimistic about the accuracy of future borehole gravimeters, and so the 
report’s conclusions must be interpreted in the light of current gravimetric measurement accuracy. 
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Reports and Publications  
 

• Hoversten, G., M., Gritto, R., Washbourne, J., Daley, T., M., 2003, Pressure and Fluid Saturation 
Prediction in a Multicomponent Reservoir, using Combined Seismic and Electromagnetic 
Imaging. Geophysics, (In Press Sept-Oct 2003). LNBL - 51281 

• Hoversten. G. M., Gritto, R., Washbourne, J., Daley, T., ,“Non-seismic geophysics for CO2 
Sequestration Monitoring”, 2002 SEG Workshop on CO2 sequestration Oct. 10, 2002, SEG 
Annual Convention 

• Hoversten. G. M., Gritto, R., Washbourne, J., Daley, T., “CO2 gas/oil ratio prediction in a multi-
component reservoir by combined seismic and electromagnetic imaging”, 2002, LBNL report # 
51408 

• Hoversten, G. M., Myer, L., Daley, T., “Crosswell seismic and electromagnetic monitoring of 
CO2 sequestration”, 2002, GHGT-6 conference, Kyoto, Japan. 
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2.4.3  Optimum Monitoring Technology 
 Task - 4.4 - Measurement and Verification 
 Principal Investigator: Rob Arts  

Technology Provider: TNO-NITG 
 
 
Highlights  

• The project was completed yearend 2002 and a final report was delivered. 

• The study provides a comprehensive roadmap of potential monitoring technologies that may be 
useful in future projects. 

 
Summary 
 
The Optimum Monitoring Technology project completed by TNO-NITG reviews the benefits of currently 
available monitoring techniques and provides a best practice manual for CO2 sequestration and 
monitoring. The present work was directed to the improvement of long-term monitoring & verification 
for sequestration of CO2 in various geological media. The experience from other projects (SACS, 
RECOPOL, Coal and Gas Thermie B, NASCENT, Dutch NOVEM study) were used to set guidelines for 
an optimum monitoring strategy for the different geological options. Baseline measurements prior to CO2 
injection are needed so that sequestration induced changes can be observed. This implies that monitoring 
techniques must be selected at the earliest stage of each sequestration project to provide the “base case.” 
This study gives “best practice” guidelines for such a selection by defining the key geological parameters 
and circumstances required for the different techniques and an estimation of the accuracy obtained. 
 
The objectives of monitoring underground CO2 storage are: 

• To ensure the sustainability of the CO2 reduction target and 

• To ensure the safety requirements for subsurface activities during and after the operational phase 
 
The first objective is focused on tariffs and legislation, whether the agreed quota as originally planned for 
CO2 sequestration are met and maintained.  The second objective is more important focusing on the safety 
issues of the storage site. The main risks as a consequence of underground CO2 sequestration can be 
categorized as: 
 

• Leakage to the surface or other geological formations with possible groundwater contamination 
or escape to the atmosphere as a consequence.  

• Uplift due to injection of CO2 or subsidence due to production or leakage of CO2 can cause 
damage to constructions at the surface. 

 
A secondary goal of monitoring is research and development regarding underground CO2 sequestration. 
Gaining more understanding of the processes going on in the reservoir is important for the optimization of 
future storage sites. 
 
CO2 sequestration has to be monitored so that the operators and public will know that the CO2 is not 
leaking to the surface (or overburden) where it is migrating in the reservoir. In this report a broad 
approach has been chosen taking into account as many monitoring techniques as possible.  Globally three 
areas of investigation for monitoring can be identified: 

• Reservoir integrity:  Pressure, temperature, spreading and long-term fate of the CO2. 

• Seal integrity: Fractures, faults, wells, heterogeneous permeability. 
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• Migration pathways in the overburden and the atmosphere. 
 
The first and especially the second are probably the most important areas in terms of an early warning 
system for possible leakage. In the ideal case one would expect to “see nothing” in the third area.   
 
Monitoring techniques have been divided into 3 categories: 

• Instrumentation in a well (monitoring well) 

• Instrumentation at the (near) surface (surface geophysical methods) 

• Sampling at the (near) surface measuring CO2 concentrations (geochemical sampling techniques) 
 
The final report describes the each of the available monitoring techniques and gives direction on which 
are likely to be successful in CO2 storage applications. 
 
Reports and Publications  
 

• CO2 Optimum Monitoring Methodology, R.J.Arts & P. L. A. Winthaegen, Netherlands Institute 
of Applied Geosciences TNO, Report NITG-02-229-B, 23 December 2002. 
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2.4.4  Hyperspectral Geobotanical Remote Sensing for CO2 Storage 
Monitoring  
 Task - 4.4 - Measurement and Verification 
 Principal Investigator: William Pickles 

Technology Provider: LLNL 
 
 
Highlights  

• Highly detailed maps of soil types, plant species, plant health, water conditions, and human 
activities were created.  The results will be verified in a field trip to Rangely in August 2003. 
These maps establish an environmental and ecological baseline against which any future CO2 

leakage effects on the plants, soils, and water conditions can be detected and verified.   

• Signatures that may be subtle hidden faults have been noted.  If confirmed these faults might 
provide pathways for upward CO2 migration if that occurred at any time during the future. 

 
Summary 
 
This project has the goal of providing a method of mapping for CO2 leaks by the effects on the plants of 
excess soil CO2 concentrations and for mapping hidden fault pathways for potential CO2 leaks, over the 
entire region above an underground formation being injected with CO2.  The method uses airborne 
hyperspectral high-resolution imagery obtained through collaboration with a commercial hyperspectral 
imagery provider so that eventually ongoing surveillance of a field will be commercially available.   
 
The experimental method can be summarized as: 

1. Define area to be monitored including areas that are believed to be outside the expected CO2 
leakage perimeter.  

2. Define flight lines along which images will be acquired. 

3. Using GPS (Garmin 76 handheld with mapping) and digital cameras (Canon G2) visually record 
the soils, plants, minerals, waters, and manmade objects in the area. 

4. After data acquisition, review the imagery and performs geo-rectification.  Acquisition contractor 
carries out final post processing. 

5. The imagery data set for all flight lines is post-processed and returned as in three files: Raw data, 
Data corrected for reflectance including atmospheric absorptions, and Geo-rectification control 
files.   

6. Imagery is analyzed using the ENVI commercial computer software by the team from UCSC, 
LLNL, and HyVista Corp.  Maps of plant species types, plant health within species types, soil 
types, soil conditions, water bodies, water contents such as algae or sediments, mineralogy of 
exposed formations, and manmade objects such as roads, buildings, playgrounds can be prepared. 

7. Imagery is evaluated for abnormal observations of plant distribution, relative plant health patterns, 
altered mineral distributions, soil type distributions, soil moisture distributions, water, and water 
contents. 

8. The research team verifies their observations with a field analysis. The analysis can be “fine-tuned” 
in the field to produce more accurate maps for analysis.    
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Reports and Publications  

• No formal reports or presentations were made during the reporting period. 

• The semiannual progress report for this project is in Appendix A under the same heading as this 
summary. 
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2.4.5  Long Term Monitoring And Verification Using Noble Gas Isotopes   

Task - 4.4 - Measurement and Verification 
 Principal Investigator: Greg Nimz 

Technology Provider: LLNL 
 
 
Highlights  
 

• Initiated noble gas isotopic analyses on samples obtained from the Mabee EOR field. 

• Based on the initial Mabee analyses, the quantities of noble gas tracers required for an actual CO2 
storage setting were calculated. Cost estimates relative to total CO2 storage costs and CO2 “taxes” 
were derived. 

• The distinct elemental and isotopic composition of the noble gases present in the injected CO2 
can be used as noble gas tracers of the EOR process. The 15 samples collected from the Mabee 
field show a good spread in CO2 noble gas contributions in the recovered casing gas. 

• Literature survey was completed to obtain satisfactory rock properties for incorporation into a 
NUFT-C model of gas transport through the shallow crust. This includes obtaining data on 
porosity-permeability relationships, mineralogy and lithological heterogeneity.  

• Initial simulations of noble gas transport were produced. These form the basis of a noble gas 
monitoring strategy. 

• This project is faced with major funding issues.  Discussions are underway with the principal 
investigator to try and resolve the issues.  Work scope reductions will likely be required. 

 
Summary 
 
The objective of this project is to develop the technological foundation for using noble gas isotopes to:  

1) Create a mechanism for long-term monitoring of CO2 storage sites;  

2) Test EOR reservoirs for CO2 leakage caused by production-related changes in caprock integrity 
(thereby screening for their suitability for long-term large volume CO2 storage);  

3) Screen brine aquifers or similar formations for suitability for CO2 storage; and  

4) Provide a mechanism for fingerprinting injected CO2 so that the source and ownership of leaking 
or migrating CO2 can be identified. 

 
The project is comprised of three basic components: 

• Collecting and analyzing noble gas isotopes accompanying both injected and recycled CO2 at an 
operating Enhanced Oil Recovery (EOR) field in the Permian Basin of West Texas. 

• Initiate a noble gas tracer test at an active EOR field. Injected CO2 will be spiked with identifiable 
noble gas isotopes; recycled CO2 will be monitored for recovery of spike signals. This and the 
previous component will provide a proof of principle and “debugging” of techniques for noble 
gas/CO2 injection. 

• Develop a NUFT-C computer model of noble gas tracers migrating upward through the crust 
from a leaking CO2 storage site. This component will form the basis for the design of a 
monitoring strategy. 
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Activities during this reporting period included: 

• Began compilation of geologic and hydrologic data relevant to the Permian basin (especially the 
Mabee EOR field) for the purpose of development of a NUFT-C prototype numerical model of 
noble gas migration in crustal media. This will form the basis of a monitoring strategy for CO2 
leakage. 

• Initiated noble gas isotopic analyses on samples obtained from the Mabee EOR field. 

• Analyses of neon and argon from samples of well casing gases from the Mabee EOR field, west 
Texas, were completed, and preliminary helium and xenon data were obtained. 

• Based on the work at the Mabee EOR field. it is clear that the distinct elemental and isotopic 
composition of the noble gases present in the injected CO2 can be used as noble gas tracers of the 
EOR process. The 15 samples collected from the Mabee field show a good spread in CO2 noble 
gas contributions in the recovered casing gas. While the neon and argon components from the 
injected CO2 give similar results, the signal at xenon (fission xenon - primarily 134Xe and 
136Xe) appears to be depleted relative to neon and argon, possibly suggesting preferential 
partitioning of the xenon into a hydrocarbon liquid phase. 

• Literature survey was completed to obtain satisfactory rock properties for incorporation into a 
NUFT-C model of gas transport through the shallow crust. This includes obtaining data on 
porosity-permeability relationships, mineralogy and lithological heterogeneity. Although the first 
model will incorporate a simplified stratigraphy, these data will provide the basis for constructing 
that first model in such a way as to allow expedient incorporation of heterogeneity in the second 
set of model runs. 

• Initial simulations of noble gas transport were produced. These form the basis of a noble gas 
monitoring strategy. 

 
Reports and Publications  
 

• Nimz, G.J., Hudson, G.B., and Glassley, W.E., Noble gas isotopes for screening, verification, and 
monitoring at CO2 storage sites, JIP CO2 Capture Project Workshop: “Building the SMV Family 
of Technology Providers”, Potsdam, Germany, Oct 31-Nov 2, 2001. (presentation) 

• Nimz, G.J., Hudson, G.B., and Glassley, W.E., Noble gas isotopes for screening, verification, and 
monitoring at CO2 storage sites, JIP CO2 Capture Project Workshop: “Building the SMV Family 
of Technology Providers”, Santa Cruz, California, Oct 21-23, 2002. (presentation) 
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2.4.6  Monitoring Geologic Sequestration with Satellite Radar Interferometry 

Task 4.4 Measurement and Verification 
 Principal Investigator: Howard Zebker 

Technology Provider: Stanford University 
 
 
Highlights 
 

• The applicability of satellite radar interferometry (InSAR) to detecting ground movement 
(deformation) due CO2 injection (sequestration) was investigated.  Deformation modeling was 
used to produce surface deformation maps that could be tested against InSAR sensitivity.  The 
advantages of InSAR detection relative to tiltmeters and GPS are compared. 

 
• Given ERS radar system parameters and allowing for atmospheric “noise”, a sensor baseline was 

derived.  InSAR resolution is expected to be in the 1 cm range (compared to tiltmeter < 0.1 rad, 
GPS < 1cm).  Atmospheric effects may diminish this resolution by 10 mm.     

 
Summary 
 
This study investigated the theoretical resolution of satellite radar interferometry (InSAR) in detecting 
small ground movements induced by CO2 injection into reservoirs.  The advantages of this technology 
would include high spatial coverage (20 m postings over a large area), continuous data collection and ease 
of data collection.  The approach is compared to the resolution of other technologies such as tiltmeters 
(<0.1 rad) and GPS (<1 cm).  Influences that can diminish the resolution of the InSAR technique include 
atmospheric and topographic effects.   
   
Using a model reservoir (2000 m depth, 4000 m radius, 100 m thickness, 6CPa shear modulus, 0.25 
Poisson’s Ratio, 20% porosity, 10 mD permeability, hydrostatic pore pressure and standard geothermal 
gradient) and injection protocol (supercritical CO2, 12 months, constant 30kg/s) injection swelling 
(deformation) was modeled and mapped.  An expected deformation detection of the InSAR method using 
the model reservoir and injection properties is thought to be ~ 1 cm.  Modeling of noise due to 
atmospheric effects was calculated at 10 mm.  Modeling of the topography influence was mentioned but 
no numerical figure was put forward. 
 
The authors concluded that given the ERS radar system parameters a sensor baseline could be established.  
Differential InSAR can be used to detect small surface deformation signals due to CO2 sequestration.  
Future work proposed identifying CO2 sequestration or oil and gas reservoirs to test the InSAR data and 
inversion of InSAR measurements for pressure changes at depth.         
 
This study was terminated at the 2002 SMV Meeting (Santa Cruz) with lack of progress.  Resolution was 
considered insufficient to give meaningful measurements.  The study was terminated in September 2002 
due to high technical risk for deployment.   
 



109 

 
2.4.7  Measurement Techniques For the Detection of Leaks From 
Underground CO2 Reservoirs: Evaluation and Summary of Capabilities  
 Task - 4.4 - Measurement and Verification 
 Technology Provider:  Penn State University 
 Principal Investigators:  K. J. Davis, J. C. Wyngaard 
 
 
Highlights  

The contract for this effort has now been signed.  
 
Summary 
 
The contract was recently executed.  The work statement is reported here.  Work is underway. 
 
We shall evaluate techniques for measuring the flux of CO2 from the earth’s surface, focusing on the 
eddy-covariance technique and its potential application to monitoring underground CO2 reservoirs.  A 
report will be written based on a review of existing experimental and theoretical studies.  The report shall 
include:  the basic principles of the eddy-covariance technique for measuring turbulent fluxes in a 
micrometeorological environment; sensor-design criteria for application to CO2 fluxes and mixing ratios 
measured in the atmosphere near the earth’s surface; discussion of the merits of commercially available 
sensors and eddy-covariance system components; the use of the technique in horizontally homogeneous 
applications, such as over crop fields and forest canopies; the application of the eddy-covariance 
technique to isolated sources via the source “footprint” concept; discussion of our recent experience with 
the footprint technique in geothermal regions;  possible complications of extending this technique to 
complex terrain; expected measurement precision and detection limits. 
 
Reports and Publications  
 
None to date due to brevity of completed work effort. 
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2.5  Integration and Communications 
 
 
The SMV program of CCP has funded and managed ~30 projects over the last three years. These projects 
are grouped into four technology areas: Integrity, Optimization, Monitoring and Risk Assessment.   
Research results were submitted in the form of presentations, reports and software.  The results of most of 
these studies so far has met expectations.  There is a concern, however, that these research products might 
be filed away and thus not be made available to promote CO2 storage technology.  To publicize SMV 
efforts to a broad range of audiences, LBNL (Benson) was contracted to develop a plan for “Publication 
and Dissemination of Research Results” to be conducted in parallel with the larger CCP integration and 
communication effort.  Five categories of publications are envisioned: 
 

1) A large compilation of high quality, technical papers covering all areas of SMV research by a 
respected scientific society (e.g., AGU). The target audience includes technical specialists 
interested in geological sequestration of CO2 and the IPCC.  

2) A technical review article focusing on the principal technology areas of SMV (integrity, 
optimization, monitoring and risk assessment) (e.g., JPT, Oil & Gas Journal).  The target 
audience includes scientists and engineers being introduced to CO2 sequestration.  

3) A technical review article  similar to 2) but with more introductory treatment (e.g., Scientific 
American).  The target audience includes NGOs. Regulators, government officials with an 
interest in science and technology.  

4) A short, high impact “state-of-the-art” article (e.g., Science, Nature).  The target audience 
includes government officials, scientific policymakers, NGOs and scientific press.  

5) Brochure or pamphlet on geologic storage that highlights the accomplishments of the SMV (hard 
copy or web-based).  The target audience includes general public, educators and regulators being 
introduced to the technology. 

 
A book proposal for the large technical volume (1) has been submitted to the American Geophysical 
Union (AGU).  Most of the Principal Investigators who were asked to submit a manuscript to this volume 
have responded in the positive.   Should the volume be approved by AGU, submittal by March 30, 2004 
and publication by fall 2004 is expected.  This will allow enough time for the IPCC working group on 
CO2 sequestration, meeting in December 2004, to incorporate needed documentation into their 
assessment.  The remaining planned publications will present the story of CO2 sequestration to scientists 
and engineers, government officials, regulators, NGOs and the general public. 
 
The 2003 SMV Workshop will be held in Dublin, Ireland September 22-25.  Most of the projects are 
expected to be complete or nearly so by that time.  The workshop will offer an opportunity for TP PIs to 
vet their work among themselves and before the SMV team and external experts.  This will allow modest 
adjustments to be made before project completion.  The workshop will also offer the opportunity to 
encourage the participants to contribute to the publication efforts and to engage them on possible future 
CCP efforts.   
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2.5.1  Technical Report Integration Into Topical Reports 
 Task - 5.2 - Routine Project Reporting 
 
 
Highlights  
 
Contract has been executed and work is underway. 
 
Summary 
 
The purpose of this task is to develop a book (edited volume) and several overview articles based on 
results from the SMV team of the CO2 Capture Project.  We will develop a series of reports and 
publications that will be used to communicate the results of the SMV team’s work to a variety of 
audiences that would benefit from this information. Target audiences include the staff of the member 
companies of the CCP JIP, technical specialists interested in geologic sequestration, NGO’s, regulators, 
government officials, opinion makers, and the general public.  The overview publications will be 
submitted between by November 30, 2003 with publication expected by mid-2004. The edited volume 
will be submitted by March 31, 200 and published before October 2004.  This effort is being coordinated 
with the overall CCP integration and communications plan. 
 
The CCP SMV team has contracted Lawrence Berkeley National Laboratory to implement a publication 
strategy that will disseminate the results of the ~30 SMV studies to diverse audiences ranging from 
technical specialists to the public.  Table 7 matches the audience to the type of publication. 
 
Table 7 
Suggested products from the SMV Team for dissemination of results. 

Audiences Product Description 
• Technical staff from the 

member comp anies of 
the JIP 

• Technical specialists 
interested in geologic 
sequestration 

Publication #1. Large compilation of 
technical papers (20-30 pages each) from 
all of the projects in the SMV; prefaced 
by an executive summary. 

Peer reviewed, high quality technical 
document. Suitable for citation by the 
IPCC special study. Publis hed as a 
book from a widely respected scientific 
society. 

• Scientists and engineers 
being introduced to 
geologic sequestration, 
regulators 

Publication #2. Technical review article, 
20-30 pages long. Focused on major areas 
of the SMV, risk assessment, storage 
optimization, storage integrity and 
monitoring and verification. 

Technical article to be published in 
widely distributed technical journal 
(e.g. JPT, Oil and Gas Journal). 

• NGOs, regulators, 
government officials, 
public with an interest in 
science and technology, 
press 

Publication #3. Technical review article, 
20-30 pages long. Introduction to 
geologic storage followed by a 
description of the major areas of the SMV 
project, risk asses sment, storage 
optimization, storage integrity and 
monitoring and verification 

Article for a broad audience published 
in a widely read journal such as 
Scientific American or the equivalent. 

• Government officials, 
scientific opin ion 
makers, NGOs, scientific 
press 

Publication #4. Short “State of the 
Technology Article” (3-5 pages) for 
highly influential scientific audience and 
government leaders. 

Short article for high impact scientific 
journal (e.g. Science or Nature). 

• General public, NGOs, 
press, educators, 
regulators being 
introduced to the 
technology 

Publication #5. Brochure or pamphlet on 
geologic storage that highlights the 
contributions of the CCP JIP. 

Hard copy & web-based description of 
geologic storage targeted to a non-tech 
audience.  Emphasis on contributions 
of the CCP to geologic storage.  
Emphasize benefits of technology. 
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The following outlines the deliverables for the project: 
 
1. Publication #1. Prepare an executive summary, introduction and conclusions that would introduce 

and summarize a compilation of all of the papers for each of the SMV projects. Organize and 
oversee a peer review for all of the final papers delivered to the SMV team. 

2. Publication #2. In consultation with the SMV team, prepare a review article (approximately 30 
pages) of the results from the SMV teams work. Submit to a widely available journal for technical 
specialists interested in geologic sequestration (e.g. JPT, Oil and Gas Journal, or others at the 
suggestion of the SMV team). 

3. Publication #3. In consultation with the SMV team and the SMV team’s communications 
consultant, prepare a review article (approximately 30 pages) of the results from the SMV teams 
work. Submit to a widely available journal for broad audience (e.g. Scientific American or others at 
the suggestion of the SMV team). 

4. Publication #4. In consultation with the SMV team, prepare a short “State of the Technology” paper 
(approximately 3-5 pages) based on the results of the SMV teams work. Submit to a highly 
prestigious journal (e.g. Science or Nature). 

5. Publication #5. Provide technical assistance to the SMV team’s communications consultant to 
prepare a brochure or short pamphlet for the general public about Geologic Sequestration and the 
SMV team’s projects. 

 
Reports and Publications  
 
None. 
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2.5.2  SMV 2003 Workshops – Future Project Venue 
 
 
Highlights  
 
Dublin, Ireland was selected for the 2003 SMV workshop to be held September 22-25.  This choice was 
made to continue the alternation of venue between Europe and the US while staying within the allotted 
budget.   
 
Summary 
 
Past SMV workshops were held in Washington DC (2000), Potsdam (2001) and Santa Cruz (2002) to 
give technology providers an opportunity to present their progress and receive feedback from the SMV 
team and other participants.   These meetings resulted in important re-scoping decisions that maintained 
the focus of research, identified gaps and allowed for needed budget adjustments.  CDs with presentations 
were issued for each of the workshops.  Presentations will be gathered prior to the meeting and issued on 
CDs at the meeting. 
 
The 2003 SMV Workshop will be held in Dublin, Ireland, September 22-25.  Invitations will be sent to 
PIs of all active projects that were in place in early 2003.  Selective invitations will be made to PIs of 
selected past and newly contracted projects, to one or more NGCAS PIs.  Selected individuals from the 
CCP Technical Advisory Board, government fenders (US DOE, EU, NorCap) and external experts (e.g., 
IEA, BGS) will also be invited.  Most of the SMV team is expected to attend. 
 
The intent of the workshop is to: 

1) Review progress and make necessary adjustments in funding and deadlines, 

2) Encourage PIs to arrive with draft manuscripts if possible,  

3) Discuss plans for publishing and otherwise publicizing results (integration and communication), 
and  

4) Discuss plans, if applicable for a new CCP project (or extension). 
 
Reports and Publications  
 
None. 
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3.  Technology Screening 
Task - 0.3 - Develop & Apply Common Economic Model 

 
 
Highlights: 
 
The technology screening process continues to be used by the technology teams in their work.   
 
Summary: 
 
Early in the technology development program, it became obvious that the best way to derive a truly 
consistent comparison of all technologies and all scenarios is to fully design each complete system and 
estimate costs to a high standard. The cost of using the independent cost estimation contractor to complete 
that work for every combination of technology and scenario would be prohibitively expensive and would 
detract from the technology development effort. Furthermore, the technology development effort could be 
best focused if the CCP was able to choose high potential technologies early in the program and focus 
resources on those most likely to succeed. 
 
The CCP formed a Technology Screening Task - Force (TSTF), comprising representatives from all the 
technical teams and a cross-section of the participating companies. For each case, a preliminary process 
design and description was prepared that included estimates of the key process variables (fuel, power, 
CO2 captured & emitted etc.). Capital and operating expense estimates for each case were prepared as 
input to and analysis by the Common Economic Model (see below). Design and costs were benchmarked 
against the baselines established for each scenario by the common cost estimation contractor. Twelve 
cases were completed in 2002 All of the economic and screening work to date was funded directly by the 
CCP. 
 
Reports and Publications: 
 
None. 
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4.  Economic Modeling 
Task - 0.3 - Develop & Apply Common Economic Model 

 
 
Highlights: 
 
A “compact” version of the common economic  model was developed and is used by the technology teams 
for internal evaluation of the technologies in their studies. 
 
Summary: 
 
A primary objective of the CCP is to develop technologies that can be applied in various commercial 
applications.  Business investments require accurate estimates of the costs to build, commission, and 
operate the resulting plant.  At the outset, the team found that there was little consistency in the way that 
the cost of CO2 mitigation was estimated.  Wildly varying numbers were published and used throughout 
the CO2 mitigation community.  Consequently, CCP set an early goal to develop a transparent and 
straightforward way to estimate the full cost of CO2 mitigation by the subject technologies.  The resulting 
common economic model has been used by the CCP team to evaluate technologies for further 
development and is used to help the teams judge the potential of new technologies. 
 
Much of the existing work on CO2 abatement technologies is reported inconsistently.  The data are very 
difficult to use for comparisons between technologies.  The CCP required a consistent method to ensure 
that the technologies it developed could be compared on an “apples to apples” basis.  
  
The Common Economic Model (CEM), developed by a small CCP team, is a multi-technology economic 
screening tool that uses a set of economic assumptions and high-level technology and scenario input data. 
The objective of the model is to establish best estimates of CO2 avoidance costs to enable economic 
decision-making. All CO2 costs are calculated as normalized differentials between the capture and non-
capture cases. The target for each model run is to establish the lowest cost per tonne of CO2 avoided and 
to calculate the cost of CO2 captured.  
 
The definitions of those two terms are: 
 

Captured CO2 Cost = total capture-related cost (capital expense, operating expense, energy) per 
tonne of CO2 directly captured by the process.  

Avoided CO2 Cost = Captured CO2 Cost (above) adjusted for the volume of CO2 associated with 
imported energy (i.e. indirect CO2).   

 
The first draft of the model, available in June 2001, was peer reviewed by two independent advisers (Ed 
Rubin, Carnegie Mellon University, and Howard Herzog, MIT. Following that peer review, a simplified 
version of the model (CEM Compact) was developed and was used to support the technology screening 
effort. 
 
The common economic screening model used to enable evaluation and comparison of the various CO2-
capture technologies addressed these overarching concepts: 

•  Εarly cost estimation 

•  Economic screening model 

•  Overall technology scoring criteria. 
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Early cost estimation:  The basic approach was to test CO2-capture technologies for application in the 
CCP scenarios. The resulting Scenario-Technology (S-T) matrix contains S-T cases to be evaluated 
costwise to allow fair and consistent economic comparisons.  The CCP technology program includes a 
large number of technologies completed by numerous suppliers.  After each project is completed, the 
external technology suppliers will establish cost estimates for their particular units or technologies.  CCP 
must evaluate new capture technologies for application in the CCP scenarios that include costs of all 
integration activities such as: energy/ utility supplies, transportation/ logistic s, various site costs, etc.  
 
Below is a brief outline of the cost estimation process used by the CEM and Technology Selection Task - 
Force: 
 

• Each selected scenario-technology cases is technically described, outlined and documented 
by a “responsible process engineer” through flow diagrams, equipment lists, mass/ energy/ 
heat balances and CO2-capture/ emission volumes. 

• General scenario information and data are provided by the respective “scenario owner.” 

• Through close interaction between the process engineer, scenario owner and cost estimator, 
the physical scope and boundaries are established for each S-T case to set the case boundaries 
such as included/not-included functions, sizing, and capacities of incorporated units. 

• The team evaluates utility supplies needed and agrees capex-opex tradeoffs to quantify 
needed utilities and supplies.  

• After the physical scope is established and verified across the S-T cases, a common set of unit 
costs and prices for relevant equipment, utilities, and energy needs are applied to estimate 
capex and opex costs. 

• The price list was established as US Gulf Coast standard.  This means that the established 
cost estimates reflect the costs of the CCP specific scenaris USGC-prices.  At a later stage, 
regional price adjustments will be applied to establish final cost estimates at some other 
location.  

 
Economic screening model: A common economic model (CEM) was developed to compile key data and 
perform CO2-capture and CO2-avoided cost calculations on a case-by-case basis. The model is a multi-
technology economic screening tool and not a traditional, detailed, single -project model designed to 
support a single plant analysis.  It operates on a set of economic assumptions and high-level 
scenario/technology input data that provide a common basis for calculations with the goal to establish a 
“best-estimate” economic decision making analysis. 
 
The final capex and opex estimates for each of the S-T cases are imported into the screening model.  
Together with other inputs such as physical energy (electricity, fuel gas, petcoke) consumption, CO2 
capture/ emission volumes, non-CO2 (NOx, SO2) emissions, plant availability, on-stream-efficiency 
factors, time-variable discount rates, and capital charge factors the model calculates the desired CO2 
reduction unit costs.  The general results include: 

• Captured CO2-cost that includes: total capture-related cost (capex, opex, energy) per tonne CO2 
captured (direct) 

• Avoided CO2-cost: Total capture-related cost (capex, opex, energy) per tonne CO2 captured 
(direct) minus CO2-content in energy “imports” (indirect) 

• Αll CO2-costs are calculated as normalized differentials between capture vs. non-capture cases 

• Avoided CO2-cost is the key result calculated. 
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Overall scoring criteria: the cost estimation and economic screening tools focus primarily on evaluating 
the various capture technologies as if they are commercially developed and available for operations. The 
commercial risk and fact that most of these technologies are not matured to a commercial stage is 
disregarded in these estimates. To supplement the quantitative evaluations and to estimate the commercial 
risk, a set of qualitative/ semi-quantitative screening criteria that include the technology development and 
maturing phases for the technologies have been defined to provide a broader evaluation of technology 
options. 
 
These results provide some early indications of the relative technical- economic performance of capture 
technologies. However, CCP still awaits important technology development results from external 
suppliers. At the end of 2003 the aim of the CCP-program is to identify at least one capture technology 
for each of the reference scenarios that have achieved the projects cost reduction objectives. 
 
Reports and Publications  
 
None. 
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Technology Advisory Board  
 Task - 5.1 - Project Management 
 
 
Highlights:  
 
The Technology Advisory Board (TAB) met to review CCP progress on May 9, 2003. 
 
Summary: 
 
The CCP is advised by a group of independent external experts formed into a Technology Advisory 
Board (TAB). The TAB is an integral part of the CCP program management process and serves to assure 
the funding government organizations that the CCP leadership are proper stewards of public funds and to 
providing assurance to the Executive Board on the technical soundness of the projects.   
 
The roles of the TAB are to provide: 

• Advice on, and oversight of, the technology development projects to the Executive Board.   

• Provide assurance that the technology development work is in keeping with the project goals and 
objectives. 

• Independent challenge to the technology directions of the teams. 

• Assurance that best technical practices have been used in delivery of the project.  

• Review of a High Level Plan for the process 

• Selection of Peer Review participants 

• Advise on external benchmarking that will serve to give assurance that the technology work is at 
the forefront of technology.  

 
TAB members are:  

• Vello Kuuskraa, Chairman (Advanced Resources International)  

• Maarten van der Burgt (Independent Consultant) 

• Dale Simbeck (SFA Pacific) 

• Sally Benson (Lawrence Berkeley National Lab) 

• Pierpaolo Garibaldi (Independent Consultant) 

• Arnie Godin (Independent Consultant) 

• Hans Roar Sorheim (Norway, Klimatek) 

• Dave Beecy (USA, Department of Energy) 

• Vassilios Kougionas (EU, DG TREN) 

• Dennis O’Brien (EU, DG RES) 
 

The CCP Technical Advisory Board held a technical review meeting at on May 9, 2003. The primary 
purpose of the meeting was to review the Common Economic Model (CEM) and its application to a select 
number of CO2 pre-combustion cases. An update was provided to the TAB on the chemical looping 
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process.  Based on the discussion during the meeting and the materials provided, the TAB offered the 
following observations, comments and recommendations. 
The TAB finds that the structure and design of the Common Economic Model (CEM) is appropriate and 
when completed will provide an excellent tool for technology evaluators and R&D planners: 

• The model provides a common, transparent and relatively simple framework for evaluating 
alternative CO2 capture technologies. 

• ??It provides the ability to perform sensitivity analyses on the impact of key variables, such as the 
future price of oil, natural gas or electricity, the cost of capital and assumptions on the expected 
performance of key technology components. 

• It provides one important output measure for cross-technology comparisons, namely the cost per 
ton of net carbon avoided. 

 
The TAB recommends that for each promising capture technology that the Technology and CEM Teams 
identify the points of “high leverage” and “high uncertainty” in process performance. This would help 
R&D funding and technology evaluators to quickly focus on the portion of the process that would benefit 
from future R&D.  The TAB recommends that all of the capture technologies that are considered as 
promising should be subject to cost review.  Detailed review should be directed at the two most mature 
and potentially most widely applicable technologies, namely: (1) advanced gasification for the petroleum 
residues “case study”; and, (2) the sorption enhanced water gas shift reactor for the natural gas power 
“case study.”  Cost consistency review, limited to checking the cost of major components and verifying 
the factors used for instrumentation, piping, etc. (the f-factor), should be directed at the remaining 
technologies. 
 
The TAB found the presentation, research and progress to date on Chemical Looping Combustion to be 
most promising.  Successful implementation of chemical looping combustion, with the promise of a 43% 
cost reduction in the oxyfuel technology, could introduce a most valuable CO2 emissions avoided 
technology to the portfolio of capture options.  A formal “stage gate” review of this technology should be 
conducted in midsummer to establish the likelihood that the pilot testing and cold flow modeling, plus 
work on particle testing, would bring the technology to a status ready for a full feasibility and CEM study. 
The use of iron oxide as the oxygen transfer agent appears promising because it is cheap and has been 
used previously in bulk processes for the production of hydrogen. 
 
The TAB recommends that the CCP management and the technology teams define what technologies will 
not be completed within CCP. This would set the stage for the following options: 

• Include the most promising “unfinished” technologies follow on to the CCP. 

• Enable the participating companies the opportunity to consider their alternatives. 
 
The TAB recommends that early attention be given to the nature, structure and contents of the Final CCP 
Report and that significant emphasis be given to prompt communication of the major accomplishments 
and results of the CCP to the funding bodies. 
 
Reports and Publications  
 
None 
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Conclusions 
 
 
Subproject reports reported in the summaries above and included in the attached Appendices do draw 
conclusions for their segment of the project, where appropriate.  The reader is directed to those 
attachments for interim conclusions stated therein. 
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Each subproject report includes appropriate references for the work being discussed.  The summaries in 
this report refer the reader forward to the actual work documents included in the appendices to find the 
literature references. 
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1.1.1.2.1  Abstract 
 
Under a contract with the CO2 Capture Project (CCP), SRI International (SRI) has been conducting 
research on novel self-assembled nanoporous materials that could be used in a pressure-swing adsorption 
(PSA) system to capture CO2 from flue gases of power plants.  The materials SRI proposed to develop 
were inspired by the work of Seki who has shown that a range of structures can be built using copper salts 
of dicarboxylic acids. These materials have a square cavity whose dimensions can be controlled by the 
choice of the dicarboxylic acid.  Solids with cavities large enough to accommodate four to five methane 
molecules were shown to have the highest capacity for methane.  SRI proposed to synthesize and test 
these materials that would physisorb CO2 by relatively weak van der Waals forces and that would have 
have a high adsorption capacity for CO2.  For structures that could accommodate multiple CO2 molecules 
at each site, there is the possibility that the binding of CO2 would be cooperative.  Binding is considered 
cooperative when subsequent molecules of CO2 adsorb onto the material with slightly greater heats of 
adsorption.  In such a case, the PSA system would require less work to capture an equivalent amount of 
CO2 than a noncooperative system.  During 2002, we demonstrated the thermodynamic validity of our 
concept and also demonstrated the computational tools necessary for designing these materials.  This year 
we embarked on a program of synthesizing, characterizing and testing a leading candidate, copper 
terephthalate, with the objective of providing a cost estimate for a PSA system that uses it as the sorbent.  
This report describes the progress made since March 2003 when this phase of the project began. 
 
The procedure for the synthesis of the 3-D complexes as described by Seki in his papers and patents 
leaves out many details such the strength of formic acid, the order of addition as well as heat treatment 
details.  We undertook a study of many of the synthesis variables in our attempt to optimize and scale -up 
the procedure.  Over fifty different preparations were conducted, of which thirty-one were taken through 
the second stage to obtain the 3-D complexes.  The surface areas of the complexes were determined by 
single-point BET measurements.  The surface areas of the products ranged from 20 m2/g to 1200 m2/g.  
The total amount of product with surface area in excess of 900 m2/g is about 10 g.  We also received 300 
g of the 3-D complex of copper terephthalate from Seki which had a surface area of 600 m2/g.  Samples 
(30 g) of the Seki product and pooled SRI product with surface area greater than 1000 m2/g were sent to 
Adsorption Research Inc. (ARI) for further testing.  We also characterized selected products by scanning-
electron microscopy, X-Ray diffraction, and thermogravimetry. 
 
ARI performed static absorption tests with the SRI product with CO2

 and N2.  They noted that the CO2 
isotherm did not level off even at the highest pressures they tested.  This result is consistent with a very 
high capacity of the material to adsorb CO2.  They estimate the selectivity of the material for CO2 over N2 
is about 8.   
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1.1.1.2.4  Introduction 
 
Under a contract with the CO2 Capture Project (CCP), SRI International (SRI) has been conducting 
research on novel self-assembled nanoporous materials that could be used in a pressure-swing adsorption 
(PSA) system to capture CO2 from flue gases of power plants.  For the purpose of minimizing wasted 
heat, it is desirable to operate the PSA system at low temperatures, preferably around 40°C.  This 
requirement means that the heat of adsorption of CO2 on the adsorbent should be only around 30 kJ/mol, 
and not much larger.  SRI proposed to develop materials that would physisorb CO2 by relatively weak van 
der Waals forces and that would have a high adsorption capacity for CO2.  
 
The nanoporous materials that we proposed to study were inspired by the work of Seki who has shown 
that a range of structures can be built using copper salts of dicarboxylic acids.1,2  These materials have a 
square cavity whose dimensions can be controlled by the choice of the dicarboxylic acid.  Further, these 
framework structures self-assemble upon mixing of the solutions of the metal ions and the dicarboxylic 
acid.  Seki reports the adsorption capacity of the copper salt of biphenyl dicarboxylic acid to be 212 cc of 
methane (STP) per gram of the salt, which translates to 9.5 moles of gas per Kg solid.3  This is a very 
high value, and in a review article for Nature, Davis writes that the adsorption capacity of the salts 
synthesized by Seki “exceeds that of any other known crystalline material.4  The high adsorption capacity 
results from optimizing the pore size and wall surfaces.  The pores are large enough to accommodate 
multiple methane molecules yet not too large that many methane molecules in the cavity are left without 
direct access to the walls.  Figure 1.1.1.2.4(1) shows one layer of copper oxalate, a representative of this 
family of framework solids.   
 

 
Figure 1.1.1.2.4 (1).  Simulated structure of copper oxalate. 
 
We anticipated that the CO2 molecules would be held in the cavities (i.e., cells where CO2 can bind).  The 
dimensions of the cavity could be tailored by the choice of the dicarboxylic acid.  For structures that 
could accommodate multiple CO2 molecules at each site, there is the possibility that the binding of CO2 
would be cooperative. Binding is considered cooperative when subsequent molecules of CO2 adsorb onto 
the material with a slightly greater heats of adsorption.  In such a case the PSA system would require less 
work to capture an equivalent amount of CO2 than a non-cooperative system.  Our original research 
program called for surveying many variants on these structures by molecular modeling and then preparing 
and testing those systems that showed the most promise. 
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During 2002, we worked on two tasks: thermodynamic validation and modeling tools.  Under Task 1, we 
demonstrated the validity of the concept, including that of cooperative binding.  The modeling tools 
needed for this work included those required for performing ab-initio quantum mechanical calculations 
on the structures, semi-empirical calculations for adsorption of CO2 in the lattices, as well as fluid 
mechanics tools for calculating the breakthrough of CO2 from packed beds.  The objective of Task 2 was 
to demonstrate that all the modeling tools were functional by end of FY2002, and that we would conduct 
the exploration of various structures in FY2003.  We have achieved our 2002 goal for this task, and have 
calculated the structures of copper oxalate and copper terephthalate.  We have also calculated the heats of 
adsorption of CO2 on these materials.  In the case of copper terephthalate, which can accommodate four 
CO2 molecules at each site, we have calculated the energetics of each additional CO2 molecule.  We have 
also obtained software to calculate the breakthrough curves for CO2 through a packed bed, and 
determined flow conditions that would correspond with cycle times around 3-4 min and yet have sharp 
breakthroughs such that the entire bed will be used effectively. 
 
However, in view of the fact that the CCP project will terminate in September 2003, by which time all the 
technologies must be evaluated, we proposed to conduct a focused effort on one system that had already 
shown some promise.  Last September, we learned from Dr. Seki that the copper terephthalate system has 
a very high capacity for CO2.5  These preliminary studies have been conducted on a very small scale, and 
there are no data on how these materials perform in the presence of interfering gases.  Accordingly, we 
undertook experimental studies on this material to obtain the necessary information to enable us to 
estimate the capital and operating expenses of a PSA system utilizing copper terephthalate. 
 
A reliable cost comparison between systems inevitably requires the use of models.  Models for full-scale 
PSA systems are complex, and they require as input operating conditions, adsorption coefficients, and 
mass-transfer coefficients, many of which depend on the size and shape of the unit. We will make the 
comparison with each system operating under its optimal conditions.  The parameters to be used in the 
ASPEN (or similar) code will be extracted from experimental studies that will be conducted in a well-
characterized test-bed under several conditions and ensure that we extract accurate mass transfer 
coefficients.  We are teaming with Adsorption Research Inc. (ARI), a small business operated by Dr. Kent 
Knaebel, who is a world-renowned expert in this area.  ARI is fully equipped to perform the tests with 
rapid turnaround time.  This teaming arrangement will allow each party to focus on their respective 
strengths: SRI on the synthesis and characterization of the materials, and ARI on adsorption tests and 
PSA modeling.  Finally, we will together perform the cost analysis based on a model developed by SRI’s 
Process Economics Program. 
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1.1.1.2.5  Executive Summary 
 
The procedure for the synthesis of the 3-D complexes as described by Seki in his papers and patents 
consists of two steps.  In Step 1 a 2-D complex of copper terephthalate is formed.  This intermediate is 
then pillarized with triethylenediamine (TED) to give the 3-D complex.  However, the description leaves 
out many details such the strength of formic acid ,the order of addition, and the heat treatment conditions.  
Also, the amounts of solvents used were such that simple scaling would require prohibitively large 
volumes.  For example in one procedure over 200 cc of methanol are used in the first step to prepare 
about 0.3 g the copper terephthalate. It also appeared to us that the second step, pillarization with TED, 
was the bottleneck in the production process. However, the patent also cautions that there are potential 
problems with byproducts at higher concentration, thus simply increasing the concentration to process a 
larger amount in a given auotoclave experiment was not an option. 
 
We undertook a study of many of the process variables in our attempt to optimize and scale -up the 
synthesis.  Over fifty different preparations were conducted, of which thirty-one were taken through the 
second stage to obtain the 3-D complexes.  These experiments have led us to a preferred procedure, which 
is rapid and convenient.  The synthesis procedure is still not optimized and there are factors that we do not 
fully understand that lead to variability in product quality.   
 
The complexes were characterized by single -point BET surface area measurements.  The surface areas of 
the products ranged from 20 m2/g to 1200 m2/g.  We found that slow layering of a methanolic copper 
solution on top of a DMF solution of terephthalic acid and formic acid, generally correlated with higher 
surface areas.  However, there were also a few runs in which the addition was rapid and yet the product 
had a high surface area in excess of 1000 m2/g.  Thus, slow layering, which was a tedious step, does not 
appear to be critical.   
 
We determined the pore-size distribution for one sample.  It had a surface area of 450 m2/g, and more 
than 90% of the area was found to be in pores less than 20Å.  This result is in accord with the molecular 
simulation conducted last year, which showed the cavities in copper terephthalate to be about 10Å.  
Further experiments with materials of surface areas greater than 1000 m2/g have yet to conducted to 
insure that even in these materials most of the porosity is in the nanopores. 
 
We characterized selected products by scanning-electron microscopy (SEM), X-Ray diffraction (XRD), 
and thermogravimetric analysis (TGA).  Surface morphologies of the sample from Dr. Seki and a high 
surface area product from SRI were determined by SEM.  Dr. Seki’s sample has a cubic morphology but 
the SRI sample had many lamellar structures.  The abundance of edge features is probably responsible for 
the relatively higher surface area of the SRI product.  
 
XRD is an important diagnostic for determining crystallinity and nanoporosity.  Seki had noted that 
intensity of the peak at 2θ  = 9° relative to that at 16° correlates with .the nanoporosity of the crystals.   In 
this respect, the SRI product has a more intense peak at 2θ = 9° than the Seki product, although it is not as 
intense as in the spectrum reported in the literature. 
 
TGA of the Seki product shows weight loss beginning around 280°C and occurs in three stages with 
steepest losses at 332, 365 and 400°.  The three stages probably correspond to the loss of loosely bound 
TED (pillaring material), tightly bound TED, and the organic matrix.  The final residue is 30% of the 
original weight.  SRI product #50A showed a very similar thermogram, albeit the proportion of weight 
losses in the three stages were somewhat different.  Two of SRI products showed an additional weight 
loss peak at 200°C, and in these samples the residue is about 18%.  We suspect that these samples wee 
not fully dried and had some solvent associated with them. 
 
The total amount of product with surface area in excess of 900 m2/g is about 10 g.  We also received 300 
g of the 3-D complex of Seki prepared copper terephthalate.  This sample had a surface area of 600 m2/g.  
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A sample (30 g) of the Seki product and several SRI products with surface area greater than 900 m2/g 
were sent to Adsorption Research Inc. (ARI) for further testing.   
 
ARI measured the absorption of CO2

 and N2 on one of the SRI products.  They noted that the CO2 
isotherm did not level off even at the highest pressures they tested (1 atm. CO2, which corresponds to 20 
atm flue gas containing 5% CO2).  This result is consistent with a very high capacity of the material to 
adsorb CO2.  They estimate the selectivity of the material for CO2 over N2 is about 8.   
 
During the isotherm determination, some points were recorded during pressurization, while others during 
depressurization.  The fact that both sets of points lie on the same line attests to fairly rapid diffusion and 
lack of any hysteresis.  Both of these features bode well for a PSA application. Tests with the Seki 
product and a reference material, silicalite, are under way.   
 
The next steps include conducting dynamic tests in which simulated flue gas will be flown through a bed 
packed with pressed pellets of the 3-D complex.  We will monitor the breakthrough of CO2 from the bed 
as a function of flow conditions.  The data will yield parameters that will help us design a laboratory PSA 
system, whose performance will then be used in a process model to design and estimate the cost of a full 
scale PSA system.  We have already received the flow conditions and product specifications from the 
CCP and expect to complete the tasks on time. 
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1.1.1.2.6  Experimental 
 
1.1.1.2.6.1  Synthesis of the 3-D Complex of Copper Terephthalate • Triethylene Diamine  
 
Papers and patents by Seki describe a general procedure for the synthesis of the complexes in a 2 to 5 g 
range.  The synthesis consists of two steps.  In Step 1 a 2-D complex of copper terephthalate is formed.  
This is then pillarized with triethylenediamine (TED) to give the 3-D complex. A typical synthesis 
consists of dissolving CuSO4•(H2O)5 in methanol, and terephthalic and formic acids in DMF followed by 
slow addition of the copper solution to the acid solution.  The mixture is left standing at 50°C over a 
period of several days a 2-D complex of copper terephthalate crystallizes out.  The crystals are then 
heated to 160°C with TED in toluene in an autoclave to form the 3-D complex.  A procedure that resulted 
in a high surface area product follows. 
 
Copper sulfate pentahydrate (3.1g) was added to 50 mL of methanol and the flask was swirled to dissolve 
the solid.  Terephthalic acid (2.1g) and formic acid (3.2mL) were added to 100 mL of DMF and dissolved 
with stirring.  The blue copper methanolic solution was added in one portion to the DMF solution 
producing a momentary (~5seconds) homogeneous solution, which was followed by a slow precipitation.  
The mixture was placed in a 50°C water bath. After 13 days, the mixture was filtered, washed with 
methanol (3x250 mL) followed by of water (3x50 mL).  The blue solid was transferred to an autoclave 
sleeve.  TED (0.806g) was dissolved in 80mL of methanol and 40mL of toluene and added to sleeve.  The 
mixture was placed in autoclave, purged with N2, and heated to 161°C.  After four hours at temperature, 
the mixture was cooled to room temperature, filtered, and washed with methanol to give a pale blue solid.  
The solid was dried at 100°C for four hours under vacuum. Yield 2.90 g. 
 
1.1.1.2.6.2  Surface Area Determination 
 
The surface areas of the product were determined on a Micrometrix Model TPD/TPR 2900 apparatus.  
Argon gas was adsorbed on 100 mg of sample at –186°C (bp of Ar) and desorbed by warming the sample 
to room temperature.  The data were treated by the single -point BET algorithm. 
 
1.1.1.2.6.3  Scanning Electron Microscopy 
 
Powder samples were mounted on conducting carbon tape and gold sputter-coated to prevent charging of 
the samples.  Imaging was performed with a LEO 435VP Scanning-Electron Microscope using a 
secondary electron detector, with excitation voltages of 20 kV and 30 kV. 
 
1.1.1.2.6.4  X-Ray Diffraction 
 
The X-ray diffraction spectra were obtained using a Philips X-ray diffractometer with a copper anode 
operating at 45 kV and 30 mA.  The sample size was 2 cm x 2 cm.  The incident X-rays were collimated 
and the diffracted X-ray signal was detected after monochromation with a Ge crystal, with a solid state 
detector.  The spectra were recorded using a computer equipped with Radix data acquisition system.  The 
data was analyzed using Jade X-ray analysis program. 
 
1.1.1.2.6.5  Thermogravimetric Analysis  
 
Thermogravimetric analysis of the samples was performed on a TA Instruments model 2050 TGA with a 
model 5200 controller. The TGA was calibrated for temperature and weight using the manufacturer 
procedures. Data analysis was performed using TA Instruments’ Universal Analysis 2000 software.  The 
TGA was purged thoroughly with argon prior to use.   Purge rate for the sample runs was 100 ml/min 
argon.   After auto-taring the TGA balance, 5 to 12 mg of sample was loaded into the TGA platinum pan. 
An initial weight stabilization period of 2 minutes was allowed.  The sample was then heated from 
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ambient temperature to about 1000° C at 10° C/min.  Data were acquired on the 5200 Controller and then 
analyzed. 
 
1.1.1.2.6.6  Static Adsorption Tests 
 
The apparatus for measuring the adsorption isotherms is shown in Figure 1.1.1.2.6(1).  These tests are 
conducted in a static mode.  The adsorbent is loaded into the B cell inside a 25-µm filter.  Unless severely 
agitated, the sample powder stayed inside the filter.  We measured the solid density of the powder by 
pulling a vacuum on the entire cell.  The assumption is that none of the helium is adsorbed by the 
adsorbent but it can reach all of the pores.  The solid density is needed for calculating the isotherm. 
 

V2

Gas

V1

P P

Adsorbent

A B

 
 
Figure 1.1.1.2.6 (1).  Apparatus for static adsorption tests to determine isotherms. 
 
Determination of each point on the isotherm uses the same basic procedure as measuring the solid 
density.  Since the volumes of cells A and B are known as well as the mass and solid density of the 
adsorbent, we can use the ideal gas law to calculate how much gas must have been adsorbed by 
measuring the change in pressure in the cell.  We start with a vacuum in the entire cell.  With valve V2 
closed cell A is "charged" with a certain volume of gas (initial pressure).  Valve V1 is then closed, and we 
wait until the pressure reading is stable in cell A. Valve V2 is then opened and we again wait until the 
pressure is stabilized and that is the final pressure.  Again, by using ideal gas law, we can compute the 
amount of gas in the vapor phase, and—from the difference between that and the initial charge—the 
amount adsorbed. 
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1.1.1.2.7  Results and Discussion 
 
1.1.1.2.7.1  Material Synthesis  
 
The procedure for the synthesis of the 3-D complexes as described by Seki in his papers and patents 
consists of two steps.  In Step 1 a 2-D complex of copper terephthalate is formed.  This intermediate is 
then pillarized with triethylenediamine (TED) to give the 3-D complex.  However, the description leaves 
out many details such the strength of formic acid ,the order of addition, and the heat treatment conditions.  
Also, the volumes of solvents used are quite large and scaling the synthesis for larger preparations could 
cause difficulties.  For example in one procedure over 200 cc of methanol was used in the first step to 
prepare about 0.3 g of the copper terephthalate. It also appeared to us that as described in the second step, 
pillarization with TED, was the bottleneck in the production process. However, the patent also cautions 
that there are potential problems with by products at higher concentration, thus simply increasing the 
concentration to process a larger amount in a given auotoclave experiment was not an option.   
 
We undertook a study of many of the synthesis variables in our attempt to optimize the procedure.  Some 
of the key questions that we considered include the following. 
 

1. The procedure in the patent involves first making a solutions of copper sulfate and carboxylic 
acid, dripping or slowly adding the copper complex to the acid solution, and then letting the 
mixture sit for a number of days.  Is the order of addition important?  Is addition of copper 
solution to the solution of organic acid preferred over the addition of the organic acid to the 
copper solution? 

2. Once the solutions are mixed, is there a reason for not stirring, or does it really make a 
difference? 

3. What happens during the time that the mixture sits?  Once a precipitate forms is there a 
continuation of reaction?  Is there any advantage in waiting several days, and if so can the 
process be accelerated by heating? 

4. The procedure calls for the use of copper sulfate as the copper salt, and it also uses a relatively 
large excess of formic acid?  What is the purpose of formic acid? What happens if it is not added?  
What is the strength of the formic acid?  It is available in two standard strengths of 96% and 
88%.  Is there a role of water? 

5. In the preparation of the 3-D complex, it is not clear if the TED is added directly to the solution 
that had been standing for several days or if it is first filtered?  If filtered, should it also be 
refortified with additional formic acid? 

6. In the second step toluene is used as the solvent.  However, methanol is also a very good solvent 
for TED.  Does the toluene help in the pillaring with TED?  Is there a problem with washing out 
the 2-D complex? 

7. Is the autoclave used mainly for heating without solvent loss?  Can we use a higher boiling 
solvent to pillar the complex with without an autoclave?  Cumene, a higher homologue of toluene 
with similar solubility properties, has a boiling point of 152°C.  Could we heat the 2-D complex 
with TED in cumene under reflux and obtain the 3-D complex? 

 
We sent a message to Dr. Seki with our concerns and questions, but he was unable to answer them 
because of intellectual property considerations.  He was however willing to send us a 300 g sample of his 
product so that we could conduct tests with his material.  This material was recently received at SRI, and 
about 30 g of the product was sent to Adsorption Research Inc. 
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During the reporting period we conducted over fifty preparations by varying experimental parameters; 
thirty-one of these were taken through the second stage to yield the 3-D complexes.  The runs were 
mostly on 3-6 g scale.  The total amount of product with surface area in excess of 900 m2/g is about 10 g, 
and it was sent to Adsorption Research Inc. 
 
1.1.1.2.7.2  Product Characterization 
1.1.1.2.7.2.1  Surface Area Measurements 
 
The 3-D complexes showed a large variation in surface areas ranging from 20 m2/g to 1200 m2/g.  Most 
of the low surface area products were obtained when we first began the work.  We found that slow 
layering of cooper solution on top of a DMF solution of terephthalic acid and formic acid to generally 
correlate with higher surface areas.  However, there were also a few runs in which the addition was rapid 
and yet the product had a high surface area in excess of 1000 m2/g.  Figure 1.1.1.2.7(1) shows a histogram 
of the number of preparations that resulted in samples with surface areas in various ranges for both slow-
addition and rapid-mixing experiments.  For one sample of surface area about 450 m2/g, we also 
determined the pore-size distribution.  Greater than 90% of the area was found to be in pores less than 
20Å.  This result is in accord with the molecular simulation conducted last year, which showed the 
cavities in copper terephthalate to be about 10Å.  In order for the material to be effective in a PSA, we 
want most of the surface area in nanopores. 

 
Figure 1.1.1.2.7 (1).  Distribution of surface areas of 3-D complexes. 
 
1.1.1.2.7.2.2  Scanning-Electron Microscopy 
 
Sample morphology was determined by using Scanning Electron Microscopy (SEM). Micrographs of the 
product from Dr. Seki and an SRI sample with high surface area are shown in Figures 1.1.1.2.7(2) and 
1.1.1.2.7(3) respectively.  Dr. Seki’s sample has a cubic morphology but the SRI sample tends to show 
many lamellar structures, which could be responsible for the relatively higher surface area. 
 
 



139 

 
Figure 1.1.1.2.7 (2).  Scanning-electron micrographs of Seki product (Surface area: 600 m 2/g). 
 
 

 
Figure 1.1.1.2.7 (3).  Scanning-electron micrographs of SRI product (Surface area: >1000 m 2/g). 
 
 
1.1.1.2.7.2.3  X-Ray Diffraction 

Seki has used XRD as an important diagnostic for the copper salts of dicarboxylic acids.  In particular he 
has noted that intensity of the peak at 2θ  = 9° relative to that at 16° correlates with the nanoporosity of 
the crystals.  The XRD spectra of the Seki product and the SRI products shown in Figures 1.1.1.2.7(4) 
and 1.1.1.2.7(5). Both of these spectra were recorded at SRI.  The SRI product has a more intense peak at 
2θ = 9°, although it is not as intense as in the spectrum reported in the literature, which is reproduced in 
Figure 1.1.1.2.7(6).  Note that in this spectrum the peak at 2θ = 9° is about twice as intense as the peak at 
2θ = 16°. 
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Figure 1.1.1.2.7 (4).  XRD spectrum of the Seki 3 -D copper terephthalate•TED complex. 

 
 
Figure 1.1.1.2.7 (5).  XRD spectrum of the SRI 3-D copper terephthalate•TED  complex. 
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Figure 1.1.1.2.7 (6).  Published XRD spectrum of the 3-D  Complex. 
 
1.1.1.2.7.2.4  Thermogravimetry 
The thermal stability of the Seki product along with several SRI products was assessed by 
thermogravimetric analysis.  The TGA of the Seki product is shown in Figure 1.1.1.2.7(7).  The weight 
loss begins around 280°C and occurs in three stages with steepest losses at 332, 365 and 400°C as can be 
better seen in the differential plot (green).  The three stages probably correspond to the loss of loosely 
bound TED (pillaring material), tightly bound TED, and the organic matrix.  The final residue is 30% of 
the original weight.  The SRI product 50A has a very similar thermogram, albeit the proportion of weight 
loss in the three stages is somewhat different (Figure 1.1.1.2.7(8)..  The final residue is again 30%. This 
product has a surface area 546 m2/g which is comparable to that of the Seki product.  However, this 
sample had a slightly greenish tint to it.  As shown in Figures 1.1.1.2.7(9) and 1.1.1.2.7(10), SRI samples 
61A (surface area 1238 m2/g) and 42A (surface area 669 m2/g) show an additional weight loss peak at 
200°C, and in these samples the residue is about 18%.  We suspect that these samples were not fully dried 
and had some solvent associated with them. 
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Figure 1.1.1.2.7 (7).  TGA of the Seki product. 
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Figure 1.1.1.2.7 (8).  TGA of the SRI product 50A. 
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Figure 1.1.1.2.7 (9).  TGA of the SRI product  61A. 
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Figure 1.1.1.2.7 (10).  TGA of the SRI product  42A. 
 
1.1.1.2.7.3  Static Adsorption Tests 
 
Static Adsorption tests were conducted by Adsorption Research Inc., a subcontractor.  Within the 
reporting period, adsorption isotherms for only one SRI sample was determined for CO2 and N2.  The 
results are shown in Figure 1.1.1.2.7(11). ARI noted that the CO2 isotherm did not level off even at the 
highest pressures they tested (15 psia or 1 atm).  Because flue gas contains about 5% CO2, this pressure of 
CO2 corresponds to pressurizing the flue gas to 20 atm.  This result is consistent with a very high capacity 
of the material to adsorb CO2.  ARI estimates the selectivity of the material for CO2 vs. N2about 8.  Some 
of the points in each of the isotherms were recorded during pressurization, while others during 
depressurization.  The fact that both sets of points lie on the same line attests to fairly rapid diffusion and 
lack of any hysteresis.  Both of these features bode well for a PSA application. Tests with the Seki 
product and a reference material, silicalite, are under way. 
 
1.1.1.2.7.4  Next Steps  
 
The next steps include conducting dynamic tests in which simulated flue gas will be flown through a bed 
packed with pressed pellets of the 3-D complex.  We will monitor the breakthrough of CO2 from the bed 
as a function of flow conditions.  If we perform the breakthrough tests with powders, we are likely to 
encounter very large pressure drops and the results will not be relevant to a full-scale system that will 
likely use some kind of engineered pellets.  Ceramic materials are often pelletized by blending them with 
organic binders, extruding them, and burning off the binder.  This procedure leads to the development of 
meso and macropores that are essential for proper gas diffusion through the bed.  However, we cannot use 
this method for copper terephthalate, because the material itself will be thermally degraded.  Alternate 
strategies for pelletization include simple pressing into disks, or drying slurries into monolithic structures.  
For the present project, we will prepare pressed disks, which will be broken into pieces and sieved before 
packing them in beds for the breakthrough tests.  We have prepared many disks by pressing the 3-D 
complex.  The disks retain their integrity during shipment from SRI in California to ARI in Ohio.  We 
therefore believe that simple pressing will be adequate at least for the laboratory tests. 
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The breakthrough tests data will yield parameters that will help us design a laboratory PSA system, whose 
performance will then be used in a process model to design and estimate the cost of a full scale PSA 
system.  We have already received the flow conditions and product specifications from the CCP and 
expect to complete the tasks on time. 
 

 
Figure 1.1.1.2.7 (11).  Adsorption isotherms for CO2 and N2 with SRI high surface area product. 
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1.1.1.2.8  Conclusion 
 
 
We have made substantial progress in developing a synthesis process for the copper terephthalate•TED 
complex.  Although the process has not been optimized, our research has identified some of the key 
parameters to minimize side product formation.  We have developed a preferred procedure that gives us 
high quality product in terms of surface area.  In some respects, the product we have obtained appears to 
be superior to the one we recently received from Dr. Seki.  The XRD spectra and TGA profiles of SRI 
products are very similar to those of Dr. Seki. 
 
In static tests we have shown that the SRI product absorbs CO2 at room temperature, and because there 
was no leveling off in the isotherm at the highest pressures tested, the 3-D complex appears to have a very 
high capacity.  High capacity is important because it reduces the overall size of the bed and the attendant 
compressors of a PSA system, and directly reduces the capital and operating expenses. 
 
In preparation of the next series of dynamic tests in which we monitor the breakthrough of CO2 through 
packed beds, we have made pressed disks from the 3-D complex.  The disks retain their integrity during 
normal handling and shipping and thus appear to have adequate mechanical strength for use in a packed 
bed.  The breakthrough tests will help us design a laboratory PSA system, whose performance will be 
used to design a full-scale system.  Capital and operating expenses for this full-scale system will then be 
estimated by using SRI’s Process Economic Program model. 
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1.2.1.1.1.1  Abstract 
 
Colorado School of Mines (CSM) and TDA Research, Inc. will collaborate for developing a 
sulfur tolerant, Pd-Cu alloy composite, water-gas-shift membrane reactor which will be used to 
convert CO in a sulfur contaminated synthesis gas feedstock to pure hydrogen and CO2. The 
membrane reactor approach will allow the simultaneous production of a hydrogen permeate 
stream while maintaining the CO2 rich stream at high pressure. Pd-Cu alloys have been shown to 
resist poisoning by H2S.  The fabrication processes developed at the CSM allows preparation of a 
composite membrane with a micron thick palladium alloy layer, providing high flux and 
acceptable selectivity at the minimum cost.  The advantages of these membranes for processing 
of sulfur containing synthesis gas will be: 
 

• High H2 flux 
• Sulfur tolerance, even at very high total sulfur levels 
• Operation at temperatures up to 500°C 
• Resistance to embrittlement and degradation by thermal cycling 

 
This final report discusses our work on the membrane water gas shift reactor research from the 
CO2 Capture Project.  In the Phase I research, CSM developed various Pd-Cu alloy membranes 
and characterize them to determine composition, microstructure, and separation performance at 
high temperature conditions characteristic of operation in a membrane reactor for the water gas 
shift reaction.  First, several candidates were quickly screened and then the best samples were 
tested in detail to measure mass transfer and kinetic parameters at TDA under representative 
conditions.  In the Phase I work, we also assessed the effects of contaminants, H2S in particular, 
and potential of coke formation.  Long-term durability of the membranes was evaluated.   
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1.2.1.1.1.4  Introduction 
 
1.2.1.1.1.4.1  Project Description 
 
There is a need to capture the hydrogen available in residual oil feeds and high sulfur feedstocks 
without releasing CO2 and sulfur containing gases into the environment.   By using a membrane 
water gas shift reactor, the CO in the syngas from a gasifier can be converted to a hydrogen rich 
fuel gas stream and a CO2 rich stream, which can with the minimum of further treatment be 
compressed and sent to geologic sequestration. 
 
Colorado School of Mines (CSM) and TDA Research, Inc. will collaborate for developing a 
sulfur tolerant, Pd-Cu alloy composite, water-gas-shift membrane reactor which will be used to 
convert CO in a sulfur contaminated synthesis gas feedstock to pure hydrogen and CO2. The 
membrane reactor approach will allow the simultaneous production of a hydrogen permeate 
stream while maintaining the CO2 rich stream at high pressure. Pd-Cu alloys have been shown to 
resist poisoning by H2S.  The fabrication processes developed at the CSM allows preparation of a 
composite membrane with a micron thick palladium alloy layer, providing high flux and 
acceptable selectivity at the minimum cost.  The advantages of these membranes for processing 
of sulfur containing synthesis gas will be: 
 

• High H2 flux 
• Sulfur tolerance, even at very high total sulfur levels 
• Operation at temperatures up to 500°C 
• Resistance to embrittlement and degradation by thermal cycling 

 
1.2.1.1.1.4.2  Overall Objectives of Proposed Research 
 
The overall objective of the proposed project is to develop the membrane water-gas-shift-reactor 
technology to proof of concept.  In achieving this goal, the key research objective is 
demonstrating the feasibility of using sequential electroless plating to fabricate Pd60Cu40 alloy 
membranes on porous supports for H2 separation.  Another important objective of the proposed 
research is the demonstration of the membrane water gas shift reactor in a prototype unit.  If 
results show promise, TDA will carry out the fabrication of a bench-scale membrane reactor and 
evaluate the combined the performance of the Pd/Cu composite membranes developed by Prof. 
Way’s group and a sulfur tolerant shift catalyst in a single unit.  The data generated using the 
prototype reactor will serve as a basis for detailed engineering and cost analysis of the membrane 
water-gas-shift reactor.  Technological and economic merits of the overall project will also be 
evaluated.   

 
1.2.1.1.1.4.2.1  Phase I Objectives 
 
The Phase I research plan is designed to provide a fundamental understanding of: 

• Optimized membrane structure and Pd-Cu alloy composition 
• Effect of temperature and pressure on membrane performance 
• Effect of membrane thickness on hydrogen flux 
• Effect of H2S, CO, H2O on membrane performance 
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1.2.1.1.1.5  Executive Summary 
 
This final report discusses our work on the membrane water gas shift reactor research from the 
CO2 Capture Project.  In the Phase I research, CSM developed various Pd-Cu alloy membranes 
and characterize them to determine composition, microstructure, and separation performance at 
high temperature conditions characteristic of operation in a membrane reactor for the water gas 
shift reaction.  First, several candidates were quickly screened and then the best samples were 
tested in detail to measure mass transfer and kinetic parameters at TDA under representative 
conditions.  In the Phase I work, we also assessed the effects of contaminants, H2S in particular, 
and potential of coke formation.  Long-term durability of the membranes was evaluated.  Some 
of the research results were highlighted as follows: 
 
• A membrane permeation system at TDA was built for extensive sulfur testing on the Pd-Cu 

membrane.  Testing of the membrane under WGSR conditions was also completed using the 
automated system at TDA. 

• A binary gas permeation system was built at CSM for H2S testing on the Pd-Cu membrane.  
• A membrane (#28) with essentially infinite selectivity (H2/N2 ~ 70,000) and high flux (0.36 

mol/m2s) has been synthesized for sulfur and WGSR condition testing.  The membrane 
(thickness ~ 12 micron) was supported on an alumina tube. 

• A continuous flow through reaction system was built for catalytic study of the Pd-Cu 
membrane using gas chromatography detection and mass spectrometry.  Initial studies 
showed the Pd-Cu membrane was active for the water gas shift reaction (WGSR).  
Characterization studies using scanning electron microscopy (SEM) and electron dispersion 
spectra (EDS) show the presence of Pd and Cu on the top-layer as well as within the support. 

• High temperature sealants were tested in an attempt to repair small membrane or support 
defects.   

• Completed binary runs with WGS gases and H2 at varying temperatures. 
• Characterized membranes using EDS and SEM to determine alloy composition and 

thickness.  
• Two separate plating systems were used to eliminate cross contamination of Cu and Pd 

plating solutions. 
• Different (20 nm and 50 nm particle size cut-off) top- layer support tubes have been used to 

determine the most effective pore size to plate the Pd-Cu membrane. 
• Work was done on the stainless steel Pall Accusep?  tubes.  Palladium was successfully 

plated on the membrane though some problems with corrosion of the metal support and 
problems with the design of the welded seals need to be addressed.  We are working with 
engineers at the Pall Corporation to address these problems. 

• 2 membranes were tested under CCP protocol WGS conditions with stable properties until 
addition of H2S + H2O combination. 

• H2S testing on the Pd-Cu membranes using binary 1000 ppm H2S/H2 mixtures was 
completed at CSM.  Results are qualitatively consistent with those described in the TDA 
reports.  The H2 flux is inhibited (reduced) compared to pure H2 values. 
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1.2.1.1.1.6  Experimental 
 
1.2.1.1.1.6.1  Membrane Preparation and Characterization 
 
The fabrication of the Pd-Cu alloy composite membranes is Confidential Business Information.    
 
1.2.1.1.1.6.2  Improvements In Membrane Preparations  
 
High Temperature Sealants:  Most of the membranes tested in the project did no t meet the 
criteria for high hydrogen selectivity.  In addition to the defects in the film, the gas leaks from 
the seals were the major reason for the low selectivity in most of these preparations.  A number 
of possible high temperature sealants were tested in an attempt to seal the leaks and to increase 
selectivity.   
 
Small defects include cracks in the glaze, cracks in the support or sections of the Pd-Cu film, 
which did not adhere to the support due to imperfections in the support.  These imperfections 
may include boulders or pinholes in the support.  These types of imperfections are shown in 
Figures 1, 2, and 3.  The sizes of the boulders are actually many times the thickness of the actual 
Pd-Cu film so this may cause obvious problems.  These defects may be overcome by 
synthesizing thicker membranes, but it causes the membrane performance to decline.  Some of 
these imperfections have been identified using SEM.   
 
The high temperature sealants enabled us (at some extent) to use many membranes that have 

small defects.   
Figures 1 & 2.  Location of membrane defects & Support defects 
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Figure 3.  SEM of ceramic support showing holes and boulders, which can cause small defects in the Pd-Cu alloy 
film. 
 

1.2.1.1.1.6.3  Membrane Characterization 

 
 

Figure 4.  SEM image of two distinct layers of Cu between a Pd layer before annealing. 
 

 
Through the course of the project, we characterized a large number of membranes using physical and 
chemical techniques to acquire a fundamental understanding for failure mechanisms.  We also 
characterized few preparations where the stainless steel Accusep tubes were used as the support (Figure 
4).  Palladium was successfully plated on the zirconia top-layer of the support though problems with 
corrosion of the stainless steel support still need to be addressed (Figure 5).   
 

 
The Pd-Cu alloy membranes are presently being plated on 20 nm and 50 nm pore size zirconia top-layer 
alumina supports.  Thinner membranes can be fabricated on the 20 nm supports with fewer defects.  This 
is probably due to the smaller pore size, which can be filled more readily with the Pd.  However, the 
smaller pore size may mean adhesion strength to the support may decrease and delamination of the Pd 
film may occur more readily.  This was the case when plating the membrane on similar 5 nm pore size 
alumina top-layer alumina supports.  Membranes have also been fabricated on 200 nm pore size alumina 
supports, but the typical membrane thickness was approximately 10 µm.  The hypothesis that higher 
resistance to H2 permeation with the smaller pore size needs to be examined. 
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Figure 5.  SEM of Pall Accusep tube with Pd plated on the zirconia top-layer. 
 
 

 
Defects in the zirconia top-layer of the support also present problems when trying to plate a thin uniform 
metal film less than 5 microns.  We are working with Pall to either modify their support or our plating 
procedure.  Finding a feasible stainless steel support would simplify and solve many issues we are 
presently dealing (i.e., sealing) with the ceramic supports. 
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1.2.1.1.1.6.4  Development of an Testing System for Membrane Evaluations  
 
A membrane testing system was constructed at TDA for extensive evaluations of the membranes 
using representative gas mixtures that involve H2S.  The P&ID of the WGS membrane reactor 
system is shown in Figure 6. 
 
The separation module is 50.8 cm in length and consists of a 2.5 cm O.D. shell and a 0.6 cm 
O.D. inner tube both made from SS 316 tubing (0.124 cm thickness).  The membrane is centered 
and attached to the tube by Swagelock fittings.  A schematic and photograph of the separation 
and membrane module are shown in Figures 7 and 8, respectively. 
 

 
Figure 6.  Schematic of the WGS membrane reactor system constructed at TDA. 
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Figure 7.  Schematic of membrane reactor with shell and tube. 
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Figure 8.  Photograph of membrane module with shell and tube. 
 
The gases pass through the membrane at temperatures up to 600oC at 300 psig.  The pressure of 
the system was controlled with a Badger pressure control valve located at the downstream of the 
membrane module.  Electronic mass flow controllers were used to introduce the gas streams of 
H2, CO, CO2, and H2S as well as N2 used as an inert and sweep gas.  Introduction of H2O into the 
system was accomplished with a high-pressure liquid pump.  The feed gas mixture was either 
directed through the membrane module or through a by-pass loop for the analysis of the feed gas, 
as desired.  Prior to separation, these gases were heated to about 300oC and mixed at the module 
inlet.   

 
 

Figure 9.  Membrane module. 
 
The gas stream exiting the module or by-pass loop was then directed into two SRI Model 8610A 
gas chromatograms (GC) and appropriate gas analyzers, which enabled simultaneous monitoring 
of both permeate and retentate streams.  Following GC sampling, a condenser/desiccant 
assembly removed all the humidity before these streams were fed to the CO, CO2, and H2S 
analyzers (the analyzers also have CH4 measurement capability).   
 
Control E/G software was in place to control the apparatus in order to provide unattended 
operation (including unattended overnight tests).  The software controlled the parameters of the 
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system including reactant flow, furnace temperature, and system pressure, as well as the product 
gas analyzers and gas chromatograms.  Safety precautions were also in place using Control E/G 
software.  In the case of overheating, over pressurization, or a hazardous gas leak, the software 
automatically followed a procedure for appropriate shutdown of the system.   
 

1.2.1.1.1.6.5  H2S Analysis 
TDA also developed analysis techniques to measure H2S using a GC and an on- line analyzer.  
We also identified analytical methods for H2S measurement at a range of concentrations (Table 
1).  For the analysis, we used an on- line trace gas analyzer from Zellweger Analytical to measure 
H2S concentrations in 0-50 ppm range.  A gas chromatogram (GC) equipped with a flame 
photoionization detector (FPD) was used to measure H2S concentrations in 100-5,000 ppm 
range.  Because the sensitivity of the FPD detector is reduced at high sulfur concentrations due to 
over saturation of the detector, the GC was also supplemented with a thermal conductivity 
detector (TCD) to measure hydrogen sulfide concentrations above 5,000 ppm. 
 
Table 1.  Methods for H2S analysis  

Concentration, ppm Analysis Technique
0-50 On-line trace gas analyzer

50-5,000 GC/FPD
>5,000 GC/TCD  

 
The optimization of the GC methodology and calibration fro H2S at arrange of concentrations 
were carried out before each test.   
 
In addition to the extensive multi- flow system at TDA, a binary gas membrane permeation 
system was built at CSM for testing with H2S/H2 binary mixtures.  Tests were run to determine 
the effect of H2S concentration on membrane selectivity and flux versus time. 
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1.2.1.1.1.7  Results and Discussion 
 
1.2.1.1.1.7.1  Binary Experiments 
 
During the initial stages of the project, we carried out binary experiments to evaluate the effects 
of individual WGS components on membrane performance. 
 
Membrane #28 – Infinite Selectivity:  The major highlight of the research was the synthesis of a 
Pd-Cu membrane (#28) that exhibited close to infinite selectivity.  In other words, only H2 can be 
seen to permeate through the membrane.  Nitrogen cannot be detected on the permeate side using 
a flow meter with a flow rate resolution of 0.01 cm3/min.  This means that the H2/N2 ideal 
selectivity for this particular membrane is at least 70,000.  The membrane thickness has been 
estimated to be approximately 12 µm based on plating time.  Though this membrane was thicker 
than previous membranes synthesized at CSM, the H2 flux was still a respectable 0.36 mol/m2 s 
at 450 °C at a transmembrane pressure of 428 kPa = 50 psig.  The pure H2 flux for membrane 
#28 is close to those reported by Edlund for commercial Pd-Cu foil membranes with thicknesses 
ranging from 15 to 25 µm.  A plot of the H2 and N2 fluxes for membrane #28 are given in Figure 
10. 

 
Figure 10.  H2 and N2 fluxes versus time for a 12 ?m thick Pd-Cu membrane at increasing temperatures and 
transmembrane pressure of 428 kPa. 
 
The flux in units of moles/m2•s can easily be converted to cm3(STP)/cm2•s by multiplying the 
moles/m2•s value by 2.24.  For example, the steady-state H2 flux at 450 °C for the membrane 
data in Figure 10 is equal to a volumetric flux of 0.81 cm3(STP)/cm2•s for a hydrogen feed 
pressure of 62 psia.  The pressure dependence of this membrane has been measured several times 
during the 45-day permeation test.  Curiously, the n value in the hydrogen flux expression below 
is approximately 1, quite different than the usual Sievert’s law expression (square root pressure 
dependence, n = 0.5) expected for metallic membranes where atomic hydrogen is the permeating 
species.  The flux equation at 450°C for the membrane data is shown below: 
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                  J =
P
l p feed

n − ppermeate
n( )= 3.12 •10−3 cm 3(STP)

cm 2 • s • cmHg
p f − pp( )             (1) 

The proportionality constant in equation 1 is the permeance, having a value of 3120 GPUs for 
pure H2 at 450 °C.  A hydrogen permeance of this magnitude is about a factor of 10 larger than 
those reported for high performance, commercial polyimide membranes.  Pd-Cu membranes that 
are on the order of 1-2 ? m synthesized at CSM can have H2 fluxes as high as 1.1 mol/m2 s = 
2.46 cm3(STP)/cm2•s at similar feed pressures and temperature.  However, if the thickness of 
membrane #28 is really 10 – 15 µm, then its pure H2 permeability is the highest we have ever 
measured, close to the Pd-Cu foil membranes commercialized by Edlund. 
 
 
1.2.1.1.1.7.2  Evaluation of the Effects of WGS Gases on Membrane Performance 
 
In addition to the H2/N2 binary experiments, we also tested the effects of CO, CO2 and H2O by 
exposing the membranes to the mixtures of these gases with hydrogen. 
 
Effect of CO2:  We exposed the membrane to a gas mixture of 50% vol. CO2 in H2 (balance) at 
72 psia, while maintaining a CO2 partial pressure similar to that provided in the test protocol.  
Figure 9 presents the hydrogen permeation rate as a function of time.  We first measured the 
permeation rate and selectivity at 350oC, recording a permeation rate of 320 sccm and a 
selectivity of 22.  We then ramped the temperature up 1oC/min to 450oC for a 15 hr overnight 
testing.  As indicated, at 450oC, the hydrogen permeation rate stayed fairly constant, while the 
selectivity went through a maximum of 55 and then stabilized at 28 (the selectivity is calculated 
as the H2/CO2 molar ratio in the permeate stream).   
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Figure 11.  Total flux and temperature versus time using a 50/50 CO2/H2 mixture at 72 psia. 
 

 
 

Figure 12.  Effect of temperature and time on membrane binary selectivity using a 50/50 CO2/H2 mixture at 72 psia. 

 
During this test, we continuously monitored both permeate and residue streams to observe the 
extent of possible side reactions catalyzed by the Pd-Cu film by using two gas chromatographs 
and on- line CO, CO2, CH4 analyzers.  The product gas distribution as a function time is 
presented in Figure 13. 
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Figure 13.  Effect of temperature and time on membrane reaction product distribution using a 50/50 CO2/H2 
mixture at 72 psia. 
 
 
Introduction of H2/CO2 binary promoted formation small amounts of CO and CH4, possibly due 
to reverse water-gas-shift and methanation (Sabatier) reactions: 
 

CO2(g) + H2(g) = CO(g) + H2O(g) 
CO2(g) + 4H2(g) = CH4(g) + 2H2O(g) 

 
In the overall scheme, the carbon conversion (CO2 conversion into CO and CH4) was less than 
2.5% (the conversion is normalized based on feed flow and assuming a similar flux of these 
components through the membrane). 
 
Effect of CO:  Following the H2/CO2 binary, we activated the membrane in hydrogen flow in an 
attempt to remove any absorbed surface species, until maintaining a stable hydrogen permeation 
rate.  Following hydrogen activation and annealing at 450oC for 10 hrs, we fed 10% CO and H2 
(balance) at 68 psia to provide a CO partial pressure of 7 psia.  We carried out the same 
temperature sequencing as we did for the H2/CO2 binary. 
 
As presented in Figure 12, we observed an increase in the permeation rate as a function of time, 
where the H2 selectivity stabilized at 30 at 450oC (Figure 14).    
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Figure 14.  Effect of temperature and time on permeate flux using a 10/90 CO/H2 mixture at a total pressure of 68 
psia. 

 
Figure 15.  Effect of temperature and time on membrane binary selectivity using a 10/90 CO/H2 mixture at 68 psia. 
 
The CO2 and CH4 presence in the residue stream is indicative of CO conversion (Figure 15).  
Formation of the CO2 may be possible due CO disproportionation: 

CO(g) = C + CO2(g) 
 
This reaction is highly undesirable because it also forms a carbon residue, which may cover the  
membrane surface reducing the flux.  However, the extent of this reaction is small evident by the 
very low CO2 concentration.  We did not observe any decrease in permeation capacity due to 
inhibition by carbon formation.  It is important to note that these test conditions were harsher 
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(i.e., more prone to coking) than the actual operation, since the presence of high partial pressure 
of steam will remove any carbon deposits. 
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Figure 16.  Effect of temperature and time on membrane reaction product distribution using a 10/90 CO/H2 mixture 
at 68 psia. 
In experiments conducted after the CCP project ended, a 15 micron thick Pd-Cu alloy composite 
membrane was exposed to a CO2/H2 binary mixture for 30 h at 450°C and 1120 kPa.  Though the 
initial permeability of the membrane was only 10-8 mol/s/m2/Pa due to the thickness, the 
membrane had a hydrogen/nitrogen ideal selectivity of at least 150 and it did not change after 
exposure to the 50/50 hydrogen/carbon dioxide mixture. 
 
Effect of H2O:  Finally, we tested the effect of steam on membrane performance.  We carried out 
a similar membrane activation in hydrogen as described above to restore the initial permeation 
and selectivity.  Following activation and annealing under hydrogen at 450oC, we tested the 
effect of 7% H2O/H2 mixture on sorbent performance.  We measured a small decline in the 
permeation rate by water addition (Figure 17). 
 
We also measured very low quantities of CH4 and CO in the residue stream, indicating some 
possible interaction of surface carbon species with steam (Figure 18). 

 
C + H2O(g) = CO(g) + H2(g) 

C + 2 H2O(g) = CO2(g) + 2 H2(g) 
 
Presence of a large water partial pressure in the actual operation will be beneficial to the removal 
of any carbonaceous deposits. 
 



166 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 200 400 600 800 1000 1200

Time (min)

F
lu

x 
(m

ol
/s

/m
2 )

0

100

200

300

400

500

Te
m

pe
ra

tu
re

 (
de

g 
C

)

Temperature

Flux

 
Figure 17.  Effect of temperature and time on permeate flux using a 7/100 H2O/H2 mixture at a total pressure of 66 
psia. 
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Figure 18.  Effect of temperature and time on membrane reaction product distribution using a 7/100 H2O/H2 mixture 
at 66 psia. 
 
1.2.1.1.1.7.3  Non-linearity of Membrane Flux Equations  
 
In the flux equations provided to CCP, it was assumed that the permeance has a linear 
relationship to the transmembrane pressure difference; as the partial pressure of an individual 
component increases, the flux through the membrane increases linearly.  However, binary 
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experiments showed that the H2/CO2 separation improves as CO2 concentration increases (i.e., 
simulating conditions close to the exit of the membrane reactor).   
 
We were surprised with the performance of the thin PdCu membranes yielding high CO2 
concentrations on the permeate side.  Ideally, Pd membranes should have infinite selectivity to 
hydrogen since the separation mechanism is unique to hydrogen (surface adsorption and solution 
diffusion of atomic hydrogen in the Pd lattice).  Unfortunately, it is unlikely to achieve infinite 
hydrogen selectivity in practical operation due to the presence of defects in the film or in the 
graphite seals.  These defects create passages for other gases causing a decrease in hydrogen 
purity in the permeate stream.  Through the defects, provided that they are small, other gases can 
transport by Knudsen diffusion based upon the differences in the molecular weight (diffusion 
rate is inversely proportional to the square root of molecular weight).  However, during the 
binary tests and in the simulation of WGS gases, we noticed that the H2/CO2 separation factor 
was equal to or worse than those calculated for H2/H2O and H2/N2.  Thus, we concluded that 
mechanisms other than Knudsen diffusion are contributing to the transport of CO2 across the 
membrane. We speculate that CO2 (and CO) may follow a surface diffusion mechanism, in 
which the gas phase CO2 first chemisorbs on the surface and then spills over to the permeate side 
through defects by consequent adsorption and desorption (Figure 19).   
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Figure 19.  Knudsen diffusion vs. surface diffusion. 
 
Depending on the conditions, CO2 transport via this type of a mechanism may be faster than 
Knudsen diffusion, resulting in higher CO2 levels in the permeate stream in comparison to other 
gases, such as N2 or H2O.  Since the inert components do not chemisorb onto the surface, surface 
diffusion does not occur.  On the other hand, CO and CO2 have a high affinity to the copper 
surface at the conditions of interest (in fact copper-based catalysts are used for WGS or 
preferential oxidation of CO due their high affinity to CO even in the presence of high 
concentrations of H2).  Thus, surface diffusion as a transport mechanism is more probable over 
the Pd-Cu membranes and the low separation factors for CO2 and CO can be explained based 
upon this speculation.   
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However, it is important to realize that if surface diffusion is a dominant mechanism, the surface 
coverage of CO2 (and therefore its diffusion) will not be linearly dependent to the CO2 partial 
pressure.  Surface coverage can be best explained by Langmuir-Hinshelwood kinetics, and as 
shown in Figure 20, the CO2 coverage does not increase linearly with CO2 partial pressure (this 
isotherm is generated based on the equation: 

Surf. Coverage= kads[CO2]/(1+ kdes[CO2]) 
 
and only used for illustration purpose).  Therefore, as the CO2 concentration increases in the 
membrane reactor (since H2 permeates through the PdCu membrane), its flux may not 
necessarily increase as predicted by the flux equation due to saturation of the surface by CO2.  
Therefore, the flux equation developed for CO2 may not predict the separation performance of 
the membrane throughout the length of the reactor.   
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Figure 20.  Typical CO2 surface coverage profile. 

 
Based upon this hypothesis, we carried out few experiments using a H2/N2/CO2 ternary mixture 
and calculated the H2/CO2 and H2/N2 separation factors over a range of gas concentrations.  In 
these experiments, we observed that the H2/CO2 separation factor changes as a function of feed 
gas concentration (i.e., H2/CO2 molar ratio). 
 
In this experiment, after annealing membrane USF-AK-20-22, we flowed a H2/N2/CO2 mixture 
with a molar ratio of 50/25/25 and calculated separation factors of H2/N2= 10 and H2/CO2= 10 at 
450oC (Figure 21).  This result is in agreement with the hypothesis. Nitrogen permeation through 
the membrane occurs presumably via Knudsen diffusion, since it is inert and does not interact 
with the PdCu membrane.  If CO2 also permeated strictly by Knudsen diffusion, then the H2/CO2 
selectivity would be higher than H2/N2 as predicted by the square root of the inverse of the 
molecular weights.   
 
We then changed the composition of the feed gas to H2/N2/CO2 = 65/25/10 by increasing the H2 
in the feed, while maintaining the same conditions in the reactor (i.e., temperature, pressure).  At 
higher H2 concentrations, the H2/CO2 separation factor decreased to 4 (in a true Knudsen 
diffusion-based transport mechanism, this should stay the same). However, when we changed the 
feed composition to H2/N2/CO2= 25/25/50, simulating the conditions near the exit of the 
membrane reactor, we calculated an H2/CO2 separation factor of 28.  The H2 selectivity increased 
3 times in comparison to the 50/25/25 H2/N2/CO2 mixture.  We then revisited the initial condition 
and confirmed the similar hydrogen selectivity observed for the H2/N2/CO2= 50/25/25 mixture. 
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Figure 21.  Hydrogen selectivity for different H2/N2/CO2 tertiary mixtures. 

 
We believe that a further increase in the CO2 concentration would generate even better separation 
factors.  Surface diffusion slows down once the CO2 surface coverage approaches a saturation 
limit.  Near the saturation point, the CO2 permeation would not increase linearly as predicted by 
the flux equations provided to CCP.  Therefore, it is anticipated that the H2/CO2 selectivity, at the 
end of the reactor, would be higher than that predicted by the flux equation.  Although the 
H2/CO2 separation factor of 13 observed using the membrane USF-AK-50-16 is still less than 50, 
we believe that the PdCu membranes have a potential to meet the objectives and goals of the 
CCP for carbon recovery (please note that the starting H2/N2 selectivity for this membrane was 
only 18 at 450oC in comparison to 35 for the USF-AK-50-16 membrane).  This may be 
particularly true with the use of thicker membranes with less defects. 
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1.2.1.1.1.7.4  Effect of Alloy Composition 
 
We investigated the effects of PdCu alloy composition on the performance of the membrane and 
on membranes catalytic properties.  We compared several preparations in an effort to optimize 
the copper content for the desired application.  In addition to the Pd60Cu40 alloy composition, we 
identified that the Pd10Cu90 films had some favorable permeation properties. 
 
Membrane USF-AK-20-8 was prepared with an alloy composition of 90% Cu.  Due to the high 
Cu content H2 flux was low, but ideal H2/N2 selectivity was high (Figure 22).  A selectivity of 
100 was measured.  However, when the WGS composition was exposed to the membrane on day 
6, the H2 flux increased 5 times, while still no N2 flux could be measured. 
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Figure 22.  H2 flux and ideal H2/N2 selectivity versus time for membrane USF-AK-20-8. 
 
On day 7, a binary mixture of 50/50 H2/CO2 was introduced to the system and 12% conversion 
of the CO2 was detected to form CO and H2O (reverse WGS reaction).  Unfortunately, this 
membrane were not tested for durability in the presence of H2S because in an overnight test, H2O 
saturated the system lines and the membrane had to be removed due to the premature shutdown.  
We also prepared two membranes with Pd70Cu30 alloy composition.  Only 2% CO2 conversion 
was observed using these membranes USF-AK-50-2 and USF-AK-506, both of which had a Cu 
alloy composition of approximately 30%.  Hydrogen flux in these membranes was lower that 
that observed for the ones prepared with Pd60Cu40 films.  The samples with relatively lower 
copper concentration were also identified as catalytically less active.  
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1.2.1.1.1.7.5  Membrane Evaluation 
 
1.2.1.1.1.7.5.1  Membrane Evaluation with WGS Gases 
 
We carried out tests to measure the performance of the Pd-Cu membranes under the protocol gas 
conditions.  In this initial set of experiments, we measured the potential poisoning and inhibition 
effects of combined CO, CO2 and H2O gases (excluding H2S) on membrane performance under 
the conditions of interest.  To be able to demonstrate the full effects induced by these gases, we 
used a good quality membrane, USF-AK-50-6, that provides not only high flux but also high 
hydrogen selectivity. 
 
Table 3 describes the conditions that the membrane has been exposed during annealing and ideal 
selectivity measurements (ideal selectivity is defined as the ratio of the pure H2 and N2 fluxes 
through the membrane at a selected pressure differential) during the 16-day test.  Membrane 
USF-AK-50-6 was annealed in 2% H2/He at 30 psi for 10 days to assure complete interdiffusion 
of the Pd and Cu metals.  We observed hydrogen selectivity up to 170, and a reasonable flux 
during the annealing period.  Once a stable flux and selectivity maintained, a 50/50 H2/CO2 
mixture was then introduced to identify the effect of CO2 (as well as CO and H2O generated by 
the side reactions) on membrane performance.  We observed an increase in H2 permeation 
through the membrane (the flux increased from 0.12 to 0.184 mol/m2.s, accompanied with an 
increase from 170 to 250 in ideal selectivity).  Following binary experiments, we introduced CO 
into the reaction gases, while matching the component partial pressures representative of 
protocol gas.  We observed a similar effect on day 14 when CO was introduced with H2 and CO2 
(an increase in the flux and selectivity compared to ideal flows).   
 
Table 2.  Ideal selectivity (H2/N2) and H2 flux versus time at 62 psia and various temperatures and annealing gas 
conditions for membrane USF-AK-50-6. 
 

Pressure Temperature Time Flux Ideal Selectivity Annealing 

psig deg C day mol/s/m2 H2/N2 gas 

50 400 5 0.097 Infinite 2% H2/He 

50 400 6 0.097 Infinite 2% H2/He 

50 400 7 0.097 Infinite 2% H2/He 

50 450 9 0.118 Infinite 2% H2/He 

50 450 10 0.120 170 2% H2/He 

50 450 11 0.184 250 H2/CO2 
50 450 12 0.172 250 He 

50 450 13 0.153 30 H2/N2 

50 450 14 0.244 47 H2/CO/CO2 
50 450 15 0.223 250 He 

50 450 16 0.184 50 H2/CO/CO2/H2O 
     with He sweep 

 
Finally, we exposed the membrane to a simulated WGS synthesis gas with the composition of 

42/19/4/35:H2/CO2/CO/H2O on day 16 for 4 hours at 62 psia and 450°C (Figure 23). 
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Prior to this experiments, a 42/58 H2/N2 mixture was first introduced at 62 psia to the system for 
40 minutes to determine a baseline for hydrogen flux in the presence of inert nitrogen.  We then 
replaced N2, with the CO/CO2/H2O combination, while maintaining the same partial pressure 
across the membrane.  As can be seen in Figure 23, the flux through the membrane remained 

constant suggesting no inhibition or fouling of the membrane for the first 4 hours.   
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Figure 23.  Flux versus time after introduction of WGS synthesis gas to membrane USF-AK-50-6 at 62 psia and 
450°C. 
 

  
The hydrogen concentration in the permeate gas averaged at 88% vol.; with 7.0% vol. CO2, 2% vol. CO 
and 3.0% vol. H2O.  The H2 selectivity to CO, H2O and CO2 on an individual basis are shown in Figure 
20.  The H2/CO2 selectivity remained constant at 10 whereas the selectivities over CO and H2O increased 
with time, shortly after introduction of the WGS gases.  No decrease in the selectivity indicates the H2 
permeation was not inhibited by the presence of any of these gases.   
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Figure 24. Hydrogen selectivity to CO, H2O and CO2 for 4 hours using membrane USF-AK-50-6 at 62 psia and 
450°C. 
 
1.2.1.1.1.7.6  Membrane Evaluation in the Presence of Sulfur 

 

We initiated sulfur tests, first by carrying out binary experiments.  In the initial tests with H2S, we used 
membranes with mediocre performance capability.  The objective of these tests was to ensure flaw free 
operation of the system components in the presence of H2S and detection and demonstrate the analytical 
capabilities of the H2S detection system.   
 
Following the diagnostic experiments, we tested membrane USF-AK-20-9.  After annealing in He for 5 
days, we exposed it to 100 ppm H2S in an 8 hr test.  Before H2S exposure, the membrane had a steady 
state flux of 0.137 mol/s/m2 and H2/N2 ideal selectivity of 23 at 450°C and 40 psig.  Although not 
superior, its performance was satisfactory for initial H2S testing.  Addition of 100 ppm H2S to 50/50 
H2/N2 mixture caused a decrease in H2 flux from 0.137 to 0.081 mol/s/m2 , indicating a ~40% reduction in 
the hydrogen flux due to sulfur inhibition.  As a result of the reduced hydrogen flux across the membrane, 
hydrogen selectivity also decreased from 23 to 11 during the 8 hr test.  However, it was encouraging to 
observe that after the first one hour of H2S introduction, the flux through the membrane stabilized, 
suggesting that the Pd-Cu membranes can operate in an H2S environment with stable hydrogen flux, even 
with a decline in its performance.   
 
Following the H2S experiment, a 20% H2O/H2 mixture was used to sweep H2S from the membrane for 2 
hour.  The 20% H2O/H2 sweep increased the H2 flux to 0.093 mol/s/m2 and ideal selectivity to 19.  Thus, 
it is anticipated that in the presence of steam effect of H2S on sorbent performance will be less severe.  
Figure 25 presents these results in a graphic form.  In addition, we also observed an increase in the ideal 
selectivity to 28 by purging the membrane with He overnight after the steam exposure increased. 
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Figure 25.  Effect of H2S exposure on H2 single gas flux and H2/N2 ideal selectivity at 40 psig and 450°C. 
 
We also tested the performance of the Pd-Cu membranes using high sulfur WGS gases.  We first 
tested membrane USF-AK-50-16; it was exposed to a 42/58 H2/N2 mixture (the hydrogen 
concentration matches the protocol conditions) and then to the WGS gases (excluding H2S) to 
obtain a baseline for the flux and selectivity in the absence of H2S.  We observed a decrease in 
selectivity and increase in total flux in the presence of WGS gases in comparison to those of 
observed in the H2/N2 binary (Figure 26).  Following the baseline experiments, we introduced 
700 ppm H2S into the WGS gases and initiated a test simulating protocol gas conditions.   
 
With the introduction of H2S, we observed a sharp increase in flux and a decrease in selectivity 
to very low levels, close to Knudsen diffusion.  These results suggest that the combination of 700 
ppm H2S and H2O caused significant degradation in membrane performance (i.e. creating defects 
in the film).  We speculate that the combination of H2O or H2S gases is causing the problems, 
since previous work suggest that neither of these gases alone did not deteriorate the membrane 
performance to such significant extent.  
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Figure 26.  Flux and selectivity as a function of run time for membrane USF-AK-50-16 exposed to H2/N2, WGS 
mixture, and finally WGS mixture + 700 ppm H2S.  T = 350 °C, feed pressure = 60 psig. 
 
To fully understand the effects of sulfur on membrane performance and identify at what sulfur 
levels that the membrane can be operated, we tested another membrane USF-AK-50-26 in high 
sulfur environment.  In this second set of tests, was first exposed the membrane to a 42/58 H2/N2 
mixture at where the 60 psig feed pressure and 450 °C to establish a baseline for membrane 
parameters, hydrogen permeance was 0.0027 mol s-1 m-2 psia-1 (Figure 23) and the H2/N2 perm-
selectivity was approximately 6 (Figure 24).  The initial selectivity was low (H2/N2 = 5-7) due to 
problems with adhesion of the Pd-Cu alloy film to the ceramic support.  The poor adhesion has 
been a recurring problem since late last fall and the cause is under investigation.  It is possible 
the ceramic support manufacturer in France (Exekia) has made some processing changes that 
changed the surface chemistry of the support.  Although the membrane was not high quality (i.e., 
the separation factor was far below that is required by the application), we exposed it to sulfur at 
various concentrations ranging from 20 ppm to 630 ppm.  The initial tests were carried without 
any water, using a H2/N2/H2S mixture (42/58/20 ppm).  With the addition of 20 ppm H2S, 
initially the total permeance decreased from 0.0027 mol s-1 m-2 psia-1 to 0.0018 mol s-1 m-2 psia-1 
(Figure 27).   However, through the course of the 18 hr test, we observed that the some of the 
decrease in the flux is recovered and a 0.0022 mol s-1 m-2 psia-1 permeance was established.  We 
believe the decrease in the flux is due to sulfur inhibition effect.  It is most likely that the sulfur 
occupies the sites that are used for dissociative hydrogen chemisorption. As a result of the lower 
hydrogen flux (i.e., due to the inhibition by sulfur), hydrogen selectivity decreases from 6 to 3.5 
in the permeate gas. 
 
After 18 hr operation at 20 ppm H2S flow, we increased the inlet H2S concentration to 115 ppm 
for 8 hours and then to 630 ppm H2S for another 6 hours.  We observed similar trends for 115 
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and 630 ppm H2S cases; the initial decrease in the permeance and selectivity with the addition of 
H2S was partly recovered and stable values established during the course of the test.   After 
exposure to H2S, the membrane was swept with N2 overnight and then we introduced the 42/58 
H2/N2 mixture into the membrane module, the baseline case, to observe changes in membrane 
performance.  An increase in total permeance and a decrease in H2/N2 selectivity can be seen 
compared to the original binary data. 
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Figure 27.  Total permeance vs. time for membrane USF-AK-50-26 exposed to H2/N2 and H2S (20-630 ppm).  Feed 
pressure = 60 psig, T = 450 °C. 
 
 
During the 72 hr test, we continuously monitored the H2S concentration in the retentate stream.  
Figure 29 presents the retentate H2S concentration as a function of time.  It is interesting to note 
that some of the H2S was adsorbed by the membrane and (partly by the reactor lines), however, 
at the end of each test, we observed that the H2S concentrations in the retentate stream is close to 
the inlet value.  Only for the 630 ppm H2S inlet condition, we observed higher than expected 
values in the retentate stream, most probably due to the non- linearity in the GC calibration. 
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Figure 28.  Binary H2/N2 selectivity vs. time for membrane USF-AK-50-26 exposed to H2/N2 and H2S (20-630 ppm). 
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Figure 29.  Retentate H2S concentration vs. time for membrane USF-AK-50-26. 
 
After the tertiary H2/N2/H2S mixture data were taken, steam was introduced at 35% of the feed 
without H2S.  An increase in total permeance (Figure 30) and a decrease in H2/N2 selectivity 
were detected.  A small residue concentration of H2S (25-40 ppm) was also detected in the H2S 
retentate GC.  Once again, the small amount of H2S + H2O mixture may have created small 
defects in the membrane which produced the results as seen before with membrane USF-AK-50-
16. 
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Figure 30.  Total permeance vs. time for membrane USF-AK-50-26 exposed to H2/N2/H2O and small residue 
concentration of H2S (25-40 ppm). 
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1.2.1.1.1.8  Conclusion 
 
In the CCP project, TDA and CSM demonstrated that Pd-Cu alloy composite membranes are promising 
candidates for the WGS membrane reactor application.  These membranes can be developed to achieve 
high hydrogen flux with very high selectivity.  Some of the specific conclusions are as follows: 
 

• Through the course of the CCP work, our group prepared thin films on ceramic supports that can 
separate hydrogen with a flux of 0.36 mol/m2.s while maintaining an ideal selectivity of 70,000.   

• In this research, may be for the first time, Pd-Cu alloy membranes were tested under WGS 
reaction conditions with high sulfur concentrations. 

• The binary gas experiments with H2/CO, H2/CO2 and H2/H2O showed that hydrogen can be 
separated from these mixtures without any significant degradation in the membrane performance. 

• The binary gas experiments also showed that the Pd-Cu alloy films do not catalyze any 
undesirable side reactions to any significant extent. 

• The membranes exposed to the H2S-free WGS stream performed reasonably well, achieving 
H2/CO, H2/CO2 and H2/H2O selectivity of 20, 12 and 18, respectively. We observed that the 
separation factor decreased with the addition of the mixture gases. 

• The H2/H2S binary gas experiments showed that in the presence of H2S, the hydrogen flux 
decreases due to inhibition by sulfur inhibition.  Under dry gas streams, where no water vapor 
was present, a lower (up to 30 to 40% of the original flux) but stable hydrogen flux can be 
maintained at 20 ppm, 115 ppm and 600 ppm H2S inlet concentrations.  The membrane also 
maintained its integrity when exposed to H2S. 

• In two attempts, however, the membranes failed when exposed to WGS gases with 630 ppm H2S 
(protocol conditions).  In these experiments, overall gas flux increased and the separation 
effectiveness decreased to Knudsen diffusion level.   

 
1.2.1.1.1.8.1  Recommendations  
 
The simulation results provided by Fluor predicted low carbon recovery due to poor membrane 
selectivity.  We are confident that we can fabricate membranes of higher selectivity as seen with 
membrane #28.  Unfortunately, we encountered problems with membrane adhesion to the ceramic 
supports, which needs to be addressed.  We strongly believe that preparation of defect-free membranes 
with high temperature sealants is key to demonstrate the real potential of these materials.  
Recommendations for the future work are as follows: 
 

• It is important to note that the simulation results were based on membranes that had already a low 
selectivity to start with.  It is important to identify the reasons that cause low hydrogen separation 
factors.  

• Most of the sealing problems can be eliminated if these films can be prepared on porous stainless 
steel (PSS) supports.  We only made a few attempts to use PSS supports, however, a more 
through investigation is needed to develop preparation procedures that lead to high performance 
membranes. 

• Preparation of thicker membranes may improve the performance and eliminate the defects in the 
film to enable the desired separation goals.  In support of this hypothesis, after the CCP project 
ended, a 15 micron thick Pd-Cu alloy composite membrane was exposed to a CO2/H2 binary 
mixture for 30 h at 450°C and 1120 kPa.  Though the initial permeability of the membrane was 
only 10-8 mol/s/m2/Pa due to the thickness, the membrane had a hydrogen/nitrogen ideal 
selectivity of at least 150 and it did not change  after exposure to the 50/50 hydrogen/carbon 
dioxide mixture. 
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• The fundamental reasons that caused failure of the membrane induced by the H2S and H2O 
combination needs to be understood.  It is interesting that only the combination of these 
components seems to deteriorate the membrane where the single gases do not.   

• Films made out of different metal alloys such as Pd-Au are also resistant to copper and may 
survive under a high sulfur environment and at high steam partial pressures.  In particularly, if the 
failure is due to the copper (i.e., formation of surface species between copper and sulfur that has 
higher molar volume that cause the delamination of the film), investigation of new sulfur resistant 
alloys will become more important.   

 
 
1.2.1.1.1.9  References 
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1.2.1.1.2.1  Abstract 
 
The aim of this project is to develop the water gas shift membrane reactor technology to proof of concept. 
ECN’s tasks are development of tubular microporous silica membranes for use in the reactor, silica 
membrane testing and development of a software model of the membrane reactor. 
 
Microporous silica membranes have been made according to current standard recipes for immediate use 
in the test programme. With standard silica membranes the flux criteria of 0.1 mol/sm2bar can be met 
when no water is present in the feed. However, with water in the feed the flux drops to a value, which is a 
factor 3 below the target. At the start of the project it was clear the permselectivity criterion of 100 was 
too high for microporous membranes, a maximum H2/CO2 permselectivity of 39 was measured for 
standard silica membranes. Selectivity improvement was focused on higher sintering temperatures, but 
increase of the H2/CO2 selectivity has not been experimentally proven. H2S has no detrimental effect on 
a standard silica membrane and the H2/H2S selectivity is very high. Under the process conditions, so 
including water, the stability of the silica membrane is limited to days. For the separation of hydrogen 
from a mixture with CO2/CO/H2O the hydrothermal stability has been improved by using modified silica 
structures by incorporating alkyl-groups (ECN patent pending). The modified silica membrane is stable 
for more than 1000 hours under simulated steam atmosphere testing.  
 
A software model of the water gas shift membrane reactor has been developed. The model simulates a 
countercurrent water gas shift membrane reactor with microporous membranes (silica and zeolite) and 
dense (palladium and proton conducting) membranes and copes with the isothermal and non-isothermal 
operation of the membrane reactor. The membrane reactor model is implemented as an Aspen Plus User 
Model (Aspen Plus, version 11.1) and is written in FORTRAN. 
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1.2.1.1.2.3  Introduction 
 
The CO2 Capture Project (CCP) is an initiative of ten major energy and oil companies to develop cost 
effective technologies for the Capture and Geologic Storage of carbon dioxide. This is to provide control 
options for CO2 from the combustion processes operated by these companies and others. 
 
CCP has invited selected organisations to make a proposal for the development of technology to produce 
hydrogen rich fuel gas. This can be used as a carbon-free fuel in refinery heaters, gas turbines and for 
power generation from fossil fuel feedstock by means of a water gas shift membrane reactor system. The 
envisioned application of a water gas shift membrane reactor is to convert the CO in the syngas from a 
gasifier to produce a hydrogen rich fuel gas stream and a CO2 rich stream which can be compressed for 
geological sequestration with minimum further treatment. 
 
The aim of this project is to develop the water gas shift membrane reactor technology to proof of concept. 
The system is to be designed for operation with sulphur containing feeds from a refinery, such as residual 
oil, fed to the gasifier. The project is divided into two phases. Phase 1 (12 month activ ity) involves 
membrane development and testing on four different membrane materials. The results from this work will 
be used to estimate membrane and reactor performance, and to determine which of the four membrane 
types will be selected for further development and application in a laboratory reactor system during phase 
2.  
 
ECN’s tasks are: 
 
Task 1A: Membrane Development 
Development of silica membranes for use in the reactor. ECN will manufacture tubular silica membranes 
according to current standard recipes for immediate use in the test programme. Specifically for the 
separation of hydrogen from CO2/CO/H2O it is foreseen that membrane development is necessary to 
improve hydrothermal stability by using modified silica structures by incorporating alkyl-groups (ECN 
patent pending) or halogenide groups or other microporous materials such as zirconia or titania. 
Membrane materials will be further developed with a focus on WGSMR application. If required 
according to new process schemes selectivity can be further increased by increasing sintering temperature 
(smaller pores) of the membrane or modifying the hydrolysis procedure. 
 
Task 1B: Testing of membranes 
Silica membrane testing using a model water gas shift composition under simulated operating conditions 
to determine permeation rate, selectivity, stability, mechanical integrity and resistance to contamination 
by sulphur, steam and other components of the feed gas. 
 
Task 1C: Modelling 
Development of a mathematical model of the membrane reactor with the capability to reflect four 
membrane types (silica, zeolite, palladium and proton conducting membranes) and to be integrated into 
process simulation package Aspen. ECN will supply the Aspen membrane software module to Fluor 
Daniel who may only use the module in and during the project. ECN will help and support Fluor Daniel 
in using the membrane software module in Aspen and develop relevant process flow sheet options. 
 
The technical progress of ECN in the DOE/WGS5 Water gas shift membrane reactor development study 
is described in this report. The key developments are given in 1.2.1.1.2.5.1. In Tasks 1A and 1B the 
progress in membrane development and results of performance tests are described. The water gas shift 
membrane reactor model for Aspen flow sheeting is described in Task 1C. Finally some conclusions on 
the membrane development and testing are drawn in 1.2.1.1.2.8. 
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1.2.1.1.2.4  Executive Summary 
 
The CO2 Capture Project (CCP) is an initiative of ten major energy and oil companies to develop cost 
effective technologies for the Capture and Geologic Storage of carbon dioxide. One of the technologies to 
be developed is the production of hydrogen rich fuel gas to be used as a carbon-free fuel in refinery 
heaters, gas turbines and for power generation from fossil fuel feedstock by means of a water gas shift 
membrane reactor system. The aim of this project is to develop the water gas shift membrane reactor 
technology to proof of concept. ECN’s tasks are development of tubular microporous silica membranes 
for use in the reactor, silica membrane testing using a model water gas shift composition under simulated 
operating conditions and development of a mathematical model of the membrane reactor with the 
capability to reflect four membrane types (silica, zeolite, palladium and proton conducting membranes) 
and to be integrated into process simulation package Aspen. 
 
1.2.1.1.2.4.1 Key Developments  
 
• The maximum H2/CO2 permselectivity measured at 350°C for standard silica membranes calcined 

at 400ºC is 39. At a H2/CO2 permselectivity of 50 the hydrogen permeance is expected to be 
between 1 and 0.5*10-7 mol/m2sPa (= 0.01-0.02 cc (stp)/sec/cm2 at dP= 1 bar). Selectivity 
improvement is focused on higher sintering temperatures. Increase of the H2/CO2 selectivity by 
increasing the sintering temperature of the silica membranes has not yet been experimentally 
proven at ECN. Heat treating the modified silica membranes (with built in inert groups) at 600°C 
instead of 400°C did not increase selectivity. Also the majority of these membranes cracked and 
further testing was not possible. The hydrogen permeance, derived from the hydrogen partial 
pressure driving force during gas separation testing with a dry gas mixture is well above 0.1 
mol/s.m2bar, which is the target permeance for the application. 

 
• H2/H2S selectivity is 400. Three days testing with H2S has no detrimental effect on a standard 

silica membrane. Exposition of standard silica membrane to steam at 350ºC shows as expected a 
decline in permeance and selectivity. In 15 days the H2/CO2 selectivity decreased from 29.7 to 20.9 
and the hydrogen permeance with a factor of 3. Thermodynamic calculations at ECN with 
FactSageTM show that the hydrothermal stability of zirconia and titania is not expected to be 
significantly better than standard silica. ECN has focused on the modified silica membranes for 
improved hydrothermal stability. A modified silica membrane has been on stream in wet gas 
stability testing for 1000 hours and shows stable and reproducible performance. 

 
• Gas separation with a dry gas mixture showed that from a feed stream containing 35% hydrogen a 

permeate stream containing 75% hydrogen could be derived. The presence of water in the feed 
mixtures reduces the hydrogen permeance and hydrogen purity in the permeate compared to the 
tests without water. Values for Qo (permeance) and Eact (activation energy) to be used as input in 
the software model have been obtained for the different components in the feed mixture (H2O, H2, 
CO2, CO and H2S) through silica membranes. 

 
• A CD-ROM with the installation and sample files and the installation and operation manual of the 

first version of the water gas shift membrane reactor model has been sent to Fluor end of August 
2002. The model is running successfully at Fluor. Help on dealing with error messages and long 
execution times has been given to Fluor. Programming of the final version with both the Pd alloy 
and the proton conducting membrane was finished end October 2002. Both the temperature 
dependent hydrogen permeance and the flux equations of the dense membrane model have been 
extensively tested. A CD-ROM with the installation and sample files and the installation and 
operation manual of the final version of the water gas shift membrane reactor model has been sent 
to Fluor in November 2002. 
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1.2.1.1.2.5  Experimental 
 
Microporous silica membranes have been made according to current standard recipes for immediate use 
in the test programme. With standard silica membranes the flux criteria of 0.1 mol/s.m2bar can be met 
when no water is present in the feed. However, with water in the feed the flux drops to a value, which is a 
factor 3 below the target. At the start of the project it was clear the permselectivity criterion of 100 was 
too high for microporous membranes, a maximum H2/CO2 permselectivity of 39 was measured at 350°C 
for standard silica membranes. Selectivity improvement was focused on higher sintering temperatures, but 
increase of the H2/CO2 selectivity by increasing the sintering temperature of the silica membranes has not 
yet been experimentally proven. A value of 9 has been reached for the silica membrane under simulated 
process conditions. Under these process conditions, so including water, the stability of the silica 
membrane is limited to days. For the separation of hydrogen from a mixture with CO2/CO/H2O the 
hydrothermal stability has been improved by using modified silica structures by incorporating alkyl-
groups (ECN patent pending). The modified silica membrane is stable for more than 1000 hours under 
simulated steam atmosphere testing. H2/H2S selectivity is very high and three days testing with H2S has 
no detrimental effect on a standard silica membrane. Values for permeance and activation energy to be 
used as input in the software model have been obtained for the different components in the feed mixture 
through silica membranes. Thermodynamic calculations showed that the hydrothermal stability of other 
microporous materials such as zirconia and titania is not expected to be significantly better than standard 
silica. 
 
A software model of the water gas shift membrane reactor has been developed. The first version of the 
water gas shift membrane reactor software model with the microporous silica and zeolite membrane has 
been sent to Fluor end of August 2002. The final version of the water gas shift membrane reactor model 
with both the Pd alloy and the proton conducting membrane has been sent to Fluor in November 2002. 
The membrane reactor model simulates a counter-current water gas-shift membrane reactor and describes 
the non-isothermal and isothermal operation of the membrane reactor. The membrane reactor model is 
implemented as an Aspen Plus User Model (Aspen Plus, version 11.1) and is written in FORTRAN. A 
temperature dependent hydrogen permeance has been incorporated. The model is running successfully at 
Fluor. 
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1.2.1.1.2.6  Results and Discussion 
 
1.2.1.1.2.6.1  Task 1A: Membrane development 
 
1.2.1.1.2.6.1.1  Standard silica membrane manufacturing 
 
The first 3-6 months the work was focused on 'standard' silica membranes to get an overview of the 
performance and the stability of the membrane under WGS conditions. For this purpose several batches of 
tubular silica membranes have been made according to current standard recipes. The silica membranes are 
made in a batch process, with a maximum of 10 tubes each time. On the outside of alumina substrate 
tubes with a length of maximum 1 meter porous intermediate layers were coated in order to overcome the 
surface roughness. A so-called polymeric silica sol was made and coated on top of the intermediate layer. 
After calcining the membranes are ready for use. The pore size of the membranes is about 5Å and can be 
optimised for certain applications by e.g. modifying the silica sol or the calcining procedure. The 
separation layer of these membranes consists of a very thin (<200 nm) hydrophilic amorphous silica film 
on the outside of a multi-layer alumina support tube (see Figure 3.1). 
 

 
 

Figure 0.1  Scanning Electron Micrograph of a high-selective silica membrane  
 
The membrane tubes are made at a length of 1 meter and an ID/OD of 8/14 mm. Pieces of 10 cm have 
been cut from these tubes for use in the test programme of task 1B. An overview of properties of the 
support and membrane layer is given in Table 3.1. 
 
Table 0.1  Overview of properties of the support and membrane layer 

Layer Coating type Name Compound Thickness porosity Pore d50/nm 

1 - Extruded tube α-Al2O3 3000 µm 0.35 4000 

2 suspension alpha 1 α-Al2O3 30-50 µm 
 

0.22 180 

3 suspension alpha 2 α-Al2O3 30-40 µm 0.34 170 

4 Sol-gel gamma  γ- Al2O3 1.5-2.0 µm 0.5 3-5 

5 Sol-gel silica SiO2 50- 120 nm 0.5 <1 
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The quality of batches with tubular silica membranes has been checked by our so-called Helium-1-point 
test. The Helium-1-point test gives an indication of the defect density of the membrane. By comparing the 
results of the He-1-point test with gas permeation tests we found that the probability for sufficient gas 
separation properties is high enough when the 1-point He value is below 100 ml He/min.10cm.3bar. 
Silica membrane pieces have been selected on He value for use in the test programme of task 1B. Gas 
permeation tests have been performed with silica membranes with a He-value below 100 units. 
 
1.2.1.1.2.6.1.2  Hydrothermal stability and selectivity improvement 
 
1.2.1.1.2.6.1.2.1  Hydrothermal stability improvement 
 
Specifically for the separation of hydrogen from CO2/CO/H2O it is foreseen that membrane development 
is necessary to improve hydrothermal stability. The approach was taken to investigate the hydrothermal 
stability of modified silica structures which incorporate alkyl-groups (ECN patent pending). Small 
batches of tubular modified silica membranes with built in methyl groups have been made according to 
available recipes. Addition of methyl groups in the silica structure has been done by the addition of and 
reaction with methyltriethoxysilane (MTES), see Figure 3.2. Calcination temperatures (250 or 400°C), 
calcination atmosphere (air or nitrogen) and pre-treatment procedures have been varied during fabrication 
to determine the effect of these processing parameters on the gas separation performance. Pieces of 10 cm 
have been cut from these tubes for use in the test programme of task 1B. The modified silica membranes 
have been checked for their suitability and the gas separation performance has been compared with the 
‘standard’ membranes. 
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Figure 0.2  Simplified reaction scheme for silica and modified silica membranes 
 
Thermodynamic calculations at ECN with FactSageTM show that the hydrothermal stability of zirconia 
and titania is not expected to be significantly better than standard silica (Boer, 2002). At high temperature 
titania reacts with reducing agents such as carbon monoxide, hydrogen and ammonia to form titanium 
oxides of lower valency (Uhlmann, 1999). Titania reacts with chlorine in the presence of carbon above 
500ºC to form titanium tetrachloride.  
 
There are no prototype membranes made from zirconia and titania available which are suitable for 
hydrogen separation from carbondioxide. This will take a considerable development effort. Furthermore it 
is generally known that increased calcination temperatures of up to 600ºC will also improve the 
hydrothermal stability of silica materials. Therefore, regarding the existing time schedule, the CCP pre-
combustion team agreed to focus only on the modified silica membranes for hydrothermal stability 
improvement and on higher calcination temperatures for improved selectivity. 
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1.2.1.1.2.6.1.2.2  Maximum selectivity standard silica membranes 
 
Standard silica membranes made all in the same way show a variation in hydrogen permeance and 
H2/CO2 permselectivity. In order to know the range of variation an inventory has been made of the 
twenty-two membranes made and tested in the last two years. Only two of these membranes had a H2/CO2 
selectivity between 30 and 40 (see Figure 3.3).  
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Figure 0.3  Number histogram of H2/CO2 permselectivities at 350 0C and Pav=9.5 bar 
 
The average H2/CO2 permselectivity was between 5 and 15 (see Task 1B). The membrane used in the 
hydrothermal test had a H2/CO2 permselectivity higher than average (= 29.7). An overview of the 
performance of these three standard silica membranes with increased selectivity is given in the Table 0.2. 
When the membranes have a H2/CO2 permselectivity which is a factor 3 to 4 higher than standard they 
have a hydrogen flux, which is a factor 5 to 10 lower. From this data it is expected that the hydrogen 
permeance of a silica membrane with a H2/CO2 selectivity of 50 would be in the range of 1 to 0.5 x 10-7 
mol/m2sPa (= 0.01-0.02 cc (stp)/sec/cm2 at dP= 1 bar). 
 
Table 0.2  Overview performance standard silica membranes 

Temperature  350°C 

Membrane type H2 flux 
[cc (stp)/sec/cm2] 

H2/CO2 permsel. 

Average 0.22-0.67 (0.1-0.3) 5-15 
X2M62Si07 0.09 (0.041) 39 

X65Si02 0.036 (0.016) 33 
XT51Si53 0.084 (0.037) 29.7 

H2 flux between brackets in [mol/m2s], Pfeed= 10 bar, dP= 1bar 
 
1.2.1.1.2.6.1.2.3  Selectivity Improvement  
 
A possibility for increasing the selectivity of the silica membranes would be calcination at 600ºC. In the 
PhD work of R. de Vos (1998) it was reported that the H2/CO2 selectivity increases with at least a factor 
of 10 when the sintering temperature is increased from 400 to 600ºC. The hydrogen permeance measured 
at higher temperature (300 in stead of 200ºC) decreased with at least a factor of 3 (seeTable 0.3).  
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Table 0.3  Hydrogen permeance and H2/CO2 selectivity of silica membranes  

Membrane Avg H2 permeance 
[mol/m2sPa] 

H2/CO2 selectivity 

Si400 (200ºC) R. de Vos 1.64 10-6 7.5 
Si600 (300ºC) R. de Vos 6 10-7 70 - 139 
Si400 (200ºC) ECN 5.4 10-7 9 - 13.6 
Si600 (200ºC) ECN 5.1 10-7 7.7 
Modified Si250 (350ºC) ECN 7.6 - 3.1 10-6 4.1 - 4.5 
Modified Si450 (350ºC) ECN 3.9 – 9.3 10-6 4.2 - 5 
() between brackets the temperature at which the hydrogen permeance was measured. 
 
Several silica membranes have been made by ECN according to current standard recipes and were 
sintered at 400 and 600ºC. However, as shown in the table below both silica membrane types gave the 
same hydrogen permeance and H2/CO2 selectivity. Also increasing the sintering temperature of the 
modified silica membranes did not show an increase of selectivity. Calcination at 600ºC will also improve 
the hydrothermal stability. In any case increasing the selectivity will cause definitely a decrease of the 
flux through the membrane, which can be important for the economical feasibility.  
 
1.2.1.1.2.6.1.2.4  Selectivity improvement modified silica membranes 
 
Both the selectivity and the hydrothermal stability of the microporous silica membranes can be improved 
by: 
 
• A modified sol synthesis procedure by building inert groups into the silica structure, which should 

result in increased stability but inherently a decrease in selectivity. 
 
• An increase in sintering temperature from 400ºC to 600ºC, which should result in both increased 

selectivity and stability 
 
The second possibility has been applied to standard silica membranes but has not resulted in increased 
selectivity as reported by R. de Vos in her PhD work. Modified silica membranes have slightly larger 
pores and therefore a small decrease in selectivity. The approach is now to sinter the modified silica 
membranes at 600ºC by which the pores should become smaller and the amount of OH-groups reduces, 
which should lead to an increase in selectivity of a membrane already incorporating inert groups that 
improve the stability. 
 
New modified silica membranes have been made. According to the normal manufacturing procedure the 
modified silica layer were calcined at 400ºC. Then the membranes were built in a test cell, heated to 
600ºC and tested with gases. Before and after heat treatment the first membrane (code 3M56MS03) gave 
a H2/CO2 permselectivity of 6.3. So no improvement in selectivity was observed compared with the 
results of the normal silica membrane. Two other membranes treated in this way showed significantly 
increased permeance indicating cracking of the layer. 
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1.2.1.1.2.6.2  Task 1B: Testing of membranes 
 
1.2.1.1.2.6.2.1  Gas permeation tests  
 
'Standard' silica membranes have been tested in single gas (H2, CO2, N2, CH4) permeation tests at 350°C 
and a maximum feed pressure of 10 bar. The performance at 350°C, 10 bar feed pressure and a dP of 1 
bar for the silica membranes is given in the Table . Silica membranes with a lower selectivity have a high 
H2 flux. The test results are comparable with results of silica membranes made in 2001. 
 
Modified silica membranes have been checked for their suitability and the gas separation performance has 
been compared with the ‘standard’ membranes. Membranes have been tested in single gas (H2, CO2, N2, 
CH4) permeation tests at 350 and 450°C and a maximum feed pressure of 10 bar. The performance at 350 
and 450°C, 10 bar feed pressure and a dP of 1 bar for the modified silica membranes is given in the Table 
0.4. For comparison also the performance of the standard silica membrane at 350°C is given. 
 
Table 0.4  Performance standard and modified silica membranes 

Temperature  350°C 450°C 

Membrane type H2 flux 
[cc (stp)/sec/cm2] 

H2/CO2 
permsel. 

H2 flux 
[cc (stp)/sec/cm2] 

H2/CO2 
permsel. 

Modified silica (N2 
calcined)  

0.45 (0.2) 7 0.68 (0.3) 9 

Modified silica (Air 
calcined) 

0.45-1.79 (0.2-0.8) 4-8 0.23-2.0 (0.1-0.9) 5 

Standard silica 0.22-0.67 (0.1-0.3) 5-15 - - 
() H2 flux in [mol/m2s] 
 
For interaction between the flow sheet modelling and the membrane development early performance data 
of the silica membrane at 350°C has been sent to Fluor mid-August 2002. The maximum measured 
H2/CO2 selectivity of the silica membrane at 350°C was 15 at that time and first measurements with pure 
H2S showed a H2/H2S selectivity of 400. Since permeation data on H2O and CO were not available at that 
time, the selectivity of the silica membrane for these components compared to hydrogen was estimated to 
be the same as for CO2. 
 
1.2.1.1.2.6.2.2  Hydrothermal stability testing 
 
Before hydrothermal testing the prolonged exposition to elevated temperatures was investigated. Thermal 
cycling of a 'standard' silica membrane from 50 to 350°C under dry He flow shows a slow increase in He 
permeance in time. The hydrothermal stability for both silica (membrane code B28-11-Si-13 and 
XT51Si53) and modified silica (5M05MS03 and 6M07MS07) membranes have been tested. In these tests 
the membranes are exposed to a helium water vapour mixture (70 kPa water with 80 ml/min He) at 
350oC. During exposition the He and CH4 permeability have been measured at certain time intervals. 
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Figure 0.4  Exposition of silica membrane B28-11-Si-13 at 350oC and 150°C (1MPU= 108 mol/m2.s.Pa) 
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Figure 0.5  Exposition of silica membrane XT51Si53 at 350oC 
 
The results of the measurements using the silica membranes are given in Figure 4.1 and 4.2. The first 
silica membrane B28-11-Si-13 shows a small decrease in He permeance after 100 hours of water vapour 
exposition. At longer exposition times the He permeance at 350ºC remains constant. Exposition at lower 
temperature (150ºC) gives the same He permeance curve in time. The H2/CO2 permselectivity decreases 
after 225 hours of exposition to water vapour (see Table 0.5). The second silica membrane (XT51Si53) 
shows a similar small decrease in the He permeance in the first 200 hours. The flux/permeance of both 
helium and methane declined by about a factor of 2. After this time the flux is more or less constant. 
There is hardly any change in selectivity (48 at the start and 41 after 874 hours for He/CH4) as both fluxes 
have decreased. The measurement was stopped according to planning as the modified silica membrane 
was to be measured.  
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Table 0.5  Results hydrothermal testing standard and modified silica membranes, 70 kPa water with 80 ml/min He 
at 350oC 

Membrane Exp time 
[hours] 

Permeance 
10-8 [mol/m2sPa] 

Permselectivity 

  He H2 CO2 CH4 H2/CO2 He/CH4 
Standard silica 
B28-11-Si-13 

0 
225 

145 
55 

143 
96 

17.5 
23.5 

13.6 
97.9 

8.2 
4.1 

10.7 
0.6 

Standard silica 
XT51Si53 

0 
239 
368 

784.5 

61.2 
32.4 

- 
27 

37.4 
- 

11.2 
- 

1.3 
- 

0.5 
- 

0.75 
0.7 
0.6 
- 

29.7 
- 

20.9 
- 

48.6 
46.6 

- 
41.9 

Modified silica  
5M05MS03 

0 
230 

266 
317 

- 
396 

- 
97.3 

24.9 
33.3 

- 
4.1 

10.7 
9.6 

 
The stability measurement results of the modified silica membranes are presented in Figure 4.3 and 4.4. 
The first membrane 5M05MS03 shows a slight increase in the permeance after the start of the 
measurement and after about 200 hours this value is constant. The selectivity He/CH4 is always 10±1. 
After about 1150 hours on stream both the helium and methane flux increased and the selectivity dropped. 
Initial investigation revealed that the sudden flux increase is probably due to crack formation and not by 
change of the pore system. 
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Figure 0.6  Exposition of modified silica membrane 5M05MS03 at 350oC 
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Figure 0.7  Exposition of modified silica membrane 6M07MS07 at 350oC 
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In the first 50-100 hours the permeance of the second modified silica membrane 6M07MS07 increases by 
about a factor of 1.5 and then more or less stabilises. The selectivity decreases from about 6.5 to 4.5. The 
flux stability results are comparable with the first membrane. 
 
1.2.1.1.2.6.2.3  Gas separation tests  

 
1.2.1.1.2.6.2.3.1  Gas separation tests without water 
 
Gas separation tests with the model WGS gas composition have started with the standard silica membrane 
(T90Si02). With pure gases this membrane had a hydrogen permeance of 1*10-6 mol/m2sPa and a H2/CO2 
permselectivity of 13.6 at 350oC measured in the gas permeation test rig. The membrane has been 
transferred to the high temperature high-pressure test rig for gas separation testing. First measurements 
are performed without water to see the effect of a gas mixture on the hydrogen permeance and the 
selectivities. The water is balanced in these tests with nitrogen. 
 
Table 0.6  Feed composition for dry gas separation test. Feed flow is 5 l/min 

Feed composition [mol %] 
H2 CO2 CO H2O N2 

35.0 22.0 2.5 - 40.5 
 
Table 0.7  Permeate and retentate compositions of gas separation tests with T90Si02 (summary). 

 Permeate composition 
[mol %] 

Retentate composition 
[mol %] 

T 
[C] 

Pfeed 

[bar] 
dP 

[bar] 
H2 

 
CO2 CO H2O N2 H2 CO2 CO H2O N2 

H2 

permeance
[mol.s-1 
m-2bar] 

    
256 5 4 74.8 15.6 0.44 - 6.9 26.1 22.6 2.9 - 45.8 0.17 
250 10 9 72.4 16.6 0.53 - 8.3 15.3 23.8 3.4 - 54.6 0.14 
248 15 14 67.8 18.5 0.71 - 10.9 8.6 23.4 3.7 - 61.1 0.12 

    
345 5 4 75.7 12.6 0.53 - 8.5 25.8 22.9 2.8 - 45.7 0.19 
346 10 9 72.5 13.9 0.67 - 10.5 14.5 25.2 3.4 - 53.7 0.14 
335 15 14 67.7 16.6 0.88 - 13.4 8.1 25.3 3.6 - 59.8 0.12 

    
431 5 4 76.3 11.5 0.66 - 9.9 25.8 23.5 3.0 - 45.6 0.19 
435 10 9 72.4 12.9 0.84 - 12.6 14.2 26.1 3.5 - 53.8 0.15 
445 15 14 66.7 15.1 1.11 - 15.9 7.7 26.9 3.9 - 59.1 0.13 

 
In the above table it can be observed that the membrane is capable of producing a hydrogen rich stream 
containing about 75% hydrogen from a feed stream containing only 35% hydrogen. Carbon monoxide 
and nitrogen permeate hardly through the membrane. 
 
From the retentate composition it can be observed that there is a significant depletion of hydrogen in the 
feed. Especially when the driving force is high (dP=14 bar) the feed is depleted in hydrogen from 35% to 
8% over a membrane of only 10 cm length. In other words: the hydrogen recovery increases with an 
increase of the driving force, however, this has to be paid by a decrease in the hydrogen concentration in 
the permeate. 
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The hydrogen permeance, derived from the hydrogen partial pressure driving force is well above 0.1 
mol/s.m2bar, which is the target permeance for the application. The membrane data show that the 
hydrogen permeance increases slightly with temperature. Also the nitrogen and carbon monoxide 
permeance increase with temperature, which indicates for these molecules the main transport is through 
small pores and not defects, as defect flow is governed by Knudsen diffusion and/or viscous flow which 
decrease with a temperature increase. The carbon dioxide permeance decreases with temperature probably 
due to the fact that this molecule strongly adsorbs on the surface and this surface adsorption (and flow) 
decreases with an increase in temperature. The results of the first dry gas tests were evaluated with the 
focus on the permeance of the large molecule gasses CO and N2. As H2S is even larger and following 
previous results with pure H2S, which showed very low H2S permeances, it was decided not to 
incorporate H2S in the gas mixtures. Also the fact that in previous tests it was observed that H2S had no 
detrimental effect on the membrane supports this decision. 
 
Gas separation experiments without water were repeated with a comparable silica membrane M14Si05b. 
With pure gases this membrane had a hydrogen permeance of 1.7*10-6 mol/m2sPa and a H2/CO2 
permselectivity of 7.5 at 350oC measured in the high temperature high pressure test rig. Feed flows of 5, 
10 and 15 l/min have been used in these tests. Only the results of the 15 l/min are presented here. 
 
Table 0.8  Feed composition for dry gas separation test. Feed flow is 15 l/min 

Feed composition [mol %] 
H2 CO2 CO H2O N2 

37.0 19.2 2.4 - 41.3 
 
Table 0.9  Permeate and retentate compositions of gas separation tests with M14Si05b (summary) 

 Permeate composition 
[mol %] 

Retentate composition 
[mol %] 

T 
[°C] 

Pfeed 

[bar] 
dP 

[bar] 
H2 CO2 CO H2O N2 H2 CO2 CO H2O N2 

H2 

permeance
[mol.s-1 
m-2bar] 

    
250 5 4 83.4 7.5 0.6 - 8.5 35.5 19.7 2.6 - 42.2 0.14 
250 10 9 84.2 7.1 0.6 - 8.1 31.9 20.8 2.8 - 44.6 0.13 
250 15 14 82.9 7.5 0.6 - 9.0 28.5 21.5 2.9 - 47.1 0.13 

    
350 5 4 86.0 6.1 0.5 - 7.4 34.7 20.0 2.5 - 42.8 0.14 
350 10 9 86.4 5.8 0.5 - 7.3 30.4 21.2 2.7 - 45.8 0.15 
350 15 14 85.0 6.2 0.6 - 8.2 26.0 22.2 2.6 - 49.3 0.16 

    
450 5 4 86.4 5.6 0.5 - 7.5 35.3 20.0 2.6 - 42.2 0.17 
450 10 9 87.2 5.2 0.5 - 7.1 30.2 21.3 2.9 - 45.6 0.18 
450 15 14 85.8 5.5 0.6 - 8.1 25.4 22.6 3.1 - 48.8 0.19 

 
In the above table it can be observed that the membrane is capable of producing a hydrogen rich stream 
containing about 85% hydrogen from a feed stream containing only 37% hydrogen. Carbon monoxide 
and nitrogen permeate hardly through the membrane. These results compare well with the previous 
membrane (T90Si02). The hydrogen concentration in the permeate is even higher now, as less depletion 
of hydrogen on the feed side occurs at the higher feed flow rate used now. From these separation 
measurements a maximum selectivity of 18 is obtained for H2/CO2. The hydrogen permeance, derived 
from the hydrogen partial pressure driving force is well above 0.1 mol/s.m2bar, which is the target 
permeance for the application. 
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1.2.1.1.2.6.2.3.2  Gas separation tests with water 
 
Experiments with membrane M14Si05b were continued, now with water added to the feed. The dry gas 
feed flow was now 5 l/min instead of 15 l/min in the experiments without water. 
 
Table 0.10  Feed composition for wet gas separation test. Dry gas feed flow is 5 l/min 

Feed composition [mol %] 
H2 CO2 CO H2O N2 

50.6 26.3 3.2 19.9 0.1 
 
Table 0.11  Permeate and retentate compositions of gas separation tests with water (summary) 

 Permeate composition 
[mol %] 

Retentate composition  
[mol %] 

T 
[°C] 

Pfeed 

[bar] 
dP 

[bar] 
H2 CO2 CO H2O N2 H2 CO2 CO H2O N2 

H2 

permeance 
[mol.s-1 
m-2bar] 

    
250 5 4 71.8 14.7 2.1 11.3 0.0 54.7 30.3 3.5 11.6 0.0 0.055 
250 10 9 61.8 13.5 1.6 23.1 0.0 52.8 30.3 3.4 13.5 0.1 0.035 
250 15 14 59.3 20.3 2.5 17.8 0.0 29.7 19.3 2.2 48.8 0.1 0.050 
    
350 5 4 61.3 4.9 0.6 33.2 0.0 51.4 29.4 3.4 15.8 0.0 0.031 
350 10 9 68.1 7.8 0.8 23.2 0.0 50.0 29.1 3.4 17.4 0.1 0.018 
350 15 14 60.4 10.2 1.3 28.1 0.0 50.2 28.8 3.2 17.8 0.0 0.013 
    
450 5 4 57.4 2.4 0.5 39.6 0.0 43.0 25.5 2.9 28.6 0.0 0.055 
450 10 9 57.0 4.4 1.1 37.4 0.0 41.7 24.7 2.9 30.7 0.0 0.030 
450 15 14 49.0 6.2 1.1 43.7 0.0 42.5 25.1 3.0 29.5 0.0 0.021 
 
The above reported measurements have started at 350oC. Then 250 and finally 450oC measurements have 
been performed. From these measurements and checking of the membrane performance between these 
temperatures it is clear that the membrane quality (pure silica membrane) decreased already during the 
measurements at 250oC. Therefore the results of the measurements at 350oC will be discussed only. 
 
The membrane is capable of producing a hydrogen rich stream containing about 70% hydrogen from a 
feed stream containing 50% hydrogen. The hydrogen permeance, derived from the hydrogen partial 
pressure driving force has a maximum value of 0.031 mol/s.m2bar. When comparing the measurements at 
350oC without water (Table 0.9) with the measurements with water in the feed (Table 0.11) it is clear that 
both the hydrogen purity in the permeate and the hydrogen permeance are decreased by the water present 
in the feed stream.  
 
From the above results in the values for Qo and Eact as input in the software model were derived, see Table 
0.13. Some corrections and extrapolations have been used for obtaining these numbers. For the moment 
the temperature range for using these data is from 250 to 450oC. These data have been sent to Fluor. 
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1.2.1.1.2.6.2.3.3  H2S permeation 
 
A standard silica membrane has been tested with pure H2S at different temperatures (only up to 100°C) to 
determine the permeance and the selectivity of the membrane in feeds containing H2S. The H2S 
permeance is very low (5-6 10-9 mol/m2sPa at 50ºC), which gives a H2/H2S permselectivity of more than 
400. After three days of testing with H2S the He flux recovers indicating no detrimental effects on the 
silica when exposed to H2S. From these measurements the Qo and Eact values were derived, which are 
given in the Table 0.12. Included are the values of Qo and Eact for the other main components of the water 
gas shift mixture. These latter results have been obtained from gas mixture testing for a process without 
water. 
 
Table 0.12  Data (Qo and Eact) without water 

Gas Qo 
[mol/m2sPa] 

Eact 

[J/mol] 
Permselectivity H2/gas 

with gas mixture 
Knudsen 

permselectivity 
H2 4.05E-06 5007 1 1 
CO2 7.78E-08 -2171 18.0 4.69 
CO 1.01E-07 1064 26.4 3.74 
N2 8.42E-08 1004 29.6 3.74 
H2S 1.39E-08 1629 150* 4.1 
* Calculation based upon permeability of pure H2S 
 
From measurements including water it is clear that water reduces the permeance of all components. As 
the permeance of H2S has not been measured including water (for reason that it can not be detected by 
GC in the permeate) it is assumed that the H2S permeance decreases exactly the same as the permeance of 
N2 and CO, so by a factor of 2.3. In Table  the values for Qo and Eact are given for a water gas shift 
process mixture with water. For the moment the temperature range for using these data is from 250 to 
450oC and for H2S it is assumed that the measurements up to 100oC can be used for the model parameters 
up to 450oC. 
 
Table 0.13  Input data (Qo and Eact) with water 

Gas Qo 
[mol/m2sPa] 

Eact 

[J/mol] 
Permselectivity H2/gas 
with gas mixture from 
350oC measurement 

Knudsen permselectivity 

H2 4.93E-07 5007 1 1 
CO2 2.41E-08 -2171 9.1 4.69 
CO 4.35E-08 1064 8.7 3.74 
H2O 2.50E-06 1663 0.12 3 
N2 3.63E-08 1004 - 3.74 
H2S 6.00E-09 1629 43* 4.1 
 * Calculation based upon permeability of pure H2S 
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1.2.1.1.2.6.3  Task 1C: Modelling 
 
One of the activities of ECN in phase 1 was the development of a mathematical model of the membrane 
reactor, to be integrated into the process simulation package Aspen Plus, with the capability to reflect four 
membrane types (silica, zeolite, palladium alloy and proton conductive perovskite membranes). Three 
Aspen membrane reactor software modules were supplied to Fluor Daniel for use in and during the 
project. A simplified membrane reactor model was sent to Fluor mid-June 2002 to give Fluor the 
possibility to run some integrated membrane reactor process flow sheets at an early stage in the project. 
The first version of the water gas shift membrane reactor model including only the microporous transport 
model was finished end of August 2002. The final version with also the palladium alloy membrane and 
the proton conductive perovskite membrane was available in November 2002. In this report a summary is 
given on the three software modules. First the simplified model and the modelling approach will be 
described. Some information on the two versions of the water gas shift membrane reactor model and the 
support to Fluor is given. Finally the different membrane transport models and the water gas shift reaction 
kinetics incorporated in the final water gas shift membrane reactor model are described. More detailed 
information is given in (Brandtwagt, 2002; van Delft, 2002; Dijkstra, 2002). 
 
1.2.1.1.2.6.3.1  Simplified Aspen membrane reactor model 
 
To get Fluor started a simplified Aspen membrane reactor model has been made based on a combination 
of reactor, heat exchanger, splitter and mixers. The purpose of this membrane water gas shift reactor 
model is to give Fluor the possibility to run some integrated membrane reactor process flow sheets at an 
early stage in the project. It is not the purpose of the model to give a highly accurate description of the 
performance of a membrane reactor.  
 
1.2.1.1.2.6.3.1.1  Modelled Process and modelling approach 
 
The model simulates a co-current water gas shift membrane reactor. The working principle of the 
membrane reactor is given in Figure 5.1.  
 

WGSMR

SHIFT-REACTION

Membrane
H2

Retentate

Permeate

Feed

Sweep

Feed side

Permeate side
 

Figure 0.8  Schematic representation of the water gas shift membrane reactor  
 
Reformer gas is fed to the feed side of the membrane. In this part of the reactor a water gas shift reaction 
takes place. Simultaneously hydrogen diffuses through the membrane, enhancing the shift reaction. A 
driving force is necessary for the hydrogen diffusion through the membrane, therefore sweep gas is used 
to lower the hydrogen pressure on the permeate side of the membrane.  
 
The following processes take place simultaneously: 
• the water gas-shift reaction  CO+H2O ⇔ H2+CO2, 
• hydrogen permeates through the membrane, pulling the shift reaction to the right, 
• heat exchange. 
 
Aspen Plus is not able to model parallel reaction with permeation directly. Therefore an approach has 
been chosen using a large recycling stream in which reaction and permeation take place. Due to this large 
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recycling stream both processes can be considered to take place parallel to each other. Heat exchange is 
assumed to take place after reaction and permeation. As a result, the effect of sweep gas temperature on 
the conversion is not taken into account. Other important assumptions are: 
• no pressure drop on the feed and permeate side of the membrane, 
• no heat loss to the surroundings, 
• a thermodynamic equilibrium approach to calculate the shift reaction conversion is used. 
 
1.2.1.1.2.6.3.1.2  Model description  
 
The Aspen Flow sheet model is given in Figure 5.2. 
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Figure 0.9  Schematic drawing of the model 
 
Feed side: 
The FEED stream is led through the PRESHIFT [RGIBSS] block to equilibrate the stream. After it passes 
the RECYMIX [MIXER] the shift reaction takes places in the SHIFT [RGIBBS] block. Through the 
block RECYCLE [FSPLIT] a major part of stream is 3 recycled and passes the MEM [SEPARATOR] 
block, which is the actual membrane. In the MEM block a major part of the hydrogen that is contained by 
stream 4 is split off, leaving a hydrogen poor stream 5. This hydrogen poor stream is mixed in the block 
RECYMIX with the FEED stream. Stream 8 is the retentate stream before any heat exchange has taken 
place. The heat exchange is modelled by the block HEATX [HEATX], where the final RETENTAT 
stream is calculated. 
 
Permeate side: 
The through the membrane diffused hydrogen is represented by stream 6H2. As there has to be a driving 
force over the membrane in terms of a partial hydrogen pressure, stream 6H2 is diluted by a SWEEP 
stream in block PERMIX [MIXER] resulting in stream 7. Stream 7 is led to the HEATX block where heat 
is exchanged with the retentate stream, producing the final PERMEATE stream. 
 
 
1.2.1.1.2.6.3.2  First version of the water gas shift membrane reactor model 
 
The existing stand alone membrane reactor model has been evaluated and is used as starting point for the 
membrane reactor model for Aspen flowsheeting. Extra features of the Aspen membrane reactor model 
are different permeation equations for the four types of membranes and the communication with Aspen. 
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The public domain solver proved to be not suitable and a stronger commercial solver is used. For using 
this solver a small fee was paid by ECN. The first version of the water gas shift membrane reactor model, 
which includes only the microporous membrane, was tested in an Aspen flow sheet. After delivery of the 
model, support in using the membrane reactor software module in Aspen was given to Fluor. Extra 
information was given on the programmed water gas shift catalyst and possibilities for Fluor to change 
the catalyst in the model. Help on dealing with error messages and long execution times has been given. 
 
According to the work plan in the first version (august 2002) of the water gas shift membrane reactor 
model only the microporous transport model has been incorporated. The model can be used for a first 
evaluation of the silica and the zeolite membrane performances. Fluor used the membrane reactor model 
first for evaluating the ECN silica membrane. Comments on the sensitivity runs with the silica membrane 
have been sent to Fluor. Some guidelines for input variables from the viewpoint of the membrane reactor 
were given taking into account the trade-off between production rate (= H2 recovery) and leakage (= 
carbon recovery) for a microporous membrane. Recommended was to determine input variables like feed 
and sweep pressures, sweep flow rate and membrane area by the limits of the upstream and downstream 
equipment of the process and the influence of the variables on the product specs. The optimal point for 
the trade-off between membrane investments and other investments or operational costs area can be 
determined by a process cost evaluation. 
 
 
1.2.1.1.2.6.3.3  Final version of the water gas shift membrane reactor model 
 
The final version of the water gas shift membrane reactor model simulates a counter-current water gas-
shift membrane reactor and describes the non-isothermal and isothermal operation of the membrane 
reactor. The membrane reactor model is implemented as an Aspen Plus User Model (Aspen Plus, version 
11.1). Two transport models are available; the microporous model for silica and zeolite membrane 
reactors and the dense model for Pd-alloy and proton conducting membrane reactors operating below 
500ºC. For all membranes an Arrhenius type temperature dependence for the hydrogen permeance is 
programmed into the final version of the WGSMR model. Both the temperature dependent hydrogen 
permeance and the flux equations of the dense membrane model have extensively been tested. The model 
is capable of handling all types of gaseous components, but is restricted to deal with only the relevant 
components (H2, CO, CO2, H2O, N2 and CH4) in reaction and permeation. After delivery of the final 
model Fluor asked clarification of some features of the software and feedback was given to that. 
 
1.2.1.1.2.6.3.3.1  Gas transport in membranes 
 
The transport of components through the four types of membranes (silica, zeolite, Pd-alloy and proton 
conductive perovskite membranes) is described by different transport equations. For microporous 
membranes like the silica and the zeolite membrane a phenomenological, Fick’s-type law is used to 
describe the trans membrane flux of all components: 

 
( )pifiii PPTQJ ,,)( −=  

 
in which: Ji flux of component i [mol/m2s] 

Pi partial pressure component i on the feed (f) and permeate (p) side [Pa] 
Qi,(T) temperature dependent permeance of component i [mol/m2sPa] 

 
The proton conducting membranes under development at Eltron Research Inc. are composites consisting 
of matrices of both proton conducting ceramic materials and metals which are also capable of high 
hydrogen flux. For temperatures up to 500ºC the metal matrix will be the major pathway for hydrogen 
diffusion. Since the active temperature range (300-450ºC) of the water gas shift catalyst is below 500ºC, 
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the transport of hydrogen through both the Pd-alloy membrane and the proton conducting membrane can 
be described by:  

))((
2222 ,,

n
Hp

n
HfHH PPTQJ −=  

 
in which: JH2 hydrogen flux through the membrane [mol/m2s] 
  QH2(T) temperature dependent hydrogen permeance [mol/m2sPan] 
  PH2 partial hydrogen pressure on feed (f) and permeate (p) side [Pa] 

 n coefficient whose value is between 0.5 and 1 [-] 
 
For dense membranes, like the Pd-alloy and the proton conducting membrane, which are in principle 
100% selective for hydrogen, the membrane reactor model also accounts for the transport of other 
components e.g. by leakage through small defects in the membrane or sealing. For the other components 
(N2, H2O, CO, CH4 and CO2) the flux equation as proposed by Colorado School of Mines is used in stead 
of the Poisseuille flow equation. The flux equation is as follows: 

 

( )n
pi

n
fiii PPTQJ ,,)( −=  

 
in which: Ji flux of component i [mol/m2s] 

Pi partial pressure component i on the feed (f) and permeate (p) side [Pa] 
Qi,(T) temperature dependent permeance of component i [mol/m2sPan] 
n exponent on partial pressure 

 
For all components and all membranes an Arrhenius temperature dependent permeance is used: 

RT
E

ii

a

eQTQ
−

= 0)(  
with:    Q0

i = temperature independent constant [mol/m2sPa] 
Ea = activation energy for transport [J/mol] 

 T = absolute temperature [K] 
 R = gas constant [J/molK] 
 
1.2.1.1.2.6.3.3.2 Water gas shift reaction 
 
In the membrane reactor hydrogen and carbon dioxide will be produced in the reaction of carbon 
monoxide and steam; the water gas shift (WGS) reaction. The reaction is a gas phase equilibrium reaction 
according to reaction scheme: 
 

222 HCOOHCO +⇔+  
 

The reaction is moderately exothermic (∆H= - 41.1 kJ/mol). The equilibrium constant Kp is defined by: 

OHCO

COH
p cc

cc
K

2

22=  [-] 

 
with ci the concentration of component i [mol/m3]. Kp decreases with increasing temperature, which 
means that less product will be formed as the temperature rises. A simple expression for the equilibrium 
constant is (Moe, 1962): 







 −= 33.4

8.4577
exp

T
K p  [-] 

 
The FeCr catalyst is chosen as a starting point for the kinetic expression in this model (Alderliesten, 
1997). The catalyst is active in the temperature range of interest (300-450°C). Furthermore it can 
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tolerate small amounts of sulphuric components. The reaction rate is described by (Keiski, 1992) using a 
power law expression: 

( )β−−= 155.0
2

73.0
1 OHCOCO cckR  [mol/m3s] 

 

with β, the reversibility factor: 
OHCOp

HCO

ccK
cc

2

22=β  [-] 
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1.2.1.1.2.7  Conclusion 
 
The performance criteria for the membranes were presented by the Pre-Combustion Team during the 
progress meeting in October 2002 at the Fluor offices. The achieved results of this contract are compared 
with the set targets in the following tables: 
 
Table 0.14  Results compared with the primary criteria 

Criterion Target Result 
H2 permeation 0.1 mol/s.m2bar 0.03 mol/s.m2bar (with water in feed) 

> 0.15 mol/s.m2bar (without water) 
H2/CO2 permselectivity 100 9 (with water in feed) 

18 (without water in feed) 
Stability @ H2O/CO/H2S 95% @ 1 wk 1000 hours 
Proof of concept membrane Availability @ 2 month Availability @ 1 month 
 
Table 0.15  Results compared with supplemental criteria 

Criterion Result 
Process projected 'CO2 cost' excl. membranes To be determined by calculations of Fluor 
Membrane projected CO2 cost To be determined by calculations of Fluor 
Membrane development aspects 
Membrane manufacturing & commercialisation 
Small series quality assurance 
 
Sealing aspects 
 
Cost progress 
 

 
Sulzer Chemtech has license and production 
line installed 
Simple 'wet membrane He-test' has been 
developed 
Low-cost, effective sealing (3.5 US$, 600°C, 
200 bar) developed 
Production line based on robot operation 

 
From Table 0.14 it can be seen that the flux criteria can be met when no water is present in the feed. 
However, with water in the feed the flux drops to a value below the target. From the beginning it was 
clear the permselectivity criterion of 100 was too high for porous membranes. A value of 9 has been 
reached for the silica membrane under simulated process conditions. Under these process conditions, so 
including water, the stability of this silica membrane is limited to days. A modified silica membrane is 
stable for more than 1000 hours under simulated steam atmosphere testing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The information in this document is provided as is and no guarantee or warranty is given that the 
information is fit for any particle purpose. The user thereof uses the information at its sole risk and 
liability. 



205 

1.2.1.1.2.8  References 
 
Alderliesten, P.T., M. Bracht (1997): An attractive option for CO2 control in IGCC systems:water gas 
shift with integrated H2/CO2 separation (WIHYS) process- Phase 1: Proof of principle. Final report CEC 
project JOU2-CT92-0158, ECN-C-97-097, 1997. 
 
Boer de, R. (2002): The chemical stability of ceramic materials for membranes in gas separation 
applications. Dutch ECN Memo 7.6457-GR02/2, May 2002. 
 
Brandwagt, K., J.W. Dijkstra, Y.C. van Delft (2002): Description of a simplified Water Gas Shift 
Membrane Model. ECN-CX—02-071, Petten, June 2002. 
 
Delft van, Y.C., J.W. Dijkstra (2002): Water Gas Shift Membrane Reactor Model; Functional 
specifications. ECN-CX-02-069, Petten, November 2002. 
 
Dijkstra, J.W., G.P. Leendertse, F.W.A. Tillemans, Y.C. van Delft (2002): Water Gas Shift Membrane 
Reactor in Aspen Plus; Installation and Operation manual. ECN-CX—02-105, Petten, November 2002. 
 
Keiski, R.L, T. Salmi, V.J. Pohjola (1962): Development and verification of a simulation model for a 
non-isothermal water gas shift reactor: Chem Eng. Journal, 48, (1992), p.17-29. 
 
Moe, J.M. (1962): Chem. Eng. Prog., 58 (1962), p.33. 
 
Ullmann (1999): Ullmann’s Encyclopedia of Industrial Chemistry, 6th ed., 1999. 
 
 



206 

1.2.1.1.4  Development of Dense Ceramic Hydrogen 
Transport Membranes for Hydrogen Fuel Production by 
Membrane Reaction 
 



207 

Report Title  
CO2 Capture Project - An Integrated, Collaborative Technology Development 
Project for Next Generation CO2 Separation, Capture and Geologic 
Sequestration 
 
Development of Dense Ceramic Hydrogen Transport Membranes for 
Hydrogen Fuel Production by Membrane Reaction 
 
Report Reference 
1.2.1.1.4     
 
 
 
 
 
 
 
Type of Report: Semi-Annual Report  
 
Reporting Period Start Date: February 2003 
 
Reporting Period End Date:  July 2003 
 
Principal Author(s): M. V. Mundschau, PI; T. F. Barton, C. L. Homrighausen, R. Mackay, 
 S. L. Rolfe, X. Xie, and A. F. Sammells 
 
Date Report was issued:  August 2003 
 
DOE Award Number: DE-FC26-01NT41145 
 
Submitting Organization: Eltron Research Inc. 
 
Address: 4600 Nautilus Court South 
 Boulder, CO  80301-3241 
  
 
 
 
 
 
Disclaimer 
This report was prepared as an account of work sponsored by an agency of the United States Government.  
Neither the United States Government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness or usefulness of any information, apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by the United States Government or any agency 
thereof.  The views and opinions of authors expressed herein do not necessarily state or reflect those of 
the United States Government or any agency thereof. 



208 

1.2.1.1.4.1  Abstract 
 
Research is underway to test the feasibility of integrating dense hydrogen transport membranes with high-
temperature water-gas shift reactors.  Successful membranes will allow pure, non-polluting, hydrogen to 
be fed to turbine engines in electric power plants, while simultaneously concentrating CO2 at very high 
pressure in a form ready for sequestration.  In the first ten weeks of the Phase II study, membranes have 
already been successfully tested for over 300 hours at 673 K at an absolute pressure of 3.23 MPa (32.3 
bar or 468 psi) and a differential pressure of 3.13 MPa (31.3 bar or 454 psi).  Tests used a partial pressure 
of hydrogen in the feed of 0.6 MPa (6 bar or 87 psi), which will be doubled in the near term.  The new 
differential pressure tests double the 15 bar goals met in Phase I.  In ambient pressure tests, hydrogen 
permeabilities up to 2 x 10-7 mol m m-2 s-1 Pa-0.5 (more than ten times better than pure palladium under the 
same conditions) have consistently been measured in the temperature range 593-733 K.  Apparent 
activation energies under 6 kJ/mol have been measured, which are less than that found for pure palladium 
(24 kJ/mol).  Preliminary economic estimates suggest that at these rates of hydrogen permeation, 
membranes capable of separating two million metric tons of CO2 from 0.18 metric tons of hydrogen per 
year would cost approximately $1.45 million compared to $137 million if pure palladium membranes 
were used.  Membranes have been tested with high-temperature water-gas shift catalysts (90 wt % 
Fe3O4/10 wt % Cr2O3, with a minor additive of Cu) and already have been shown to be capable of 
extracting hydrogen from a water-gas shift gas mixture.  A stacked membrane system has been built and 
performance tested as a first step to scale -up. 
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1.2.1.1.4.4  Introduction 
 
1.2.1.1.4.4.1  Specific Project Goals  
 
The specific goal of the research is to integrate hydrogen transport membranes into water-gas shift 
reactors and to demonstrate the feasibility of removing sufficient hydrogen through the membranes in 
order to shift the chemical equilibrium of the water-gas shift reaction: CO + H2O Ω CO2 + H2.  In 
principle, removal of hydrogen through membranes has the potential to shift the reaction essentially to 
completion, thus maximizing the production of hydrogen and reducing the concentration of carbon 
monoxide to negligible levels.  In addition, such membranes could provide clean hydrogen fuel on one 
side of the membrane, while leaving concentrated CO2 at high pressure on the opposite side of the 
membrane.  This would allow economic CO2 sequestration.  
 
The water-gas shift reaction is exothermic with ?H = -41.1 kJ≅mol-1 at standard thermodynamic 
conditions.  This implies that lower temperatures favor production of hydrogen and consumption of 
carbon monoxide.  However, high-temperature water-gas shift catalysts (such as 90 wt % Fe 3O4/10 wt % 
Cr2O3 ) typically cannot be run much below 613 K (340ΕC) due to kinetic limitations.  At practical 
reactor operating conditions of 613-713 K (340-440ΕC) and 3.5 MPa (35 bar), and economic 
concentrations of steam, thermodynamics dictates that concentrations of CO cannot be reduced much 
below 3 to 4 mol % at equilibrium.  Removal of hydrogen through membranes will shift the reaction 
essentially to completion even at high temperatures and allow conversion of virtually all of the residual 
CO.  Hydrogen transport membranes will eliminate the need for low-temperature water-gas shift catalysts 
(such as Cu/ZnO2), which are not as robust or as tolerant to sulfur as are the high-temperature water-gas 
shift catalysts.  Membranes will also eliminate the need for heat exchangers required to lower the 
temperature to about 473 K (200ΕC) for the low-temperature catalysts. 
 
Technical issues being resolved in the research are as follows:  The hydrogen transport membranes would 
preferentially extract hydrogen from a water-gas shift mixture at an absolute pressure of 3.5 MPa (35bar) 
containing an input gas of H2O, CO2, H2, CO, H2S + COS, with balance nitrogen and other impurity 
gases.  Membranes must be stable in this harsh chemical environment, which includes high-pressure, 
superheated steam in the temperature range of 613-713 K (340-440ΕC).  Feed pressure of hydrogen to 
turbine engines is preferentially 0.2 MPa (2 bar), so that membranes must be designed to resist a 
differential pressure of 3.3MPa (33 bar) without rupture or leak.  It is desired that the membranes be 
essentially 100% selective to hydrogen, and possess sufficient hydrogen flux to allow a minimum area to 
be economic.  
 
 
1.2.1.1.4.4.2  Overall Project Goals  
 
One CO2 Capture Project vision for reducing CO2 emissions from large stationary power plants is as 
follows: Instead of directly burning coal or other fossil fuel in air to raise steam for running turbine 
engines, the carbon-based fuel is first converted by reaction with steam or with steam and oxygen to form 
a mixture of hydrogen and carbon monoxide.  Production of H2 + CO from coal, natural gas, the various 
fractions of petroleum, and even biomass is thermodynamically favored above temperatures of about 
1223 K (950ΕC) if the proper ratio of C : H : O is maintained in the reaction mixture. 
 
Once the mixture of H2 + CO is formed, additional hydrogen can be produced by reacting CO with excess 
steam by the water-gas shift reaction: CO + H2O Ω CO2 + H2.  As discussed above, this reaction is 
economically run at 613-713 K (340-440ΕC) and 3.5 MPa (35 bar).  In the vision of the CO2 Capture 
Project, a membrane, which is selective towards hydrogen, separates the hydrogen from the carbon 
dioxide, excess steam, and other components of the water-gas shift mixture.  Removal of hydrogen 
through the membrane drives the water-gas shift reaction to near completion, consuming essentially 100% 
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of the carbon monoxide and maximizing the production of hydrogen.  The purified hydrogen on the 
permeate side of the membrane is then fed to turbine engines and is reacted with oxygen to form heat and 
steam which powers electrical generators.  The steam exhaust from the turbine engines can be recycled to 
reform additional coal or other fossil fuel.  Combustion of hydrogen in turbines produces only non-
polluting water vapor.  
 
Concentrated CO2, which remains at the high pressure of 3.5 MPa of the water-gas shift reactor, is 
essentially the only gas on the retentate side of the membrane (other than excess steam and residual 
impurities).  The concentrated CO2 at high pressure, can be sequestered by one of the various CO2 
Capture Project initiatives, such as pumping the CO2 into oil wells to recover additional oil, into coal beds 
to extract methane, or into other geological features to store the CO2.  Retaining the CO2 at high pressure 
on one side of the membrane is a very important feature of this technology, because it reduces the energy 
and expense which otherwise would be required to re-pressurize tons of CO2 before it can be pumped into 
oil wells and other storage reservoirs.   
 
It should be appreciated that by first reforming the coal into CO2 and H2 and by consuming the hydrogen 
separately in the turbine engines, that one avoids diluting the carbon dioxide with large quantities of 
nitrogen.  This would be the case if the fuel were simply burned in air.  The extremely large volume of 
nitrogen which accompanies CO2 after conventional combustion would make sequestration of the 
combined turbine exhaust prohibitive or would require subsequent separation of very diluted CO2 from 
very large quantities of nitrogen. 
 
It should be appreciated that, in principle, any carbon-based fuel can be steam reformed and/or partially 
oxidized into a mixture of hydrogen and carbon monoxide.  This includes coal, natural gas, heavy and 
light fractions of petroleum, and even biomass or municipal waste.  The H2 and CO formed from these 
fuels can then be fed to a water-gas shift reactor to produce additional hydrogen, which again can be 
purified by a hydrogen transport membrane and fed to turbines.  The CO2 Capture Project vision may be 
the most versatile for sequestration of CO2 generated by large stationary sources such as power plants.  Of 
the various CO2 Capture Project initiatives which have been proposed for the sequestration of CO2, the 
above scenario has one of the best chances for success.    
 
Conversion of fossil fuels into a mixture of CO + H2 (known as synthesis gas or syngas) followed by the 
water-gas shift reaction, is very well established technology.  These reactions have been a standard in the 
chemical industry for over eighty years and produce millions of tons of hydrogen annually.  Thus, in 
principle, no new technology is required to produce hydrogen from various fossil fuels.  The novel and 
innovative parts of the research involve development, fabrication, and testing of dense hydrogen transport 
membranes.  For the above CO2 Capture Project vision to become both technically and economically 
viable, low-cost hydrogen transport membranes must become commercially available.  This research 
addresses the challenges in the development of such membranes.  
 
 
1.2.1.1.4.4.3  Economic Considerations  
 
If one considers a coal-fired power plant with annual CO2 emissions of two million metric tons (2 .0 x 109 
kg), one can calculate the quantity of hydrogen which can be produced from gasification of the coal and 
estimate the area of membrane which will be required to extract the hydrogen.  From the equation: C + 
2H2O Ω CO2 + 2 H2, one sees that two moles of molecular hydrogen are produced for each mole of 
carbon dioxide in the emissions.  Using a molecular weight of 44.010 for CO2 and 2.01588 for H2, the 
number of moles of H2 which will accompany 2.0 x 109 kg CO2 is:  (2.0  x 109 kg CO2)(1000 g CO2/kg 
CO2)(1 mol CO2/44.010g (2mole H2/mol CO2) = 9.1 x 1010 mol H2.  This is equivalent to (9.1 x 1010 mol 
H2)(2.01588g H2 /mol H2) = 1.8 x 1011 g H2 or 0.18 metric tons of H2. 
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If one assumes that the membranes now under study can maintain a permeability, Pe, of better than 2.0 x 
10-7 mol m m-2 s-1 Pa-0.5, and that the flux, J, of hydrogen is given by Sievert=s Law: J = Pe≅l-1(pf

0.5 - pp
0.5) 

where l is the thickness of the membrane in meters and pf an pp are the partial pressures of hydrogen in Pa 
on the feed, f, and permeate, p sides of the membrane, then the number of moles of hydrogen which will 
pass through 1 m2 of membrane in one second will be: 
J = (2.0 x 10-7 mol m m-2 s-1 Pa-0.5)(1.3 x 10-4 m)-1(1,450,00005 - 20,000-05 Pa0.5) = 1.6 mol m-2s-1 if one 
assumes a membrane thickness of 1.3 x 10-4 m needed to resist a differential pressure of 33 bar, a partial 
pressure of hydrogen in the feed of (0.414)3.5MPa = 1.45 MPa and a partial pressure of hydrogen on the 
permeate side of 20,000 Pa. 
 
In one year, one square meter of membrane will transport: 
(1.6 mol m-2s-1)(60s/min)(60 min/hr)(24hr/day)(365 day/year) = 4.6 x 107mol H2 m-2. 

To transport 9.1 x 1010 mol H2 per year, the number of square meters of membrane will be: 
9.1 x 1010 mol H2/4.6 x 107 mol H2 m-2 = 1,978 m2.  For a membrane estimated cost of U.S. $580.00/m2, 
total membrane cost would be (1,978 m2)($580.00/m2) = $1,150,000.  We estimate that surface catalyst 
cost would be $275,000 to give a total of $1,425,000.  The above simplified calculations assume a 
constant driving force across the membrane, which will not be correct in a stack of membranes, which 
ultimately reduce the partial pressure of hydrogen in the feed to near zero.  More exact calculations are 
being performed as part of this feasibility study.  For comparison, palladium membranes, 127 micron 
thick would cost nearly $140,000,000. 
 
Taxation of CO2 emissions has been a recent viable driving force for developing CO2 sequestration 
technologies for lowering CO2 emissions from North Sea Oil and Gas operations in Norway.  Norwegian 
CO2 taxes are now 50 Eurodollars per metric ton ( > U.S. $ 60 per ton).  Carbon dioxide emissions are 
now taxed in the Netherlands, Norway, Sweden and Finland.  Using a value of two million metric tons of 
CO2 per year per power plant, and a tax of U.S. $60 per ton, the annual tax per power plant would be 
$120,000,000.  The tax would accrue to 1.2 billion U.S. dollars over ten years.  These numbers do not 
take into account interest lost on principle paid as tax.  At this tax rate, the tax would be $329,000 per 
day.  At this rate, costs of membranes could be recouped in $1,450,000/$329,000 per day = 4.4 days.  
Even if membrane costs were double or triple those estimated, the costs could easily be recouped in only 
a few weeks.  Thus, it is clear that if carbon sequestration systems can be installed and operated below the 
rate of the tax, that it would be in the economic interest of the power companies to comply with the 
sequestration initiative.  
 
 
1.2.1.1.4.4.1  Concepts Behind Dense Hydrogen Transport Membranes 
 
Figure 1.2.1.1.4.4 (1) shows schematically the main concepts of dense hydrogen transport membranes.  
Hydrogen transport membrane materials developed and tested at Eltron Research Inc., include un-alloyed 
metals, metal alloys, proton-conducting ceramics,  metal-ceramic cermets, and metal-ceramic composites.  
All of these dense membrane materials transport hydrogen in a dissociated form (i.e. as H+, H- or as 
neutral hydrogen atoms).  None of the common dense membrane materials transport hydrogen as 
molecular hydrogen.  Hydrogen molecules, therefore, must first be adsorbed and dissociated on the 
surface of the membrane facing the hydrogen source.  
 
Some membrane materials such as palladium and palladium alloys, nickel cermets, and many perovskite-
based proton conducting membranes possess intrinsic ability to adsorb and dissociate molecular 
hydrogen.  However, if the membrane material does not possess adequate intrinsic catalytic activity for 
hydrogen adsorption and dissociation, then a hydrogen dissociation catalyst must be added to the surface 
of the membrane which faces the hydrogen source.  Catalysts must remain stable and active in the harsh 
chemical environment of water-gas shift reactors. 
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On the hydrogen permeate (or hydrogen sink) side of the membrane, the dissociated hydrogen which has 
diffused through the membrane, must be recombined to form hydrogen molecules before the hydrogen 
molecules can desorb from the surface of the membrane.  In general, a catalyst which can dissociate 
hydrogen molecules will also recombine the dissociated hydrogen back into hydrogen molecules.  Thus, 
in principle, the same catalyst can be applied to both sides of the membrane.  In practice, the catalysts are 
optimized for the different environments facing the hydrogen source and sink sides of the membrane.  
The source side is optimized for maximum adsorption of hydrogen and resistance to catalyst deactivators 
(from impurities in the water-gas shift reactor), whereas the membrane sink side is optimized for rapid 
desorption of hydrogen.  
 
Selection of Membrane Materials with High Hydrogen Permeabilities.  In Phase I, a number of 
hydrogen transport membrane materials were investigated.   
 

 
 

1.2.1.1.4.4 (1)  Schematic of a dense high temperature hydrogen transport membrane.  The 
central region consists of a dense material possessing high permeability for hydrogen and 
essentially zero permeability for other gases.  The central layer is also electron conducting.  
Materials for the central layer may include un-alloyed metals, metal alloys, proton-conducting 
ceramics, metal-ceramic cermets, and other metal-ceramic composites.  Both surfaces of the 
membrane must possess catalytic activity for the adsorption and dissociation of molecular 
hydrogen.   
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1.2.1.1.4.5  Executive Summary 
 
Membranes are being developed and tested which can separate hydrogen from carbon dioxide produced 
from fossil fuels.  The hydrogen, which is collected on one side of the membrane, can be used, for 
example, as a clean, non-polluting, fuel to run electrical turbines.  The pure hydrogen might also be used 
to power fuel cells or could be used by chemical industry in hydrogenation reactions or in desulfurization 
of petroleum.  On the opposite side of the membrane, carbon dioxide is concentrated at high pressure, in a 
non-diluted form which will be convenient for sequestration into oil wells for extraction of additional oil, 
into seams of coal for extraction of natural gas, or into other geologic storage reservoirs.  
 
In principle, all carbon-based fuels, including coal, natural gas, biomass, and various fractions of 
petroleum can be reacted with steam and oxygen to form a mixture of hydrogen and carbon monoxide 
called synthesis gas.  The carbon monoxide in the synthesis gas can be further reacted with steam to form 
additional hydrogen and carbon dioxide.  Extraction of hydrogen through membranes shifts the chemical 
equilibrium, which results in the essentially complete consumption of carbon monoxide and maximum 
production of hydrogen. 
 
In one of the visions of the Carbon Capture Project, fossil fuels, instead of being burned directly in air, are 
instead reacted with steam and oxygen to produce synthesis gas, which is further reacted with steam to 
form more hydrogen and carbon dioxide.  The hydrogen is extracted through membranes to run turbine 
engines used in electric power generation, and the carbon dioxide is sequestered.  For this vision to 
become economically viable, low-cost hydrogen transport membranes must be developed which can 
operate under the relatively hostile chemical environment of water-gas shift reactors which use 
superheated steam at high pressures and elevated temperatures. 
 
In the Phase II research, which has been underway for approximately 10 weeks at Eltron Research Inc., 
hydrogen transport membranes are being developed and tested.  Under the same conditions, these 
membranes have ten to one hundred times the hydrogen permeability of palladium membranes, but at a 
fraction of the cost. 
 
In the Phase II research, high-pressure reactors have been designed, built and tested to operate at an 
absolute pressure of 3.2 million Pascal (32 bar), with a differential pressure of 3.1 million Pascal (31 bar) 
across the membranes in the water-gas shift temperature range between 593-713 K.  Reactors were 
designed to operate with a partial pressure of steam on the feed side of the membrane of 1.2 million 
Pascal (12 bar), a partial pressure of hydrogen of 1.3 million Pascal (13.2 bar), and partial pressures of  
570,000 Pascal of CO2 and 106,000 Pascal of CO, to simulate conditions in industrial water-gas shift 
reactors. 
 
Membranes, 127 microns thick, have already been tested in preliminary tests for over 300 hours under a 
hydrogen partial pressure of 0.6 million Pa at 673 K (400°C), and an absolute pressure on the hydrogen 
feed side of the membrane of 3.2 million Pascal (32 bar), with a differential pressure of 3.1 million Pascal 
(31 bar) across the membrane.  Membranes have successfully resisted the differential pressure without 
leak and have shown a steady hydrogen permeability of over 2 x 10-8 mol·m·m-2·s-1·Pa-05, which is 
comparable to membranes of pure palladium.  In a separate 100 hour test at 3 bar partial pressure 
hydrogen, absolute pressure of 3.2 million Pascal, and differential pressure of 3.1 million Pascal, 
membrane disks, 1.5 cm in diameter, were found to distort 0.5 mm at the center due to the pressure.  
Membranes purged of hydrogen and cooled show only the original metallic phase by X-ray diffraction 
without evidence of hydrides. 
 
More recent batches of membrane, with improved deposition procedures for membrane catalysts, have 
consistently shown initial values of hydrogen permeability as high as 2 x 10-7  mol m m-2 s-1 Pa-0.5, which 
is approximately ten times better than pure palladium under comparable conditions.  If these values of 
hydrogen permeability are maintained under water-gas shift conditions, cost of membrane materials and 
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catalysts is estimated at U.S $1.45 million for a power plant emitting two million metric tons of carbon 
dioxide annually.  For perspective, pure palladium membranes, of similar thickness, would cost U.S. $137 
million, at current prices.  At carbon dioxide emissions tax rates of U.S. $60 per ton, as in Norway, the 
annual tax on a power plant with annual carbon dioxide emissions of two million metric tons would be 
$120,000,000 per year or $329,000 per day.  At this tax rate, costs for Eltron membrane materials could 
be recouped in less than one week, whereas that of pure palladium would require over one year for the 
materials alone.  Eltron’s membrane materials thus appear to be economically viable. 
 
In the first ten weeks of the Phase II project, hydrogen transport membranes have already be integrated 
with beds of commercial high-temperature water-gas shirt catalysts.  New ambient pressure reactors were 
designed, built and tested.  A shift in the chemical equilibrium of the reaction has already been observed 
as predicted by calculations.  
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1.2.1.1.4.6  Experimental 
 
1.2.1.1.4.6.1  High-Pressure Reactor 
 
Figure 1.2.1.1.4.6 (1) is a schematic of the high-pressure hydrogen separation unit which was designed, 
built and tested in the first six weeks of the Phase II project.  The high pressure reactor was designed to 
produce a differential pressure across the membrane of 31 bar (3.1 MPa or 450 p.s.i.) in order to meet 
Phase II goals of 30 bar differential pressure.  For sweep gas conditions on the permeate side of the 
membrane operating at near ambient pressure, the feed gas on the retentate side of membrane operates at 
an absolute pressure of approximately 3.2 MPa (32 bar or 464 p.s.i.).  The  reactor was designed to operate 
at the above pressures between 593-713 K, which is the normal temperature range used in high-
temperature water-gas shift reactors (see Twigg, 1997).  The reactor is also designed to operate up to 20 
bar (2.0 MPa or 290 psi) at higher temperatures, between 975-1075 K.  

 

The top portion of the schematic shows the components of the sweep-gas lines.  The schematic indicates 
nitrogen as the sweep gas, but tanks of argon or helium can replace the nitrogen for leak checks. Auxiliary 
lines allow nitrogen, argon, or helium gas sources to be fed to the feed side of the membrane, if needed, 
for high-pressure testing across membranes in inert atmosphere for membrane burst tests, if required.  
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1.2.1.1.4.6 (1)  High pressure H2 separation unit - design configuration. 
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Inert gas can also be used to dilute the water-gas shift text mixture, or mixtures of hydrogen/helium in the 
retentate side gas feed, if needed. 

The middle portion of the schematic shows the gas lines associated with the water-gas shift gas mixture 
for the membrane retentate, or feed side.  Cylinders of pre-mixed (dry) gas are purchased from AirGas 
Corporation.  Preliminary tests in Phase II are using wet gas mixtures with H2O, CO2, H2, CO, and 
nitrogen and other impurities.  The values may vary slightly depending upon the exact water-gas shift 
conditions which one intends to model. 

The bottom of the schematic shows lines for feeding steam into the feed side of the membrane.  Flow of 
water in the liquid state is controlled with a liquid mass flow controller, calibrated for water.  A tank of 
nitrogen (or other inert gas if needed) is used to pressurize the water and force it into the reactor, where 
the liquid water is vaporized into steam.  Steam is condensed in a water trap, shown on the bottom right, 
before sending the retentate gas to analysis (vent). 

 

Figure 1.2.1.1.4.6 (2) shows views of the high-pressure reactor. A containment facility surrounds the 
high-pressure unit, and is designed to vent gas, sound alarm, and automatically close valves and shut 
down gas flow in the event of a catastrophic leak. A rupture disk is installed at the top of the unit, which 
is designed to burst if design pressures are exceeded. The outer reaction chamber tube walls are 
constructed of HaynesTM 230 alloy and are lined on the interior with an Inconel?TM 800 sleeve.  

1.2.1.1.4.6 (2)  (a) New High Pressure Hydrogen Separation Unit - Eltron Research Inc., and (b) the 
separation unit with oven.  Views of the high pressure reactor which is being used to test stability of 
catalysts and membranes to at least 32 bar pressure, absolute, 31 bar differential pressure, in a full 
steam plus water-gas shift reaction mixture containing predominantly, steam, CO2 and CO at 593-
713 K.   The facilities at Eltron Research Inc. are one of only a few in the United States with 
capabilities for membrane tests at these extreme conditions. 

(a) (b) 
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1.2.1.1.4.6 (3)  Ambient pressure testing facility - Eltron Research Inc.  Left: new reactors for testing 
membranes with water-gas shift catalyst.  Right: reactors for screening membrane catalysts in steam and 
water-gas shift mixture.  Center: reactors used for long-term tests. 

Appropriate pressure regulators, valves, high pressure mass flow controllers, and check valves are used to 
deliver feed and sweep gases.  Some of these devices are imaged in the photographs.  The sweep gas is 
typically brought in at near ambient pressure.  Steam is mixed with the dry gas mixture to give the desired 
mole fraction of steam in the mixture. 

Leak detection is performed by analyzing gas streams by gas chromatography.  Analysis of hydrogen 
permeation rates is performed by measuring hydrogen concentration in the sweep gas by gas 
chromatography.  The gas chromatography instruments are calibrated by standard procedures with  
hydrogen-helium standard gas mixtures. Mass flow controllers are calibrated for delivery rates and gas 
flows are corrected to standard temperature and  pressure(STP).  Helium is added to the feed and is used 
to leak check the membrane and seals.  In general, membranes are discarded if helium is detected in the 
sweep gas.  Data is considered reliable only if leak free to helium, which circumvents need for 
questionable corrections for mechanical leak compensation.  Argon in the feed and sweep is used to leak 
check system lines for nitrogen leaks from air.  

1.2.1.1.4.6.2  Ambient Pressure Reactors  
 
Figure 1.2.1.1.4.6 (3) shows an overview of the experimental bay used in ambient pressure measurements. 
The ambient pressure stations are used in screening many experimental variables and resolving 
experimental issues before testing membrane types in the high pressure reactors.  The two reactor stations 
in the center are used for hydrogen flux measurements in dry gas, such as mixtures of hydrogen and 
helium, CO, and the dry water-gas shift mixture.  Long term tests are also run in these reactors.  
Hydrogen flux is determined from gas chromatography measurements of the concentration of hydrogen 
which appears in the permeate exhaust.  These reactors are used to determine maximum hydrogen flux 
and hydrogen permeability which can be achieved under ideal hydrogen/helium mixture, to show absence 
of helium leak in new membrane types, to resolve issues relating to possible catalyst poisoning effects by 
CO (no poisoning by CO is noted in the temperature range 593-713 K), to resolve issues relating to 
effects of membrane catalyst deposition methods on hydrogen flux, and to resolve possible issues of 
interdiffusion between catalysts and membrane materials at high temperatures. 
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1.2.1.1.4.6 (4)  New ambient pressure reactors for testing membranes integrated with beds of water-gas 
shift catalyst.  New system designed and built in month #1.  Membranes and catalyst beds connected in 
series. 

The four ambient reactor stations on the right are used to test membranes and membrane catalysts in the 
water-gas shift mixture with full steam.  Hydrogen flux is determined as above from gas chromatography 
measurements of the concentration of hydrogen which appears in the permeate exhaust.  These reactors 
are used to test and screen new membrane catalysts for stability in steam and to measure effects of 
catalyst poisoning by sulfur compounds which appear as impurities in the water-gas shift mixture. Liquid 
water is forced into the reactors by calibrated peristaltic pumps.  Water is vaporized by heating tapes 
surrounding gas lines, and steam is further heated to reaction temperatures within the reactor tube 
furnaces.  Thermocouples suspended a few millimeters from membranes and within the water-gas shift 
mixture are used to insure that membranes are heated to the proper temperature and that the steam is fully 
heated. The ambient pressure reactors are used to measure hydrogen permeability as a function of 
temperature in the steam plus water-gas shift gas mixture and to obtain activation energies and pre-
exponential factors for the various types of membrane.  Membrane types showing low-activation energies 
and good hydrogen flux are then selected for high-pressure tests.  

The four reactors on the left are used for integrating membranes with high-temperature water-gas shift 
reactors. Beds of commercial SüdChemie 90 wt % Fe3O4/ 10 wt % Cr2O3 water-gas shift catalysts are 
reduced and activated according to the manufacturer=s standard procedure. The four reactors are arranged 
in series with alternating beds of catalysts and hydrogen transport membranes.  The water-gas shift 
mixture, including steam, can be fed directly to membranes to provide base-line measurements with no 
catalysts on line.  The gas also can be fed directly to the catalyst beds with the membranes off-line to 
measure baseline shifts caused by the catalysts before extraction of hydrogen.  Two membranes and two 
catalyst beds can be connected in series to measure the effect of removal of hydrogen through the 
membranes on shifting the reaction.  The reactors are also being used to resolve issues of hydrothermal 
transport of components of the water-gas shift catalysts and reactor wall materials onto membrane 
surfaces.  Guard bed materials are also tested in these reactor to remove impurities in the gas stream 
which can deactivate membrane catalysts. 
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Figure 1.2.1.1.4.6 (4) and 1.2.1.1.4.6 (5) show close-up views of the reactor stations used for integration 
of the water-gas shift catalysts with the hydrogen transport membranes.  On the right of Figure 1.2.1.1.4.6 
(4) are mass flow controllers and oven controls.  On the left are the four reactor tubes, connected in series, 
surrounded by ovens.  Sample collection ports are located before and after each reactor so as to measure 
gas concentrations for the input and exhaust of each reactor.  Samples of input and exhaust gas are fed 
into gas chromatography instruments for analysis. Figure 1.2.1.1.4.6 (5) shows one of the reactor tubes 
with the tube furnace opened.  Reactors and ovens are surrounded by gas-containment cabinets which are 
designed to vent gases in the event of a catastrophic leak.  Gas detectors are located within the cabinets to 
sound an alarm in the event of a gas leak. 

 

1.2.1.1.4.6.3  Analytical Techniques 
 
1.2.1.1.4.6.3.1  Powder X-Ray Diffraction (XRD) Analysis of Membranes and Catalysts 

X-ray powder diffraction data of the commercial catalysts, and membrane materials, before and after use 
in reactors, was performed using a Philips PW 1830 X-ray diffractometer equipped with a copper anode ( 
? for Cu Ka = 1.542Å).  X-ray diffraction analysis of powdered materials and membrane materials is a 
routine, daily task at Eltron Research. Identification of crystalline phases, including possible impurity 
phases, is made by comparison of measured peak angles to peak angles catalogued in computer files 
published by JCPDS- International Centre for Diffraction Data.  The data files contain over 50,000 entries 
of known diffraction patterns.  Changes after exposure to the water-gas shift environment, if any, are 
noted.  

1.2.1.1.4.6.3.2  Energy Dispersive X-ray Analysis in Scanning Electron Microscope 

Elemental analysis of catalyst and membrane materials are performed using a Princeton Gamma 
Techniques, Energy Dispersive X-ray (EDX) unit which is housed within a JEOL JSM-5610 Scanning 
Electron Microscope.  Materials are analyzed before and after exposure to the high pressure water-gas 
shift reaction mixture.  Gross impurities acquired on membrane surfaces during exposure to the reaction 
medium or elements lost due to volatilization by steam are identified.  The scanning electron microscope 
is also used to image membranes and catalysts.  Cross sectional images, as well as top and bottom views 
of membranes are made.  The commercial catalysts are also viewed at various magnification before and 
after use in the reactor. 

1.2.1.1.4.6 (5)  New ambient pressure reactor with oven. 
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1.2.1.1.4.6.3.3  X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy is used to detect monolayer level impurities which can adsorb on the 
catalytic surfaces of the membranes and act as deactivators of catalysts.  These impurities can originate 
with the gas stream, steam, reactor walls, catalyst bed, etc.  Monolayer levels of impurities which cannot 
be detected by EDX usually can be detected by XPS.  Typical catalyst poisons searched for include 
sulfur, phosphorus, silicon, and chlorine.  Iron, chromium and sulfur from the beds of water-gas shift 
catalysts and from reactor walls can be hydrothermally transported by steam to the membrane surfaces 
and are also sought.  Oxidation states of catalysts are also identified by XPS.  

1.2.1.1.4.6.3.4  BET Surface Area Analysis 

The Brunauer-Emmett-Teller (BET) method is used to measure surface area of the commercial water-gas 
shift catalysts, before and after use in the reactors. This allow one to determine whether or not the 
catalysts lose significant surface area during use. 
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1.2.1.1.4.7  Results and Discussion 

1.2.1.1.4.7.1  Analysis of Commercial Water-Gas Shift Catalyst 
 
High temperature water-gas shift catalyst pellets were obtained from Süd Chemie.  The composition of 
this commercial catalyst is reported to be a mixture of approximately 90% Fe3O4 - 10% Cr3O4.  The dark, 
reddish-brown pellets were cylindrical in shape, ~6 mm diameter by 6 mm high.  The density of the 
pellets was measured to be 1.95 g/cm3.  This compares to density values of between 4.9 to 5.2 g/cm3 for 
pure iron oxide, Fe2O3 or Fe3O4.  The catalyst pellets appeared similar to pressed green pellets of 
unsintered ceramics.  Pellets were friable (easily crushed to powder), and the powder was easily attracted 
to a magnet, consistent with the presence of magnetite (Fe3O4).  Surface area of the catalyst pellets was 
measured by gas adsorption and calculated by the BET method.  Surface area of the as-received pellet 
was 105 m2/g.  Surface area measurement of the crushed powder gave a value of 92 m2/g. 

Microscopic examination of catalyst pellets was performed with a Scanning Electron Microscope (SEM) 
(see Figure 1.2.1.1.4.7 (1)).  Very fine, sub-micron size particles were seen, which is typical for fine 
flocculated precipitates.  Inclusions were seen in fair number (see Figure 1.2.1.1.4.7 (2)).  Inclusions were 
identified as graphite particles.  We speculate that carbon compounds or graphite may be intentionally 
added as possible binding agents, or pore formers, or reducing agents for converting Fe2O3 into Fe3O4. 

Elemental analysis of commercial water-gas shift catalysts was performed by X-ray energy dispersive 
spectroscopy in the SEM.  The main components were found to be iron and chromium as expected.  
Minor amounts of calcium and copper were also detected and inclusions of carbon were also found.  
Copper is a common additive in such catalysts.  Powder X-ray diffraction (XRD) was performed on these 
commercial catalysts (Figure 1.2.1.1.4.7 (4)).  Peaks in as-received samples matched with structures of 
Fe2O3 (hematite), Fe3O4 (magnetite), and graphite.  The peaks were broad, consistent with the small 
crystallite size.  Chromium is known to form a solid solution with iron oxide.  There are no separate 
phases of calcium or copper oxides, suggesting they are either also in solid solution with the iron oxide, 
are amorphous, or they are present in amounts below the detection limit.  A sample heated in air to 
1000°C showed an XRD pattern with sharper peaks of the two metal oxide phases, with no graphite 
present (see Figure 1.2.1.1.4.7 (5)). 
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1.2.1.1.4.7(1)  Scanning electron microscopy and x-ray energy dispersive spectroscopy analysis of 
Süd Chemie high-temperature water-gas shift catalyst.  Catalyst contains mainly iron and chromium 
(as oxides).  Trace amounts of calcium, copper.  Catalyst powder appears to be a very fine (~250 µm 
diameter) flocculated precipitate.  Graphite inclusions are present. 
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 1.2.1.1.4.7 (4)  XRD pattern of as-received water-gas shift catalyst.  Green lines 
mark position of peaks corresponding to Fe2O3 phase; red lines for Fe3O4, and blue 
for graphite. 

1.2.1.1.4.7 (2)  SEM photo of basal 
surface of catalyst pellet, original 
magnification 2000X, centered on 
graphite inclusion. 

1.2.1.1.4.7 (3)  SEM image of basal 
surface of catalyst pellet, original 
magnification 20,000X, showing 
small particle size of iron oxides. 
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1.2.1.1.4.7 (6)  TGA results of catalyst tested in air, nitrogen, and carbon dioxide. 

1.2.1.1.4.7 (5)  XRD pattern of catalyst powder after heating in air to 1000°C.  Blue lines mark 
position of Fe2O3 peaks; green for Fe3O4, and red for aluminum sample holder.  Peaks have sharpened 
relative to the as-received pattern, indicating particle sintering at very high temperature.  Maximum 
catalyst operating  temperature is 440°C. 
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Some stability tests of these catalysts were performed by thermogravimetric analysis (TGA) and XRD 
(see Figure 1.2.1.1.4.7 (6)).  Thermogravimetric analysis of catalyst powder was performed by heating in 
air, in N2, and in CO2.  Weight loss was seen for all three cases.  TGA analysis of catalyst powder in air 
was performed to 900°C.  A 2.38% weight loss was seen as a sample was heated to 100°C, and was 
attributed primarily to desorption of water.  An additional 2.23% weight loss was observed between 
100°C and 600°C and would likely result from loss of organic binders, but may also be attributed to 
decomposition of hydrates.  Above 600°C, the decomposition or oxidation of carbon occurred and 
resulted in an additional 1.24% weight loss.  Ultimate weight loss was equivalent in both N2 and CO2, but 
rates varied slightly. 

XRD patterns were taken of samples heated in nitrogen atmosphere to 200°C, 400°C and 500°C.  XRD of 
each of these samples showed no significant changes, with slight sharpening of peaks only at 500°C (see 
Figure 1.2.1.1.4.7 (7)), which is beyond the normal maximum use temperature of 440°C.  Catalysts were 
heated to 450°C in 100% CO2 to resolve issues of possible iron carbonate formation discussed in the 
literature.  No carbonate phase formation was detected by XRD in two spots, and it was concluded iron 
carbonate formation is not an issue at this time, at least in dry CO2.  Only minimal peak sharpening was 
observed after heating. 

1.2.1.1.4.7.2  Hydrogen Permeation Studies in Ambient Reactors  

 
1.2.1.1.4.7.2.1  A. Effects of Different Catalyst Preparation Methods 

In this period, several techniques were tried to improve catalyst coatings on the surfaces of the membrane.  
Three different treatments were compared.  The corresponding hydrogen permeation data of these various 
membranes are discussed in the following paragraphs. 

Table 1.2.1.1.4.7 (1) summarizes the permeation data from the membranes which had no catalysts and 
which had catalysts deposited by three procedures.  As expected, the hydrogen flux through the 
membrane is not detectable when no catalyst was applied on the surfaces of the membrane.  The cleaning 
process used to clean the surface of the membrane has an important effect on the transport properties of 
the membrane. 

 1.2.1.1.4.7 (7)  XRD patterns of catalyst powders after testing stability in nitrogen and carbon dioxide. 
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In summary, the processing techniques involved in depositing hydrogen dissociation catalysts on the 
membranes exert a significant effect on the transport properties of the membranes.  Cleanliness is 
absolutely essential to obtain the membranes that exhibit excellent hydrogen permeation properties.  
Taking care during the preparation of the membranes, we have repeatedly been able to achieve high 
performance of hydrogen permeation in the catalytic membrane reactor (CMR).  The permeability of our 
membranes is 15-20 times better than that of a pure palladium membrane.  Earlier permeation data 
discrepancies (e.g., lower permeability from the Phase I and earlier reports) were the results of using the 
membranes which were processed with the non-optimized procedure. 

1.2.1.1.4.7.2.2  B. Temperature Effect 

Hydrogen permeation at various temperatures was examined in this period.  Ideally, the temperature 
effect on the permeability can be used to derive the activation energy of the hydrogen permeation by 
plotting the ln(permeability) vs. 1/T.  The slope of the line is related to the activation of the process by the 
following equation: Ea = !R×Slope, where R is the gas constant 8.314 JK-1mol-1.  However, the hydrogen 
permeation that we studied in this program is a complicated process.  This involves H2 absorption and 
desorption on the respective surfaces, subsequent H2 dissociation and association on the surface sites, 
hydrogen dissolution into bulk metal, and hydrogen diffusion through the membrane.  Each of these 
“processes”, which may exhibit a different temperature dependency, can be the rate limiting step of the 
hydrogen transport depending on the specific operating conditions (e.g., temperature, hydrogen partial 
pressure, catalyst thickness, and presence and types of impurities).  Bearing these considerations and 
literature data in mind, we studied the temperature dependence on several catalyst coated membranes and 
one palladium membrane.  The preliminary results are discussed in the following paragraphs. 

In Figure 1.2.1.1.4.7 (8), hydrogen permeability of pure Pd metal as a function of inverse temperature was 
plotted.  The observation that hydrogen permeation increases with increasing temperature is consistent 
with the literature.  From the slope of the fitted linear regression, an activation energy of 14 kJ/mol was 
obtained based on these experimental data. 

1.2.1.1.4.7 (1) 
Hydrogen Permeation Data Through Various Metal Membranes 

Membrane Type 
Temperature 

(ΕC) 
H2 flux 

(mL/min·cm2) 
Permeability 

(mol·m/m2/s/Pa1/2) 
sw-M no catalyst 320 not detectable  NA (very low) 

Catalyst / u-M 320 6.0 3.5E-08 

Catalyst / sw-M 320 15.9 1.4E-07 

Catalyst / Arp-M 320 17.4 1.6E-07 
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The results from studying the temperature effect on our composite membranes are not quite as 
straightforward.  We are currently collecting more data in order to comprehensively understand the 
observed temperature effect.  Intuitively, the diffusion either through the palladium catalyst layer or the 
membrane can be the rate limiting mechanism.  Therefore, the apparent activation energy we derived 
from our permeation data at various temperatures will also be substantially influenced by the catalyst 
layer thickness and the interfacial interactions between the catalyst and membrane.  The preliminary 
results obtained from our best composite membranes show two distinct slopes in the temperature range of 
320-440°C.  In the low temperature range of 320-360°C, the permeability increased with increasing 
temperature, and the apparent activation energy is ~6 kJ/mol.  In the high temperature range of 
380-440°C, the permeability started decreasing with increasing temperature, and negative activation 
energies of -7 and -12 kJ/mol were derived from two of the membranes.  The temperature of 360-380°C 
seems to be the optimal range in term of producing the highest hydrogen flux.  We are currently not 
certain of the cause of the decline of the hydrogen flux at the higher temperature range, although it is not 
unprecedented to obtain a negative activation energy for membranes which dissolve less hydrogen at high 
temperatures.  It is possible that two different mechanisms are dominating the hydrogen permeation at 
these two different temperature ranges.  The lowest permeability we observed from our composite 
membranes was over 1.5 × 10 -7 mol·m-1·s-1·Pa-0.5 at 440°C, and the derived activation energies (positive 
or negative) are rather small.  In other words, the hydrogen permeation of our membranes is excellent, 
and only exhibit slight temperature dependency in the range of 320-440°C.  Considering the complex 
nature of the hydrogen transport through our composite membrane and the variations involved in 
processing and data collection, more thorough studies on this matter are needed in the future.  For the 
time being, 2.0 × 10 -7 mol·m-1·s-1·Pa-0.5 is a safe upper estimate of the permeability for the engineering 
design in the whole operating temperature range (320 to 460°C). 

1.2.1.1.4.7.2.3  C. Effects of Using Dry Mixture Gas 

Gas cylinders containing an H2/CO/CO2/N2 mixture from Airgas Corporation were used as the source of 
the processing gas.  A membrane was tested with this mixture gas as the feed for over 400 hours, and the 
permeation data were illustrated in Figure 1.2.1.1.4.7 (9).  After the feed gas was changed from a H2/He 
mixture (66% of H2) to the H2/CO/CO2 mixture, the permeability dropped ~ 40% within 2 hours, and 
continuously decayed at a slower rate over time.  At 400 hours, the permeability is only ~ 25% of the 
original values.  This membrane displayed serious discoloration after the usage, and formation of 
significant amount of carbon black inside the reactor was observed.  It was very likely that the following 

1.2.1.1.4.7 (8)  (a) Arrhenius plot of the permeability for hydrogen through pure palladium.  An 
activation energy of +14 kJ·mol-1 is found from the slope.  (b) Plot for Eltron membrane.  Activation 
energies are 7.31 kJ/mol for low temperature (320-360°C) and 2.42 kJ/mol at high temperature 
(380-440°C) implying a likely change in mechanism of the rate limiting step. 
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reactions occurred under this operating condition, and the products, especially carbon, from these 
reactions seriously reduced the performance on the membrane. 

   CO + 3H2  6 CH4 + H2O  )H = -206.2 kJ/mol 
   2CO 6 C + CO2   )H = -172.5 kJ/mol 

It is well known that these undesired reactions can be encountered when operating at low steam ratios in 
the water gas shift reaction, and the introduction of the steam is necessary to avoid the carbon formation 
(Twigg, M.Y., 1997).  In the presence of full steam, deposition of carbon is not likely to present a 
problem. 

 

1.2.1.1.4.7.2.1  D. Hydrogen Permeation with the Full Processing Gas 

The specified mole percent gas composition of the full processing feed contains H2O, H2, CO, CO2, and 
balance of N2 and other impurities.  The steam content in the feed gas was controlled by using a water 
pump to deliver a calculated amount of liquid water (g/min.) that corresponds to ~37.3 vol% in the feed 
steam.  The necessary amount of water was delivered to a feed line, which was heated to ~300°C with a 
heating tape, before entering into the membrane reactor.  Several membranes were tested in the CMR 
reactor to study the hydrogen permeation with this processing gas.  Figure 1.2.1.1.4.7 (10) plots the 
hydrogen flux and permeability vs. time from one of these membranes.  It was clear that hydrogen flux 
suffered a initial drop right after the addition of steam.  This initial sudden decline of the hydrogen flux is 
likely caused by the reduction of the hydrogen concentration (dilution) and the temperature at the 
membrane.  However, hydrogen permeation slowly recovered to reach a steady state (~ 12 mL/min. cm2) 
in 10 hours, and the corresponding permeability is ~ 8.5× 10-8 mol.m-1s-1Pa-0.5  This value is remarkable, 
and ~9 times better than that of Pd membrane which was operated with an ideal H2/He mixture.  The 
recovery may imply an initial deposit of impurity onto the surface of the membrane by hydrothermal 
transport, which is then removed by steam over time. 
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1.2.1.1.4.7 (9) Hydrogen flux and permeability of the composite membrane at 320°C with the dry 
mixture gas as the feed.  (o and ?  mark the hydrogen flux and hydrogen permeability for the case of 
an ideal hydrogen/helium mixture.  ¦  and x mark the hydrogen flux and hydrogen permeability in a 
dry gas mixture containing CO, CO2, H2 and N2.  Carbon deposition appears to cause a loss of flux 
with time, and implies that full steam must be applied to remove carbon. 
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In summary, we have been successfully operating the hydrogen separation membranes with the true 
processing gas.  The addition of steam in the feed has a negative effect on hydrogen permeation.  
Permeability dropped to ~50% (in the best cases) as compared with that of using dry gas.  We are 
currently trying to find out the cause of this decline.  Besides the cooling effect from the addition of 
steam, there was some evidence indicating that steam may deposit impurities, such as Fe, Cr, and Ni, 
from the steel alloy reactor that we are using for housing the membrane.  EDX and XPS analysis on the 
feed sides of several post-run membranes indicated the presence of Fe, Cr, Ni etc. metal impurities.  In 
one extreme case, Fe3O4 crystals were found on the feed surface of the membrane after long exposure to 
the steam.   

 

1.2.1.1.4.7.2.1  E. Effect on Hydrogen Permeation by the Up-Stream WGS Catalyst Beds 

In this period, we designed and built a membrane reactor with the incorporation of water-gas shift 
reactors up-stream.  The design allows us to collect the hydrogen permeation data with or without the 
WGS catalyst bed.  In a typical experiment, the processing gas is fed first into the membrane reactor 
directly (bypassing the WGS catalyst bed).  When the permeation stabilizes, the catalyst bed is then 
brought on-line to study the effect of the up-stream catalyst bed on the hydrogen permeation.  One 
example is illustrated in Figure 1.2.1.1.4.7 (11).  Moments after the catalyst was brought on line, the 
hydrogen flux through the membrane increased.  This behavior probably reflects an increase of hydrogen 
concentration in the feed due to the water-gas shift reaction.  Based upon equilibrium calculations, for 
example, the H2 concentration is expected to increase to 43.4% from 41.4% after the feed stream passes 
the WGS catalyst at 360°C.  The membrane displayed discoloration after use.  EDX analysis on the 
membrane after use often reveals the presence of impurities such as C, S, Si, Cl etc. on the feed side of 
the membrane.  It is apparent that steam can transfer many contaminants from the up-stream WGS 
catalyst bed.  Currently, we are working on adding guard beds of high surface area ceramic as a strategy 
to getter the impurity compounds before they reach the membranes.  In addition, the water-gas shift 
catalysts will be purged for extended periods of time with the water-gas shift mixture to remove the 
impurities, especially sulfur, before the membranes are brought on-line. 

D88-22-A-1

0

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20 25 30

Time (Hours)

H
2 

F
lu

x 
(m

L·
m

in
-1

·c
m

-2
 S

T
P

)

0.0E+00

2.0E-08

4.0E-08

6.0E-08

8.0E-08

1.0E-07

1.2E-07

1.4E-07

P
er

m
ea

bi
lit

y 
(m

ol
.m

-1
.s

-1
P

a-0
.5

)Dry

Wet

1.2.1.1.4.7 (10)  Hydrogen flux and permeability with the full processing gas in the feed. 
(?  and ?  are the H2 fluxes and permeability data, respectively.) 
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1.2.1.1.4.7.3  Stacked Hydrogen Separation Membrane Unit 

We have initiated steps towards scale -up of our hydrogen separation membrane unit.  Design and 
fabrication of a stacked separation unit has been completed in order to demonstrate that our membranes 
may be ultimately amenable to scale -up via a continuous stacked design we have constructed a stacked 
separation unit composed of two membranes arranged in series.  Figure 1.2.1.1.4.7 (12) presents a cross-
sectional schematic of the dual stacked hydrogen separation membrane assembly. 

 

 

Two 4.80 cm (1.89 inch) diameter membranes are enclosed in a series of knife-edge flanges.  The seal is 
made by bolting together two identical flanges with a flat metal ring gasket between the knife edges, 
Figure 1.2.1.1.4.7 (12).  The knife-edges press annular grooves in each side of the softer gasket material 
which fills voids and defects in the knife-edges producing a leak tight seal.  Flanges are tapped with 1/4-
28 NPT and can be attached directly to a water gas shift reactor or any hydrogen feed stream, as 
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1.2.1.1.4.7 (11)  Hydrogen flux and permeability of a membrane with a water-gas shift 
catalyst bed upstream.  (?  and ? are H2 fluxes, and ?  and ¦  are the permeability) 

1.2.1.1.4.7 (12)  Cross-sectional schematic of stacked hydrogen separation membrane unit. 
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illustrated in Figure 1.2.1.1.4.7 (12).  A feed stream is directed toward the interior of the membrane stack 
through a centrally located flange.  Hydrogen enters the stack between the two membranes and is 
selectively removed via migration across or through the membrane.  Inert gas sweep streams are directed 
on each side of the membranes in order to efficiently remove hydrogen gas from the stacked membrane 
unit.  

Figure 1.2.1.1.4.7 (13) presents an exploded view of a dual stacked hydrogen separation membrane unit.  
In this configuration three 1/4-28 NPT flanges are terminated with two individual blank flanges in order 
to enclose the separation membranes.  Flange diameter is 7.00 cm (2.75 inches), membranes are machined 
to the outside diameter of the copper gasket (4.80 cm, 1.89 inch).  Usable membrane area corresponds to 
the inside diameter of the copper gasket.  Inside diameter of the copper gasket is equal to 1.45 inches 
providing an active membrane area of 10.6 cm2 or 1.65 in2 for each membrane or 21.3 cm2, 3.3 in2, of 
total active membrane area combined.  

 

Figure 1.2.1.1.4.7 (14) shows a view of the fully assembled unit, this unit has a height of approximately 
6.4 cm (2.5 inches) and with a diameter of 7.0 cm (2.75 inches) occupies a total volume of only 176.8 cm3 
(10.79 in3). 

 

 

 

 

 

 

 

 

 

1.2.1.1.4.7 (13)  Exploded view of stacked hydrogen separation membrane unit. 

1.2.1.1.4.7 (14)  Fully assembled stacked hydrogen separation membrane unit, 
prior to connection to feed and sweep stream gas sources. 
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The membrane unit was built to achieve a total hydrogen flux of approximately 213 mL/minute with feed 
flow rates of 1.7 L/minute and sweep rates of 2.7 L/minute, assuming linear behavior between membrane 
size, flux and flow rates.  

In order to maintain seal or leak integrity and in the interest of safety 0.635 cm (0.25 inch) diameter 
stainless steel tubing was welded to each of the three tapped CF flanges.  The stainless steel tubing is then 
routed to the exhaust and feed and sweep stream gases.  Figure 1.2.1.1.4.7 (15) depicts a fully assembled 
membrane stack, including 0.635 cm diameter stainless steel gas tubing rising above the ceramic kiln 
oven.  The stack is centered in a ceramic brick kiln oven and routed to source and sweep gases.   

Figure 1.2.1.1.4.7 (16) presents the fully constructed hydrogen separation membrane unit with associated 
hardware.  This simple design requires minimal accessories as shown in Figure 1.2.1.1.4.7 (16), bank of 
flow tubes, ceramic brick kiln oven, thermocouple and temperature control programmer. The unit is 
thoroughly leak tested prior to each operation.  

 

 

 

1.2.1.1.4.7 (15)  Digital photograph of fully assembled stacked hydrogen 
separation membrane unit - just prior to use. 



234 

 

We have operated the stacked separation unit to achieve hydrogen flux values in the same range as the 2.0 
cm2 membrane separation units currently operated by Eltron Research.  

These proof of concept experiments are in no way indicative of the potential for total hydrogen flux 
achieved by units of this general configuration.  This is a first design of our separation unit and 
improvements can definitely be expected. For example, feed stream flow through the stacked unit is 
directed parallel to the membranes.  Rearrangement of flow direction or design of a configuration which 
reduces laminar flow and increases turbulence will increase hydrogen residence time and undoubtedly 
increase flux.  Experiments were performed in order to verify the effect of increasing hydrogen content in 
the feed stream upon hydrogen flow or flux on the sweep side of the stacked membrane assembly. 

Figure 1.2.1.1.4.7 (17) presents a plot of total hydrogen flow on the sweep side versus volume percent 
hydrogen on the feed side of the membrane.  Volume percent hydrogen on the feed side was varied from 
10 to 15 to 20 to a maximum of 30 percent.  The plot simply shows the increasing amount of hydrogen 
extracted by the membrane as a function of increasing hydrogen concentration on the sweep side. 

Figure 1.2.1.1.4.7 (18) presents a plot of individual membrane flux as a function of increasing hydrogen 
concentration on the sweep side again the plot shows an increase in hydrogen flux with an increase in 
hydrogen concentration. Examination of Figure 1.2.1.1.4.7 (18) also reveals the dependence of 
permeability upon hydrogen concentration. As the hydrogen concentration increases the permeability also 
increases as expected. 

1.2.1.1.4.7 (16)  Fully assembled configuration for operation of stacked hydrogen 
separation membrane unit. 
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1.2.1.1.4.7.4  Results of High Pressure Tests. 

Initial high pressure tests were run for 100 hours at 400°C at a partial pressure of hydrogen of 3 bar at an 
absolute pressure of 32 bar and a differential pressure of 31.3 bar.  After 100 hours, the system was 
purged of hydrogen and cooled.  The membrane disk had distorted slightly over 0.5 mm in the center 
from the pressure.  X-ray diffraction showed complete membrane stability. 

Membranes, which were approximately 127 microns in thickness, were successfully tested under 
differential pressures of up to 31.3 bar (454 psi) and an absolute pressure of approximately 32 bar and a 
partial pressure of hydrogen of 6.4 bar on the hydrogen feed side of the membrane.  Figure 
1.2.1.1.4.7 (19) shows hydrogen flux and hydrogen permeability measurements for a membrane, 1.59 cm 
(5/8 inch) diameter with active surface area of approximately 2.0 cm2.  These preliminary measurements 
were done with an ideal dry hydrogen/inert gas atmosphere on the hydrogen feed side of the membrane. 
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1.2.1.1.4.7 (17)  Total flux versus volume percent hydrogen for stacked membrane separation unit. 
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1.2.1.1.4.7 (18)  Hydrogen flux and permeability versus volume percent hydrogen in the feedstream 
for the stacked hydrogen separation membrane unit. 
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Hydrogen flux remained steady for approximately 300 hours, and the membrane did not embrittle or leak 
under these operating conditions.  (The test was terminated after a local power outage at 307 hours.)  
Tests were run at 673 K (400°C), which is in the middle of the temperature range for the water-gas shift 
reaction. These preliminary measurements were performed within eight weeks into the Phase II project 
after designing, building and commissioning the new high pressure system.  Membranes will next be 
tested with the full target partial pressure of hydrogen of 13.2 bar on the feed side of the membrane and 
then with the full steam and water-gas shift gas mixture. 

 

 

Long Term Hydrogen Permeabilty Test
at 673K (400C)/ 31 Bar Differential Pressure 
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1.2.1.1.4.7 (19)  Results of a long-term test measuring hydrogen flux and hydrogen permeability in a 
high-pressure reactor.  A dry 20 mol % mixture of hydrogen plus inert gas was fed to the retentate 
side of the membrane at approximately 32 bar absolute pressure.  A differential pressure of 31.3 bar 
was maintained across the membrane for over 300 hours at  673 K (400°C).  Permeability remains 
approximately steady at slightly over 2 x 10-8 mol·m·m-2·s-1·Pa-0.5 for the 300 hour period, which is 
comparable to membranes of pure palladium.  The tests show that a 127 micron thick membrane can 
resist these differential pressures without leak or hydrogen embrittlement.   
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1.2.1.1.4.8  Conclusion 

 
It has been demonstrated that Eltron membranes can withstand 31.3 bar differential pressure across them 
while exposed to 6.4 bar partial pressure of hydrogen. The first project goal of successfully testing to 30 
bar differential pressure has thus been met.  Initial hydrogen permeabilities of up to 2 x 10-7 mol m m-2 s-1 
Pa-.05 have been consistently measured in ambient pressure reactors.  These values of permeability are 
approximately ten times better than pure palladium membranes run under similar conditions.  If these 
permeabilities can be maintained, membrane costs could be reduced below U.S. $1 million for a power 
plant emitting 2 million metric tons of CO2 annually. Membranes have already been integrated with 
water-gas shift catalysts. 
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1.2.1.1.5.1  Abstract 
 
This report summarizes preparation, characterization, permeation/separation properties involving H2, 
H2O, CO and CO2  for silicalite membranes with minimized intercrystalline pores. The silicalite 
membranes were prepared by the template-free secondary growth method. XRD analysis indicates that 
silicalite can grow well without an organic template on the surface of the silicalite seeded α-Al2O3 
supports.  SEM shows a thickness of the silicalite membrane of about 5 µm. The membranes were further 
characterized by pervaporation experiments with 1,3,5-triisopropylbenzene and xylene and the results 
indicated good quality of the silicalite membranes prepared in this work.  For the single gas mixture under 
dry conditions, the ideal separation factors of H2/CO and H2/CO2 are as high as 6 at 500ºC with hydrogen 
permeance of 1.2×10-6 mol/m2.s.Pa.  However, at low temperature the separation factors of H2/CO and 
H2/CO2 are not so high. The ideal separation factor of H2/CO and H2/CO2 for the silicalite membranes 
under wet conditions are as high as 9.4 and 8.8, respectively,    and the permeance of hydrogen is around 
10-7mol/m2.s.Pa.    With the protocol syngas as the feed in the separation experiments, separation factors 
for H2/CO and H2/CO2 as high as 11.6 and 12, respectively, were obtained for the silicalite membrane.    
The separation factor decreases at the higher feed side pressure, especially for H2/CO2.  The silicalite 
membranes are chemically very stable. Temperature dependency for the permeability for the linear flux 
equation was obtained for H2,  CO and CO2 for the silicalite membrane prepared in this project.  
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1.2.1.1.5.4  Introduction 
 
Gasification of heavy feedstock to produce hydrogen rich fuel gas using current technology includes 
partial oxidation to produce syngas, water-gas-shift reaction (WGS) to convert carbon monoxide with 
water to hydrogen, separation of hydrogen from the product steam, and removal of water vapor and other 
impurities (such as H2S) from CO2 containing stream. Recently, membrane technique has been considered 
to simplify the commercial WGS two or more reactor stages to a single membrane reactor. The membrane 
removes product hydrogen from the reactor, facilitating higher conversion at a given temperature. If 
sufficient conversion is achieved, a non-permeate stream comprising mainly CO2 can be obtained.  
 
The membrane WGS reactor technology depends largely on the availability of the inorganic membranes 
with desired properties. WGS reaction involves H2, H2O, CO and CO2, and the membrane should be 
hydrogen permselective. The objective of this work is to synthesize high quality α-Al2O3-supported 
silicalite membrane by template-free secondary growth method and to study the permeation/separation 
properties for syngas condition of these zeolite membranes. XRD and SEM measurements were used to 
characterize the membranes structure and morphology. Pervaporation technique was used to determine 
the quality of membranes. Permeation/separation experiments were conducted with simple gas mixture 
and protocol syngas mixture under dry and wet conditions to evaluate the separation and permeation 
properties of the silicalite membranes. 
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1.2.1.1.5.5  Experimental 
 
1.2.1.1.5.5.1  Template -Free Synthesis of silicalite membrane  

 
1.2.1.1.5.5.1.1  Preparation of Silicalite Suspension 
 
Silicalite suspension was prepared according to the following procedure. (1) NaOH-TPAOH solution was 
prepared by dissolving NaOH (Aldrich, 99.99%) pill in 1 M TPAOH solution in a capped Teflon flask 
(0.014 g NaOH per 1 ml TPAOH solution). (2) A given amount fumed silica was dissolved into this 
NaOH-TPAOH solution at around 80ºC with vigorous stirring. (3) After a clear solution was obtained, the 
solution was cooled down to the room temperature and aged for 3 hours and them hydrothermally treated 
in a Teflon lined stainless steel autoclave at 120ºC for 12 hours. The composition of the synthesis solution 
was 1 g SiO2-5ml (1M) TPAOH-0.07 g NaOH. (4) The seeds were purified by repeated centrifugation 
washes with deionied water. The final silicalite slurry contains 0.12 g/ml silitcalite with pH = 10. (5) The 
suspension used for coating was prepared by adding 0.5 wt.% hydroxy propyl cellulose (HPC) solution 
and deionized water in the silicalite slurry in desired amounts with final composition of the suspension: 1 
g silicalite-0.14 g HPC-94 ml H2O. 
 
1.2.1.1.5.5.1.2  Preparation of Silicalite Seed Layer on Porous α-Al2O3 Support 
 
Homemade porous α-Al2O3 disks with thickness of 2 mm and diameter of 20 mm were used as the 
supports. The α-Al2O3 disks were prepared according to the following procedure: (1) 10 g α-Al2O3 
powder (calcined, A15SG, Alcoa) and 0.8 g deionized water were fully mixed in a mortar; (2) 2.1 g 
mixture was filled in a stainless steel mould and pressed at force of 5,000 pound for 1 min first, then the 
stainless steel die was turned up-side-down and pressed at force of 20,000 pound for 1.5 min; (3) The raw 
disks were dried at 40ºC for two days; (4) The dried disks were sintered in a temperature programmable 
furnace to a maximum temperature of 1260ºC.  The average pore diameter and porosity of the α-Al2O3 
supports were about 0.2 µm and 45%, respectively.  
 
Silicalite seed layer was dip-coated to the alumina support by the following procedure:  0.5g HPC powder 
was added into 100 ml de-ionized water contained in a 250 ml glass flask.  It was stirred at room 
temperature for 45 min, then heated to 50ºC for 2 hrs.  The α-Al2O3 disks was polished with SiC sand 
paper #500, then #800 by a polishing machine, and then dried at 40ºC for 2 days.   1 g silicalite 
suspension was mixed with 3 g HPC solution and 6 g de-ionized water, followed by addition of 2-3 drops 
of 1N HNO3 into the mixture to adjust pH of the obtained dip-coating solution to about 3-4.  The polished 
α-Al2O3 disks were brought in contact with the dip-coating solution, with contact time of 5 seconds.  The 
coated alumina disks were dried in a preheated oven at 40ºC under 60% relative humidity for 2 days, 
followed by calcination in    a temperature programmable furnace with the following temperature 
program: RT(20ºC/hr)→450ºC(for 8hr)(20ºC/hr)→650ºC(for 8hr)(30ºC/hr)→RT.  
 
1.2.1.1.5.5.1.3  Preparation of MFI Zeolite Membrane by Secondary Growth 
 
Silica sol for secondary grown membrane was prepared by adding a given amount of fumed silica powder 
into NaOH solution (1.5 wt. %) at around 80ºC with vigorous stirring. The composition of the synthesis 
sol is 0.16 g NaOH-1 g SiO2-10.5 g H2O. After cooling down and aging for 1.5 h, a viscous silica sol was 
obtained. It was subsequently dispersed in an ultrasonic bath for 30 min. No template was used in the 
synthesis sol.  The silica sol with silica concentration of 0.1 g/ml and pH of 12 was used for the secondary 
growth.  The dip-coated alumina disks, with seeded silicalite layer, were put in the bottom of a Teflon 
lined stainless steel autoclave filled with the silica sol with the zeolite layer upwards. The autoclave was 
closed and placed in a preheated oven at 180ºC for a certain time. After cooling down to room 
temperature, the membrane samples were taken out of the autoclave, washed with water for 10 min, then 
dried in air at 40°C under 60% relative humidity for 2 days. 
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The samples prepared by the above procedure were denoted as SS1~SS8 and SG1~SG6.  The different 
letters were used to indicate the samples prepared by two different persons. 
 
1.2.1.1.5.5.2  Membrane Characterization  

 
1.2.1.1.5.5.2.1  Surface Morphology 
 
X-ray diffraction analysis (Siemens D-500) was used to determine phase structure of silicalite membrane 
samples. The thickness of silicalite membrane samples were determined by SEM. 
 
1.2.1.1.5.5.2.2  Pervaporation Setup and Procedure  
 
The quality of silicalite membranes was tested by pervaporation with 1,3,5-triisopropylbenzene and p-
xylene and o-xylene. The silicalite membranes with p- to o-xylene separation factor of above 10 should 
be considered as good quality silicalite membranes with minimized intercrystalline micropores. 
 

 
Figure 1  Schematic pervaporation steup, (1) Heated membrane cell with feed tank; (2), (3) Liquid nitrogen cold 
trap; (4) Vacuum pump; (5) membrane position 
 
The experimental set-up used for the pervaporation experiments is shown in Fig. 1. The membrane was 
placed in the pervaporation cell with the zeolite layer facing upward and sealed with xylene-resistant 
fluorocarbon O-rings (Parker Seals V884, Parker Hannifin, Cleveland, OH). The liquid feed was stored in 
a tank (43 ml) at atmospheric pressure above the membrane. An externally installed heating tape was used 
to heat the feed tank and membrane cell unit. The temperature of the feed was measured by a 
thermocouple placed right above the membrane surface. The downstream side of the pervaporation unit 
was evacuated by a vacuum pump (1.7 mm Hg during pervaporation operation).   Heating tape was used 
to keep the downstream tubes at a temperature of about 50ºC in order to prevent the condensation of 
permeate. Two liquid nitrogen cold traps were used alternately to freeze the permeate vapors. After the 
sampling period, valves V1 and V2 (V3) were closed and the cold trap was warmed up to room 
temperature. Finally, the vacuum in the trap was released by introducing the ambient air. The amount of 
permeate was measured by weighing the cold trap before and after the pervaporation experiment. 
 
1.2.1.1.5.5.3  Gas Permeation/Separation Experiments 
 
Single gas permeation experiments were conducted on an unsteady state gas permeation setup with pure 
gas as the feed.   The setup measured trans-membrane pressure drop and the permeation flow rate. Three 
sets of multi-component gas permeation/separation experiments were conducted as described next.   
 
Simple gas mixture permeation/separation experiments under dry conditions were conducted with the 
setup shown in Fig.2.  In experiments, a silicalite membrane was mounted in a specially designed 
membrane cell with the membrane surface on the feed side, and sealed by a graphite gasket.  He gas was 
used as the sweep gas. The sweep gas and feed gas flow rates were maintained at 10.1 and 11.1 ml/min, 
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respectively. Retentate and permeate were analyzed by GC.  Both effluent flow rates were also measured 
by bubble flow meters.  Pressures of the feed side and sweep side were maintained at atmospheric 
pressure this time.  Temperatures were controlled by electrical furnace from 25 to 500°C with ramping 
rate of 2°C/min.  At each temperature, GC analysis was performed after 15-20 min when the temperature 
reached to the desired temperature.   The feed composition:  H2: 33.3%, CO: 33.3%, CO2: 33.3%. 
 

 
Figure 2.  Experimental set up for simple gas mixture permeation/separation experiments under dry conditions   
 
Simple gas mixture permeation/separation experiments under wet conditions were conducted with the 
setup modified from the one shown in Fig.2.   The modified setup is shown in Fig.3.  As shown in Fig. 3, 
water was introduced to the system by a bubble column which was put in a water bath. The percentage of 
water vapor in the feed gas was controlled by the temperature of the water bath. In this experiment, the 
temperature of water bath was set at 80ºC to get about 50% water in volume in the feed gas.   The feed 
(upstream, at flow rate of 10 cc/min) was this gas mixture at a total pressure of 2 atm or 3 atm.   Helium 
was used as the purge (at flow rate of 10 cc/min) in the downstream side at the total pressure of 1 atm.     
H2, CO and CO2 in the retentate and permeate were analyzed by GC.  Water vapor content in the 
permeate and retantate was measured by a humidity sensor.   Both effluent flow rates were controlled by 
the mass flow meters and also measured by a bubble flow meter.  Temperatures were controlled by an 
electrical furnace from 100 to 500°C with ramping rate of 2°C/min.  The feed composition was: H2: 
16.7%, CO: 16.7%, CO2: 16.7%, H2O: 50%. 
 
The third set of permeation/separation experiments was conducted with simulated syngas  (protocol 
syngas) as the feed.  Fig.4 shows the setup for this set of experiments.   A stainless steel water vapor 
generator with two coupling containers was used to introduce water vapor to the system based on the 
desired water percentage (43.5%). The two coupling containers were especially designed to ensure that 
water vapor at the saturated water vapor pressure was obtained. The water vapor generator was put in an 
insulated bath wrapped with cotton to keep the temperature stable. The connection between the water 
vapor generator and permeate cell were wrapped with heating tape to prevent water condensation inside 
tubings. The composition of the feed is: 
 
H2   66.93%,  
N2   0.19%,  
CO   3.72%,  
CO2   29.15%,  
H2S   625ppm 
H2O   43.5%  
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According to the different feed total pressure, the relative temperature to obtain the saturated water vapor 
pressure is shown in Table 1.  The high temperature/pressure multi-component gas permeation/separation 
experiments with syngas were carried out under the following conditions: 
 
Temperatures: 350, 400, and 450ºC 
Feed Pressure: 5, 10, and 15 bar 
Permeate side pressure: 1 atm (He used as sweep gas). 
 

 
Figure 3.  Experimental set up for simple gas mixture permeation/separation experiments under wet conditions 
 
 
Table 1. The relationship between saturated water vapor pressure and temperature 

Total Pressure (bar) Water Vapor Pressure 
(bar) 

Temperature (ºC) 

1 0.435 78 
5 2.175 123 

10 4.35 146 
15 6.525 161 

 
The measurement started at membrane temperature of 350ºC and total feed pressure of 5 bar.  The 
membrane was heated to desired temperature at ramping rate of 2ºC/min.  The water vapor generator was 
heated to a desired temperature listed in Table 1 after the pressure for the system and temperature for 
permeation cell reached their desired values. When the system was stable for one hour, GC analysis was 
performed.  The flow rates of both feed gas and sweep gas were measured by a bubble flow meter, and 
the water content in the permeate was measured by a humidity sensor.  
 
The stability test was conducted by measuring gas permeance through a silicalite membrane with the 
protocol syngas as the feed under the conditions of 400ºC and 10 bar feed pressure and 1 atm permeate 
pressure.  The total time of the whole test was about 7 days.   
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1.2.1.1.6  Results and Discussion 
 
1.2.1.1.6.1  Phase structure and thickness of silicalite membranes  
 
Typical XRD patterns of dip-coated seed layer,  the zeolite membrane (SG1) after secondary growth, pure 
silicalite zeolite, and α-Al2O3 are shown in Fig.5.   All silicalite membrane samples exhibit similar XRD 
patterns. The main peaks found at 8.3º, 9.2º, 23.5º, 24.3º, and 24.8º are attributed to the MFI type zeolite 
structure, the same structure as that of ZSM-5 zeolite. The relative intensity of peaks at 23.5º, 24.3º, and 
24.8º  is higher for samples after secondary growth as compared with dip-coated silicalite membrane.   
 
Fig. 6 shows the SEM image of cross-sectional view of silicalite membrane obtained after dip-coating and 
secondary growth. The thickness of silicalite after dip-coating (upper image) is about 4 µm, while the 
thickness of secondary growth silicalite membrane (SG2) (lower image) is about 5 µm. These results 
indicate that the secondary growth somehow increases the thickness of the silicalite layer on the α-Al2O3 
support. 
 
1.2.1.1.6.2  Pervaporation Experiments with 1,3,5-triisopropylbenzene and Xylenes  

 
Pervaporation experiments were first carried out with 1,3,5-triisopropylbenzene (TIPB) (97%, Aldrich) to 
examine the quality of different alumina-supported zeolite membranes after calcination.  Every run was 
performed at 26ºC for 6 hrs; 1 h was taken for system equilibration and 5 hrs for the sampling of the 
permeate. After the pervaporation experiments all membranes were heated in air at 350ºC (heating and 
cooling rate of 0.58C/min) to remove the adsorbed TIPB molecules before performing the pervaporation 
experiments with xylenes on the membrane sample. No TIPB sample was obtained in the liquid sample 
collection container.  This indicates that the samples don’t have cracks or defects with size larger than 0.8 
nm (molecular size of 1,3,5-triisopropylbenzene). Samples SS1~SS6 were characterized by xylene 
pervaporation experiments to verify the extent of the intracrystalline pores.  P-xylene molecule  (~0.58 
nm) is smaller than the silicaltie crystalline pores (~ 0.6 nm)  while m- and o-xylene molecules are larger 
than the later.  A good selectivity of p-xylene to m- or o-xylene indicates good quality of a silicalite 
membrane without intercrystalline pores.   
 
 

 
Figure 4.  Experimental set up for protocol syngas  permeation/separation 
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Figure 5 XRD patterns of silicalite membrane, α-Al2O3 support, and pure silicalite powder. 
 
 
 

 
 
Figure 6a SEM photographs of cross-sectional view of silicalite membrane obtained after dip-coating (upper) and 
secondary growth treatment (bottom) 
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Figure 6b SEM photographs of cross-sectional view of silicalite membrane obtained after dip-coating (upper) and 
secondary growth treatment (bottom)  
 
 
Table 2. Pervaporation fluxes of single xylene isomers -Effects of dip-coating time 

 
 
 
Silicalite membrane SS1-SS4 samples were prepared by secondary growth in the same batch. Prior to the 
secondary growth in a template-free synthesis solution, SS1 and SS2 samples were dip-coated with 
silicalite suspension twice, and SS3 and SS4 were dip-coated once.  Therefore, the SS1 and SS2 samples 
had a thicker silicalite layer.  Single component xylene pervaporation fluxes on these four silicalite 
membranes are shown in Table 2.  Obviously, the membranes with twice-coated silicalite layer exhibit 
much higher p-/m- or p-/o-xylene separation factor. 
 
Four more silicalite membranes were prepared in another batch by the template-free secondary growth 
method.   All membranes were coated with the silicalite layer twice by the dip-coating method prior to 
secondary growth.  Single and binary xylene pervaporation were performed for the two of the four 
silicalite membranes prepared in the secondary growth batch.   For binary pervaporation, data were 
measured with equal molar of p-/ o-xylene mixture as the feed. Table 3 is a summary of the results of 
single and binary xylene pervaporation experiments. These two membranes exhibit even better p- to o-
xylene separation factor than the two samples listed in Table 2. The fluxes and p-/o-xylene selectivity of 
binary xylene pervaporation are slightly lower than those of the single xylene pervaporation.  This 
indicates that the presence of a xylene molecule in the silicalite membrane pore hinders permeation of the 
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other xylene molecules.  The silicalite membranes prepared in this work have p-xylene selectivity similar 
to, and p-xylene flux two orders of magnitude larger than the best silicalite membranes reported in the 
literature.   These results indicate the good quality of the silicalite membrane with minimized microporous 
intercrystalline pores.   
 
Table 3 Pervaporation fluxes of single and binary xylene isomers (at 50oC)* 
 
 
 
 
 
 
   * Binary data are in parenthesis 
 
 
1.2.1.1.6.3  Gas Permeation/Separation  
 
1.2.1.1.6.3.1  Simple gas permeation 
 
Single gas permeation experiments were performed on sample SS7.  Experiments were carried out for 
four gases (H2, He, CO2, CO) at 350-450°C using the unsteady-state gas permeation apparatus available 
in our lab.  The results of the single gas permeation are shown in Fig.7.  Gas permeance increases with 
increasing temperature, characteristic of single gas permeation through microporous zeolite membrane in 
the high temperature range.  The separation factors for H2/CO2 and H2/CO are about 4 and 3, respectively, 
and do not change in 350-450°C.   

 
Figure 7. Single gas permeation results on the obtained zeolite membrane  
 
 
1.2.1.1.6.3.2  Simple gas mixture permeation/separation under dry conditions 
 
Figure 8 shows simple gas mixture permeation/separation data without water on the silicalite membrane 
SS8 at various temperatures.   The hydrogen to CO and CO2 separation factor as high as about 6 is 
achieved at 500oC.  Furthermore, hydrogen permeance is very high (1.2 x10 –6 mol/m2.s.Pa at 500oC).  
This is the best result for H2-CO2 separation on zeolite membranes at high temperatures as compared to 
the literature data.  

Flux (10-4 mol m-2 s-1) Separation factor Sample 
p-xylene o-xylene p/m 

SS5 7.36 (3.58) 0.13 (0.086) 56  (41) 
SS6 7.41 (3.02) 0.11 (0.077) 67 (39) 
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Figure 8 Permeance data at various temperatures on silicalite membrane 
 
 
1.2.1.1.6.3.3  Simple gas mixture permeation/separation under wet conditions 
 
Simple gas mixture permeation/separation experiments under wet conditions (with water) were performed 
on silicalite membrane sample SG3.  Experimental results show that water permeance is negligible 
through this silicalite membrane.  This probably is due to the hydrophobic nature of the silicalite or 
relatively large size of water molecule as compared to the other permeants.  Permeance of H2, CO and 
CO2 for the silicalite membrane at various temperatures under two feed total pressures (2 atm and 3 atm)  
(permeate side total pressure is 1 atm) are shown in Figs. 9 and 10, respectively.   
 
Figure 11 shows the separation factor of H2/CO and H2/CO2 versus temperature.  At the 2 atm feed 
pressure at 200ºC, the separation factor of H2/CO is 9.4 and increases slightly with temperature, while the 
separation factor of H2/CO2 is 8.8 and decreases with temperature.  At 3 atm feed pressure, the separation 
factor of H2/CO is slightly higher than that at lower pressure, while separation factor of H2/CO2 is lower.  
Note that the permeance of H2O can be considered zero in the pressure and temperature range studied.  
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Figure  9. Permeance versus temperature at the feed total pressure of 2 atm 
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Figure  10. Permeance versus temperature at feed total pressure of 3 atm 
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Figure 11. Separation factor versus temperature for silicalite membrane SG3 sample 
 
 
1.2.1.1.6.4  Flux Equations  

 
1.2.1.1.6.4.1  Linear (ECN)  Model 

 
The ECN team suggested to use the following linear flux equation to describe the gas permeation through 
silicalite membrane: 
 

)( ,, ipifii PPQJ −=       (1) 
 
where J i is flux of component gas i, mol/s.m2; Pf,i and Pp,i are the partial pressures of component gas i at 
the feed and permeate sides, respectively (unit Pa).   Q i is the permeation constant (or permeance).  As 
shown in Figures 9 and 10,  the permeance is not the same at two pressures, indicating that eq.(1) does not 
describe well the permeation through the silicalite membrane.   Nevertheless, we still used Eq.(1) to fit the 
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permeation data at two different feed total pressures (corresponding to two different feed partial and 
permeate partial pressures) by the least squared regression.   The constant Qi obtained are listed in Table 
4. 
 
Table 4  Permeation constant Qi  (mol/ s.m2.Pa) at different temperatures 
 

T(oC) H2 CO CO2 

100 1.74E-07 2.13E-08 2.13E-08 
200 2.37E-07 1.80E-08 2.80E-08 
300 2.55E-07 1.93E-08 2.82E-08 
400 2.51E-07 1.75E-08 2.87E-08 
500 2.61E-07 1.93E-08 3.66E-08 

 
The permeation constant Qi can be correlated to temperature by: 
 
Qi = QoEXP(-Ek/RT)                                                          (2) 
 
 
with Qi is in mol/m2.s.Pa  and T in Kelvin.   The above equation can be used in the temperature range of 
100-500oC.   A logarithm plot of Qi  vs 1/T is given in Figure 12.   The regression gives the following 
equations for Qi for the four species (see Table 5). 
 

 
Figure 12 Permeation constant versus temperature 
 
 
Table 5  Temperature dependency of permeation constant  (Qi is in mol/m 2.s.Pa  and T in Kelvin) 

H2 Qi = 3.9x10-7exp(-276/T) 
CO Qi  = 1.6x10-8exp(-84/T) 
CO2 Qi =  4.1x10-8exp(185/T) 
H2O         Qi = 0 

 
1.2.1.1.6.4.2  Non-linear Flux Equation Model 
 
The gas permeation flux for component i in this multi-component permeation through the silicalite 
microporous membrane can be more accurately described expressed by the following 2 parameter 
equation according to the literature [Y.S. Lin,  I. Kumakiri, B.N. Nair, H. Alsyouri,  “Microporous 
Inorganic Membranes”,  Separation and Purification Methods,  32(2), 229-379 (2002)]: 
 

H2 

CO2 

CO 
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and ai and Ki are constant of component gas i,  dependent on temperature. 
 
Again, at a given temperature, we have permeation flux data at two feed partial pressures (corresponding 
to 2 and 3 atm total feed pressures, with known partial pressures at the permeate side measured by GC).   
Thus, values for ai and Ki at the temperature for a given component can be found using these two sets of 
the data at that temperature.    Table 6 lists the values of these two constants for the three permeants.   
 
Table 6. The values of a i and Ki constant in different temperature. 

ai (mol/s.m2) Ki (Pa-1) Temperature 
(ºC) H2 CO CO2 H2 CO CO2 

300 4.35×10-

3 
7.14×10-

4 

-
1.51×10-

4 

4.17×10-

5 3.67×10-

6 

-
2.02×10-

4 

400 4.39×10-

3 
5.82×10-

4 

-
1.90×10-

5 

3.86×10-

5 6.80×10-

6 

-
1.47×10-

3 

500 4.45×10-

3 
3.76×10-

4 
2.30×10-

4 
4.16×10-

5 
2.88×10-

5 
1.28×10-

4 
 
To estimate the flux at any temperature in the range of 300-500oC, these two constants should be 
correlated to temperature by a certain equation.  For hydrogen (H2), the ai and Ki are independent on 
temperature, as shown in Table 6. So, the average of the constants at the three temperatures can be used 
for ai and Ki in equation (1):  
 
aa=4.40×10-3 mol/s.m2, 
 
Ka=4.06×10-5 Pa-1. 
 
 
For carbon monoxide (CO), the following equation is used for the temperature dependence of ai and Ki: 
 
ai = aoEXP(-Ea/RT)                                                            (4) 
 
Ki = KoEXP(-Ek/RT)                                                          (5) 
 
Values of ao, Ea, Ko, and Ek were obtained by plotting ln(ai) to 1/T and ln(Ki) to 1/T. The result is shown 
in Table 7 for CO. 
 
Table 7. Temperature dependency constants for CO gas 

Gas ao (mol/s.m2) Ea (kJ/mol) Ko 

(mol/s.m2) Ek (kJ/mol) 

CO 6.68×10-5 -11.5 7.26×10-3 36.91 
 
For carbon dioxide  (CO2), the relationship between a, K and temperature can be simulated by the 
following polynomial equations, 
 
a (mol/s.m2)= 1×10-9T2 +5×10-7T –8.0×10-4                              (6) 
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K (Pa-1) =  5×10-9T2 -5×10-6T +1.2×10-3                                    (7) 
 
where T is in Kelvin. 
 
Note the above temperature dependency constants are valid only in 300-500oC. The permeation flux for 
H2O is approximately zero. 
 
 
1.2.1.1.6.5  Protocol Syngas Permeation/Separation 

 
1.2.1.1.6.5.1  Permeation and Separation Data 
 
Fig. 13 shows the permeance of H2, CO and CO2 versus temperature for the silicalite membrane SG4 with 
the protocol syngas as the feed at the feed pressure of 5 bar.  By comparing with the 
permeance/separation result of membrane sample SG3, the use of the protocol syngas resulted in an 
increase in the permeance of all gases but a slight decrease in separation factor of H2/CO and H2/CO2.  
Note that these two membranes have similar structure properties as they were prepared in the same batch 
under identical conditions.   
 
The separation factors of H2/CO and H2/CO2 on sample SG4 with protocol syngas are around 4.2 and 3.2. 
respectively at measured temperatures. The permeance/separation experiments over sample SG3 were 
conducted under the conditions of lower pressure and equal feed gas composition.  It seems that H2 
permeation with the protocol syngas feed is not as good as that with the simple mixture gas feed.   In both 
cases, water permeance is very low.  With the protocol syngas as the feed, the separation factor of H2/H2O 
with syngas is above 10. 
 
Table 8  Summary of Q0 and Ek under different feed total pressure for silicalite membrane SG5 (Q0 is in mol/m 2.s.Pa  
and  Ek/R is in Kelvin) 

H2 CO CO2 Pressure 
(Bar) Q0 Ek/R Q0 Ek/R Q0 Ek/R 

5 
3.93×10-

8 

-
152.
53 

4.00×10-

9 

-
672.
71 

1.12×10-

9 

-
159
7.1 

10 
2.60×10-

9 

-
160
0.7 

5.44×10-

9 

-
215.

5 

8.44×10-

11 

-
310

0 

15 
9.08×10-

9 

-
120
9.7 

1.44×10-

8 

-
62.2
24 

1.32×10-

8 

-
283.
51 

 
Fig. 14 shows the permeance of H2, CO and CO2 for membrane sample SG5 versus temperatures under 
different feed total pressures with the protocol syngas. The permeance data for three gases are smaller 
than those for sample SG4.   The reason is that the silicalite layer of the membrane sample SG5 is thicker 
than membrane sample SG4 because these two membranes were taken from different batches.  However, 
the separation factor of H2/CO and H2/CO2 for membrane SG5 is similar to those with membrane SG4. 
The permeate data of sample SG5 was fitted by the linear flux equation, Eq. (1).  Table 8 lists the Q0 and 
Ek in equation (2) under different pressure 
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Figure  13. Permeance versus temperature at the feed total pressure of 5 bar for silicalite membrane sample SG4 
with protocol syngas as the feed 
 
 
Table 9 Summary of Separation Factors 

H2/CO H2/CO2 Pressure 
(Bar) 350ºC 400ºC 450ºC 350ºC 400ºC 450ºC 

1 11.2 11.6 10.5 9.3 12.0 10.9 
5 7.0 6.8 6.4 4.5 4.4 4.5 
10 4.2 5.0 4.3 2.6 2.9 2.8 

 
 

Table 10  Summary of Q0 and Ek under different feed total pressure (Q0 is in mol/m2.s.Pa  and  Ek/R is in Kelvin) 
H2 CO CO2 Pressure 

(Bar) Q0 Ek/R Q0 Ek/R Q0 Ek/R 

1 5.12×10-

7 -87 4.47×10-

8 

-
133
3 

1.81×10-

8 -743 

5 2.09×10-

8 

-
205
2 

5.30×10-

9 

-
169
5 

4.75×10-

9 

-
204
2 

10 1.46×10-

7 -474 2.67×10-

8 -605 3.46×10-

8 -755 

 
Fig. 14 shows the permeance of H2, CO and CO2 versus temperature for the silicalite membrane SG6 with 
the protocol syngas as the feed.   Table 9 lists the separation factor of H2/CO and H2/CO2 under various 
feed side pressures at different permeation temperatures.  The permeance of H2 is about 6×10-7 
mol/m2.s.Pa and decreases with increasing feed side pressure. The separation factors under 1 bar pressure 
are up to about 11.6 and 12.0 for H2/CO and H2/CO2, respectively.  However, the separation factors 
decreases with increasing feed pressure. The permeate data of sample SG6 was also fitted by the linear 
flux equation, Eq.(1).   The permeation constant Qi correlated to temperature was will be determined by 
Eq. (2).  Table 10 lists the Q0 and Ek under different feed pressures. 



294 

 

5 bar

0.00E+00

1.00E-08

2.00E-08

3.00E-08

4.00E-08

5.00E-08

6.00E-08

300 350 400 450 500

Temperature / ºC

P
er

m
ea

nc
e 

/ m
ol

.s
-1

.m
-2

.P
a-1

H2
CO
CO2

10 Bar

0.00E+00

1.00E-08

2.00E-08

3.00E-08

4.00E-08

300 350 400 450 500

Temperature / ºC

P
er

m
ea

n
ce

 / 
m

o
l.s

-1
.m

-2
.P

a-1

H2

CO

CO2

 

      

15 bar

0.00E+00

1.00E-08

2.00E-08

3.00E-08

4.00E-08

5.00E-08

6.00E-08

7.00E-08

300 350 400 450 500

Temperature / ºC

P
er

m
ea

nc
e 

/ m
ol

.s
-1

.m
-2
.P

a-1

H2

CO

CO2

 
 

Figure 14. Permeance versus temperature at various feed site pressures for silicalite membrane sample SG5 with 
protocol syngas as the feed 
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Figure 15 Permeance versus temperature at various feed side pressures for silicalite membrane sample SG6 with 
protocol syngas as the feed 
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1.2.1.1.6.5  Membrane Stability 
 
Fig. 15 shows the permeance of H2, CO and CO2 for membrane sample SG5 versus time with the protocol 
syngas as the feed under various conditions (in most time the feed was at 10 bar pressure and the 
membrane was at 400ºC).   As shown, the hydrogen permeance remains constant (in fact increased 
slightly) after 7 days.   The separation factors of  H2/CO and H2/CO2 remain constant at about 4 and 3, 
respectively. The membrane is stable for the permeate/separation test. 
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Figure  15.  Permeance versus time at 400ºC and 10 bar feed total pressure for  
silicalite membrane sample SG5  
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2.1.1.5.7  Conclusion 
 
Good quality silicalite membranes could be prepared by the template-free secondary growth method. The 
membranes exhibit good p-xylene/o-xylene separation factor (as high as 40), indicating that 
intercrystalline pores of the silicalite membranes have been minimized. 
 
The ideal separation factors of H2/CO and H2/CO2  are as high as 6 at 500ºC with hydrogen permeance of 
1.2×10-6 mol/m2.s.Pa.  The ideal separation factors of H2/CO and H2/CO2  are lower at low temperatures. 
The permeation/separation studies with multi-componet feed gas show that the separation factors of 
H2/CO and H2/CO2 on silicalite membranes are as high as 9.4 and 8.8, respectively, with a wet gas 
mixture as the feed. The permeance of hydrogen is around 10-7mol/m2.s.Pa. 
 
The highest separation factors of H2/CO and H2/CO2 are 11.6 and 12, respectively, on silicalite 
membranes with the protocol syngas feed at 1 bar feed side pressure.  Increasing the feed pressure 
decreases the separation factors, especially for H2/CO2. Flux equations with linear model of permeance 
were given. 
 
Silicalite membranes are stable under the permeation/separation experiments with  the protocol syngas as 
the feed. 
 
 
1.2.1.1.5.8  References 
 
No references are applicable. 
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1.2.1.1.6  Design, Scale Up and Cost Assessment of 
Membrane Shift Reactor for Use in Gasification Process for 
Decarbonizing Fossil Fuel 
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1.2.1.1.6.1  Abstract 
 
The object of the Design, Scale Up and Cost Assessment of Membrane Shift Reactor for Use in 
Gasification Process for Decarbonizing Fossil Fuel is to produce a detailed design of the membrane 
reactor that will allow a cost estimate to be constructed.   
 
Structural design of a membrane which can be reproduced in large scale was the first item which was 
addressed.  In Phase 1 only lab scale membranes were tested and a scale up of several orders of 
magnitude is required for the commercial reactor.   
 
Structural analysis of the support structure for a hydrogen separation membrane for the MWGS reactor 
design was accomplished.  Finite element analysis indicates that it is structurally adequate for 41.1 bar 
(600 psid) pressure loading at 450ºC (842ºF).  A feasible membrane design has been established which 
can support the pressure, gravity, and differential thermal expansion loadings considered.   
 
Conceptual design of the MWGS reactor is in progress. An analysis tool to permit examination of 
different arrangements for the MWGS reactor was developed which showed good agreement with the 
model developed in Phase 1.  Four different flow arrangement options have been examined and 
conceptually sized to meet the performance and pressure drop requirements.  These include: 
 

1) Counter-Flow 
2) Baffled Counter-Flow 
3) Cross-Flow 
4) Multi-Pass Cross-Flow 

 
While the Counter-Flow option has the best efficiency, the Multi-Pass Cross-Flow option may be more 
practical for manufacture and assembly.   
 
After final selection of a reactor arrangement, work will continue to finalize the design of the wafer 
membrane package, manifolds, and reactor vessel.  The materials selection for the membrane support 
structure as well as other reactor components is on going.  A study of the manufacturing processes for the 
membrane and vessel will then feed into a cost estimate of the reactor design, which will proceed in 
parallel with the design efforts. 
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1.2.1.1.6.4  Introduction 
 
The objective of the Design, Scale Up and Cost Assessment of Membrane Shift Reactor for Use in 
Gasification Process for Decarbonizing Fossil Fuel project is to integrate a H2 transfer membrane into a 
WGS reactor.  The two products from this reactor will be 1) a high purity hydrogen stream which could 
be used in boilers and furnaces and 2) a concentrated, high pressure CO2 stream which can be sent to 
sequestration. 
 
The MWGS reactor would combine the WGS and CO2 removal steps into one process.  The potential 
benefits are lower capex and opex, and a simplified process.  In addition, since the CO2 is produced at an 
elevated pressure, sequestration compression costs will be lower. 
 
The project will produce a detailed design of the membrane reactor that will allow a cost estimate to be 
constructed.  The effort will require the following steps: 
 

1. Structural design of a membrane which can be reproduced in large scale.  The membrane work to 
date has been lab scale.  A several order of magnitude increase in scale is required for the 
commercial size unit. 

2. Examination of the reactor flow configuration.  In phase 1 a model was developed for use in the 
process model.  However the model does not allow for looking at the impact of flow 
configuration and stream pressure drop on performance. 

3. Conceptual reactor design.   
4. Detailed design and engineering. 
5. Cost estimating. 
6. Optimization.  Once the cost elements are better understood, an optimization can be performed to 

see if there is a more optimum configuration than what was developed. 
 
To date, items 1 through 3 have been substantially completed, with item 4 underway.   
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1.2.1.1.6.5  Executive Summary 
 
The object of the Design, Scale Up and Cost Assessment of Membrane Shift Reactor for Use in 
Gasification Process for Decarbonizing Fossil Fuel is to produce a detailed design of the membrane 
reactor that will allow a cost estimate to be constructed.  The effort will require the following steps: 
 

1. Structural design of a membrane which can be reproduced in large scale.  The membrane work to 
date has been lab scale.  A several order of magnitude increase in scale is required for the 
commercial size unit. 

2. Examination of the reactor flow configuration.  In phase 1 a model was developed for use in the 
process model.  However the model does not allow for looking at the impact of flow 
configuration and stream pressure drop on performance. 

3. Conceptual reactor design.   
4. Detailed design and engineering. 
5. Cost estimating. 
6. Optimization.  Once the cost elements are better understood, an optimization can be performed to 

see if there is a more optimum configuration than what was developed. 
 
To date, items 1 through 3 have been substantially completed, with item 4 underway.   
 
Structural design of a membrane which can be reproduced in large scale was the first item which was 
addressed.  In Phase 1 only lab scale  membranes were tested and a scale up of several orders of 
magnitude is required for the commercial reactor.   
 
Structural analysis of the support structure for a hydrogen separation membrane for the MWGS reactor 
design was accomplished.  A feasible membrane design has been established which can support the 
pressure, gravity, and differential thermal expansion loadings considered.  Finite element analysis 
indicates that it is structurally adequate for 41.1 bar (600 psid) pressure loading at 450ºC (842ºF).   
 
The following additional analyses are recommended: 
 

1) Re-evaluation of the membrane stress when mechanical properties of the membrane material are 
available. 

2) Analysis of the differential thermal expansion between the membrane and support structure.  
Substituting a support material with improved thermal expansion match may be warranted. 

3) Natural frequency analyses of the wafer assembly. 
 
Conceptual design of the MWGS reactor is in progress. An analysis tool to permit examination of 
different arrangements for the MWGS reactor was developed which showed good agreement with the 
model developed in Phase 1.  Four different flow arrangement options have been examined and 
conceptually sized to meet the performance and pressure drop requirements.  These include: 
 

1) Counter-Flow 
2) Baffled Counter-Flow 
3) Cross-Flow 
4) Multi-Pass Cross-Flow 

 
The results are summarized in Table 1.2.1.1.6.5(1).  Based on this study, a selection can be made for 
which arrangement is best suited to meet the requirements for the MWGS Reactor study and the design 
further developed. 
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Table 1.2.1.1.6.8(1) – Summary of Results for MWGS Reactor Performance Study 

 
 
While the Counter-Flow option has the best efficiency, the Multi-Pass Cross-Flow option may be more 
practical for manufacture and assembly.   
 
After final selection of a reactor arrangement, work will continue to finalize the design of the wafer 
membrane package, manifolds, and reactor vessel.  The materials selection for the membrane support 
structure as well as other reactor components is on going.  A study of the manufacturing processes for the 
membrane and vessel will then feed into a cost estimate of the reactor design, which will proceed in 
parallel with the design efforts. 
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1.2.1.1.6.6  Experimental 
 
No experimental apparatus was used in this study. 
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1.2.1.1.6.7  Results and Discussion 
 
1.2.1.1.6.7.1  Structural Analysis of Hydrogen Separation Membrane  
 
Structural analysis of the support structure for a hydrogen separation membrane was accomplished.  The 
analysis considered pressure, gravity, and differential thermal expansion loading.  Designs that satisfy 
stress and instability constraints for several permeate gap heights were found.  The details of the structure 
are considered to be proprietary in nature so are not included here. 
 
1.2.1.1.6.7.2  MWGS Reactor Performance  
 
1.2.1.1.6.7.2.1  MWGS Reactor Performance Model 
 
A simple model of the MWGS reactor was developed to facilitate design activities and sensitivity studies 
of important design parameters.  The model included: 
 

• Membrane kinetics based on Phase I results 
• Catalyst kinetics for a commercially available bulk catalyst 
• Heat transfer between the feed and permeate streams 

 
A comparison of the output from this model (SOFCo) was compared to the output from the ASPEN based 
model developed in Phase I of the program.  The results, summarized in Table 1.2.1.1.6.7(1), show the 
agreement is adequate for design purposes. 
 
Improvement in catalyst activity and membrane H2 flux rates warrant raising the inlet temperature to the 
MWGS reactor from the current value of 315ºC up to 400ºC (as shown in Table 1.2.1.1.6.7(1)).  Because 
the temperature exiting the bulk WGS reactor is at 450ºC and requires cooling to get down to 315ºC, this 
is a simplification to the process as well.  The benefit of the increased temperature would be on the order 
of 30% less surface area required, with even greater potential reductions in catalyst volume.   
 
Table 1.2.1.1.6.7(1) – Comparison of SOFCo MWGS Model Output to ASPEN Model 
 

Aspen SOFCo % Diff Aspen SOFCo % Diff Aspen SOFCo % Diff
Operating Conditions

Membrane Area, m2 17,325   17,325   11,410   11,410   11,780   11,780   
Catalyst Volume to Area, m3/m2

0.100     0.100     0.005     0.005     0.005     0.005     
Nitrogen Sweep Gas, kmol/hr 9,100     9,100     9,100     9,100     9,100     9,100     

Steam Sweep Gas, kmol/hr 8,800     8,800     8,800     8,800     10,200   10,200   
Feed Side Pressure, bara 35.00     32.20     32.20     32.20     32.20     32.20     

Sweep Side Pressure, bara 3.00       3.35       3.35       3.35       3.35       3.35       

Performance Comparisons
Average H2 Flux (mol/m2-sec) 0.186     0.185     -0.4% 0.275     0.277     0.7% 0.272     0.274     0.6%

H2 Recovery, % 95.3% 95.0% -0.3% 93.3% 93.9% 0.7% 95.2% 95.7% 0.5%

CO2 Purity (dry) 90.2% 88.90% -1.3% 86.86% 86.84% 0.0% 90.04% 89.97% -0.1%
CO Out, PPM 995        1,000     -0.5% 3,000     4,077     -35.9% 2,000     3,063     -53.1%

Permeate Outlet Temp, ºC 347.5     346.5     0.3% 419.9     417.3     0.6% 421.9     420.4     0.4%
Retentate Outlet Temp, ºC 327.7     329.0     -0.4% 421.8     422.7     -0.2% 418.0     418.9     -0.2%

Baseline 315ºC 400ºC Case 1 400ºC Case 2

 
 
1.2.1.1.6.7.2.2  Pressure Drop Performance 
 
The reactor flow conditions are shown in Table 1.2.1.1.6.7(2).  Note that the outlet conditions are 
dependent on the particular reactor flow configuration, shown here are for a cross-flow configuration.  On 
the feed/retentate side of the reactor, the allowable pressure drop was specified as 2.76 bar (40 psid).  One 
the sweep/permeate side of the reactor, the allowable pressure drop was specified as 0.34 bar (5 psid).   
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Table 1.2.1.1.6.7(2) – Flow Streams for MWGS Reactor  
 

Mole Flow (kmol/hr) Flow 
Stream 

Temperature Pressure  Constituent 
In Out 

H2 0 11,592 
H2O 8,800 8,800 Sweep Side 400 oC in 

417.8oC out 
3.34 bara in 
3.0 bara out 

N2 9,100 9,100 

CO 908.434 43.711 
H2O 10,135.650 9,270.927 
H2 11,222.230 543.301 

CO2 4,837.563 5,702.286 
N2 34.561 34.561 

CH4 3.474 3.474 

Feed Side 400oC in 
425.3oC out 

35 bara in 
32.2 bara out 

Other 8.409 8.409 
 
 
1.2.1.1.6.7.2.2.1  Feed/Retentate Pressure Drop 
 
The feed/retentate side pressure drop is a function of how catalyst is packaged in the reactor and the 
spacing between membrane wafers assemblies.  Catalyst can be included by: 
 

• Placing catalyst between the membrane wafer plates 
• Placing catalyst between stages of reactor membranes 
• Some combination of between wafers and between stages 

 
The packaging of the membrane is conceptualized as some number of stages down the flow direction of 
the reactor.  This determines the amount of flow per unit area, which is inversely proportional to the 
number of stages.  As the number of stages increases, the flow per unit area increases as well as the length 
of the flow path.  To meet the pressure drop target, the gap height must be increased as the number of 
stages is increased.  In this initial stage, a flow path length of 15.24 meters (50 feet) was targeted while 
considering the different configuration options.  The gap between the membranes was varied as needed to 
meet the pressure drop target.  Additional optimization of the length will be performed after initial cost 
estimates are developed. 
 
1.2.1.1.6.7.2.2.2  Sweep/Permeate Side Pressure Drop Performance 
 
On the sweep side, the pressure drop target is met be increasing the height of the membrane support 
structure inside of the wafer.  A reactor arrangement which accommodates counter-flow would require a 
flow path of 15.24 meters (50 feet). 
 



309 

 
1.2.1.1.6.7.2.3  MWGS Reactor Performance Results 
 
Using the MWGS reactor model, a number of studies were performed to examine the required amount of 
membrane and catalyst for different conditions and reactor arrangements.  Four different configurations 
have been considered: 
 

1) Counter-Flow 
2) Baffled Counter-Flow 
3) Cross-Flow 
4) Multi-Pass Cross-Flow 

 
For each of these cases, the membrane configuration was based upon a premise of a .305 m (1 foot) wide 
membrane between 3.05 and 15.2 m (10 to 50 feet) long.  The performance of each arrangement and its 
resulting reactor size is discussed below. 
 
1.2.1.1.6.7.2.3.1  Counter-Flow Arrangement 
 
A counter-flow arrangement is the baseline case studied in Phase 1.  A schematic of how that would look 
is shown in Figure 1.2.1.1.6.7(3).  The membrane wafers were assumed to be 15.2 m long (50 feet).  An 
internal gap of 12.7 mm (0.5 in) is required on the permeate side to meet the sweep side pressure drop 
requirement.  Two sub-cases were examined: 
 

 
Figure 1.2.1.1.6.7(3) – Schematic of Counter-Flow MWGS Reactor Arrangement 
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1a) The gap between the plates is filled of catalyst 
1b) The gap between the plates is partially filled with catalyst 

 
The reason for 1b) was to only include the required amount of catalyst and thus reduce the pressure drop 
and plate spacing required. 
 
The reactor performance profiles are shown for this case in Figures 1.2.1.1.6.7(4) and 1.2.1.1.6.7(5).  The 
performance for this case was the best in terms of the amount of Vanadium required.  The total active 
membrane surface required was 11,512 m2.  Due to having catalyst between the membranes, a large space 
is required between the membrane wafers, at 3.88 cm (1.53 inches).  The package size required for the 
membrane and catalyst is 13 stacks wide, each 15.2 meters (50 feet) long and 4.1 meters (13.4 feet) tall.  
The total volume is 247 m3.  The total number of wafers is 1240, each 15.2 meters long by .305 meters 
wide. 
 
Advantages and Disadvantages - The counter flow arrangement is the most efficient in terms of 
membrane surface required.  As this will likely be the primary cost driver, this is a very important item.  
This arrangement is the least efficiently packaged, however, because of the large space required between 
the plates for catalyst.  It should be pointed out that the process of assembling such large quantities of 
membrane with catalyst between them may be challenging.  This led to the idea of counter-flow concept 
1b, in which the gap is not completely filled with catalyst, but only the required volume of catalyst is 
used.  This results in a slightly smaller package at 12 stacks wide, each 15.2 meters (50 feet) long and 3.7 
meters (12.1 feet) tall.  The total volume is 206 m3.  The total number of wafers remains 1240. 
 
 

 
Figure 1.2.1.1.6.7(4) – Counter-Flow MWGS Reactor Temperature and Recovery Profiles 
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Figure 1.2.1.1.6.7(5) – Counter-Flow MWGS Reactor Partial Pressure and H2 Flux Profiles 
 
1.2.1.1.6.7.2.3.2  Baffled Counter-Flow Arrangement 
 
To better facilitate catalyst placement within the reactor, an arrangement was conceived which places the 
catalyst outside of the membrane stacks.  In order to keep a flow pattern which is still basically counter-
flow, the feed flow is baffled back and forth across the membrane stacks.  It was assumed that the 
performance would be essentially the same as that seen for the pure counter-flow case.  This arrangement 
is shown in Figure 1.2.1.1.6.7(6).   
 
In this arrangement, the amount of area for catalyst transverse to the flow is increased.   This allows for 
lower velocities and shorter path length, both of which reduce the pressure drop.  As such, the spacing 
between membranes is reduced and the overall package size is considerably smaller.  The resulting 
package consists of 7 stacks, each 15.2 meters (50 feet) long and 3.8 meters (12.4 feet) tall.  The total 
volume is 188 m3.  The total number of wafers is 1240, each 15.2 meters long by .305 meters wide. 
 
Advantages and Disadvantages - What this arrangement gains in practicality for catalyst placement it 
gives back up by adding a multitude of baffle plates.  And while these would not need to be leak tight 
their assembly between the 1240 wafers would not be trivial. 
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Figure 1.2.1.1.6.7(6) – Schematic of Baffled Counter-Flow MWGS Reactor Arrangement 
 
1.2.1.1.6.7.2.3.3  Cross-Flow Arrangement 
 
A cross-flow arrangement (Figure 1.2.1.1.6.7(7)) is likely the easiest to assemble.  For this case the 
arrangement was assumed to consist of 50 stacks, each 3.05 meters (10 feet) long and 0.305 meters (1 
foot) wide.  The catalyst placement is made between wafer stacks.  The manifolds for the sweep and feed 
sides are easily connected and distributed.  Because the permeate flow path is now shortened, the size of 
the permeate side gap can be reduced. 
 
The performance of this arrangement is shown in Figures 1.2.1.1.6.7(8) and 1.2.1.1.6.7(9).  As shown, the 
required amount of membrane area increases by 22% up to 14,062 m2.  This is due to the lower H2 flux 
caused by the reduced average PH2 differential caused by the cross-flow arrangement.  The resulting 
package (meeting all pressure drop criteria) consists of 50 stacks, each 3.05 meters (10 feet) long and 2.6 
meters (8.4 feet) tall.  The total volume is 183 m3.  The total number of wafers is 7568. 
 
Advantages and Disadvantages - The advantage of this arrangement is its simplicity of assembly and 
smallest package size.  The efficient packing is possible because of the reduced permeate side gap (2.54 
mm compared to 12.7 mm for the other designs). 
 
The 22% increase in membrane area is a major concern.  Because the membrane cost may be the majority 
of the MWGS reactor cost, minimizing this is a primary concern.   
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Figure 1.2.1.1.6.7(7) – Schematic of Cross-Flow MWGS Reactor Arrangement 
 

 
 
 

 
 
Figure 1.2.1.1.6.7(8) – Cross-Flow MWGS Reactor Temperature and Recovery Profiles  
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Figure 1.2.1.1.6.7(9) – Cross-Flow MWGS Reactor Partial Pressure and H2 Flux Profiles 
 
 
1.2.1.1.6.7.2.3.4  Multi-Pass Cross-Flow Arrangement 
 
A final arrangement was examined which combined the flow direction and manifolding of the cross-flow 
into more of a counter flow arrangement as shown in Figure 1.2.1.1.6.7(10).  Again 50 stacks are used, 
each 3.05 meters (10 feet) long and 0.305 meters (1 foot) wide.  The catalyst placement is made between 
wafer stacks.   
 
The permeate side flow gap was increased back to 12.7 mm (0.5 in) to allow the permeate flow to traverse 
15.2 m (50 feet).  The sweep/permeate gas makes a total of 5 passes through the membrane stacks.  The 
result is a more efficient use of membrane area which still retains some of the packaging advantages of 
the cross-flow arrangement. 
 
The performance for this arrangement is shown in Figures 1.2.1.1.6.7(11) and 1.2.1.1.6.7(12).  The effects 
of five sweep passes can be seen distinctly in Figure 17.  As shown, the required amount of membrane 
area increases by 9% compared to the counter-flow case up to 12,544 m2.  The resulting package (meeting 
all pressure drop criteria) consists of 50 stacks, each 3.05 meters (10 feet) long and 2.9 meters (9.5 feet) 
tall.  The total volume is 202 m3.  The total number of wafers is 6751. 
 
Advantages and Disadvantages - The cross-flow arrangement facilitates a simpler reactor assembly and 
catalyst placement between membrane stacks.  The multi-pass arrangement provides better efficiency in 
terms of membrane surface required compared to the cross-flow case.  The package size is about 10% 
larger than the cross-flow and baffled counter-flow cases. 
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Figure 1.2.1.1.6.7(10) – Schematic of Multi-Pass Cross-Flow MWGS Reactor Arrangement 
 
 

 
Figure 1.2.1.1.6.7(11) – Multi-Pass Cross-Flow MWGS Reactor Temperature and Recovery Profiles  
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Figure 1.2.1.1.6.7(12) – Multi-Pass Cross-Flow MWGS Reactor Partial Pressure and H2 Flux Profiles 
 
 
1.2.1.1.6.7.3  Future Work 
 
After final selection of a reactor arrangement, work will continue to finalize the design of the wafer 
membrane package, manifolds, and reactor vessel.  The materials selection for the membrane support 
structure as well as other reactor components is on going.  A study of the manufacturing processes for the 
membrane and vessel will then feed into a cost estimate of the reactor design, which will proceed in 
parallel with the design efforts. 
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1.2.1.1.6.8  Conclusion 
 
Structural analysis of the support structure for a hydrogen separation membrane for the MWGS reactor 
design was accomplished.  A feasible membrane design has been established which can support the 
pressure, gravity, and differential thermal expansion loadings considered.  Finite element analysis 
indicates that it is structurally adequate for 41.1 bar pressure loading at 450ºC. 
  
The following additional analyses are recommended: 

1) Re-evaluation of the membrane stress when mechanical properties of the vanadium alloy 
membrane material are available. 

2) Analysis of the differential thermal expansion between the membrane and support structure.  
Substituting a support material with improved thermal expansion match may be warranted. 

3) Natural frequency analyses of the wafer assembly. 
  
Conceptual design of the MWGS reactor is in progress. An analysis tool to permit examination of 
different arrangements for the MWGS reactor was developed.  Four different flow arrangement options 
have been examined and conceptually sized to meet the performance and pressure drop requirements.   
 
The results presented above are summarized in Table 1.2.1.1.6.8(1).  Based on this study, a selection can 
be made for which arrangement is best suited to meet the requirements for the MWGS Reactor study and 
the design further developed. 
 
Table 1.2.1.1.6.8(1) – Summary of Results for MWGS Reactor Performance Study 

 
 
After final selection of a reactor arrangement, work will continue to finalize the design of the wafer 
membrane package, manifolds, and reactor vessel.  The materials selection for the membrane support 
structure as well as other reactor components is on going.  A study of the manufacturing processes for the 
membrane and vessel will then feed into a cost estimate of the reactor design, which will proceed in 
parallel with the design efforts. 
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and other consultants (i.e. equipment vendors) and is based in part on information not within the control 
of either the CCP, Fluor or the consultants.  Neither Fluor nor the consultants have made an analysis, 
verified, or rendered an independent judgment of the validity of the information provided by others.  
While it is believed that the information contained herein will be reliable under the conditions and subject 
to the limitations set forth herein, neither Fluor nor the consultants guarantee the accuracy thereof.  Use of 
this report or any information contained therein shall constitute a release and agreement to defend and 
indemnify Fluor and such consultants from and against any liability (including but not limited to liability 
for special, indirect or consequential damages) in connection with such use.  Such release from and 
indemnification against liability shall apply in contract, tort (including negligence of Fluor or such 
consultants, whether active, passive, joint or concurrent), strict liability, or other theory of legal liability; 
provided, however, such release, limitation and indemnity provisions shall be effective to, and only to, the 
maximum extent, scope or amount allowable by law. 
 
Notwithstanding the above, neither the this report nor any information contained therein or otherwise 
supplied by Fluor in connection with the Study and the Services shall be released by CCP other than that 
as permitted by the Study contract or used in connection with any proxy, proxy statement, proxy 
soliciting material, prospectus, Securities Registration Statement or similar document without the express 
written consent of Fluor, except as may be required by law.  Further, CCP shall not use the name of Fluor 
without its prior written consents. 
 
The report has been prepared by FLUOR for the CCP consortium, which comprises the following 
member companies: British Petroleum, ChevronTexaco, ENI, Norsk Hydro, EnCana, Shell, Statoil and 
Suncor Energy.  This report and the data contained therein may be shared amongst members of the CCP 
consortium.”  
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1.2.1.1.7.1  Abstract 
 
Phase II for this project developed a conceptual process design case for a gasification plant with a 
Membrane Water Gas Shift Reactor for the separation of hydrogen.  This work was commissioned by the 
Pre-Combustion team of the CO2 Capture Project (CCP), a consortium of eight energy companies (British 
Petroleum, ChevronTexaco, ENI, Norsk Hydro, EnCana, Shell, Statoil, and Suncor Energy). 
 
The scope of this study (Phase II) is to determine the performance of a gasification plant with a 
Membrane Water Gas Shift (MWGS) reactor, which separates hydrogen from a sweet syngas, for an 
European Refinery scenario.  The recovered hydrogen is sent to the existing refinery furnaces and boilers 
that produce a carbon dioxide-free flue gas.  The remaining stream (retentate) is mostly carbon dioxide 
and is sent to geologic formations for storage.  Electrical power required to operate the plant is provided 
by a natural gas fired combined cycle power plant. 
    
The work is currently in progress and preliminary deliverables (design basis, summary block flow 
diagram, selected preliminary process flow diagrams and selected process descriptions) are provided in 
this semi-annual report.   
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1.2.1.1.7.4  Introduction 
 
1.2.1.1.7.4.1  Project Background 
 
Eight energy companies (British Petroleum, ChevronTexaco, ENI, Norsk Hydro, EnCana, Shell, Statoil, 
and Suncor Energy) have joined together to form the CO2 Capture Project (CCP).  CCP intends to address 
the issue of reducing emissions in a manner that will contribute to an environmentally acceptable and 
competitively priced continuous energy supply for the world.  The goals of the CCP include: 
 
• Reduce the cost of carbon dioxide capture 
• Develop methods for safe underground, carbon dioxide storage 
• Participate with government and non-government organizations, and other stakeholders to deliver 

technology that is cost-effective and meets the needs of society.   
 
The CCP seeks to develop technologies to the ‘proof of concept’ stage by the end of 2003.  Thereafter, 
demonstration tests can be conducted to verify performance and cost estimates, and a large-scale 
application could be in operation before 2010. 
 
In addition to CCP, support is also provided by the United States (U.S.) Department of Energy, the 
European Union, and Norway for the reduction of carbon dioxide emissions. 
 
CCP is divided into the following specialized teams: 
 
• Post-Combustion – Carbon dioxide is removed from the exhaust gas from furnaces, boilers, 

combustion turbines, etc.  This technology is commercially proven and can be retrofitted to existing 
equipment. 

• Pre-Combustion – Carbon is removed from the fuel gas before combustion in furnaces, boilers and 
combustion turbines. 

• Oxyfuels – Oxygen is separated from air and is used to combust hydrocarbons to produce an exhaust 
containing carbon dioxide and water (no nitrogen).  The water can be easily condensed, leaving a 
highly concentrated carbon dioxide stream for storage. 

 
CCP has identified four different scenarios, which represent existing or future planned facilities, for 
carbon dioxide capture technologies.  This allows the technologies to be evaluated under “real” 
conditions, and the suitability of a technology to a variety of situations/conditions can be identified.  
These scenarios are: 
 
• Norcap – A natural gas-fired 400 MWe combined-cycle power plant 
• Alaska – Multiple, distributed small/medium simple cycle combustion turbines driving process 

compressors 
• Canadian Tar Sands Complex - Petroleum coke gasification plant supplying hydrogen, steam and 

electrical power. 
• European Refinery – Multiple refinery heaters (furnaces) and boilers fired with sulfur-containing 

residual fuel oil, refinery fuel gas and natural gas. 
 
Baseline studies shall be developed for each distinct scenario and individual site-specific requirements to 
provide input to an economic model.  The economic model will be used to prioritize and measure the 
extent of cost savings for future technology development options.    
 
 



325 

1.2.1.1.7.4.2  Scope of Work 
 
The scope of this study (Phase II) is to determine the performance of a gasification plant with a 
Membrane Water Gas Shift (MWGS) reactor, which separates hydrogen from a sweet syngas, for the 
European Refinery scenario.  The recovered hydrogen is sent to the existing refinery furnaces and boilers 
that produce a carbon dioxide-free flue gas.  The remaining stream (retentate) is mostly carbon dioxide 
and is sent to geologic formations for storage.  Electrical power required to operate the plant is provided 
by a natural gas fired combined cycle power plant. 
    
In Phase I of this study, four membrane vendors were chosen by CCP to be evaluated: 
 
• Proton-conducting metal ceramic composite membrane provided by Eltron Research Inc. 
• Palladium alloy membrane provided by Colorado School of Mines (Chemical Engineering and 

Petroleum Refining Department) in partnership with TDA Research, Inc. 
• Microporous silica membrane provided by Energy research Centre of the Netherlands (ECN) 
• Zeolite membrane provided by University of Cincinnati 
 
The results of Phase I show that the metal ceramic composite membrane was the only membrane to meet 
the carbon recovery target set by the project (due to high CO2/H2 permselectivity).  Therefore, CCP 
decided that Phase II will be based on the metal ceramic composite membrane fed with a sulfur-free 
syngas. (The sulfur tolerant MWGS reactor was not pursued due to low hydrogen flux when sulfur 
compounds were present.)    Note that the gasification plant configuration was revised from Phase I to 
Phase II by incorporating a sulfur removal system upstream of the MWGS reactor in order for the 
hydrogen sulfide and carbonyl sulfide content in the feed to the MWGS reactor to be less than a 10 ppmv.   
 
Following is a summary of the major activities for the Phase II of this study: 
 
Eltron Research Inc. 
• Develop a laboratory proof-of-concept MWGS reactor. 
 
SOFCo 
• Design and estimate the cost of a commercial scale MWGS reactor. 
 
Fluor 
• Develop a design basis for the project 
• Design the gasification plant for a sweet syngas feed to the metal ceramic composite membrane WGS 

reactor. 
• Incorporate design considerations into the gasification plant based on input from SOFCo. 
• Develop a block flow diagram 
• Estimate the plant performance. 
• Develop process descriptions 
• Develop process flow diagrams. 
• Estimate heat and material balance of the entire plant. 
• Develop sized equipment list. 
• Develop utility summary. 
• Prepare a report. 
 
The results of the process design effort are/will be presented in the following deliverables: 
 
• Design basis 
• Summary block flow diagram 
• Preliminary process flow diagrams 
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• Brief process descriptions 
• Preliminary process flow diagrams 
• Heat and material balances 
• Preliminary equipment lists with approximate sizes 
• Utility summary 
 
1.2.1.1.7.4.3  Scope of Facilities 
 
The IGCC plant consists of the following units: 
 
• Air Separation Unit 
• Gasification Island 
• Low Temperature Gas Cooling and COS Hydrolysis Unit 
• Condensate (Ammonia) Stripper Unit 
• Acid Gas Removal Unit 
• Sulfur Recovery (Claus) and Tailgas Treating Unit 
• Fuel Gas Saturation/Sweet Shift Unit 
• Membrane Water Gas Shift Reactor 
• Permeate and Retentate Cooling Unit 
• CO2 Compression/Dehydration Unit 
• Power Generation 
• Utilities & supporting systems include: 
 

− Natural gas supply 
− Demineralized water package  
− Cooling water package 
− Potable water package 
− Oily water separator 
− Fire protection and monitoring systems 
− Back-up plant and instrument air package 
− Wastewater treatment package (includes drains and sewer) 
− Flare system 
− Miscellaneous material handling system 
− Electrical distribution 
− Uninterruptible power supply (UPS) 
− Generator step-up transformer 
− Continuous emissions monitoring system (CEMS) 
− Distributed control system (DCS) 
− Interconnecting piping 
− Other supporting facilities (Process analyzers; Hazardous gas detection system;  

Communications; Control room; Maintenance, warehouse and administration facility; Laboratory 
for inspection, certification and process control; Turbine building; Overhead turbine crane; 
Heating, ventilation and air conditioning (HVAC) systems; and Roads, parking, fencing and 
lighting)  
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1.2.1.1.7.5  Executive Summary 
 
1.2.1.1.7.5.1  Facility Summary Description 
 
The MWGS Reactor case is based on feeding residual oil and refinery fuel gas to produce a hydrogen rich 
fuel (carbon-free fuel) for the use in the existing refinery and petrochemicals furnaces and heaters at the 
European refinery.  The syngas from the gasifier is cleaned of particulates, carbonyl sulfide (COS) and 
hydrocyanic acid (HCN) are removed or destroyed, and the syngas is cooled to a temperature suitable for 
the Acid Gas Removal (AGR) unit.  Sulfur compounds are removed in the AGR and recovered as 
elemental sulfur product in the Sulfur Recovery unit.   
 
The clean fuel gas is  saturated with water and fed to a bulk shift catalyst where the carbon monoxide and 
water are converted to hydrogen and carbon dioxide.  The partially shifted syngas is then fed to the 
membrane water gas shift (MWGS) reactor system, which provides additional conversion of the 
remaining carbon monoxide and separates the product hydrogen from the product carbon dioxide.  The 
hydrogen rich stream is cooled to condense and separate the water from the gas then fired in the existing 
equipment producing a flue gas, which is relatively free of carbon dioxide.  The carbon dioxide rich 
stream from the MWGS reactor is cooled, compressed and dehydrated for geologic sequestration.  The 
target carbon dioxide purity is 90 mol%, dry. 
 
1.2.1.1.7.5.2  Membrane Water Gas Shift Concept 
 
The concept for the MWGS reactor is shown in Figure 1.2.1.1.7.5.2(1). 
 

 
Figure 1.2.1.1.7.5.2(1)  Membrane Water Gas Shift Reactor Concept 
 
The MWGS reactor consists of a hydrogen transfer membrane with water gas shift catalyst.  The sulfur-
free syngas is shifted in the reactor and hydrogen is selectively transported through the membrane.  The 
driving force for the permeation is enhanced by the use of sweep gas to lower the partial pressure of the 
hydrogen on the permeate side of the membrane.  The remaining syngas (retentate) exits the reactor at a 
pressure close to the syngas pressure. 
 
The resulting hydrogen (permeate) contains nitrogen and steam from the sweep gas; thus lowering the 
heating value of the fuel gas.  Therefore, the permeate is cooled to condense and separate the water from 
the hydrogen rich stream, which is then returned to the existing refinery heaters/boilers resulting in a 
carbon-dioxide free flue gas.  
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1.2.1.1.7.5.3  Key Results 
 
The metal ceramic composite membrane performance determined by SOFCo (a partnership between 
McDermott International, Inc. and Ceramatec, Inc.) is shown in Table 1.2.1.1.7.5.3(1).  The following 
definitions were used for the membrane performance: 
 
• Carbon Compounds = carbon in all carbon-containing compounds (i.e. CO, CO2, CH4 & COS) 
 
• Carbon Recovery = (carbon compounds in retentate)/(carbon compounds in feed) 
 
• Hydrogen Recovery = (H2 in permeate)/(H2 + CO in feed) 
 
• CO2 Purity = molar composition of CO2 in retentate (mol%, dry basis) 
 
• Permeate LHV = lower heating value of the hydrogen-rich fuel to the existing furnaces and boilers 

(permeate from the MWGS reactor).    
 
The membrane surface area and sweep flow rate was adjusted to determine the maximum carbon recovery 
for the membrane with a retentate containing 90 mol% (dry) carbon dioxide and a permeate heating value 
of 150 Btu/SCF (LHV). 
 

 
Table 1.2.1.1.7.5.3(1)  Metal Ceramic Composite Membrane Performance 

 
Feeds to MWGS Reactor 

Syngas Type Sweet (Sulfur-free) 
Syngas Temperature 400°C 
Syngas Pressure 34 barg 
Sweep Temperature 400°C 
Sweep Pressure 2.36 barg 

Membrane Performance 
Carbon Recovery 100% 
CO2 Purity 90 mol% (dry) 
Hydrogen Recovery 95.6% 
Hydrogen LHV (after cooling) 150.4 Btu/SCF (LHV) 
Hydrogen Flux 0.228 gmol/m2-sec 
H2:CO2 permselectivity infinite 

Required Membrane Parameters 
Surface Area 14,095 m2 
Nitrogen Sweep Gas  9,100 
Steam Sweep Gas  8,800 

 
The performance of the gasification plant will be provided later in the study and will include the 
following: 
 
• Gasifier feed heating value 
• Natural gas feed heating value for power generation 
• Hydrogen fuel return heating value 
• Overall thermal efficiency for hydrogen fuel 
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• Carbon dioxide flow rate to sequestration 
• Electrical power summary 
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1.2.1.1.7.6  Experimental 
 
Experimental methods were used by others (e.g. Eltron Research Inc.) for this study.  Fluor performed 
computer simulation to determine the performance of the gasification plant based on the membrane water 
gas shift reactor.  
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1.2.1.1.7.7 Membrane Water Gas Shift Reactor 
 
1.2.1.1.7.7.1  Concept 
 
The Membrane Water Gas Shift (MWGS) Reactor concept involves a hydrogen transfer membrane inside 
a MWGS reactor.  The membrane technology involves the separation of the hydrogen utilizing a 
membrane by selective permeation of the hydrogen across the membrane.  The hydrogen is dissolved into 
the membrane at one surface, transported across the membrane as the result of a concentration gradient 
(partial pressure difference between the two sides), and desorbed from the surface to the gas phase.  The 
residue gas (retentate) leaves the MWGS reactor at a pressure close to that of the feed, while the permeate 
(hydrogen) product leaves at a much reduced pressure. 
 
Catalyst is present in the reactor, which produces hydrogen from the water gas shift reaction shown 
below: 
 

CO + H2O ↔ H2 + CO2 
 
With the removal of hydrogen by permeation through the membrane, the WGS reaction is driven toward 
the products thus producing more hydrogen and carbon dioxide.  To promote permeation, a sweep gas of 
nitrogen and steam is used to decrease the partial pressure of the hydrogen on the permeate side.  The 
MWGS Reactor concept is shown in Figure 1.2.1.1.7.7.1(1). 
 

 
Figure 1.2.1.1.7.7.1(1)  Membrane Water Gas Shift Concept 

 
 

1.2.1.1.7.7.2  Proton-Conducting Metal Ceramic Composite Membrane  
 
Phase II of the study is based on the proton-conducting metal ceramic composite membrane provided by 
Eltron Research Inc.  The hydrogen transport concept for the  membrane is shown in Figure 
1.2.1.1.1.7.7.2(1). 
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Figure 1.2.1.1.1.7.7.2(1)  Hydrogen Transport for the Metal Ceramic Composite Membrane 
 
Metal ceramic composites were made by sintering together ceramic and metal powder to form dense 
continuous matrices of both metal and ceramic.  The materials chosen were based on:  high proton 
transport rate, cost, low toxicity, ease of synthesis, thermal and chemical stability, and catalytic 
properties.  The two materials were aligned so that their lattices matched to minimize strain and 
dislocations and to aid nucleation and growth of metal on the ceramic during membrane preparation. 
 
Selected metals were tested and selected.  Ceramics were identified to match the coefficients of thermal 
expansion of many of the metals.  Eltron Research Inc.’s final choice of materials was not disclosed. 
 
However, it was found that the catalyst for adsorption and dissociation was poisoned by hydrogen sulfide 
in a sour syngas feed to the MWGS reactor.  The project schedule for Phase I did not permit Eltron 
Research Inc. to continue their efforts in troubleshooting this problem.  Therefore, for Phase II, the 
gasification plant configuration was revised to remove the sulfur compounds upstream of the MWGS 
reactor.  For more details on the metal ceramic composite membranes, see the reports prepared by Eltron 
Research Inc.   
 
 
1.2.1.1.7.7.3  MWGS Reactor Computer Simulation Model 
 
For Phase I, a computer model of the membrane water gas shift (MWGS) reactor was developed by 
Energy research Centre of the Netherlands (ECN) to determine the conditions (flow rate, composition, 
temperature and pressure) of the permeate and retentate for a specified membrane surface area.  After 
consultations with the individual membrane vendors, the following hydrogen permeance equation was 
programmed into the model: 

 

( )n
p

n
f

RTE PPePJ −= − /
0  

 
where J =  flux of hydrogen (gmol/m2-s)  
 P0 = pre-exponential permeance factor (gmol/m2-s-Pan) 
 E = activation energy for hydrogen transport (J/gmol) 
 R = ideal gas constant (8.314 J/gmol-K) 
 T =  temperature (Kelvin) 
 P = partial pressure of H2 on the feed (f) and permeate (p) side (Pa) 
 n = exponent on driving force 
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Three computer, mathematical models (simplified, first version and final version) for integration into an 
Aspen Plus process computer simulator were developed by ECN.   
 
However, for Phase II, the SOFCo developed a configuration for the MWGS that consisted of multiple 
parallel paths rather than the counter-current flow arrangement of the computer simulation model.  The 
performance determined by SOFCo was compared to the results of the computer simulation model and 
the two outcomes were consistent with each other.  In addition, the computer model did not take into 
account the pressure drop in the MWGS reactor.  Therefore, the SOFCo MWGS reactor performance was 
used to determine the performance and size of the gasification plant. 
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1.2.1.1.7.8  General Design Criteria 
 
1.2.1.1.7.8.1  Introduction 
 
This section presents the General Design Criteria for the Membrane Water Gas Shift (MWGS) Reactor 
Study for CO2 Capture Project.  The scope of this conceptual study is to develop a process design for the 
gasification of residual fuel oil and refinery fuel gas to produce a hydrogen rich fuel for the use in the 
existing refinery and petrochemical furnaces and heaters and a carbon dioxide stream for sequestration.  
 
The purpose of this section is to ensure a degree of uniformity of criteria for the design of the plant.  
 
 
1.2.1.1.7.8.1.1  Brief Project Facilities Description 
 
The following is a brief description of the MWGS reactor plant.  The residual oil and refinery fuel gas is 
gasified with oxidant (99.5 mol% oxygen) from the Air Separation Unit (ASU) to produce a raw syngas.  
The syngas from the gasifier is cleaned of particulates, carbonyl sulfide (COS) and hydrocyanic acid 
(HCN) are removed or destroyed, and the syngas is cooled to a temperature suitable for the Acid Gas 
Removal (AGR) unit.  Sulfur compounds are removed in the AGR and recovered as elemental sulfur 
product in the Sulfur Recovery unit.  The clean fuel gas is saturated then fed to a bulk shift catalyst where 
the carbon monoxide and water are converted to hydrogen and carbon dioxide.  The shifted syngas is then 
routed to the MWGS reactor, which provides additional conversion of the remaining carbon monoxide 
then separates the product hydrogen from the product carbon dioxide.  The hydrogen rich stream is cooled 
to remove the water in the stream and fired in the existing equipment producing a flue gas, which is 
relatively free of carbon dioxide.  The carbon dioxide rich stream from the MWGS reactor is cooled then 
compressed for geologic sequestration.  The target carbon dioxide purity is 90 mol%, dry. 
   
The electrical power for the plant is provided by a natural gas fired combined cycle. 
 
 
1.2.1.1.7.8.1.2  General Criteria and Philosophy 
 
a) The plant is designed to recover two (2) million tonnes per year of CO2 (100% basis and 330 days 

per year operation with a carbon recovery of 100% for the membrane WGS reactor).  This target 
quantity reflects the overall aims of the Grangemouth site, i.e. to capture 50% of the CO2 from across 
the complex. 

 
b) The plant is designed to be self sufficient in most utilities including electrical power.  The firewater 

is assumed to be provided by the existing site infrastructure.  (This assumption for the firewater is 
the same as the design in the BP Grangemouth CO2 Capture Report.) 

 
 
1.2.1.1.7.8.1.3  Battery Limits Definition 
 
The following commodities are supplied to the plant at the battery limits: 
 
• Residual oil feed 
• Refinery fuel gas 
• Natural gas 
• Make up water 
• Ambient air 
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• Firewater 
• Water treatment chemicals 
• Chemicals for the gasification unit 
 
The following commodities are produced from the plant at the battery limits: 
 
• Dry carbon dioxide product  
• Hydrogen rich stream to existing fuel gas system 
• Electrical power 
• Sulfur product 
• Treated wastewater suitable for disposal 
• Filter waste 
• Sulfur recovery vent  
• Air Separation Unit vent 
• Flue gas 
• Cooling tower evaporation 
• Cooling tower drift (water droplets carried by the wind) 
• Sewage 
• Storm Drains 
 
The firewater is the only integration of the new plant with the existing utility systems. 
 
 
1.2.1.1.7.8.2  Site Data 
 
1.2.1.1.7.8.2.1  Location 
 
The case is based on a typical European refinery and is modeled after BP’s facilities at Grangemouth.  
Site information was taken from Exhibit E – Technical Specification:  BP Grangemouth (Scenario A), 
Revision C dated October 1, 2001 (PC-RFP-006).    
 
BP Grangemouth collects oil and gas from fields across the Central Area of the North Sea.  The complex 
is made up of a series of business units, including: 
 
a) Kinneil – gas and liquids collected from the Forties system are stabilized, separated and processed. 

 
b) Refinery – crude oil collected from the Forties Pipeline system is refined to produce LPG, Alkylate, 

Petrol, Diesel Jet Fuel, Kerosene and Fuel Oil. 
 
c) Chemicals – gases and light distillate feedstocks from the refinery are converted to petrochemical 

products. 
 
d) Power Station – power and steam are produced for users in the complex. 

 
BP Grangemouth is located between the estuaries of the Rivers Carron and Avon in Scotland, United 
Kingdom.  The exact plot location of the gasification plant in the existing plant is to be determined; 
however, it is assumed that the plot is clean, level and free of any underground obstructions.   
 
The elevation of the plot is 3.5 meters above sea level.  The associated barometric pressures are shown in 
Table 1.2.1.1.7.8.2.1(1).  
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Table 1.2.1.1.7.8.2.1(1)  Barometric 
Pressures (mbara) 
 

Estimated mean 1015 
Maximum  1030 
Minimum  970 

 
 
1.2.1.1.7.8.2.2  Meteorological Data 
 
1.2.1.1.7.8.2.2.1  Site Temperatures 
 
The dry bulb temperatures are summarized in Table 1.2.1.1.7.8.2.2.1(1).  

 
 
Table 1.2.1.1.7.8.2.2.1(1)  Ambient Air Dry 
Bulb Temperatures, °C 

 
Estimated mean 7 
Maximum 30 
Minimum -12 
Design temperature for winter -15 

 
 
1.2.1.1.7.8.2.2.2  Relative Humidity 
 
The relative humidity for the site is shown in Table 1.2.1.1.7.8.2.2.2(1).  The average relative humidity of 
78.5% is estimated using the mathematical average of the two humidities reported in the morning (0700) 
and the afternoon (1500). 

 
 
Table 1.2.1.1.7.8.2.2.2(1)  
Relative Humidity, % 

 
Average 78.5 
At 0700 87 
At 1500 70 

 
 
1.2.1.1.7.8.2.2.3  Rainfall 
 
The annual average rainfall is 815 mm with a one (1) hour maximum of 6.5 mm. 
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1.2.1.1.7.8.2.2.4  Wind  
 
The maximum wind velocity is 50 m/s. 
 
 
1.2.1.1.7.8.3  Process Design Basis 
 
1.2.1.1.7.8.3.1  Feedstocks 
 
There are a wide range of existing process furnaces and heaters, distributed across the BP Grangemouth 
complex.  These units are fired with fuel gas from the refinery or chemicals plants and refinery fuel oil.  
In the CO2 Capture Report, Grangemouth developed by Fluor, the flue gases from these furnaces and 
heaters were routed to a proposed plant for the post combustion recovery of carbon dioxide.  There were 
approximately twenty (20) points of source emissions for the carbon dioxide, which added up to twice the 
amount required for recovery for the Grangemouth site.  Therefore, sources were eliminated based on the 
following: 
 
a) Size of source. 

 
b) Distance from the proposed carbon dioxide recovery plant. 

 
c) Potential difficulties in making ties ins between the carbon dioxide plant and existing flue gas 

ducting. 
 
d) Operational status in the future. 

 
The remaining sources fell into three natural groupings: 
 
a) BP refinery group 
b) Power plant group 
c) BP Chemicals ethylene plant source group 

 
The final selection consisted of refinery sources F, G, H & I, power plant sources K, L & M and finally 
the ethylene plant sources S & T.  For this MWGS Reactor Study, the feed usually fed to these existing 
furnaces and heaters will be routed to the proposed gasification plant.  The hydrogen rich fuel gas from 
the membrane WGS reactor will be fed to the existing furnaces and heaters.  Any deficiency of fuel for 
the existing equipment will be augmented by natural gas.  The amount of fuel available to the gasification 
plant is set by the BP Grangemouth Technical Specification (Exhibit E).  The feed will be adjusted so that 
two (2) million tonnes of carbon dioxide per year is recovered from the plant (based on 330 days per year 
operation and a carbon recovery of 100%).  The feed is supplied to the gasifier in the following priority:  
 
a) Fuel oil, 
b) Refinery fuel gas, 
c) Fuel gas from the chemicals plant, and 
d) Natural gas. 

 
The summary of the annual fuel consumption of the existing equipment is shown in Table 
1.2.1.1.7.8.3.1(1). 
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Table 1.2.1.1.7.8.3.1(1)  Annual Fuel Consumption for Existing Equipment 
 

 Tonnes/yr kg/hr (based on 330 days 
per year operation) 

 Source  Gas Oil Gas Oil 
Refinery Site Stacks 

F CCR 63,972 2,324 8,077 293 
G HCU 52,117 - 6,580 - 
H VDU 26,676 7,797 3,368 984 
I H2U 35,039 - 4,424 - 

Total 177,804 10,121 22,449 1,277 
Power Plant Stacks 

K Boiler 9/10 45,614 79,612 5,759 10,052 
L Boiler 11/12/13 81,502 114,218 10,291 14,421 
M Boiler 14/15 104,559 107,970 13,202 13,633 

Total 231,675 301,800 29,252 38,106 
BP Chemicals Stacks  

S KG (36F1A/F) 136,200 - 17,197 - 
T Boilers 49,100 - 6,199 - 

Total 185,300 - 23,396 - 
      

Overall Total Fuel Oil  311,921  39,384 
Overall Total Refinery 

Fuel Gas 
409,479  51,702  

Overall Total Fuel Gas 
from Chemicals Plant 

185,300  23,396  

 
The quality of the Fuel Oil varies significantly.  Therefore, the ultimate analysis for the Fuel Oil to the 
gasifier was estimated as an average and is shown in Table 1.2.1.1.7.8.3.1(2) (reference:  CCP Membrane 
Water Gas Shift Reactor Invitation for Proposals). 
 

 
Table 1.2.1.1.7.8.3.1(2)  Fuel Oil Ultimate Analysis  
 

wt% 
Carbon 87.2 
Hydrogen 9.9 
Nitrogen 0.7 
Oxygen 0.8 
Sulfur 1.4 
Total 100.0 
Flow rate available, kg/hr (Note 2) 39,384 

 
Notes: 
1) Ash content is assumed to be zero. 
2) Based on 330 days per year operation 
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The quality of the fuel gas varies significantly across the Grangemouth site.  Therefore, an analysis of the 
refinery and chemicals plant fuel gas was estimated as an average and is shown in Table 1.2.1.1.7.8.3.1(3) 
(reference: BP Grangemouth Technical Specification). 
 

 
Table 1.2.1.1.7.8.3.1(3)  Fuel Gas Typical Analysis  
 

 Refinery Fuel 
Gas 

Chemicals 
(Site 1) 

 mol% mol% 

Methane 67.80 58.0 
Ethane 9.42 0.1 
Ethene 0.02 0.1 
Propane 7.42 0.0 
Propene 0.01 0.0 
Iso-Butane 1.07 0.0 
N-Butane 3.12 0.0 
Iso-Butene 0.05 0.0 
Methyl-1-Butenes 0.15 0.0 
n-Pentane 0.04 0.0 
Iso-Pentane 0.16 0.0 
Hydrogen 7.87 40.8 
Oxygen 0.03 0.0 
Nitrogen 0.75 1.0 
Carbon Monoxide 0.00 0.0 
Carbon Dioxide 2.01 0.0 
Hydrogen Sulfide 0.08 0.0 
Total 100.00 100.0 
Flow rate available, kg/hr* 51,702 23,396 

 
*Note:  Based on 330 days per year operation. 
 
1.2.1.1.7.8.3.2  Products 
 
The products of the plant are a hydrogen rich stream to the existing furnaces and heaters and a carbon 
dioxide rich stream for sequestration.  In the CCP Membrane Water Gas Shift Reactor Invitation for 
Proposals, the target production rate of the hydrogen is 700,000 Nm3/hr.  However, CCP has directed 
Fluor that recovering the amount of hydrogen corresponding to two million tonnes per year of carbon 
dioxide captured is sufficient for this project.  Therefore, the design of the plant was not constrained by a 
hydrogen production rate of 700,000 Nm3/hr.  The specifications for the product streams are shown in 
Table 1.2.1.1.7.8.3.2(1). 
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Table 1.2.1.1.7.8.3.2(1)  Product Specifications 
 

 CO2 H2 

Production Rate, million tonnes/yr 
(100% basis with carbon recovery of 100% 
(Note1)) 

2 Governed by amount of 
fuel to gasifier and extent 

of shift conversion 
                        kg/hr (Note 2) 252,525 To be determined 
                        Nm3/hr (Note 2) 128,609 To be determined 
   
Target design carbon recovery, % (Note 1)  90 - 
Minimum purity, mol%, dry 90 - 
Minimum heating value, Btu/SCF (LHV) - 150 
Temperature at battery limits, °C 45 45 
Minimum pressure at battery limits, bara 80 3 

 
Notes:   
1)  Carbon recovery = carbon compounds in retentate/carbon compounds in feed 
2)  Based on 330 days per year operation. 
 
 
1.2.1.1.7.8.3.3  Make-up Water 
 
Make-up water is available as Towns Water from the local water supplier (reference:  BP Grangemouth 
Technical Specification).  It is possible that chemically treated cooling water and demineralized water 
may be provided by the existing facilities.  However, at this phase of the project, it is assumed the new 
plant requires facilities for water treating.  In the event, demineralized water is imported from the existing 
facilities, the feedwater is accessible at 150 barg ±4 bar and 126°C.  The parameters for the feedwater 
quality from the existing plant are shown in Table 1.2.1.1.7.8.3.3(1) and are based on a steam drum 
pressure of 140 barg. 
 

 
Table 1.2.1.1.7.8.3.3(1)  Demineralized Water Quality 

(Potentially Available from Existing Facilities) 
 

Normal Conductivity 2.5 – 6 µS/cm 
pH 8.5 – 9.5  
Silica as SiO2  < 0.02 mg/kg 
Iron < 0.02 mg/kg 
Aluminum - mg/kg 
Sulfate as SO4 - mg/kg 
Sodium - mg/kg 
Copper < 0.003 mg/kg 
Hardness as CaCO3 < 0.15 mg/kg 
Oxygen < 0.01 mg/kg 

 
For the majority of the time, the make-up water is supplied by the Towns Water.  A typical water quality 
is shown in Table 1.2.1.1.7.8.3.3(2). 
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Table 1.2.1.1.7.8.3.3(2)  Towns Water Typical Quality 
 

Conductivity 68 – 128 µS/cm 
pH 7.2 – 10.0  
Turbidity 0.12 – 1.17 FTU 
Iron as Fe < 2 –  272 µg/l 

Aluminum as Al 17 – 170 µg/l 
Sulfate as SO4 4.7 – 19.3 mg/l 
Sodium as Na 3.6 – 5.8 mg/l 
Copper as Cu 1.8 – 52.6 µg/l 
Dry Residues 57 – 61 mg/l 
Calcium as Ca 5.7 – 9 mg/l 
Magnesium as Mg 0.97 – 1.6 mg/l 
Chlorides as Cl 6.4 – 10.4 mg/l 
Ammonium as NH4 0.004 – 0.0019 mg/l 
Total Organic Carbon as C 1.03 – 1.22 mg/l 
Alkalinity as HCO3 9.8 – 18.3 mg/l 
Manganese as Mn < 0.5 – 24.2 µg/l 
Phosphorus as P < 8 – 162 µg/l 
Barium as Ba 15 – 18 µg/l 
Lead as Pb < 0.4 – 37.8 µg/l 
Nickel as Ni 1.5 – 6.2 µg/l 
Mercury as Hg < 0.05 – 0.36 µg/l 
Chromium as Cr < 0.8 – < 1.0 µg/l 
Zinc as Zn 5 – 315 µg/l 
Cadmium as Cd < 0.4 – < 0.5 µg/l 

 
 
1.2.1.1.7.8.3.4  Environmental Criteria  
 
The level of pollutants in the plant emissions should be below those of the current operating 
environmental discharges.  Environmental limits for the new plant are to be determined.  The existing 
emissions for NOx and SO2 are provided in Table 1.2.1.1.7.8.3.4(1). 

 
 
Table 1.2.1.1.7.8.3.4(1)  Existing Emissions  
 

Stack Fuel Fired Total Flue Gas 
Flow Rate, kg/hr 

NOx, ppm 
(Note 1) 

SO2, ppm 

F Oil/Gas 188,616 300 37 
G Gas 155,762 100 27 
I Gas 105,639 100 27 
K Oil/Gas 322,778 300 211 
L Oil/Gas 514,604 300 192 
M Oil/Gas 558,474 300 171 
S Gas 402,257 100 0 
T Gas 146,437 100 0 
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Notes: 
1) NOx emissions are estimated. 
2) No emissions were provided for Stack H. 
 
The plant emission/effluent points are as follows: 
 
• Flue gas, 
• Sulfur recovery vent 
• Air Separation Unit vent 
• Cooling tower evaporation/drift 
• Waste water 
• Sewage 
• Storm Drains 
• Sulfur product, 
• Cooling tower evaporation/drift, 
• Waste water, and 
• Filter waste. 
 
Noise limitations at the site boundary are < 55 dB.   
 
 
1.2.1.1.7.8.3.5  Utility Information 
 
The following utilities are provided for the plant: 
 
• Steam 
• Boiler Feedwater 
• Condensate 
• Cooling Water 
• Demineralized Water 
• Plant Water 
• Potable Water 
• Firewater 
• Drains and Blowdown 
• Plant and Instrument Air 
• Nitrogen 
• Natural Gas 
• Flare 
• Electrical Power 
 
Conditions for steam are shown in Table 1.2.1.1.7.8.3.5(1). 
 

 
 

 
Table 1.2.1.1.7.8.3.5(1)  Selected Steam Conditions 
 

Commodity Pressure, 
barg 

Saturation 
Temperature 

°C 

Superheat 
Temperature 

°C 
Extra High Pressure Steam 127 330 520 
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Table 1.2.1.1.7.8.3.5(1)  Selected Steam Conditions 
 

Commodity Pressure, 
barg 

Saturation 
Temperature 

°C 

Superheat 
Temperature 

°C 
High, High Pressure Steam 43 256 400 
High Pressure Steam 33 241 400 
Medium Pressure Steam 12.8 194 245 
Low Pressure Steam (typically) 1 120 240 

 
The cooling water system is a stand-alone unit.  The cooling water supply temperature is set to 23°C, 
which results in a 5°C approach temperature to the assumed design wet bulb temperature of 18°C.  The 
maximum temperature rise is 26°C.  
 
The cooling tower blowdown is calculated such that the cooling towers operate at five (5) cycles of 
concentration. The design of the cooling towers (e.g. supply temperature, design wet bulb temperature, 
maximum temperature rise and cycles of concentration) were set to be the same as the design in the BP 
Grangemouth CO2 Capture Report. 
 
It is assumed that firewater is provided from the existing site infrastructure.  (This is the same as the 
design in the BP Grangemouth CO2 Capture Report.) 
 
Plant and instrument air and utility nitrogen are supplied by the Air Separation Unit.   
 
Natural gas is supplied to the new gas turbine for the production of electrical power. 
 
 
1.2.1.1.7.8.3.6  Unit Numbering 
 
The unit numbering is shown in Table 1.2.1.1.7.8.3.6(1). 
 

 
Table 1.2.1.1.7.8.3.6(1)  Unit Numbering 
 

Unit Number 
Air Separation Unit 001 
Gasification Island 102/202 
Low Temperature Gas Cooling and COS Hydrolysis 003 
Condensate (Ammonia) Stripper 004 
Acid Gas Removal 005 
Sulfur Recovery (Claus) and Tailgas Treating Unit 006 
Fuel Gas Saturation/Sweet Shift/Nitrogen Saturation 007 
Membrane Water Gas Shift Reactor/Permeate and 
Retentate Cooling 

008 

CO2 Compression/Dehydration 009 
Power Generation 010 
Utilities 011 

 
 
1.2.1.1.7.8.3.6.1  Equipment Identification 
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The equipment identification system is based on Fluor standards.  The equipment will be numbered using 
the following system. 
 
AAA-B-CCC D/D 
 
AAA - Unit number  
B - Equipment Identification Letter Symbol (See Table 1.2.1.1.7.8.3.6.1(1)) 
CCC - Equipment number (starting with 001 for each type of equipment) 
D/D - If equipment is spared (i.e. A/B) 
 

 
Table 1.2.1.1.7.8.3.6.1(1)  Equipment Identification 
Symbols 
 

Letter Symbol Equipment 
B Burner 
C Compressor 

CT Combustion Turbine 
DA Deaerator 
E Heat exchanger and cooler 

EA Air Cooler 
EX Expander 
F Filter 
G Eductor 

ME Mechanical package 
P Pump (including motor) 
S Stack 

SG Steam generator 
ST Steam turbine 
SU Sump 
TK Tank 
V Vessel/Column 

 



345 

 
1.2.1.1.7.8.3.6.2  Units of Measurement 
 
The design incorporates SI units.  The specific units to be used on this project for each type of 
measurement are shown in Table 1.2.1.1.7.8.3.6.2(1). 
 

 
Table 1.2.1.1.7.8.3.6.2(1)  Units of Measurement 
 

Measurement Unit 
Temperature °C 
Pressure  barg, bara 
Vacuum mbar 
Mass kg 
Volume, liquids m3 
Volume, gases (actual) m3 
Volume, gases (standard) Nm3 
Density kg/m3 
Flow, liquids m3/h 
Flow, gases Nm3/h, m3/h, kg/h 
Flow, solids kg/h, kg/s 
Heat kJ/h 
Power MW, kW 
Equipment dimensions 
and pipe length 

m 

Nominal pipe diameter mm 
Velocity m/s 

 
 
The following prefixes in Table 1.2.1.1.7.8.3.6.2(2) may be used. 
 

 
Table 1.2.1.1.7.8.3.6.2(2)  Unit Prefixes 
 

Multiplication Factor Prefix Symbol 
106 Mega M 
103 Kilo k 
10-2 Centi c 
10-3 Milli m 
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1.2.1.1.7.9  Results and Discussion 
 
The deliverables for the Membrane Water Gas Shift Reactor Study, Phase II are the following:  
 
• General Design Criteria  
• Summary Block Flow Diagram 
• Process Descriptions 
• Preliminary Process Flow Diagrams 
• Heat and Material Balances 
• Preliminary Equipment Lists with Approximate Sizes 
• Utility Summary (for major utilities) 
 
The project is currently in progress; therefore, this section contains the deliverables (results) completed to 
date, which consist of the following: 
 
• General Design Criteria (provided in previous section) 
• Summary Block Flow Diagram 
• Selected Process Descriptions 
• Selected Preliminary Process Flow Diagrams 
 
Any issue specific to a process unit is discussed in the process descriptions. 
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1.2.1.1.7.9.1  Summary Block Flow Diagram 
 
The summary block flow diagram for the Membrane Water Gas Shift Reactor, Phase II is shown in Figure 
1.2.1.1.7.9.1(1). 
 

 
Figure 1.2.1.1.7.9.1(1)  Summary Block Flow Diagram 
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1.2.1.1.7.9.2  Selected Process Descriptions  
 
The process descriptions completed to date for the Membrane Water Gas Shift, Phase II are provided 
below.  Note that all these process descriptions and process flow schemes are “work in progress.” 
 
1.2.1.1.7.9.2.1  Gasification Island 
 
The purpose of the Gasification Island (GI) is to produce raw syngas from residual fuel oil and refinery 
fuel gas gasified with high purity oxygen in a low pressure gasifier with convective cooling.  The process 
configuration for the Gasification Island is shown in the Process Flow Diagram (102-PFD-001) in Figure 
1.2.1.1.7.9.3(1).  This unit consists of two 50% trains and is considered a package unit.  The following is 
a process description for a typical Gasification Island. 
 
Residual fuel oil and refinery fuel gas with Intermediate Pressure (IP) steam are fed to the GI where they 
are partially oxidized with high purity oxygen supplied by the Air Separation Unit.  The resulting raw 
syngas is primarily a mixture of hydrogen and carbon monoxide with smaller quantities of nitrogen, water 
vapor, carbon dioxide, hydrogen sulfide, carbonyl sulfide, methane, and argon.  The raw syngas is then 
cooled by producing high pressure steam in the convective cooling section of the gasifier.  Low 
temperature, high pressure boiler feedwater (BFW) is also preheated in the convective cooling section of 
the gasifier then combined with high temperature, high pressure BFW for steam production.   
 
Particulates entrained in the raw syngas are removed via wet scrubbing, and the syngas is routed to the 
Low Temperature Gas Cooling and COS Hydrolysis unit.  The particulates exit the GI as fines for 
disposal and wastewater from the unit is also sent offsite for disposal. 
 
Flashed gas from the water treating area in the GI is routed to the Sulfur Recovery Unit.  Process 
condensate from the condensate stripper unit is returned to the GI for syngas scrubbing, and make-up 
water is supplied to maintain the GI water balance.    
 
1.2.1.1.7.9.2.2  Low Temperature Gas Cooling and COS Hydrolysis Unit 
 
The purpose of the Low Temperature Gas Cooling (LTGC) and COS Hydrolysis Unit is two-fold.  The 
first is to convert most of the carbonyl sulfide (COS) and hydrocyanic acid (HCN) in the syngas feed to 
hydrogen sulfide (H2S) and ammonia (NH3) via catalytic hydrolysis reactions.  The second is to cool the 
syngas to a suitable temperature for the Acid Gas Removal (AGR) Unit.  The AGR unit removes most of 
the sulfur containing compounds from the syngas to meet the membrane water gas shift (MWGS) reactor 
constraint of 10 ppmv hydrogen sulfide plus carbonyl sulfide in the reactor feed.  Hydrogen sulfide is 
removed more readily than carbonyl sulfide in the AGR Unit; therefore, the carbonyl sulfide in the syngas 
is converted to hydrogen sulfide to maximize sulfur removal from the raw syngas.   The hydrocyanic acid 
is also converted to ammonia, which is removed along with the condensate produced from the cooled 
syngas.  The AGR unit operates more efficiently at lower temperatures and thus the syngas is cooled to 
35°C in the LTGC Unit. 
 
The process configuration for the LTGC and COS Hydrolysis unit is shown in the Process Flow 
Diagrams (003-PFD-001/002) in Figures 1.2.1.1.7.9.3(2)/(3).  This unit consists of one 100% train.  
 
The feed to the LTGC is a particulate-free, raw syngas from the Gasification Island (GI).  The raw syngas 
enters the LTGC saturated with water at 167°C and 44.0 barg.    
 
Optimal conversion of the hydrocyanic acid occurs at temperatures close to 195°C; however, this is not 
the optimal temperature for the conversion of the carbonyl sulfide (optimal temperature is ~150°C).  
Therefore, the conversion of COS is not maximized in order that the hydrocyanic acid content is 
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minimized in the syngas.  This approach is acceptable as the amount of hydrogen sulfide removed in the 
AGR is able to meet the MWGS reactor feed requirements.   
 
A degree of superheat of the reactor feed is also required to avoid condensation in the catalysts.  
Therefore, the raw syngas feed from the GI is first preheated to 193°C immediately prior to the COS 
Hydrolysis reactors.   
 
The saturated, raw syngas from two gasification trains is combined and is first preheated to 170°C in a 
COS Hydrolysis Feed/Effluent Exchanger (003-E-001) against hot syngas from the reactors.  Further 
superheat to 193°C is supplied by Medium Pressure (MP) steam at 26.3 barg in the COS Hydrolysis Feed 
Heater (003-E-002).  The flow rate of the MP steam is controlled with a reset from the temperature 
controller on the syngas to the reactors at 193°C.  During start-up, it is assumed that this exchanger will 
provide the necessary heat to preheat the gas to the desired temperature of operation of the catalyst during 
start-up for partial flow rates of syngas.  The condensate formed from the cooling of the steam is collected 
in a MP Condensate Pot (003-V-003) and routed back to the steam system.  The flow rate of steam 
condensate is varied to maintain a set liquid level in the condensate pot. 
 
The preheated syngas at 193°C enters the top of the Guard Bed (003-V-001) which provides protection 
for the main reactor from dust and soot in the syngas.  The syngas then enters the top of the COS 
Hydrolysis Reactor (003-V-002) where the carbonyl sulfide and hydrocyanic acid are reduced by the 
following catalytic reactions: 

 
COS + H2O ↔ H2S + CO2 
HCN + H2O ↔ NH3 + CO 

 
COS analyzers are provided at the inlet and outlet of each reactor to measure the performance of the 
catalysts.  The syngas can be by-passed around either reactor for catalyst replacement.  
 
The temperature rise over the Guard Bed and COS/HCN Hydrolysis Reactor is normally small (less than 
1°C) as long as side reaction activity is negligible.  The reactor effluent at 193°C is routed to the 
feed/effluent exchanger and cooled to 182°C against the raw syngas feed to the COS hydrolysis reactors.   
 
The syngas is then cooled to 156°C in the Saturator Water Heater #1 (003-E-003) against circulating fuel 
gas saturator water.  Condensate in the cooled syngas is separated from the gas in LTGC Knock-out Drum 
#1 (003-V-004), which is on level control.  The syngas is further cooled to 52°C in the Vacuum 
Condensate Heater (003-E-004) against vacuum condensate from the surface condenser in the steam 
system.  Condensate in the cooled syngas is separated from the gas in LTGC Knock-out Drum #2 (003-V-
005), which is on level control. 
 
The final cooling of the syngas to 35°C is in the Syngas Trim Cooler (003-E-005) against cooling water.  
Condensate formed in the cooled syngas is separated from the gas in the LTGC Wash Column (003-V-
006), which scrubs out any ammonia present in the cooled syngas.  The condensate from LTGC knock-
out drums #1, #2 and wash column are routed to the stripper feed drum. 
 
The cooled syngas is routed to the Acid Gas Removal unit for sulfur removal.    
 
 
1.2.1.1.7.9.2.3  Condensate (Ammonia) Stripper Unit 
 
The purpose of the Condensate (Ammonia) Stripper Unit is to remove ammonia, carbon dioxide and 
hydrogen sulfide present in the condensate produced in the Low Temperature Gas Cooling (LTGC) and 
COS Hydrolysis Unit.  The water is recycled back to the Gasification Island (GI) to minimize fresh water 
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make-up to the system.  Condensate stripping is provided to prevent the build up of ammonia in the 
syngas scrubbing section of the GI.  
 
The process configuration for the Condensate Stripper Unit is shown in the Process Flow Diagram (004-
PFD-001) in Figure 1.2.1.1.7.9.3(4).  The unit consists of one 100% train.  
 
The feed to the condensate stripper is the condensate from LTGC Knock-out Drums #1 and #2 and LTGC 
Wash Column and are collected in the Stripper Feed Drum (004-V-003).  Minor (normally no flow) 
streams from the Sulfur Recovery Unit are also routed to the feed drum.  Flash gas from the feed drum is 
combined with the condensate stripper overhead and routed to the Sulfur Recovery Unit.  The pressure in 
the feed drum is controlled by varying the flow rate of the flash gas stream from the vessel. 
    
The condensate from the feed drum is routed to the top section of the Condensate Stripper (004-V-001) 
(trayed column) where it is stripped by steam from the Condensate Stripper Reboiler (004-E-002).  The 
liquid level in the feed drum is controlled by a reset on the flow of the condensate feed.  The stripped 
condensate exits the condensate stripper and is routed by the Stripper Bottoms Pump (004-P-002A/B) to 
the Gasification Island.  
 
The stripper reboiler uses LP (Low Pressure) steam to generate stripping steam at 125°C for the column.  
The flow rate of the steam is controlled with a reset from the temperature controller on the bottom of the 
stripper.  The condensate formed at XXX°C from the cooling of the steam is routed to the LP Condensate 
Pot (004-V-004) and then returned to the steam system.  The flow rate of the LP condensate is varied to 
control the liquid level in the condensate pot. 
 
Most of the dissolved gases are removed from the condensate and sent overhead in the column.  The 
overhead is cooled against cooling water in the Condensate Stripper Condenser (004-E-001), and the non-
condensing sour gas is routed to the Sulfur Recovery Unit.  A by-pass around the condenser is provided to 
the control the temperature of the condensed overhead to the Condensate Stripper Overhead Accumulator 
(004-V-002) at XX°C.  The pressure in the drum is controlled to a back pressure of 1.0 barg by varying 
the flow rate of the sour gas from the accumulator.  The liquid from the drum is routed by the Condensate 
Stripper Reflux Pump (004-P-001A/B) to the top of the stripper.  The liquid level in the accumulator is 
controlled by a reset on the flow rate of the reflux.  
 
1.2.1.1.7.9.2.4  Acid Gas Removal Unit 
 
The purpose of the Acid Gas Removal (AGR) Unit is to remove the sulfur containing compounds from 
the syngas.  The solvent for the AGR unit is Selexol, a physical solvent designed to absorb hydrogen 
sulfide and carbonyl compounds.  The unit is designed to minimize the overall removal of carbon dioxide 
from the syngas. The resulting clean syngas is also free of mercaptans, nickel and iron carbonyls.  Selexol 
is a solvent consisting of dimethyl ether of polyethylene glycol and is non-corrosive, non-foaming, non 
toxic and biodegradable. 
 
The process configuration for the Acid Gas Removal Unit is shown in the Process Flow Diagrams (005-
PFD-001/002) in Figures 1.2.1.1.7.9.3(5)/(6).  The unit consists of one 100% train.  
 
Cooled syngas from the Low Temperature Gas Cooling (LTGC) Unit is combined with recycled flash gas 
and fed to the Absorber (005-V-001).  Chilled Selexol at 0°C enters the absorber at the top of the column 
through an internal liquid distributor and flows down through the packed beds in the column, absorbing 
the hydrogen sulfide, carbonyl sulfide, carbon dioxide, water and other components from the syngas 
flowing counter current to the solvent.  The clean syngas exits the absorber with a total sulfur compound 
content of 22 ppmv and is routed to the Fuel Gas Saturation unit and Sulfur Recovery unit (small amount) 
at a pressure controlled to 38.5 barg. 
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As the solvent flows down through the absorber, acid gases are absorbed from the upward flowing feed 
gas.  The resultant heat of absorption causes rich Selexol solvent to exit the bottom of the column at a 
temperature of 24°C.  A solvent reservoir is maintained in the bottom of the absorber by a level control 
valve in the rich solvent line downstream of the lean/rich exchanger. 
 
The rich solvent from the absorber is heated to 135°C against lean solvent in the Lean/Rich Exchanger 
(005-E-001) where hydrogen sulfide, carbonyl sulfide, carbon dioxide and other components in the liquid 
are vaporized.  The pressure of the rich solvent is reduced in the level control va lve for the absorber and 
routed to the Rich Flash Drum (005-V-003) where the flashed gases are separated. 
 
The flash drum serves several purposes:  reduces the amount of acid gas from the stripper and thereby the 
stripper reboiler duty; minimizes the amount of inerts to the Sulfur Recovery Unit thereby decreasing the 
capital cost of the unit; and increases the hydrogen sulfide partial pressure in the feed to the absorber 
thereby decreasing the solvent circulation rate.   
 
The pressure of the drum is maintained at 9.3 barg by varying the flow rate of the flash gas.  The flash gas 
is cooled to 35°C against cooling water in a Flash Gas Cooler (005-E-004).  The gas temperature is 
controlled by a by-pass around the cooler.  
 
Condensate is produced when cooling the flash gas and is separated from the gas in the Flash Gas KO 
Drum (005-V-004).  The dry gas is compressed in the Flash Gas Compressor (005-C-001A/B) to 40.2 
barg and cooled to 35°C in an aftercooler (included in compressor package) against cooling water.  The 
cooled flash gas is recycled to combine with the syngas feed from the LTGC unit and both are routed to 
the absorber.          
 
The solvent from the rich flash drum is combined with the condensate from the flash gas knockout drum 
and routed to the Stripper (005-V-002).  The flow rate of the solvent from the rich flash drum is varied to 
maintain the liquid level in the rich flash drum. 
 
The rich solvent enters the top of the stripper and flows down the packing releasing the dissolved gases 
after contact with the stripping steam generated at 148°C in the Selexol Reboiler (005-E-006).  The 
stripper reboiler uses LP (Low Pressure) steam to generate stripping steam for the column, and the LP 
steam flow rate is controlled with a reset from the temperature controller on the bottom of the stripper.  
The reboiler condensate at 164°C is routed to the LP Condensate Pot (005-V-006) and then returned to 
the steam system.  The flow rate of the LP condensate is adjusted to maintain a liquid level in the 
condensate pot. 
    
Most of the dissolved gases are removed from the solvent and sent overhead in the column.  The overhead 
is cooled against cooling water in the Stripper Condenser (005-E-005), and the non-condensing acid gas is 
routed to the Sulfur Recovery Unit.  A by-pass around the condenser is provided to the control the 
temperature of the condensed overhead at 49°C to the Stripper Overhead Accumulator (005-V-005).  A 
small amount of water is added to the accumulator to maintain the water balance in the system.  The 
pressure of the drum is maintained at 1 barg by adjusting the flow rate of the acid gas from the 
accumulator.  The liquid from the drum is routed by the Reflux Pump (005-P-003A/B) to the top of the 
stripper.  The liquid level in the accumulator is controlled by a reset of the flow rate of the reflux. 
 
The hot, lean solvent exiting the bottom of the stripper is routed by the Lean Solvent Pump (005-P-
001A/B) to the lean/rich exchanger where it is cooled to 39°C.  Solvent make-up (when required) is 
injected into the suction of the lean solvent pump.   
 
A small portion of the cooled lean solvent is diverted to the Solvent Filter (005-F-001) to remove any 
particulate matter present in the system.  The flow rate of this slip stream is controlled to 10% of the 
circulating solvent flow.  The filtered solvent recombines with the circulating solvent and is further 
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cooled to 35°C in the Lean Solvent Cooler (005-E-003) against cooling water.  The cooled gas 
temperature is controlled by a by-pass around the cooler.  Final chilling of the lean solvent to 0°C is 
provided by the Lean Solvent Refrigeration Exchanger (005-E-002).  The chilled solvent is routed to the 
top of the absorber by the Lean Solvent Booster Pump (005-P-004A/B).  The liquid level in the stripper is 
controlled by a reset of the flow rate of the chilled, lean solvent to the absorber. 
 
Solvent storage is included for the AGR unit.  All sample points, purges, drains, etc. from the Selexol unit 
enter a drain header, which discharges, to the Solvent Sump (005-SU-001).  The solvent is routed from 
the sump by the Solvent Sump Pump (005-P-005A/B) as make-up to the AGR unit (flow is normally no 
flow).  A Selexol Storage Tank (005-TK-001) with a Selexol Storage Tank Heater (005-E-007) is 
provided for fresh make-up of the solvent provided by tank trucks.  Two pumps are provided for the fresh 
solvent make-up; Solvent Make-up Pump (005-P-002A/B) for small make-up flow rates and Solvent 
Charge Pump (005-P-006A/B) for the initial filling of the system  (both are normally no flow).  
 
The two main process streams exiting from the AGR unit are the clean fuel gas to the fuel gas saturator 
and sulfur recovery unit (small amount for fuel to the thermal oxidizer) and acid gas to the sulfur recovery 
unit. 
 
 
1.2.1.1.7.9.2.5  Fuel Gas Saturation/Sweet Shift/Nitrogen Saturation 
 
The purpose of the Fuel Gas Saturator/Sweet Shift/Nitrogen Saturation Unit is two-fold.  This unit 
“preshifts” the syngas to the membrane water gas shift (MWGS) reactor by first saturating the syngas 
with water and then shifting the gas in order that the carbon monoxide is converted to hydrogen via the 
shift reaction shown below: 
 

CO + H2O  ↔ CO2 + H2 

 
The nitrogen for sweep gas for the MWGS reactor is also saturated with water to facilitate hydrogen 
permeation in the reactor. 
  
Moisturization of the syngas and nitrogen is preferable to steam injection as low level heat can be used for 
saturation versus the higher level of steam required for steam injection (thus increasing the plant 
efficiency).  The amount of water added to the syngas was such that the ratio of moles of steam to moles 
of carbon monoxide was 2.8 per requirements of the shift catalyst vendor.  The amount of water added to 
the nitrogen was dependent on the amount of low level heat available for recovery. 
 
The process configuration for the Fuel Gas Saturation/Sweet Shift/Nitrogen Saturation Unit is shown in 
the Process Flow Diagram ( 007-PFD-001) in Figure 1.2.1.1.7.9.3(7).  The unit consists of one 100% 
train.  
 
The syngas from the Acid Gas Removal Unit enters the Fuel Gas Saturator (007-V-001) and is contacted 
counter currently with heated water over packing.  The gas, saturated with water vapor, is preheated in the 
Shift Feed/Retentate Exchanger (007-E-001) to 288°C against retentate from the MWGS reactor.  A Start-
up Heater (007-E-002) is provided (during normal operation, the exchanger is by-passed), which heats the 
shift feed against superheated High Pressure (HP) steam.  The flow rate of the steam is controlled with a 
reset from the temperature controller on the feed to the shift.  The steam condensate is collected in the HP 
Condensate Pot (007-V-007) and returned to the steam system.   
 
The preheated syngas is fed to the Shift Reactor (007-V-002) where the carbon monoxide is shifted to 
hydrogen.  As the shift reaction is exothermic, the syngas exits the reactor at 451°C.  The syngas is then 
routed to the MWGS Reactor unit.  Hydrogen and carbon monoxide analyzers are installed at the inlet and 
outlet of the reactor to measure the performance of the catalyst.   
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The water exiting the bottom of the column is routed to the Low Temperature Gas Cooling (LTGC) Unit 
and Permeate and Retentate Cooling Unit by the Saturator Bottoms Pump (007-P-001A/B).  Blowdown, 
which is equivalent to 2% of the water evaporated in the column, is extracted from the suction of the 
pump.  The flow rate of the water from the bottoms of the column is controlled with a reset from the 
temperature controller on the saturated gas.  Make-up water from the steam system is added to the 
bottoms water to compensate for the water evaporated in the column and the blowdown.  The flow rate of 
this water is adjusted to control the liquid level in the column. 
 
The combined bottoms and make-up water is heated in four exchangers (some in parallel and others in 
series):  from 138°C to 246°C in the Saturator Water Heater (Permeate) (008-E-003), from 138°C to 
215°C in the Saturator Water Heater (Retentate) (008-E-005), and from 138°C to 171°C in the Saturator 
Water Heater #1 (003-E-003).  The water from the last two exchangers was then heated to 246°C in the 
Saturator Water Heater (BFW) (007-E-003) combined with the remaining heated water and fed to the top 
of the Fuel Gas Saturator. 
 
The nitrogen from the Air Separation Unit enters the Nitrogen Saturator (007-V-004) and is contacted 
counter currently with heated water over packing.  The saturated nitrogen is routed to the MWGS Reactor 
unit for sweep gas. 

 
The water exiting the bottom of the column is routed to the Permeate and Retentate Cooling Unit by the 
Nitrogen Saturator Bottoms Pump (007-P-002A/B).  Blowdown, which is equivalent to 2% of the water 
evaporated in the column, is extracted from the suction of the pump.  The flow rate of the water from the 
bottoms of the column is controlled with a reset from the temperature controller on the saturated gas.  
Make-up water from the steam system is added to the bottoms water to compensate for the water 
evaporated in the column and the blowdown.  The flow rate of this water is adjusted to control the liquid 
level in the column. 
 
The combined bottoms and make-up water is heated in two exchangers in parallel:  from 79°C to 172°C 
in the Nitrogen Saturator Water Heater #1(008-E-007) and from 79°C to 121°C in the Nitrogen Saturator 
Water Heater #2 (008-E-008).  The combined, heated water is fed to the top of the Nitrogen Saturator. 
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1.2.1.1.7.9.2.6  CO2 Compression/Dehydration 
 
The purpose of the CO2 Compression/Dehydration system is to compress the product carbon dioxide 
stream to 79 barg for sequestration.  The process configuration for the CO2 Compression/Dehydration 
system is shown in the Process Flow Diagram (009-PFD-001) in Figure 1.2.1.1.7.9.3(8).  The unit 
consists of one 100% train.  
 
The cooled retentate stream from the Membrane Water Gas Shift (MWGS) is compressed in the CO2 
Product Compressor (009-C-001) to the required 79 barg and 45°C product specifications.  At an 
interstage pressure of XX barg, the compressed carbon dioxide is sent to the Dehydration Package (009-
ME-002), which reduces the moisture level down to a –40°C dew point.  The dryer package uses a natural 
gas fired heater during its regeneration cycle.  An intercooler and after cooler utilizing cooling water are 
provided in the compressor package. 
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1.2.1.1.7.9.3 Selected Preliminary Process Flow Diagrams 
 
The process flow diagrams completed to date for the Membrane Water Gas Shift, Phase II is shown in the 
following figures.  All these drawings are “work in progress.” 
 

 
Membrane Water Gas Shift, Phase II 

 
Figure Number Drawing Number Title  
1.2.1.1.7.9.3 (1) 102-PFD-001 Gasification Island 

1.2.1.1.7.9.3 (2)/(3) 003-PFD-001/002 Low Temperature Gas Cooling and COS 
Hydrolysis Unit 

1.2.1.1.7.9.3 (4) 004-PFD-001 Condensate (Ammonia) Stripper Unit 
1.2.1.1.7.9.3 (5)/(6) 005-PFD-001/002 Acid Gas Removal Unit 

1.2.1.1.7.9.3 (7) 007-PFD-001 Fuel Gas Saturation/Sweet 
Shift/Nitrogen Saturation 

1.2.1.1.7.9.3 (8) 009-PFD-001 CO2 Compression/Dehydration 
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Figure 1.2.1.1.7.9.3(1)  Gasification Island 
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Figure 1.2.1.1.7.9.3(2)  Low Temperature Gas Cooling (Sheet 1 of 2) 
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Figure 1.2.1.1.7.9.3(3)  Low Temperature Gas Cooling (Sheet 2 of 2) 
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Figure 1.2.1.1.7.9.3(4)  Condensate (Ammonia) Stripper Unit 
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Figure 1.2.1.1.7.9.3(5)  Acid Gas Removal Unit (Sheet 1 of 2) 
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Figure 1.2.1.1.7.9.3(6)  Acid Gas Removal Unit (Sheet 2 of 2) 
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Figure 1.2.1.1.7.9.3(7)  Fuel Gas Saturation/Sweet Shift/Nitrogen Saturation 
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Figure 1.2.1.1.7.9.3(8)  CO2 Compression/Dehydration 
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1.2.1.1.7.10  Conclusion 
 
The Membrane Water Gas Shift Reactor Study, Phase II, is continuing in developing the performance for 
the overall gasification plant.  An equipment list with approximate sizes will be produced in addition to 
the deliverables listed in Section 1.2.1.1.7.9.  
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1.2.1.1.7.11  List of Acronyms and Abbreviations 
 
ASU – Air Separation Unit 
 
bara – bar absolute 
barg – bar gauge 
BFW – Boiler Feedwater 
BL – Blower 
BTU – British Thermal Unit 
 
C – Compressor 
°C – Degrees Celsius 
CA – Corrosion Allowance 
CCP – CO2 Capture Project 
CEMS – Continuous Emissions Monitoring System 
CH4 – Methane 
CO – Carbon monoxide 
CO2 – Carbon dioxide 
Cond – Steam condensate 
COS – Carbonyl sulfide 
CT – Combustion Turbine 
CVX - ChevronTexaco 
 
DA – Deaerator 
dB – Decibels 
DCS – Distributed Control System 
DOE – Department of Energy 
DP – Design Pressure 
DT – Design Temperature 
 
E – activation energy 
E – Heat exchanger or cooler 
ECN – Energy research Centre of the Netherlands 
EOR – Enhanced Oil Recovery 
 
F – Filter 
Fe – Iron 
Fe-Cr – Iron Chromium 
FV – Full Vacuum 
 
GE – General Electric  
GI – Gasification Island 
gmol – gram mole 
 
h or hr – Hour 
H2 – Hydrogen 
H2O – Water 
H2S – Hydrogen sulfide 
HCN – Hydrocyanic acid 
HP – High Pressure 
HRSG – Heat Recovery Steam Generator 
HVAC – Heating, Ventilation and Air Conditioning 
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ID – Inside Diameter 
IGCC – Integrated Gasification Combined Cycle  
IP – Intermediate Pressure 
 
J – Joule 
J – flux 
 
K – Kelvin 
kg – Kilogram 
kgmol – Kilogram moles 
kJ – Kilojoules 
KO – Knock-out 
kV – Kilovolts 
kW – Kilowatt 
 
LHV – Lower Heating Value 
LP – Low Pressure 
LTGC – Low Temperature Gas Cooling 
 
m – Meter 
m2 – Square meters 
m3 – Cubic meters 
mbar – Millibar 
ME – Mechanical package 
mm – Millimeter 
Mol% – Molar percent 
mt/d – Metric Tons per Day 
MW – Molecular Weight 
MW – Megawatt 
MWe – Megawatt electric  
MWGS – Membrane water gas shift 
 
n – exponent on driving force 
N2 – Nitrogen 
NH3 – Ammonia 
Nm3 – Normal cubic meter 
 
O2 – Oxygen 
OPER – Operating 
OT – Operating Temperature 
 
P – partial pressure 
P – Pump 
P0 – pre-exponential permeance factor 
P&I – Plant and Instrument 
Pa – Pascal 
PFD – Process flow diagram 
ppmv – Parts Per Million (volume basis) 
ppmvd – Parts Per Million (volume and dry basis) 
 
R – ideal gas constant 
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s or sec – Second 
SOFCo – partnership between McDermott International, Inc. and Ceramatec, Inc. 
SRU – Sulfur Recovery Unit 
ST – Steam Turbine 
SU – Sump 
SWS – Sour Water Stripper 

 
T – Temperature 
TGTU – Tailgas Treating Unit 
TK – Tank 
T/T – Tangent to Tangent Length 
 
UPS – Uninterruptible Power Supply 
US – United States 
 
V – Vessel/Column 
 
WGS – Water Gas Shift 
Wt% – Weight percent 
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1.2.1.1.7.12  Appendix A - MWGS Reactor Phase 1 
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1.2.1.2  Production of Hydrogen Fuel by Sorbent Enhanced 
Water Gas Shift Reaction 
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1.2.1.2.1  Abstract 
 
This project is focused on the development of the Sorption Enhanced Water Gas Shift (SEWGS) process 
for decarbonizing syngas from an O2 or air-based ATR to yield essentially CO2-free H2 fuel for power 
generation.  The SEWGS process combines the water gas shift reaction with high temperature CO2 

removal via a solid adsorbent to simultaneously react CO to low levels and remove CO2.  A high pressure, 
high temperature H2 product stream is produced which is used to generate power in a gas turbine, and 
waste heat is converted to power via steam turbines.   
 
The overall goal of this work is to develop process flow sheets and equipment specifications for full 
power generation systems for both the Alaskan and Norcap scenarios of the CCP.  This report primarily 
describes laboratory work carried out to define important characteristics of our best high temperature 
adsorbent (ADS2-1).  Adsorption isotherms and adsorption/desorption characteristics have been 
evaluated.  The adsorbent exhibits some unconventional behavior that makes description of the process 
with conventional adsorption simulators difficult.  An alternative process design approach has therefore 
been formulated to generate SEWGS heat / mass balance estimates and equipment sizing.  Future 
experiments will provide additional justification of the assumptions inherent in this approach.  This 
design information will then be passed to an ASPEN process simulator for evaluation of the impact of the 
SEWGS on the power generation process. 
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1.2.1.2.4  Introduction 
 
This report describes work on a new process concept combining the shift reaction and high temperature 
CO2 adsorption to produce decarbonised hydrogen fuel for power production.  The process is referred to 
as the shift-SER (shift Sorption Enhanced Reaction) process, or the SEWGS (Sorption Enhanced Water 
Gas Shift) process.  Both acronyms have been used interchangeably in the past.   
 
The development program has been supported through the Precombustion subgroup of the CCP (CO2 
Capture Program). 
 
This report will describe laboratory efforts during the time period from February 03 through July 03.  
This time period is consistent with the end of Phase II of the program.   
 
Simulation work carried out in Phase I of the program showed that implementation of the SEWGS 
process for fuel gas decarbonization could significantly reduce the cost of CO2 removal compared to an 
amine-based process (Allam et al., 2002).  Many potential high temperature adsorbents were considered 
in the beginning of Phase II (Allam et al, 2003).  In this report, the adsorption/desorption characteristics 
of the most promising adsorbent materials (ADS1-2 and the adsorbent family ADS2; see paragraph 1, 
Appendix A for description) are investigated. 
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1.2.1.2.5  Executive Summary 
 
Characterization of the adsorption/desorption properties of our best high temperature CO2 adsorbent, 
ADS1-2, was the main task for this quarter.  Performance was evaluated in the process test unit.  
Breakthrough curves were used to define the CO2 adsorption isotherm at 400-500C.  The isotherm was 
satisfactorily fit to a dual site Langmuir isotherm model.  The temperature dependence of the CO2 
capacities was typical and characterized by a 10 kcal/mole heat of adsorption.   
 
Mass transfer rates were inferred from the shape of adsorption and desorption profiles measured with the 
test unit at 400-500C.  The adsorption mass transfer rate is fast, characterized by a mass transfer 
coefficient of at least 0.1 1/s.   The desorption mass transfer coefficient is lower, but lack of consistency 
of the model with experimental data obtained at various purge gas flow rates makes it impossible to 
assign a mass transfer coefficient value.   
 
The adsorption process model does not describe the impact of purge flow rate on the observed desorption 
data.  Namely, experimental data indicate that desorption of CO2 from ADS1-2 is rate limited.  It also 
shows that the desorption process is not very sensitive to purge flow rate (the adsorption process model, 
however, is sensitive).  Cyclic experiments also support this conclusion.  The potential of using the 
adsorption process model to predict the SEWGS process performance is therefore low unless 
modifications are made to the underlying physics used in this model.  These modifications are not 
planned for the future. 
 
Unique sensitivity of cyclic performance was observed with process temperature.  It was found that the 
cyclic CO2 working capacities with the ADS1-2 adsorbent are not dependent on the process temperature.  
It appears that the decrease in CO2 equilibrium capacity with temperature (observed via the isotherm data) 
is offset by an increase in CO2 desorption rate.   
 
An alternative approach has been taken to generate an approximate SEWGS process design from the 
experimental data.  More experiments in the process test unit are needed to justify some of the 
assumptions in this procedure.  The most important of these are associated with de-rating the CO2 
working capacity when a CO2 rinse step is included in the process, sensitivity to purge gas velocity (or G-
rate), impact of an axial temperature gradient along the SEWGS reactor, and evaluation of the required 
inventory of catalyst in the reactors.  A series of experiments is planned to obtain input on these key 
topics.  In addition, we are modifying our test unit to permit operation with syngas feed (containing H2, 
CO), and will conduct reaction experiments to demonstrate the concept of SEWGS.   
 
Incorporation of the SEWGS mass and energy balance data into the Alaskan and Norcap scenarios is 
underway (ASPEN modeling). 
 
Catalyst activity testing of the ADS1-2 adsorbent was carried out to determine if catalyst could be omitted 
in the SEWGS beds.  Preliminary results unfortunately indicate that there is no WGS catalytic activity at 
400C or less.  Catalyst will have to be included in the SEWGS beds along with the adsorbent. 
 
Material development efforts have continued.  An alternative adsorbent ASD2-1 was prepared that is 
more stable than previous versions.  A scaled-up sample was produced and activated for testing in the 
process test unit.  The desorption rate was found to be higher than in ADS1-2, but the lower equilibrium 
CO2 capacity makes the cyclic working capacity, and hence the ASD2-1 adsorbent, inferior to the base 
ADS1-2 adsorbent. 
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1.2.1.2.6  Experimental 
 
The experimental apparatuses used in this work include a modified high temperature TGA unit and a 
process test unit.  Both have been thoroughly described in the recent report of Allam et al. (2003).  
Procedures for evaluating the results of these experiments are also available in that reference. 
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1.2.1.2.7  Results and Discussion 
 
1.2.1.2.7.1  Material Development Work 
 
More detailed information regarding materials work can be found in Section 1 of confidential Appendix 
A. 
 
1.2.1.2.7.1.1  ADS1 Adsorbents 
 
Efforts to improve the ADS1 and ADS2 adsorbents continued.  An alternative formulation of ADS1, 
called ADS-3 was obtained from a vendor after a recent visit.  This new material was bound with silica 
instead of the normal alumina-based binder (ADS1-1).  The ADS-3 material was treated via our 
conventional procedure and tested in the TGA unit.  The cyclic CO2 capacity was slightly lower than the 
capacity of other ADS1 adsorbents.  Thus, there appears to be no obvious advantage in capacity with the 
ADS1-3 adsorbent.    
 
1.2.1.2.7.1.2  ADS2 Adsorbents 
 
We prepared alternative formulations of ADS2-type adsorbents in the lab.  The highest CO2 capacity at 
450C was 1.11% for material ADS2-1. The stability of ADS2-1 was investigated via an aging study by 
TGA.  After ~300 cycles the stabilized capacity was 1.01%.  We were very encouraged by the results and 
decided to scale -up the synthesis procedure to produce enough material for testing in the cyclic unit.  A 
sample of the scaled-up batch had a CO2 capacity of 1.17% by pristine activation in the TGA.  The 
material was then activated in a pilot-scale air purged heater.  The final activated ADS2-1 adsorbent 
exhibited an acceptable CO2 capacity of 1.1%. 
 
 
1.2.1.2.7.2  Adsorbent Testing in Fixed Bed Unit – ADS1-2 Adsorbent 
 
The ADS1-2 adsorbent was evaluated in the process test unit to measure the adsorption isotherm, 
adsorption and desorption profiles, and cyclic performance.   
 
As described by Allam et al. (2003), the adsorbent was subjected to multiple cycles of CO2 adsorption 
and regeneration at 450C to age the material.  The CO2 adsorption capacity from these tests stabilized 
after 10-20 cycles.  Isotherm and adsorption/desorption profile evaluations were then carried out. 
 
A series of adsorption, depressurization, purge and pressurization steps were performed yielding effluent 
CO2 mole fraction data illustrated in Figure 1.  The feed time was long enough for CO2 breakthrough, and 
regeneration was carried out to ensure that the CO2 was desorbed before the next sequence.  The 
adsorption capacity, used to define a point on the adsorption isotherm, was determined from the 
stoichiometric breakthrough time during the feed step.  Void gas contributions were subtracted out via the 
results of void volume depressurization experiments described in Allam et al. (2003).  The CO2 mole 
fraction and flow rate data during the depressurization and purge steps were used to evaluate the amount 
of CO2 removed during regeneration.  These values were then normalized by the total amount of CO2 
initially in the column to yield the fraction of CO2 removed (or f) and plotted versus the amount of purge 
gas introduced to the column.  Overall and CO2 mass balances were determined and typically found to be 
within 5%. 
 
 



478 

0

10

20

30

40

50

60

time  (s)

E
ffl

ue
nt

 G
as

 C
O2

M
ol

e 
F

ra
ct

io
n 

(%
)

blue; 3rd cycle
red;  5th cylce

feed   purge   

pressurizationdepressurization

0

10

0

10

20

30

40

50

60

time  (s)

E
ffl

ue
nt

 G
as

 C
O2

M
ol

e 
F

ra
ct

io
n 

(%
)

blue; 3rd cycle
red;  5th cylce

feed   purge   

pressurizationdepressurization

 
Figure 1.  Effluent Gas CO2 Mole Fraction During a CO2 Feed, Depressurization, Purge, and Pressurization Cycle. 
 
The CO2 mole fraction data for repetitive experiments were found to be very reproducible, as evidenced 
by the results in Figure 1.  This was true even after the adsorbent was removed from column, repacked, 
and run again. 
 
1.2.1.2.7.2.1  CO2 Adsorption Isotherm on ADS1-2 
 
Additional data have been obtained since the last report (Allam et al., 2003) which he lp define the 
adsorption isotherm for CO2 on ADS1-2 at temperatures of 400-500C.  The isotherm is plotted in Figure 
2.  The 450C data were obtained with two different samples of the adsorbent, and very good agreement is 
observed.  The trend with temperature is as expected for adsorption – higher temperature lowers the CO2 
adsorption capacity.  The heat of adsorption  (via the Clausius-Clapeyron equation) was found to be ~10 
kcal/mole. 
 
The fit of the nonisothermal dual-site Langmuir model to these data is also illustrated in Figure 2  (model 
results plotted as lines).  The model captures the general trends of the data rather well.  The model can be 
written as: 
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and nCO2 is in mmole/g and P is the partial pressure of CO2 in atm.  The parameter values are listed in 
Table A2 of Appendix A. 
 
1.2.1.2.7.2.2  Measurement of Adsorption/Desorption Profiles 
  
Adsorption and desorption profiles from runs similar to that presented in Figure 1 were investigated 
further.  Breakthrough runs were carried out with feed gas containing 12.4% CO2, 17.3% H2O, and 
balance N2 to simulate syngas from an air-based ATR.  The column temperature was 450C and pressure  
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Figure 2.  Adsorption Isotherm for CO2 on ADS1-2; symbols – data, lines - model. 
 
 
was 24.5 bar (355 psia).  The feed gas rate was varied from 6.0 to 12.3 slpm (see paragraph 2 of 
Appendix A).  The profiles are plotted in Figure 3 as the dry effluent CO2 mole fraction versus 
normalized time (normalized so the curves intersect at t=0 when the effluent mole fraction is half the feed 
concentration).  Reproducibility is excellent, as the data for multiple runs are essentially indistinguishable.  
The curve shapes are similar, with relatively rapid initial increases followed by slower approaches to the 
feed gas mole fraction (15.5% in this case).  The slower increase is common when measuring 
breakthrough curves and can be due to heat effects or, in this case, perhaps due to two parallel adsorption 
processes with fast and slow kinetics. In either case, the time scale of our process requires 
characterization of the leading edge of the adsorption profile rather than the tail.  Here the profile for the 
run made with higher feed rate is sharper than the lower flow rate.  This is opposite expected behavior for 
a kinetically controlled adsorption process, since increased flow rate typically broadens the mass transfer 
zone.  It was later determined that this effect is due to the dynamics of void volumes in the system (wate r 
knockout tanks) rather than adsorption kinetics.  The adsorption kinetics are therefore too fast to directly 
measure at these conditions.   
 
Carbon dioxide desorption curves are plotted in Figure 4.  Effluent CO2 mole fraction (dry) is plotted 
versus time for both the depressurization step and purge step.  Before this test, the column was saturated 
with 12.4% CO2, 17.3% H2O, and balance N2 at 450C and 24.5 bar (355 psia).  The column was slowly 
depressurized (in countercurrent direction to feed gas flow) to ~1.7 bar (~25 psia), and then a constant 
purge flow was passed countercurrently for 2.5 hours.  Purge flow rates of 3.4 and 6.9 slpm were used 
(see Paragraph 3 in Appendix A).  The column pressure and temperature during this purge step were 
maintained at ~1.7 bar and 450C, respectively.  As illustrated in the figure, the effluent CO2 mole fraction 
increases rapidly during the depressurization step as CO2 desorbs from the adsorbent, and then 
progressively decreases as the purge gas sweeps CO2 from the column.  Run to run reproducibility is 
again excellent.  As expected, the profile for the slower purge rate is broader than for the higher purge 
rate. 
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Figure 3.  Adsorption Profiles for Breakthrough Runs with Different Feed Rate. 
 
 

 
  Figure 4.  Desorption Data for CO2 on ADS1-2 at 450C (Depressurization and Purge).  
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Regeneration of the adsorbent is one of the most critical steps in an adsorption process.  Ideally, the rate 
of CO2 desorption is fast and limited only by adsorption equilibrium limits.  In this case, a minimum 
amount of purge gas is needed to remove CO2 from the column.  If the rate of CO2 desorption is relatively 
slow, then more purge gas will be needed to remove a similar amount of CO2.  This yields higher costs for 
the process.    
 
The efficiency of CO2 removal can be characterized by determining the amount of purge gas needed to 
remove a given fraction of the CO2 (both adsorbed phase and void gas).  Figure 5 shows a plot of the 
fraction of CO2 removed during regeneration (referred to as f) versus the normalized volume of purge gas 
fed to the column (see Figure A1 in Appendix A for alternative plot).  The curves do not start from the 
origin since some of the CO2 is removed via the depressurization step, which uses no purge gas.  On this 
basis the data are rather similar, with only a slight inefficiency noted for the higher purge rate run (see 
Paragraph 4 of Appendix A). 
 

 
Figure 5.  Plot of Fraction of CO2 Removed During Regeneration. 

 
 
1.2.1.2.7.2.3  Mass Transfer Rate Estimation 
 
The adsorption and desorption profiles described above can in principle be fit with an adsorption 
dynamics model to determine mass transfer coefficients.  The dual-site Langmuir isotherm was used to 
describe the system equilibrium, and a linear driving force model with constant mass transfer coefficients 
was used for mass transfer kinetics.  Isothermal conditions were assumed in the model. 
 
Accounting for experimental void volumes was found to be very important when modeling the adsorption 
breakthrough curves.  Most of the dispersion was associated with mixing in these volumes rather than the 
adsorption mass transfer resistances.  Hence, only a lower limit of the adsorption mass transfer coefficient 
could be estimated, which was found to be 0.1 1/s.  A comparison of the model predictions with the 
experimental data are plotted in Figure 6 (see Figure A2 for alternative plot).  The model with kads = 0.1 
captures the shape of the leading edge of the profile for both feed flow rates - lower mass transfer 
coefficients yield broader mass transfer zones.  (see paragraph 5 of Appendix A) 
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The adsorption dynamics model was next fit to the desorption data.  The model must capture the 
dynamics of the depressurization process as well as CO2 desorption during purge.  Specification of the  
 

 
Figure 6.  Comparison of Experimental Adsorption Profile with Model. 
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time-varying throttle valve Cv determines the depressurization effluent gas flow rate.  Comparison of the 
model with the experimental flow data (6.9 lpm purge) are illustrated in Figure 7, and the agreement is 
very good. 
 
The mass transfer coefficient for desorption, kdes, strongly effects the shape of the predicted desorption 
profile.  A value of 0.1 1/s, found for the adsorption rate, was used to generate the model predictions 
illustrated in Figure 8.  Clearly this mass transfer rate does not work.  A best value for kdes was eventually 
determined (see paragraph 6, Appendix A).  Comparison of the model prediction with the experimental 
data is plotted in Figure 9 (see Figure A4, Appendix A for alternative plot).  The fit is reasonable, 
although this approach tends to weigh the long time portion of the curve, and does not necessarily 
describe the depressurization portion as well. 
 
The model with the best value of kdes was used to predict desorption performance of the 3.4 lpm purge 
flow rate runs.  The effluent flow rate data was well described, but the effluent CO2 mole fraction data is 
less satisfying (Figure 10, and Figure A5, Appendix A).  The model fails to capture the shape of the 
curve, particularly during the initial portion of the purge step. 
 
 

 
  Figure 7.  Comparison of Experimental Desorption Flow Rate with Model. 
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Figure 8.  Comparison of Experimental Desorption Data with Model; k des = 0.1 1/s. 
 

 
Figure 9.  Comparison of Experimental Desorption Data with Model; best  k des. 
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Figure 10.  Comparison of Experimental Desorption Data with Model; best k des, 3.4 lpm purge. 
 
 
An illustration of the experimental and model f-curves for both purge flow rates is presented in Figure 11.  
Clearly the f-curve for kdes = 0.1 1/s does not describe the data, as expected.  This represents the ideal 
condition where mass transfer rates are high and desorption is limited by the adsorption isotherm 
(equilibrium).  The f-curve generated with the best value of kdes describes the 6.9 lpm data relatively well, 
but fails to describe the 3.4 lpm data.  The model predicts that doubling of the purge gas flow rate 
essentially doubles the amount of purge gas required for a given level of CO2 removal.  This is consistent 
with very slow mass transfer; the effect of purge flow on CO2 desorption rate is minimal and the amount 
of CO2 desorbed is essentially a function of time alone.  Doubling the purge gas flow rate would then 
displace the f-curve of Figure 11 to the right by a factor of two, similar to the model predictions.  The 
experimental data do not exhibit this same level of sensitivity to the purge gas flow rate.  (see paragraph 
7, Appendix A).  Defining the source of this modeling discrepancy and modifying the model to account 
for it is perhaps possible, but difficult.  This is one reason we decided to base our process design 
calculations on the best experimental data that we could obtain rather than use the adsorption process 
simulator (other reason described in Paragraph 8, Appendix A). 
 
1.2.1.2.7.2.4  Cyclic Process Data 
 
The process test unit was also operated in cyclic mode to evaluate the effective working capacity and 
adsorbed phase working capacity of the ADS1-2 adsorbent.  The cycle consisted of a high pressure feed 
step with a mixture of CO2, H2O, and N2; countercurrent (and throttled) depressurization to ~1.7 bar (25 
psia); countercurrent purge; and countercurrent repressurization.  The composition and flow rate of the 
effluent streams (product, depressurization, and purge) were continuously evaluated.  Performance was 
determined by evaluating the N2 product purity, the N2 recovery (N2 in product divided by N2 in feed), 
and the CO2 rejection (CO2 in waste gas divided by CO2 in feed).  Working capacities included the 
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effective CO2 loading, calculated as the amount of CO2 removed from the feed gas per mass of adsorbent 
in the vessel, and the adsorbed phase working capacity where the void gas contribution was subtracted 
out. 
 

 
Figure 11.  Comparison of Experimental and Model f Curves. 
 
 
The results are listed in Table 3 (see Table A3 of Appendix A for more detail).  All of the runs listed in 
this table utilized 20% CO2 feed gas (simulates O2-ATR syngas) at a feed pressure of ~28.3 bar (410 psia) 
and feed rate of 11.9 slpm.  The cyclic runs were carried out in a manner that some CO2 ended up in the 
product gas (3-10% CO2).  This ensures that the mass transfer zone is near the product-end of the column.  
Overall mass balances (see sl I/O) were all within 4%.  Carbon dioxide balances (CO2 I/O) were all 
within 10%, and more often than not were within 5%.   
 
Runs 1-7 demonstrate the effect of process temperature on cyclic performance.  For a fixed amount of 
purge gas (0.56 mmole purge/g adsorbent), the working capacity of the adsorbent remains constant for 
temperatures between 400 and 500C.  The isotherm data clearly shows that the equilibrium CO2 capacity 
decreases with increasing temperature.  Thus, it appears that the mass transfer rate also increases with 
temperature in order to attain the same cyclic working capacities.  From an adsorption point of view, there 
appears to be no advantage in operating the system at the higher temperatures. 
 
Additional experiments were carried out to investigate the effect of purge time, purge gas velocity and 
composition, and depressurization time on cyclic performance.  These data are described in Section 2 of 
Appendix A. 
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Table A3.  Summary of Selected Cyclic Process Data. 

 
 
 
1.2.1.2.7.2.5  Process Evaluation 
 
The first attempt at SEWGS process development based on the experimental results described above was 
to take the SEWGS model generated in Phase 1 (Allam et al., 2002) and modify it with the new isotherm 
model (Eqns. 1 and 2), an adsorption mass transfer coefficient of 0.1 1/s, and a desorption mass transfer 
coefficient obtained from the experiments.  These calculations are relatively difficult (compared to 
conventional non-reactive PSA problems), oftentimes numerically crash, and generally take 2-4 days for 
convergence.  Preliminary results indicate that the purge gas requirement increases by 20x over the base 
case from Phase I.  Since the simulations do not completely describe the behavior of the experimental 
desorption data with varying purge rate, there is strong concern that this approach is not appropriate.  We 
have therefore taken a more experimental approach in estimating process performance. 
  
A first pass at estimating SEWGS performance from experimental data has been taken and is described in 
section 3 of Appendix A.   
 
The process design is ‘work in progress’, and the following issues should be considered and addressed: 

1. Impact of higher purge G-rate – use highest purge data available (which were unavailable at the 
time of model development), attempt to extrapolate CO2 working capacity from lower G-rate 
data. 

2. Impact of reactor temperature distribution – conduct desorption and cyclic runs with imposed 
temperature distribution from 350 to 500C along reactor to determine impact on working capacity 
and regeneration efficiency. 

3. Impact of CO2 rinse – carry out feed/rinse/depressurization/purge/repressurization experiments to 
evaluate impact of rinse on working capacity. 

4. Impact of feed G-rate – thought to be relatively unimportant, but we could potentially increase the 
experimental feed flow rates to evaluate and perhaps extrapolate the effect. 

5. Determine required inventory of catalyst via space velocity calculations with HTS activity 
equations, both with and without CO2 removal. 

 
In addition, we are committed to modification of our process test unit to enable operation with syngas 
feed.  Demonstration of the SEWGS concept will then be carried out. 
 
1.2.1.2.7.3  Adsorbent Testing in Fixed Bed Unit – ADS2-1 Adsorbent 
 
The best formulation of ADS2 material (ADS2-1) was scaled up to allow testing in the process test unit.  
Repetitive breakthrough tests were carried out with 20.4% CO2, 15.8% H2O, balance N2 at 400C and 28.3 
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bar (410 psia).  The capacity fell during exposure and then stabilized at a value only 40% that of ADS1-2 
(see paragraph 9, Appendix A).  
 
The rate of desorption appears to be faster in the new adsorbent than in ADS1-2.  Figure 12 illustrates 
desorption data for both (two runs with each material are plotted).  The vertical line at an arbitrary purge 
volume intersects the ADS2-1 line at f= 44% compared to f=22% for ADS1-2.  A constant portion of this 
CO2 amount is due to void gas.  With the void gas contribution eliminated, ADS2-1 removes 30% of the 
adsorbed CO2, compared to 16% for ADS1-2.   
 

 
Figure 12.  Fraction of CO2 Removed during Regeneration by ADS2-1 and ADS1-2 Adsorbents. 
 
 
Unfortunately, the low equilibrium CO2 capacity of the ADS2-1 also impacts the total amount of CO2 
removed during the purge step.  Figure 13 (Figure A8, Appendix A) illustrates the same data plotted as 
the normalized liters of CO2 removed versus purge gas input.  Here the higher final capacity of the ADS1-
2 adsorbent is evident.  The ADS2-1 adsorbent has a slight advantage at very low purge amounts, but then 
is outperformed by the base ADS1-2 adsorbent at higher purge volumes. 
 
Cyclic data support these findings since the measured working capacities of the ADS2-1 are substantially 
inferior to those measured for ADS1-2.  The current formulation of ADS2-1 does not hold promise for 
improved SEWGS performance (see paragraph 10, Appendix A). 
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Figure 13.  Standard Liters of CO2 Removed during Regeneration by ADS2-1 and ADS1-2 Adsorbents. 
 
 
1.2.1.2.7.4  High Temperature Valves for SEWGS 
 
Jamesbury (now Metso Automation) valves were considered in the Phase I evaluation of the SEWGS 
process.  Although discussions with sales personnel were promising (quotes were even provided), they 
have recently backed away from the application due to concern over the integrity of metal seals and 
bearings under the required combination of high temperature (550C, or 1020F) and frequent cycling (once 
every 5 minutes). 
 
Four alternative vendors have been identified and solicited for quotes of feasibility and pricing for this 
application.   
 
1.2.1.2.7.5  Catalytic Activity of ADS1-2 Adsorbent 
 
Experiments have been carried out in our Catalysis group to determine if the ADS1-2 adsorbent has any 
intrinsic WGS catalytic activity.  We have recently received a verbal report that it does not have activity 
at 400C.  A full description will be disclosed in the next DOE report. 
 
1.2.1.2.7.6  Alaskan and Norcap Scenario Process Evaluation 
 
Work is underway to model SEWGS integrated with an ATR in order to provide hydrogen fuel for the 
two scenarios. 
 
Norcap has been addressed in the past and is simply a matter of revising the work we did before but using 
the correct natural gas composition and using the latest SER parameters, which essentially boils down to 
the amount of steam required for regeneration. 
 
The Alaska scenario is more complicated.  In this case we are producing hydrogen to power some three 
different types of gas turbine.  We have a model that predicts how much hydrogen fuel is required for 



490 

these gas turbines.  However, we are waiting for feedback from GE as to whether nitrogen injection will 
be required to satisfy NOx limitations. 
 
We will be considering Air and Oxygen driven ATR.  The hydrogen from the air ATR case contains 
nitrogen.  The hydrogen from the oxygen ATR process does not contain nitrogen but this can be added 
since there will be nitrogen available from the ASU as required to meet NOx limitations. 
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1.2.1.2.8  Conclusion 
 
The performance of the ADS1-2 adsorbent has been evaluated in the process test unit.  The CO2 
adsorption isotherm has been determined and fit with a theoretical model.  The temperature dependence 
of the CO2 capacities is as expected and characterized by a 10 kcal/mole heat of adsorption.  The 
adsorption mass transfer rate is fast, characterized by a mass transfer coefficient of at least 0.1 1/s.   The 
desorption mass transfer coefficient is lower, but lack of consistency of the model with experimental data 
obtained at various gas flow rates makes it impossible to assign a mass transfer coefficient value. 
 
Cyclic CO2 working capacities with the ADS1-2 adsorbent are not dependent on the process temperature.  
It appears that the decrease in CO2 equilibrium capacity with temperature is offset by a presumed increase 
in CO2 desorption rate. 
 
The ADS1-2 adsorbent does not have any intrinsic WGS catalytic activity.  Catalyst will have to be 
included in the SEWGS beds along with the adsorbent. 
 
The adsorption process model does not describe the impact of purge flow rate on the observed desorption 
data.  Namely, experimental data indicate that desorption of CO2 from ADS1-2 is rate limited, but the 
desorption process is not very sensitive to purge flow rate.  Cyclic experiments also support this 
conclusion.  The potential of using the adsorption process model to predict the SEWGS process 
performance is therefore low unless modifications are made to the underlying physics used in this model. 
 
An alternative approach has been taken to generate an approximate SEWGS process design from the 
experimental data.  More experiments in the process test unit are needed to obtain justification of some of 
the assumptions in this procedure.  Incorporation of the SEWGS mass and energy balance data into the 
Alaskan and Norcap scenarios is underway. 
 
An alternative high temperature CO2 adsorbent (ADS2-1) has been prepared that is more stable than 
previous versions of this material.  The desorption rate from this adsorbent is higher than ADS1-2, but the 
lower equilibrium CO2 capacity makes the cyclic working capacity, and hence the ADS2-1 adsorbent, 
inferior to the base ADS1-2 adsorbent. 
 
Additional conclusions are listed in Paragraph 12 of the Limited Rights Data Appendix. 
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1.2.1.2.10  List of Acronyms and Abbreviations 
 
TGA  Thermal Gravimetric Adsorption 
SEWGS Sorption Enhanced Water Gas Shift process (also called shift-SER) 
HTS  high temperature shift 
WGS  water gas shift 
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1.2.1.3  Compact Reformer with Advanced Pressure Swing 
Adsorption System for Hydrogen Fuel Production 
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1.2.1.3.1  Abstract 
 
The CCP will develop new and novel technologies to reduce the cost of capturing CO2 from large 
industrial combustion sources.  Targets have been established for a 50% reduction in the cost to capture 
CO2 from existing (retrofit) facilities and a 75% reduction from new-build facilities.  To measure progress 
towards these goals, cost estimates for the application of the technologies must be developed which are 
prepared on a common, consistent, and comparable basis. 
 
The CCP has defined a number of ‘scenarios’ (combinations of fuel burning equipment and fuel types) 
that are commonly found in its operations.  The scenarios include: 
 

1. Large gas-fired turbine combined-cycle power plant; 

2. Distributed small/medium simple cycle gas turbines; 

3. Refinery heaters and boilers; 

4. Petroleum coke gasification. 
 
The main objective of the technology developers will be to prepare process engineering designs and 
associated cost estimates that allow the technology under development to be compared with other 
technologies under consideration, on a transparent and comparable basis.  The designs and associated 
costs developed will also be bench marked against a series of baseline studies, developed by the CCP 
using conventional CO2 capture technology. 
 
The focus of this study will be the Pre-Combustion capture of CO2 via the Hydrogen production route.  
 
The study will incorporate two distinctive technologies: 
 

• Compact Reforming – Davy Process Technology 

• Gemini Pressure Swing Adsorption (PSA) – Air Products Limited 
 
The aim of the study is to develop a process design and associated cost estimate that integrates the 
Reforming and Adsorption units into a single process for the production of Hydrogen with the co-incident 
capture of CO2 within scenario 3 (Refinery heaters and boilers). 
 
The study aim is to capture 2.0 million tonnes per annum of CO2 by utilizing refinery fuel gas streams as 
feed to the combined Reformer/PSA unit and subsequently utilizing the produced Hydrogen as a 
substitute fuel in the refinery heaters and boilers. The CO2, captured as a pressurized product from the 
Gemini PSA unit, will be further compressed for export for use in an offshore enhanced oil recovery 
scheme. 
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1.2.1.3.3  Experimental 
 
This study is entirely a paper exercise; there will be no work of an experimental nature undertaken. 
 
Key outputs will be an engineering design study report and associated cost estimate based upon a plant 
design optimised for the Refinery heaters and boilers scenario.  
 
Davy Process Technology will design and engineer the Compact Reformer section based upon their 
licensed design. This will be integrated with an Air Products Gemini PSA unit to optimise the overall 
energy performance and thermal efficiency of the system. 
 
Both companies will provide engineering cost estimates for their respective sections based upon the 
agreed/optimised design.  
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1.2.1.3.4  Results and Discussion 
 
This study is still in the contract negotiation phase and there are no results to report. 
 
 
1.2.1.3.5  Conclusion 
 
This study is still in the contract negotiation phase and there are no conclusions to report. 
 
 
1.2.1.3.6  References 
 
This study is still in the contract negotiation phase and there are no references to quote. 
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1.2.2. Coke Gasification 
 

1.2.2.1  Advanced Technology For Separation and Capture 
of CO2 From Gasifier Process Producing Electrical Power, 
Steam and Hydrogen 
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1.2.2.1.1  Abstract 
 
Phase I for this project developed a conceptual process and engineering design case for an advanced 
technology case for the Canadian Petroleum Coke Scenario Baseline Study in sufficient detail to 
determine a capital cost estimate with a ±40% accuracy.  This work was commissioned by the Pre-
Combustion team of the CO2 Capture Project (CCP), a consortium of eight energy companies (British 
Petroleum, ChevronTexaco, ENI, Norsk Hydro, EnCana, Shell, Statoil, and Suncor Energy). 
 
This advanced case is based on Fluor’s CO2LDSepSM technology and consists of a conventional 
Integrated Gasification Combined Cycle (IGCC) plant with export steam, hydrogen, and electrical power.  
The plant also includes process steps to remove most of the carbon-containing components in the fuel gas 
prior to combustion in the gas turbine. 
 
The total carbon capture of this plant is 88% (versus 90% for the baseline case) with an increased 
electrical power production of approximately 40 MWe over the Controlled Baseline Case.  The total 
installed cost for the plant will be provided later. 
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1.2.2.1.4  Introduction 
 
1.2.2.1.4.1  Project Background 
 
Eight energy companies (British Petroleum, ChevronTexaco, ENI, Norsk Hydro, EnCana, Shell, Statoil, 
and Suncor Energy) have joined together to form the CO2 Capture Project (CCP).  The goals of the CCP 
include the development of new and novel technologies to decrease the amount of carbon dioxide 
emissions from large industrial sources.  The goals of the advanced technologies are: 
 
• to capture at least 90% of the carbon dioxide that would be emitted by a given facility; and 
• to reduce the cost of carbon dioxide capture and storage by 75% for new facilities and 50% for 

retrofits when compared to the cost of achieving the same level of removal using currently available 
technologies. 

 
The CCP seeks to develop technologies to the ‘proof of concept’ stage by the end of 2003.  Thereafter, 
demonstration tests can be conducted to verify performance and cost estimates, and a large-scale 
application could be in operation before 2010. 
 
In addition to the CCP member companies, financial support is also provided by the United States (U.S.) 
Department of Energy, the European Union, and Norwegian Klimatek Agencies for the reduction of 
carbon dioxide emissions. 
 
The CCP has identified four scenarios, which represent existing or future planned facilities.  The 
scenarios include:  large gas-fired combined-cycle power plants, a distributed array of small/medium 
simple cycle combustion turbines, petroleum coke gasification plants, and refinery heaters and boilers 
(feed includes a variety of mixed liquid and gaseous fuels).  On the carbon dioxide side, the CCP is 
divided into the following specialized technical teams: 
 
• Post-Combustion – Carbon dioxide is removed from the exhaust gas from furnaces, boilers, 

combustion turbines, etc.  This technology is commercially proven and can be retrofitted to existing 
equipment. 

• Pre-Combustion – Carbon is removed from the fuel gas before combustion in the furnaces, boilers 
and combustion turbines. 

• Oxyfuels – Oxygen is separated from the air and is used to combust hydrocarbons to produce an 
exhaust containing carbon dioxide and water (no nitrogen).  The water can be easily condensed, 
leaving a highly concentrated carbon dioxide stream for storage. 

 
Baseline studies shall be developed for each scenario to provide input to an economic model.  This 
economic model will be used to prioritize and measure the extent of cost savings for future technology 
development options.  Each baseline study will consist of a process design based upon the distinct 
scenario and individual site-specific requirements.  The designs will use state of the art gas processing 
technology to reflect current best practice.   
 
This study (an advanced technology case for the Canadian Petroleum Coke Scenario Baseline Study) has 
been initiated by the Pre-Combustion team, which has a specific focus on the capture and separation of 
carbon dioxide from fuel before combustion.  
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1.2.2.1.4.2  Scope of Work 
 
The scope of this study (Phase I) is to create one advanced conceptual process and engineering design in 
sufficient detail for the development of a capital cost estimate with a ±40% accuracy.  Several advanced 
technologies (membrane water gas shift reactor, Gemini PSA, etc.) were considered by CCP for study and 
were discarded from this effort (see separate CCP write-up for details).  Therefore, for this project, the 
Advanced Case is based on Fluor’s CO2LDSepSM technology and is analogous to the Controlled Baseline 
Case discussed in the Canadian Petroleum Coke Scenario Baseline Study.  This advanced case consists of 
a conventional Integrated Gasification Combined Cycle (IGCC) plant with export steam, hydrogen, and 
electrical power, and also includes advanced processing steps to remove most of the carbon-containing 
components in the fuel gas prior to combustion in the gas turbine.  The Advanced Case is designed for a 
total carbon capture of 88% (the Controlled Baseline Case has a carbon capture of 90%).  The 
performance and cost basis for the Gasification Island were provided by ChevronTexaco. 
 
The purpose of evaluating this Advanced Case is to: 
 
1) learn how best to integrate this new technology into a conventional IGCC scheme 
2) determine the reduction of carbon dioxide capture cost that can be obtained by using this advanced 

technology and 
3) elucidate process performance and cost goals the advanced technology must meet in order to deliver 

on the CCP cost reduction targets (75% for new facilities and 50% for retrofits) 
  
Following is a summary of the major activities for this study for the Advanced CO2LDSepSM Case: 
 
 
1.2.2.1.4.2.1  Process 
 
Fluor developed a process design, which incorporates the following key objectives:  
 
• Cost effectiveness of the design. 
• Flexibility of the design for turndown. 
• Support systems (offsites and utilities) for a standalone project. 
 
The results of the process design effort are presented in the following deliverables: 
 
• Summary block flow diagram 
• Preliminary process flow diagrams 
• Heat and material balances 
• Preliminary equipment lists with approximate sizes 
• Cost estimate with a ±40% accuracy 
 
Further evaluation of the advanced case will be provided later in Phase II of this study. 
 
 
1.2.2.1.4.2.2  Cost Estimate 
 
The capital cost estimate with at least a ±40% accuracy was prepared using an Icarus 2000 computer 
program.  Pricing for special equipment was manually input based on Fluor equipment pricing database or 
budgetary quotations from vendors.  
 
 
1.2.2.1.4.3  Scope of Facilities 



507 

 
The IGCC plant consists of the following units: 
 
• Air Separation Unit 
• Gasification Island 
• Low Temperature Gas Cooling Unit 
• Condensate (Ammonia) Stripper Unit 
• CO2LDSepSM Unit 
• Sulfur Recovery (Claus) and Tailgas Treating Unit 
• Shift Reactors Unit 
• Fuel Gas Saturator Unit 
• Combustion Turbine and Heat Recovery Steam Generator Unit 
• Steam Turbine and Condensate System 
• Utilities & supporting systems include: 
 

− Natural gas supply 
− Demineralized water package  
− Cooling water package 
− Potable water package 
− Oily water separator 
− Fire protection and monitoring systems 
− Back-up plant and instrument air package 
− Wastewater treatment package (includes drains and sewer) 
− Flare system 
− Miscellaneous material handling system 
− Electrical distribution 
− Uninterruptible power supply (UPS) 
− Generator step-up transformer 
− Continuous emissions monitoring system (CEMS) 
− Distributed control system (DCS) 
− Interconnecting piping 
− Other supporting facilities (Process analyzers; Hazardous gas detection system;  

Communications; Control room; Maintenance, warehouse and administration facility; Laboratory 
for inspection, certification and process control; Turbine building; Overhead turbine crane; 
Heating, ventilation and air conditioning (HVAC) systems; and Roads, parking, fencing and 
lighting)  
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1.2.2.1.5  Executive Summary 
 
1.2.2.1.5.1  Facility Summary Description 
 
The Advanced CO2LDSepSM Case is based on feeding petroleum coke produced by the bitumen 
production and upgrading facility at Suncor’s Oil Sands operations in Northern Alberta, Canada.  The 
Integrated Gasification Combined Cycle (IGCC) plant produces hydrogen for use in hydroprocessing, 
steam for in-situ bitumen extraction using steam-assisted gravity drainage (SAGD) technology, electrical 
power, and carbon dioxide for onshore enhanced oil recovery (EOR) in Central Alberta.  The capacity 
(petroleum coke feed flow rate) of the plant was set to be the same as the Controlled Baseline Case.   
 
 
1.2.2.1.5.2  Key Results 
 
The key results (performance and cost summaries) for the Advanced and Controlled Baseline Cases are 
shown in Table 1.2.2.1.5.2(1). 
 

 
Table 1.2.2.1.5.2 (1)  Performance and Cost Summary 

 
 Controlled 

Baseline Case 
Advanced Case 
(CO2LDSepSM) 

Basis 
Feed Petroleum Coke 
Number of Combustion Turbines  
(General Electric 7FA) 

3 

Site Conditions 
Dry Bulb Temperature, °C 2.8 
Barometric Pressure, mbara 950 
Relative Humidity 68% 

Performance 
Petroleum Coke Feed Rate, mt/d 6863 
Total Oxygen Feed Rate, mt/d 
(100% O2) 

7289 7105 

Sulfur Product, mt/d 387 
Power Summary, MWe 

   Combustion Turbines 588 
   Steam Turbine 181 176 
   Fuel Gas Expander 6 10 
   Auxiliary Power Consumption 340 300 
Net Plant Output 435 474 

Export Streams 
Hydrogen, Nm3/hr  
(MMSCFD)  

67,000 
(60)  

Steam, kg/hr 
(MMlb/hr) 

589,600 
(1.3) 

Carbon Dioxide, million mt/yr 
(100% capacity) 
 

6.8 6.44 

Carbon Dioxide Capture (@ 100% capacity) 
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Table 1.2.2.1.5.2 (1)  Performance and Cost Summary 

 
 Controlled 

Baseline Case 
Advanced Case 
(CO2LDSepSM) 

Carbon Dioxide Emitted, million 
mt/yr 

0.6 0.85 

Carbon Dioxide Recovered, 
million mt/yr 

6.8 6.44 

Carbon Recovery 91% 88% 
Cost Estimate (2003 US Dollars) 

Accuracy -15% to +30% ±40% 
Total Installed Cost, $MM 1,364 To be provided 

later 
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1.2.2.1.6  Experimental 
 
No experimental methods were required for this study.  Instead, computer simulation was performed to 
determine the performance of the Integrated Gasification Combined Cycle based on a CO2LDSepSM Unit 
for carbon capture.  
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1.2.2.1.7  General Design Criteria 
 
1.2.2.1.7.1  Introduction 
 
This section presents the General Design Criteria for the Canadian Petroleum Coke Scenario, Advanced 
Case for CO2 Capture Project.  The scope of this conceptual study is to develop a process design and 
capital cost estimate with a ±40% accuracy for the gasification of petroleum coke to produce hydrogen, 
steam, electrical power and carbon dioxide based on Fluor’s proprietary CO2LDSepSM technology.  
 
The purpose of this section is to ensure a degree of uniformity of criteria for the design of the plant.  
 
 
1.2.2.1.7.1.1  Brief Project Facilities Description 
 
The following is a brief description of the Advanced CO2LDSepSM Case.  Petroleum coke is slurried with 
water and gasified with oxidant (99.5 mol% oxygen) from the Air Separation Unit (ASU) to produce a 
raw syngas.  The syngas from the gasifier is cleaned of particulates, preheated, shifted and cooled to a 
temperature suitable for the CO2LDSepSM Unit.  Sulfur compounds are removed in the CO2LDSepSM unit 
and recovered as elemental sulfur product in the Sulfur Recovery unit.  The carbon dioxide is recovered 
and a hydrogen rich stream is produced for fuel gas to the combustion turbines and hydrogen export.  The 
carbon dioxide is compressed and dehydrated for Enhanced Oil Recovery (EOR).   
 
The feed rate of petroleum coke is determined by recovering 67,000 Nm3/hr (60 MMSCFD) of hydrogen 
from the IGCC and fully loading three General Electric Frame 7241(FA) combustion turbines (same feed 
flow rate as the Controlled Baseline Case).  The hydrogen rich fuel gas mixture is diluted with nitrogen 
from the ASU to control NOx formation in the combustion turbine.  Heat is recovered from the 
combustion turbine flue gas to produce steam.  The steam is fed to a steam turbine to produce additional 
electrical power.  The parasitical power consumers of the IGCC plant are satisfied from the gross 
electrical power produced with the remaining electricity sent for export.  
 
The performance and cost basis for the Gasification Island were provided by ChevronTexaco. 
 
 
1.2.2.1.7.1.2  General Criteria and Philosophy 
 
a) The plant is designed to produce 67,000 Nm3/h (60 MMSCFD) of hydrogen, 589,600 kg/hr (1.3 

million lb/hr) of steam, and electrical power. 
 
b) The plant is designed to capture 88% of the carbon in the feedstock as product carbon dioxide for  

enhanced oil recovery (EOR). 
 
c) The steam export (589,600 kg/hr) is used for steam-assisted gravity drainage (SAGD) technology for 

the in-situ recovery of bitumen and losses must be made up by fresh make-up water.  
 
d) The plant is designed to be self sufficient in all utilities including electrical power.  
 
e) The plant is designed to have an operational life of at least 25 years. 
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1.2.2.1.7.1.3  Battery Limits Definition 
 
The following commodities are supplied to the IGCC plant at the battery limits: 
 
• Petroleum coke feed from petroleum coke stockpile  
• Make up water 
• Ambient air 
• Water treatment chemicals 
• Chemicals for the gasification unit 
 
The following commodities are produced from the IGCC plant at the battery limits: 
 
• Dry carbon dioxide product  
• Hydrogen export 
• Steam export 
• Electrical power export 
• Sulfur product 
• Treated wastewater suitable for disposal 
• Slag suitable for disposal/sale  
• Fine slag suitable for disposal 
• Sulfur recovery vent gas   
• Air Separation Unit vent gas 
• Flue gas 
• Cooling tower evaporation 
• Cooling tower drift (water droplets carried by the wind) 
• Sewage 
• Storm Drains 
 
 
1.2.2.1.7.2  Site Data 
 
1.2.2.1.7.2.1  Location 
 
The IGCC plant is located at two facilities in Alberta, Canada:  Suncor’s Oil Sands processing (bitumen 
production and upgrading) facility located about 35 km north of the city of Fort McMurray and Suncor’s 
Firebag lease located approximately 50 km northeast of the Oil Sands operation.  The petroleum coke 
stockpile is located at the Oil Sands operation; therefore, equipment required for feedstock slurrying will 
be installed at the Oil Sands site.  The resulting petroleum coke slurry will be sent via pipeline along the 
existing utility corridor between the two sites to the Firebag lease where the bulk of the IGCC plant is 
installed in order for the facility to be close to the steam injection point.  (The engineering and cost for 
new pipelines (e.g. petroleum coke slurry and export streams) are outside the scope of this study).    
 
The exact plot location of the gasification plant at the Firebag lease is to be determined; however, it is 
assumed that the plot is grubbed, level and free of any underground obstructions.   
 
The following site data is based on information from Suncor and in-house Fluor information for the 
Suncor Oil Sands location.  The elevation of the site at the Firebag Lease is approximately 550 meters 
above sea level with an average barometric pressure of 950 mbara.  The maximum frost depth is 3.7 
meters.  Seismic design parameters (Z) are zero. 
 
 
1.2.2.1.7.2.2  Meteorological Data 
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1.2.2.1.7.2.2.1  Site Temperatures 
 
The site temperatures are summarized in Table 1.2.2.1.7.2.2.1(1).  

 
 
Table 1.2.2.1.7.2.2.1(1)  Site Temperatures, °C 

 
Design (performance and plant size 
estimated at this temperature) 

2.8 

Average 2.8 
Design maximum ambient dry bulb 35 
Design minimum ambient dry bulb -45 
Design maximum ambient wet bulb 21.1 
Maximum summer design* 28 
Minimum winter design* -40 
Maximum recorded 36.1 
Minimum recorded -50.6 

 
*Note:  Normal process design: for critical services when the process is difficult to operate and/or control 
if the air temperature exceeds normal design air temperature for more than two hours, the maximum 
summer design is 31°C and the maximum winter design is –51°C. 
 
 
1.2.2.1.7.2.2.2  Relative Humidity 
 
The average relative humidity for the site is shown in Table 1.2.2.1.7.2.2.2(1). 

 
 
Table 1.2.2.1.7.2.2.2(1)  Relative Humidity, % 

 
Design (performance and plant size 
estimated at this relative humidity) 

68 

Average 68 
Minimum 50 
Maximum 75 

 
Note:  No average relative humidity was available from site data; therefore, the average relative humidity 
was based on information from www.weatherbase.com for Fort McMurray, Canada. 
 
 
1.2.2.1.7.2.2.3  Rainfall 
 
Data for the site rainfall is shown in Table 1.2.2.1.7.2.2.3(1). 
 

 
Table 1.2.2.1.7.2.2.3(1)  Rainfall Data, mm 

 
Maximum fifteen minute  
(10 year storm) 

12 

Maximum twenty four hour  
(10 year storm) 

80 
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Annual average (including snow) 450 
 
 
1.2.2.1.7.2.2.4  Snowfall 
 
Data for the site snowfall is shown in Table 1.2.2.1.7.2.2.4(1) 
 

 
Table 1.2.2.1.7.2.2.4(1)  Snowfall Data 
 
Ground snow load (Ss) 153 kg/m2 
Ground snow load (SR) 10.2 kg/m2 
Maximum snow depth 1524 mm 

 
 
1.2.2.1.7.2.2.5  Wind  
 
Data for the site wind is shown in Table 1.2.2.1.7.2.2.5(1). 
 

 
Table 1.2.2.1.7.2.2.5(1)  Wind Data 
 

Maximum wind velocity 20.1 m/s 
Design wind speed 33.5 m/s 
Average wind speed 4.5 m/s 
Prevailing wind direction (summer) North 
Prevailing wind direction (winter) South-East 

 
Source:  Fluor in-house data for TransAlta Energy Suncor Facility at Fort McMurray, Alberta. 
 
 
1.2.2.1.7.3  Process Design Basis 
 
1.2.2.1.7.3.1  Feedstocks 
 
The Canadian Petroleum Coke Scenario is based on the gasification of petroleum coke.  The amount of 
petroleum coke available for feedstock is not restricted and is set by producing 67,000 Nm3/hr of 
hydrogen and fully loading the combustion turbines.  The feed flow rate for the Advanced Case was set to 
be the same as that for the Controlled Baseline Case.  
 
The analysis of the Suncor Oil Sands Petroleum Coke is shown in Table 1.2.2.1.7.3.1(1).  All the data 
shown in the table are based on averages of test results performed on approximately 105 random samples 
taken from Suncor’s petroleum coke stockpile.  However, the Ultimate Analysis (average and range) is 
consistent with data used by ChevronTexaco to determine the performance of the Gasification Island. 

 
 
Table 1.2.2.1.7.3.1(1)  Petroleum Coke Analysis  
 

 Average Range 
As Received 

Moisture (weight percent) 10.0% 7.0% 11.3% 
Air Dried 
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Table 1.2.2.1.7.3.1(1)  Petroleum Coke Analysis  
 

 Average Range 
Moisture (weight percent) 0.53% 0.31% 0.89% 
Bulk Density (tonnes/m3) 1.31 1.04 1.64 
Hardgrove Grindability Index 47 40 55 
Particle Size 
    Less than 13 mm (½”) 
    Greater than 13 mm (½”) 

 
77.8% 
22.2% 

  

Mineral Analys is (% weight in ash, air dried) 
SiO2 44.70% 33.10% 63.54% 
Al2O3 24.11% 10.77% 32.19% 
TiO2 3.29% 0.69% 9.66% 
Fe2O3 9.11% 3.69% 14.96% 
CaO2 3.91% 1.15% 17.49% 
V2O5 4.82% 1.46% 6.97% 
Ni 0.93% 0.28% 1.58% 

Dry Basis (weight percent) 
Volatile Matter 10.54% 9.28% 19.66% 
Fixed Carbon 85.29% 74.67% 87.51% 
Sulfur 5.91% 4.51% 7.11% 
Ash 4.16% 2.57% 12.92% 
Calorific Value, kJ/kg 
                      (Btu/lb) 

33,540 
(14,420) 

30,670 
(13,186) 

34,471 
(14,820) 

Ultimate Analysis (weight percent) 
Carbon 84.12% 83.18% 85.95% 
Hydrogen 3.77% 2.95% 4.07% 
Nitrogen 1.59% 1.12% 1.59% 
Oxygen 0.26% 0.22% 1.80% 
Sulfur 5.65% 4.51% 7.11% 
Ash 4.61% 2.57% 12.92% 
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1.2.2.1.7.3.2  Products 
 
The product specifications are shown in Table 1.2.2.1.7.3.2(1). 
 

 
Table 1.2.2.1.7 .3.2(1)  Product Specifications 
 

Commodity Flow Rate  Purity Conditions  
Hydrogen 67,000 Nm3/h 

(60 MMSCFD) 
99.9 mol% 

CO + CO2 < 10 ppmv 
N2 + He < 1000 ppmv 

103.5 bara at the 
Suncor Oil Sands 

facility 
Steam 589,600 kg/hr 

(1.3 million lb/hr) 
-- Saturated steam at 

44 barg at user 
(i.e. Firebag) 

Carbon Dioxide 
(Controlled 
Baseline Case) 

90% carbon 
capture (Note 1) 

97.0 mol% 
H2S < 30 ppmv 
H2O < 50 ppmv 

80 bara 
45°C 

 
Note 1:  The capacity of the plant will not be adjusted to produce a specific amount of carbon dioxide for 
sequestration. 
 
In addition to the products shown in Table 1.2.2.1.7.3.2(1), electrical power is produced at 72 kV voltage 
for export to the local utility grid.  
 
 
1.2.2.1.7.3.3  Sparing Philosophy 
 
The plant is designed in order that each unit has an availability of at least 98% for a reliable hydrogen 
export (excluding major turnarounds that are scheduled on a five-year frequency).  No spare gasifier will 
be provided to increase the availability of the steam export or electrical power production.   
 
All pumps in continuous service are 100% spared.  In large capacity services where parallel pumps are 
required, a common spare is used.  With the exception of the large capacity services previously 
mentioned, a common spare normally does not serve more than two pumps.  Spares in critical services are 
automatic start, with the spare pumps actuated by the loss of discharge pressure or flow rate of the normal 
operating pump. 
 
Axial and centrifugal compressors are not spared.  Reciprocating compressors are spared if required by 
process considerations. 
 
 
1.2.2.1.7.3.4  Turndown Requirements 
 
The plant is designed to operate at a turndown of 50%.  The requirement to achieve this percentage 
turndown will not adversely impact the overall cost of the plant.  Special turndown considerations for 
individual products (hydrogen, steam and electrical power) were not considered. 
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1.2.2.1.7.3.5  Regulations, Codes & Standards 
 
The design is based on fit-for-purpose codes and standards based on Fluor experience.  Design methods 
shall utilize recognized standards, such as ASME, TEMA, NEMA and API as appropriate.   
 
 
1.2.2.1.7.3.6  Design Criteria  
 
a) Material selection is based on Fluor standards and past experience on similar projects.   
 
b) Electrical start-up requirements of the plant are assumed to be provided by the electrical grid. 
 
c) The electrical design basis is shown in Table 1.2.2.1.7.3.6(1). 
 

 
Table 1.2.2.1.7.3.6(1)  Electrical Design Basis  
 

Services Voltage  
Primary distribution voltage to substations 25 kV 
Motors over 7000 HP 13.8 kV, 3 phase, 3-wire 

resistance grounded 
Motors between 250 HP and 7000 HP and 
secondary distribution to new process units 

4,160 volts, 3 phase, 3-
wire resistance grounded 

Motors between 0.75 and 250 HP, welding 
receptacles and process building supplies 

480 volts, 3 phase, 3-wire 
resistance grounded 

Electric heat tracing and area lighting 277/480 volts, 3 phase, 4 
wire solidly grounded 

Switchgear control power 125 volts DC, 2 wire, 
negative ground 

Instrumentation 24 volts 
 
 
1.2.2.1.7.3.7  Make-up Water 
 
Make-up water is Pond Effluent Water (PEW).  This water originates from the Athabasca River and has 
been used in the bitumen extraction process and stored in Suncor’s tailings ponds prior to use.  The water 
temperatures are 4.4°C (winter) and 24°C (summer).   
 
 
1.2.2.1.7.3.8  Environmental Criteria  
 
The level of pollutants in the plant emissions should be below those of the current operating 
environmental discharges.  Environmental limits for the new plant are shown in Table 1.2.2.1.7.3.8 (1). 
 

 
Table 1.2.2.1.7.3.8(1)  Air Environmental Limits 

(Note 1) 
 

SOx 98.6% overall sulfur recovery (Note 2) 
NOx (for combustion 
turbines) 

15 ppmv (dry) (@15% O2) 
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Table 1.2.2.1.7.3.8(1)  Air Environmental Limits 

(Note 1) 
 

NOx (for sulfur recovery 
vent) 

50 ppmv (dry) (@15% O2) 

PM10 (Note 3) 15 kg/hr 
CO (for combustion 
turbines) 

25 ppmv 

CO (for sulfur recovery 
vent) 

360 ppmv 

 
Notes:   
1) Emission limits are based on Best Available Control Technology (BACT) for IGCC plants. 
2) SOx concentration emission limits for individual emission sources is governed by overall sulfur 

recovery. 
3) PM10 – particles with diameters less than ten micrometers 
 
The plant emission/effluent points are as follows: 
 
• Flue gas 
• Sulfur recovery vent  
• Air Separation Unit vent 
• Cooling tower evaporation/drift 
• Waste water 
• Sewage 
• Storm Drains 
• Sulfur product 
• Slag 
• Fine Slag 
 
 
1.2.2.1.7.3.9  Utility Information 
 
The following utilities are provided for the plant: 
 
• Steam 
• Boiler Feedwater 
• Condensate 
• Drains and Blowdown 
• Demineralized Water 
• Cooling Water 
• Potable Water 
• Plant Water 
• Natural Gas 
• Nitrogen 
• Plant and Instrument Air 
• Flare 
• Firewater 
• Electrical Power 
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Conditions for selected utilities are shown in Table 1.2.2.1.7.3.9(1). 
 

 
Table 1.2.2.1.7.3.9(1)  Selected Utility Conditions 
 

 Operating Design 
Commodity (Note 1) Pressure, 

barg 
Temperature, 

°C 
Pressure, 

barg 
Temperature, 

°C 
High Pressure Superheated Steam 113.4 538 120 565 
High Pressure Saturated Steam 123 327 130 355 
Medium Pressure Superheated Steam 26.5 260 35 290 
Medium Pressure Saturated Steam 28 232 35 260 
Intermediate Pressure Superheated Steam 13.1 207 20 235 
Intermediate Pressure Saturated Steam 13.8 198 20 225 
Low Pressure Saturated Steam 6.9 170 10 200 
Low Low Pressure Saturated Steam 4.2 153 7 185 
Demineralized Water 13.8 15.6 28 125 
Cooling Water Supply (Note 2) 3.5 4.4 (winter) 

23.9 (summer) 
4 95 

Cooling Water Return (Note 2) 2.1 48.9 
(maximum) 

4 95 

Potable Water 4.2 15.6 11 20 
Utility Water 6.9 18.2 (summer) 

1.7 (winter) 
15 80 

Firewater 6.9 18.2 (summer) 
1.7 (winter) 

14 30 

Natural Gas 40 15.6 49 40 
Plant and Instrument Air 6.9 37.8 12 60 

 
Notes: 
1)  Steam pressure levels and superheat temperatures were set for maximum efficiency for the steam 
cycle.   
2)  Cooling water supply is set to match the existing cooling water system. 
   
Existing steam utility information (per Project Millennium at the Suncor site) is shown in Table 
1.2.2.1.7.3.9(2). 
 

 
Table 1.2.2.1.7.3.9(2)  Existing Steam Utility Conditions 
 

Commodity Operating 
Pressure, barg* 

Operating 
Temperature, °C 

High Pressure Superheated Steam 54.5 (51.7) 399 
High Intermediate Pressure Steam 41.4 254 – 263 
Medium Pressure Superheated 
Steam 

28.6 (27.6) 380 

Intermediate Pressure Steam 10.4 (9.7) 182 – 197 
Low Pressure Steam 3.5 (3.1) 147 - 204 

 
* Note: Pressures in brackets are estimated delivery pressures to the users. 
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1.2.2.1.7.3.10  Unit Numbering 
 
The unit numbering for the IGCC plant is shown in Table 1.2.2.1.7.3.10(1). 
 

 
Table 1.2.2.1.7.3.10(1)  Unit Numbering 
 

Unit Number 
Air Separation Unit 101/201/301 
Gasification Island 102/202/302 
Low Temperature Gas Cooling 103/203 
Condensate (Ammonia) Stripper 004 
CO2LDSepSM Unit 005 
Sulfur Recovery (Claus) and Tailgas Treating Unit 006 
Shift Reactors 107/207 
Fuel Gas Saturator 008 
Combustion Turbines and Heat Recovery Steam 
Generators 

109/209/309 

Steam Turbine and Condensate System 010 
Utilities 012 

 
 
1.2.2.1.7.3.10.1  Equipment Identification 
 
The equipment identification system is based on Fluor standards.  The equipment will be numbered using 
the following system. 
 
AAA-B-CCC D/D 
 
AAA - Unit number  
B - Equipment Identification Letter Symbol (See Table 1.2.2.1.7.3.10.1(1)) 
CCC - Equipment number (starting with 001 for each type of equipment) 
D/D - If equipment is spared (i.e. A/B) 
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Table 1.2.2.1.7.3.10.1(1)  Equipment Identification Symbols  
 

Letter Symbol Equipment 
B Burner 
C Compressor 

CT Combustion Turbine 
DA Deaerator 
E Heat exchanger and cooler 

EA Air Cooler 
EX Expander 
F Filter 
G Eductor 

ME Mechanical package 
P Pump (including motor) 
S Stack 

SG Steam generator 
ST Steam turbine 
SU Sump 
TK Tank 
V Vessel/Column 

 
 
1.2.2.1.7.3.10.2  Units of Measurement 
 
The design incorporates SI units.  The specific units to be used on this project for each type of 
measurement are shown in Table 1.2.2.1.7.3.10.2(1). 
 

 
Table 1.2.2.1.7.3.10.2(1)  Units of Measurement 
 

Measurement Unit 
Temperature °C 
Pressure  barg, bara 
Vacuum mbar 
Mass kg 
Volume, liquids m3 
Volume, gases (actual) m3 
Volume, gases (standard) Nm3 
Density kg/m3 
Flow, liquids m3/h 
Flow, gases Nm3/h, m3/h, kg/h 
Flow, solids kg/h, kg/s 
Heat kJ/h 
Power MW, kW 
Equipment dimensions and 
pipe length 

m 

Nominal pipe diameter mm 
Velocity m/s 
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The following prefixes in Table 1.2.2.1.7.3.10.2(2) may be used. 
 

 
Table 1.2.2.1.7.3.10.2(2)  Unit Prefixes 
 

Multiplication Factor Prefix Symbol 
106 Mega M 
103 Kilo k 
10-2 Centi c 
10-3 Milli m 
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1.2.2.1.8  Results and Discussion 
 
The deliverables for the Advanced CO2LDSepSM Case are the following and are contained in this section.  
Additional deliverables (e.g. process descriptions) for advanced case will be provided later in Phase II. 
 
• Summary Block Flow Diagram 
• Preliminary Process Flow Diagrams 
• Heat and Material Balances 
• Preliminary Equipment Lists with Approximate Sizes 
• Cost Estimate with ±40% Accuracy 
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1.2.2.1.8.1 Summary Block Flow Diagram 
 
The summary block flow diagram for the Advanced CO2LDSepSM Case is shown in Figure 1.2.2.1.8.1(1). 
 

 
Figure 1.2.2.1.8.1(1)  Summary Block Flow Diagram 
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The overall heat and material balance corresponding to the summary block flow diagram for the 
Advanced CO2LDSepSM Case is shown in Table 1.2.2.1.8.1(1). 
 
Table 1.2.2.1.8.1(1)  Overall Heat and Material Balance 

Total Plant Basis unless noted 
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1.2.2.1.8.2  Process Flow Diagrams  
 
The process flow diagrams for the Advanced CO2LDSepSM Case are shown in the following figures. 
 

 
Advanced CO2LDSepSM Case 

 
Figure Number Drawing Number Title  
1.2.2.1.8.2(1)/(2) 003-PFD-001/002 Low Temperature Gas Cooling 

1.2.2.1.8.2(3) 004-PFD-001 Condensate (Ammonia) Stripper Unit 
1.2.2.1.8.2(4) 005-PFD-001 CO2LDSepSM Unit 
1.2.2.1.8.2(5) 006-PFD-001 Sulfur Recovery and Tail Gas Treating 

Unit 
1.2.2.1.8.2(6) 007-PFD-001 Shift Reactors 
1.2.2.1.8.2(7) 008-PFD-001 Fuel Gas Saturator 

1.2.2.1.8.2(8)/(9) 109-PFD-001/002 Combustion Turbines and Heat 
Recovery Steam Generator 

1.2.2.1.8.2(10) 010-PFD-001 Steam Turbine and Condensate 
1.2.2.1.8.2(11)  Steam Balance 
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Figure 1.2.2.1.8.2(1)  Low Temperature Gas Cooling (Sheet 1 of 2) 
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Figure 1.2.2.1.8.2(2)  Low Temperature Gas Cooling (Sheet 2 of 2) 
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Figure 1.2.2.1.8.2(3)  Condensate (Ammonia) Stripper Unit 
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Figure 1.2.2.1.8.2(4)  CO2LDSepSM Unit 
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Figure 1.2.2.1.8.2(5)  Sulfur Recovery and Tail Gas Treating Unit 
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Figure 1.2.2.1.8.2(6)  Shift Reactors 
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Figure 1.2.2.1.8.2(7)  Fuel Gas Saturator 



537 

 
 
Figure 1.2.2.1.8.2(8)  Combustion Turbine and Heat Recovery Steam Generator (Sheet 1 of 2) 
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Figure 1.2.2.1.8.2(9)  Combustion Turbine and Heat Recovery Steam Generator (Sheet 2 of 2) 
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Figure 1.2.2.1.8.2(10)  Steam Turbine and Condensate 
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THIS TABLE IS LIMITED RIGHTS DATA 
 

AND CAN BE FOUND IN THE APPENDIX TO THIS 
 

SEMI-ANNUAL TECHNICAL REPORT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2.2.1.8.2(11)  Steam Balance 
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1.2.2.1.8.2 Heat and Material Balances 
 
The heat and material balances corresponding to the Process Flow Diagrams for the Advanced 
CO2LDSepSM Case is shown in Table 1.2.2.1.8.3(1). 
 
Table 1.2.2.1.8.3(1)  Heat and Material Balances 

Total Plant Basis unless noted 
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1.2.2.1.8.3 Preliminary Equipment List 
 
The preliminary equipment list with approximate sizes for the Advanced CO2LDSepSM Case is shown in 
Table 1.2.2.1.8.4(1). 
 
Table 1.2.2.1.8.4(1)  Preliminary Equipment List with Approximate Sizes 
 
TAG NO. EQUIPMENT 

NAME 
NUMBER 

REQ'D 
EQUIPMENT 

  Oper/Spare  SIZE/MATERIAL 
AIR SEPARATION UNIT (101/201/301) 

No tag Cryogenic Air 
Separation Unit 

3/0 TIC = $178,576,170 (total for three trains) 
Budgetary Quote provided by Air Products and 
Chemicals. Instantaneous price basis (US dollars), 
February 2003, Gulf Coast location. Excludes spare parts. 

GASIFICATION ISLAND (102/202/302) 
No tag Gasification Island 3/0 TIC = $211,079,570 (total for three trains) 

Total Installed Cost Estimate provided by 
ChevronTexaco. Instantaneous price basis (US dollars), 
March 2002, Canada location.   

LOW TEMPERATURE GAS COOLING UNIT (103/203) 
103/203-E-
101 

Saturator Water 
Heater #2 

2/0 Shell & Tube 
Shell: 64.1 barg DP @ 224°C DT, 209 °C OT, SS 316L 
Tube: 42.7 barg DP @ 204°C DT, 190 °C OT, SS 316L 

103/203-E-
102 

Condensate Heater 2/0 Shell & Tube 
Shell: 64.1 barg DP @ 196°C DT, 181 °C OT, SS 316L 
Tube: 64.1 barg DP @ 179°C DT, 164 °C OT, SS 316L 

103/203-E-
103 

Saturator Water 
Heater #1 

2/0 Shell & Tube 
Shell: 64.1 barg DP @ 196°C DT, 181 °C OT, SS 316L 
Tube: 42.7 barg DP @ 185°C DT, 172 °C OT, SS 316L 

103/203-E-
104 

Vacuum Condensate 
Heater 

2/0 Shell & Tube 
Shell: 64.1 barg DP @ 146°C DT, 131 °C OT, SS 316L 
Tube: 42.7 barg DP @ 122°C DT, 65 °C OT, SS 316L 

103/203-E-
105 

Syngas Trim Cooler 2/0 Shell & Tube 
Shell: 64.1 barg DP @ 122°C DT, 52°C OT, SS 316L 
Tube: 42.7 barg DP @ 122°C DT, 41°C OT, SS 316L 

003-P-
001A/B 

Condensate Final 
Pump 

1/0 Horizontal Centrifugal: 
Rated Flow: 957 m3/h 
Differential Pressure: 17.1 bar, Differential Head: 194 m 
Discharge Pressure: 75.8 barg 
Brake Power: 567 kW 
Casing: CS, Impeller: CS 

103/203-
SG-101 

LTGC MP Steam 
Generator 

2/0 Shell & Tube 
Shell: 42.7 barg DP @ 213°C DT, 199 °C OT, CS, 3 mm 
CS 
Tube: 64.1 barg DP @ 263°C DT, 249 °C OT, SS 316L 

103/203-
SG-102 

LTGC LP Steam 
Generator 

2/0 Shell & Tube 
Shell: 42.7 barg DP @ 185°C DT, 170 °C OT, CS, 3 mm 
CA 
Tube: 64.1 barg DP @ 218°C DT, 204 °C OT, SS 316L 
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TAG NO. EQUIPMENT 
NAME 

NUMBER 
REQ'D 

EQUIPMENT 

  Oper/Spare  SIZE/MATERIAL 
003-V-001 Condensate Surge 

Drum 
1/0 Horizontal: 2.7 m ID x 8.2 m T/T 

Design Conditions: 62.4 barg/FV @ 204°C 
Operating Temperature: 175°C 
Shell: CS with SS 316L clad 

103/203-V-
103 

LTGC Knock-Out 
Drum #3 

2/0 Vertical: 3.4 m ID x 6.6 m T/T 
Design Conditions: 63.4 barg/FV DP @ 210°C DT 
Operating Temperature: 181°C 
Shell: CS with 316L SS Clad, Internals: 316L SS 

103/203-V-
104 

LTGC Knock-Out 
Drum #4 

2/0 Vertical: 3.0 m ID x 6.1 m T/T 
Design Conditions: 63.4 barg/FV DP @ 160°C DT 
Operating Temperature: 131°C 
Shell: CS with 316L SS Clad, Internals: 316L SS 

103/203-V-
105 

LTGC Knock-Out 
Drum #5 

2/0 Vertical: 2.7 m ID x 5.5 m T/T 
Design Conditions: 63.4 barg/FV DP @ 122°C DT 
Operating Temperature: 52°C 
Shell: CS with 316L SS Clad, Internals: 316L SS 

103/203-V-
106 

LTGC Knock-Out 
Drum #6 

2/0 Vertical: 2.7 m ID x 4.9 m T/T 
Design Conditions: 63.4 barg/FV DP @ 122°C DT 
Operating Temperature: 35°C 
Shell: CS with 316L SS Clad, Internals: 316L SS 

103/203-V-
107 

LTGC MP Steam 
Drum 

2/0 Horizontal: 1.8 m ID x 5.5 m T/T 
Design Conditions: 15.9 barg/FV DP @ 227°C DT 
Operating Temperature: 198°C 
Shell: CS, 3 mm CA, Internals: CS, 3mm CA 

103/203-V-
108 

LTGC LP Steam 
Drum 

2/0 Horizontal: 2.0 m ID x 5.9 m T/T 
Design Conditions: 9.0 barg/FV DP @ 199°C DT 
Operating Temperature: 170°C 
Shell: CS, 3 mm CA, Internals: CS, 3 mm CA 

CONDENSATE (AMMONIA) STRIPPER UNIT (004) 
004-E-001 Condensate Stripper 

Reboiler 
1/0 Shell & Tube 

Shell: 7.9 barg DP @ 179°C DT, 164°C OT, CS, 3 mm 
CA 
Tube: 5.5 barg DP @ 141°C DT, 125°C OT, CS, 3 mm 
CA 
Surface Area: 371 m2 

004-E-002 Condensate Stripper 
Condenser 

1/0 Shell & Tube 
Shell: 5.2 barg DP @ 122°C DT, 50°C OT, CS, 3 mm CA 
Tube: 3.4 barg DP @ 135°C DT, 120°C OT, Titanium 
Surface Area: 472 m2 

004-P-
001A/B 

Condensate Stripper 
Reflux Pump 

1/1 Horizontal Centrifugal 
Rated Flow: 20 m3/h 
Differential Pressure: 4.4 bar, Differential Head: 46 m 
Discharge Pressure: 6.0 barg 
Brake Power: 3.0 kW 
Casing: SS 304L, Impeller: SS 304L 
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TAG NO. EQUIPMENT 
NAME 

NUMBER 
REQ'D 

EQUIPMENT 

  Oper/Spare  SIZE/MATERIAL 
004-P-
002A/B 

Stripper Bottoms 
Pump 

1/1 Horizontal Centrifugal 
Rated Flow: 279 m3/h 
Differential Pressure: 61.5 bar, Differential Head: 668 m 
Discharge Pressure: 63.3 barg 
Brake Power: 596 kW 
Casing: CS, Impeller: CS 

004-P-
003A/B 

LP BFW Pump 1/1 Horizontal Centrifugal 
Rated Flow: 272 m3/h 
Differential Pressure: 56.6 bar, Differential Head: 622 m 
Discharge Pressure: 63.3 psig 
Brake Power: 536 kW 
Casing: CS, Impeller: CS 

004-V-001 Stripper Feed Drum 1/0 Horizontal: 3.2 m ID x 9.5 m T/T 
Design Conditions: 3.5 barg/FV @ 124°C 
Operating Temperature: 97°C 
Shell: CS with SS 316L clad 

004-V-002 Condensate Stripper 1/0 Vertical: 4.0 m ID x 28.7 m T/T 
Design Conditions: 3.5 barg/FV @ 154°C 
Operating Temperature: 125°C 
Shell: CS, 5 mm CA, Internals: CS, 6 mm CA 

004-V-003 LP Condensate Pot 1/0 Horizontal: 1.0 m ID x 3.1 m T/T 
Design Conditions: 6.9 barg/FV @ 193°C 
Operating Temperature: 164°C 
Shell: CS, 3 mm CA 

004-V-004 Condensate Stripper 
Overhead 
Accumulator 

1/0 Horizontal: 1.5 m ID x 4.6 m T/T 
Design Conditions: 3.4 barg/FV @ 122°C 
Operating Temperature: 88°C 
Shell: CS, 5mm CA, Internals: CS, 6 mm CA 

CO2LDSepSM UNIT (005) 
 Equipment List for 

Unit 005 is 
CONFIDENTIAL. 

  

SULFUR RECOVERY (CLAUS) AND TAILGAS TREATING UNIT (006) 
No tag Sulfur Recovery and 

Tail Gas Treating Unit 
 TIC = $43,000,000 

ROM Estimate, 1st qtr 2003, Gulf Coast location, 
excluding location adjustment, contingency, and forward 
escalation. 

006-V-009 HP Condensate Pot #1 1/0 Horizontal, 0.9 m ID x 2.7 m T/T 
Design Conditions: 127.6 barg/FV @ 354°C 
Operating Temperature: 326°C 
Shell: CS, 3 mm CA 

006-V-010 HP Condensate Pot #2 1/0 Horizontal, 0.8 m ID x 2.3 m T/T 
Design Conditions: 127.6 barg/FV @ 354°C 
Operating Temperature: 326°C 
Shell: CS, 3 mm CA 
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TAG NO. EQUIPMENT 
NAME 

NUMBER 
REQ'D 

EQUIPMENT 

  Oper/Spare  SIZE/MATERIAL 
006-V-011 HP Condensate Pot #3 1/0 Horizontal, 0.9 m ID x 2.7 m T/T 

Design Conditions: 127.6 barg/FV @ 354°C 
Operating Temperature: 326°C 
Shell: CS, 3 mm CA 

006-V-012 HP Condensate Pot #4 1/0 Horizontal, 0.9 m ID x 2.7 m T/T 
Design Conditions: 127.6 barg/FV @ 354°C 
Operating Temperature: 326°C 
Shell: CS, 3 mm CA 

SHIFT REACTORS (107/202) 
107/207-E-
101 

Shift Feed/Effluent 
Exchanger 

2/0 Shell & Tube 
Shell: 67.2 barg DP @ 302°C DT, 288°C OT, SS 316L 
Tube: 64.8 barg DP @ 324°C DT, 315°C OT, SS 316L 
Surface Area: 4,032 m2 

107/207-E-
102 
 

Start Up Heater 2/0 Shell & Tube 
Shell: 129.6 barg DP @ 357°C DT, 327°C OT, CS, 3mm 
CA 
Tube: 86.9 barg DP @ 302°C DT, 288°C OT, SS 316L 
Surface Area: 69 m2 

107/207-
SG-101 

Shift HP Steam 
Generator 

2/0 Shell & Tube 
Shell: 128.2 barg DP @ 357°C DT, 328°C OT, CS, 3 mm 
CA 
Tube: 87.6 barg DP @ 471°C DT, 441°C OT, SS 316L 
Surface Area: 763 m2 

107/207-
SG-102 

Shift MP Steam 
Generator 

2/0 Shell & Tube 
Shell: 58.6 barg DP @ 246°C DT, 232°C OT, CS, 3 mm  
CA 
Tube: 87.6 barg DP @ 368°C DT, 339°C OT, SS 316L 
Surface Area: 207 m2 

107/207-V-
101 

Shift Reactor #1 2/0 Vertical: 6.2 m ID x 6.2 m T/T 
Design Conditions: 67.6 barg/FV DP @ 488°C DT 
Shell: CS, 3 mm CA 
Internals: CS, 4.5 mm CA, Catalyst: Sud-Chemie C25-1-
02 HTS 

107/207-V-
102 

Shift Reactor #2 2/0 Vertical: 5.9 m ID x 5.9 m T/T 
Design Conditions: 66.2 barg/FV DP @ 343°C DT 
Shell: CS, 3 mm CA 
Internals: CS, 4.5 mm CA, Catalyst: Sud-Chemie C25-1-
02 HTS 

107/207-V-
103 

HP Condensate Pot 2/0 Horizontal, 0.9 m ID x 2.7 m T/T 
Design Conditions: 131.0 barg/FV @ 357°C 
Operating Temperature: 328°C 
Shell: CS, 3 mm CA 

107/207-V-
104 

HP Steam Drum 2/0 Horizontal: 4.0 m ID x 11.9 m T/T 
Design Conditions: 131 barg/FV DP @ 357°C DT 
Operating Temperature: 328°C 
Shell: CS, 3mm CA, Internals: CS, 3mm CA 
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TAG NO. EQUIPMENT 
NAME 

NUMBER 
REQ'D 

EQUIPMENT 

  Oper/Spare  SIZE/MATERIAL 
107/207-V-
105 

MP Steam Drum 2/0 Vertical: 2.1 m ID x 6.4 m T/T 
Design Conditions: 31.0 barg/FV DP @ 260°C DT 
Operating Temperature: 232°C 
Shell: CS, 3mm CA, Internals: CS, 3mm CA 

FUEL GAS SATURATOR UNIT (008) 
008-C-
001A/B 

Hydrogen Compressor 1/1 Reciprocating Compressor 
Rated Flow: 74,243 Nm3/h 
Inlet Actual Flow Rate: 4,130 m3/h 
Discharge Pressure: 102.5 barg 
Differential Pressure: 69.6 bar 
Materials: CS, 3 mm CA 
Brake Power: 4,013 kW 

008-E-001 Gas Turbine Fuel Gas 
Heater 

1/0 Shell & Tube 
Shell: 112.7 barg DP @ 302°C DT, 288°C OT, CS, 3 mm 
CA 
Tube: 168.9 barg DP @ 349°C DT, 319°C OT, CS, 3 mm 
CA 
Surface Area: 2,362 m2 

008-E-002 Gas Turbine Nitrogen 
Heater 

1/0 Shell & Tube 
Shell: 112.7 barg DP @ 302°C DT, 288°C OT, CS, 3 mm 
CA 
Tube: 168.9 barg DP @ 349°C DT, 319°C OT, CS, 3 mm 
CA 
Surface Area: 2,936 m2 

008-F-001 Hydrogen Product 
Filter 

1/0 Rated Flow: 71,371 Nm3/h 
Material: CS, 3 mm CA 
Design Conditions: 36.5 barg DP @ 122°C DT 
Includes filter/charcoal contactor/afterfilter 

008-P-
001A/B 

Fuel Gas Saturator 
Bottoms Pump 

1/1 Horizontal Centrifugal 
Rated Flow: 1,184 m3/h 
Differential Pressure: 6.1 bar, Differential Head: 66 m 
Discharge Pressure: 32.6 barg 
Brake Power: 252 kW 
Casing: CS, Impeller: SS 316L 

008-V-001 Fuel Gas Saturator 1/0 Vertical: 4.0 m ID x 28.0 m T/T 
Design Conditions: 31.0 barg/FV DP @ 121°C DT 
Operating Temperature: 97°C 
Shell: CS with SS 316L clad, Internals: SS 316 L 

COMBUSTION TURBINES AND HEAT RECOVERY STEAM GENERATORS (109/209/309) 
109/209/30
9-CT-001 

Combustion Turbine 
Generator 

3/0 GE PG7241(FA) with IGCC Combustor 
Output: 197 MW 

109-DA-
001 

Deaerator 1/0 Shell: CS, 3 mm CA, Internals: SS 304L 
Included with HRSG 
Common to all 3 trains 
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TAG NO. EQUIPMENT 
NAME 

NUMBER 
REQ'D 

EQUIPMENT 

  Oper/Spare  SIZE/MATERIAL 
109/209/30
9-ME-001 

Boiler Chemical 
Injection Skid 

3/0 Metering Pump Skid 
2 Oxygen Scavenger Pumps per train (4 total), 0.6 kW 
motor 
2 Phosphate Pumps per train (4 total), 0.6 kW motor 
2 Amine Pumps per train (4 total), 0.6 kW motor 
Storage Totes 

109/209/30
9-P-
001A/B 

LP Boiler Feedwater 
Pump 

3/3 Horizontal Centrifugal 
Rated Flow: 885 m3/h 
Differential Pressure: 3.3 bar, Differential Head: 37 m 
Discharge Pressure: 9.1 barg 
Brake Power: 103 kW 
Casing: 12 Chrome, Impeller: 12 Chrome 

109/209/30
9-P-
002A/B 

MP/IP Boiler 
Feedwater Pump 

3/3 Horizontal Centrifugal 
Rated Flow: 486 m3/h 
Differential Pressure: 24.2 bar, Differential Head: 269 m 
Discharge Pressure: 32.1 barg 
Brake Power: 409 kW 
Casing: 12 Chrome, Impeller: 12 Chrome 

109/209/30
9-P-
003A/B 

HP Boiler Feedwater 
Pump 

3/3 Horizontal Centrifugal 
Rated Flow: 374 m3/h  
Differential Pressure: 105.5 bar, Differential Head: 1,167 
m 
Discharge Pressure: 136.4 barg 
Total Brake Power: 1369 kW 
Casing: 12 Chrome, Impeller: 12 Chrome 

109/209/30
9-P-
004A/B 

HP BFW 
Recirculation Pump 

3/3 Horizontal Centrifugal 
Rated Flow: 172 m3/h 
Differential Pressure: 6.3 bar, Differential Head: 95 m 
Discharge Pressure: 142.8 barg 
Brake Power: 37 kW 
Casing: 12 Chrome, Impeller: 12 Chrome 

109-P-
005A/B 

Blowdown Sump 
Pump 

1/1 
 

Common to all 3 trains 
Vertical Sump Pump 
Rated Flow: 19 m3/h 
Differential Pressure: 3.4 bar, Differential Head: 36.4 m 
Discharge Pressure: 3.4 barg 
Brake Power: 3 kW 
Casing: Ductile Iron, Impeller: CS 

109/209/30
9-SG-001 

Heat Recovery Steam 
Generator 

3/0 3 Pressure Level HRSG 
858 MMBtu/hr Heat Recovered per HRSG 
Shell: Refractory lined CS 
HP Superheated tubes: 5A-213-T91, All other tubes: CS 
Includes inlet duct, stack, and stack damper 

109-SU-
001 

Blowdown Sump 1/0 3.0 m x 3.0 m x 3.0 m Depth 
Concrete sump 
Common to all 3 trains 

109/209/30
9-SU-002 

Water Wash Sump 3/0 3.7 m x 3.7 m x 3.5 m Depth 
Epoxy lined concrete sump 
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TAG NO. EQUIPMENT 
NAME 

NUMBER 
REQ'D 

EQUIPMENT 

  Oper/Spare  SIZE/MATERIAL 
109/209/30
9-V-001 

HP Flash Drum 3/0 Vertical: 1.1 m ID x 3.7 m T/T 
Design Conditions: 31.0 barg/FV @ 260°C 
Operating Temperature: 232 °C 
Shell: CS, 3 mm CA 

109/209/30
9-V-001 

HP Flash Drum 3/0 Vertical: 1.1 m ID x 3.7 m T/T 
Design Conditions: 31.0 barg/FV @ 260°C 
Operating Temperature: 232 °C 
Shell: CS, 3 mm CA 

109/209/30
9-V-002 

IP Flash Drum 3/0 Vertical: 1.1 m ID x 3.8 m T/T 
Design Conditions: 9.0 barg/FV @ 199°C 
Operating Temperature: 170°C 
Shell: CS, 3 mm CA 

109/209/30
9-V-003 

LP Flash Drum 3/0 Vertical: 1.1 m ID x 3.8 m T/T 
Design Conditions: 4.8 barg/FV @ 177°C 
Operating Temperature: 148°C 
Shell: CS, 3 mm CA 

109/209/30
9-V-004 

Intermittent 
Blowdown Drum 

3/0 Vertical: 2.3 m ID x 2.7 m T/T 
Design Conditions: 3.4 barg/FV @413°C 
Operating Temperature: 103.6°C 
Shell: CS, 3 mm CA, Internals: CS, 3 mm CA 

STEAM TURBINE AND CONDENSATE (010) 
010-E-001 Surface Condenser 1/0 Surface Condenser w/ Steam Jet Air Ejector 

Duty: 1,179 GJ/h 
Estimated Area = 7,716 m2 
Shell:  1 barg/FV DP @ 122°C DT, CS, 3 mm CA 
Tubes: 8.6 barg DP @ 122°C DT, SS 317L 

010-P-
001A/B 

Vacuum Condensate 
Pump 

1/1 Vertical 
Rated Flow: 644 m3/h 
Differential Pressure: 8.8 bar, Differential Head: 90.5 
Discharge Pressure: 8.1 barg 
Brake Power: 198 kW 
Casing: Cast Iron, Impeller: Bronze 

010-ST-
001 

Steam Turbine 
Generator 

1/0 Condensing Steam Turbine 
HP Steam Inlet Flow: 1,766,800 kg/h @113.5 barg & 
538°C 
Extraction Steam: 1,095,942 kg/h @ 45.9 barg & 410°C 
Discharge Pressure: 56.89 mm Hg 
Materials: CS, 3 mm CA 
Output: 180.4 MW 

UTILITIES (012) 
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TAG NO. EQUIPMENT 
NAME 

NUMBER 
REQ'D 

EQUIPMENT 

  Oper/Spare  SIZE/MATERIAL 
012-ME-
004 

Wastewater Treatment 
Package 

1/0 Reference: Texaco Enhancement Study (Case U-4), Unit 
75 - General Waste Water. Include the following 
equipment: Floating Oil Skimmer (75-ME-001B/C), 
Storm Water Basin Pump (75-P-004A/B), Collection 
Sump Pump (75-P-006A/B), Sanitary Waste Water 
Treating Unit (75-PKG-001), Stormwater Pump (75-SU-
001B/C), Collection Sump (75-SU-002), Basin Oil Sump 
(75-SU-006), Basin Water Sump (75-SU-007), Diversion 
Box (75-SU-010), Storm Water/Area Drainage, Sediment 
Control and U/G Piping for Sanitary Sewer. Increase 
capacity of reference by 1.95 (3 x 7FA plus hydrogen 
production). 

012-ME-
005 

Backup 
Plant/Instrument Air 
Package 

1/0 Oil flood rotary screw compressor package with receiver 
vessel 
7,226 Nm3/h @ 6.9 barg 
Dual Tower Dryer Package: -40°C dewpoint. Electric 
regeneration with moisture analyzer (8 hr cycle) 

 
Abbreviations: 
DP = Design Pressure 
CA = Corrosion Allowance 
DT = Design Temperature 
FV = Full Vacuum 
ID = Inside Diameter 
OT = Operating Temperature 
TIC = Total Installed Cost 
TR = Tons of Refrigerant 
T/T = Tangent to Tangent Length 
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1.2.2.1.8.4 Cost Estimate  
 
1.2.2.1.8.5.1  Cost Estimate Purpose and Basis 
 
The purpose of this estimate is to produce a capital cost for the Integrated Gasification Combined Cycle 
(IGCC) plant based on ChevronTexaco’s (CVX) high pressure, total quench, petroleum coke gasification 
technology.  The Advanced CO2LDSepSM Case and the Controlled Baseline Case both generate electrical 
power, hydrogen, steam and carbon dioxide for export.  
 
Both estimates are for new grassroots IGCC plants (greenfield).  The level of the estimates represent a 
Class 4 type category (feasibility type estimate) (As defined in The Association for the Advancement of 
Cost Engineering (AACE) International Recommended Practice No. 18R-97.) with an accuracy range of 
approximately ±40% (for the Advanced Case) and +30%/-15% (for the Controlled Baseline Case).   
 
The capital costs are based upon the documents produced during conceptual engineering and have the 
following basis/assumptions: 
 
• Costs are for an instantaneous 2nd quarter 2003 timeframe. 
 
• The cost is based on an Alberta, Canadian site. 
 
• The site is flat and level, grubbed and ready for construction, and with no interferences. 
 
• An adequate supply of qualified, skilled craftsman/workforce is available to support construction of 

the plant. 
 
• The construction labor workweek is based on 40 hours a week. 
 
• There is sufficient laydown and parking areas for construction. 
 
• The purchase of the direct field materials is based on worldwide procurement. 
 
 
1.2.2.1.8.5.2  Estimate Methodology 
 
The capital cost estimate or Total Installed Cost (TIC) includes all items necessary for a full and complete 
installation of materials and equipment and was prepared using the Icarus 2000 cost estimating program.  
The TIC includes the following: 
 
• Direct field costs (includes direct field materials, subcontracts & labor) 
• All-in wage rate (fully burdened) for direct hire union shop labor, adjusted for the site 
• Labor productivity adjusted to the site from Fluor standard base manhours 
• Scaffolding, winterization and freight (included as allowances) 
• Indirect field costs including: 

− Construction management (included as allowance) 
− Construction camp (included as allowance) 
− Heavy haul/heavy lift (estimated on a labor rate basis) 

• Home office costs  
• Contractor’s risk and profit as a percent (included as allowance) 
• Contingency as a percent (included as allowance) 
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The direct field costs (DFC) were developed by using an equipment model estimating program as the 
primary tool to model, price and collect the various estimate components.  Mechanical equipment design 
data was inputted to the estimating program to produce the bulk material and labor costs and equipment 
pricing (not priced by vendor or in-house) based on equipment sizing, temperature, pressure, metallurgy, 
type, etc. provided by an equipment list from Process.  
 
Mechanical Engineering provided budgetary pricing for selected equipment.  This pricing is based on 
either in-house historical data from recent projects or budgetary quotes from equipment vendors. 
 
Contingency is defined (per Fluor’s standards) as: 
 
 "Contingency is defined as a special monetary provision in the project budget and TIC of a project, to 
cover uncertainties or unforeseeable elements of time/cost within the scope of the project under Fluor's 
control." 
 
Material takeoff allowances and design allowances for engineered equipment are provided for predictable 
occurrences and are therefore not contingency items.  In addition to allowances for predictable 
occurrences, costs associated with the following are excluded from the contingency: escalation, changes 
in scope, catastrophic events and labor strikes.                                                                               
 
Costs associated with the following items are included in contingency: material cost changes, labor rate 
changes, labor productivity changes, design changes (other than scope changes), errors and omissions, 
schedule slippages (engineering, material delivery, construction), construction problems (including 
weather), estimating inaccuracies and impact of Government regula tions. 
 
The contingency of 15% chosen for this project is based on the contingency analysis recently performed 
for a similar project.  The estimated contingency is based on meeting an 85% probability of under run 
assigned to the estimate.  Note that additional contingency was not added to the LSTK prices for the  
Gasification Island (GI) and Air Separation Unit as it is assumed that the costs already include an 
allowance for contingency (12% for GI provided by CVX).   
 
 
1.2.2.1.8.5.3  Estimate Exclusions 
 
The following are exclusions to the TIC: 
 
• Engineering and material costs for any new pipelines (e.g. feed slurry, hydrogen export) from the Oil 

Sands Operations to the Firebag Lease, and also the carbon dioxide and steam export pipelines.  
 
• Facilities for water make-up (water is provided from the Oil Sands Operation) 
 
• Removal of obstructions (above/below ground), contaminated soils or hazardous materials 
 
• Piling 
 
• Working capital/Inventory 
 
• Scope changes 
 
• Canadian federal/sales taxes and import duties 
 
• Escala tion beyond instantaneous 2nd Quarter, 2003 
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• Interest during construction period 
 
• Lost or damaged materials 
 
• Infrastructure upgrades – except for those items required to support the current project 
 
• Mobile equipment for permanent plant operations 
 
• Owner’s Costs - Owner’s costs are the normal developmental costs for a project that are part of the 

owner's responsibility to provide.  The type of costs include: 
 

− owner's project management representatives 
− initial start-up of the plant facility 
− government taxes for the project  
− project permitting costs 
− land acquisition costs  
− governmental fees, if required 
− financing fees 
− royalties 
− licensor fees  
− owner's contingency  
− initial chemical/catalyst fill 
− spare parts inventory 
− project insurance, etc.   

 
1.2.2.1.8.5.4  Disclaimer 
 
In arriving at estimates contained herein, specialized estimating techniques may have been applied to 
information not within Fluor’s control.  While it is believed that the estimates contained herein will be 
reliable under the conditions and subject to the qualifications set forth herein, Fluor does not warrant or 
guarantee the accuracy of such estimates or other information contained herein.  The use of such 
estimates and information shall be at the user’s risk and shall constitute a release and agreement to defend 
and indemnify Fluor from and against any liability in connection therewith (including, but not limited to 
incidental, indirect and consequential damages), whether arising out of Fluor’s negligence or otherwise. 
 
 
1.2.2.1.8.5.5  Total Installed Cost Summary 
 
The total installed cost summary for the Advanced CO2LDSepSM Case is shown in Table 1.2.2.1.8.5.5(1). 
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Table 1.2.2.1.8.5.5(1)  Cost Estimate 
 
Cost to be provided later. 
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1.2.2.1.9  Conclusion 
 
The Advanced CO2LDSepSM Case has a “better” performance and produces approximately 40 MWe more 
than that produced by the baseline case.  A small natural gas fired combined cycle plant producing 40 
MWe (based on a Rolls Royce RB211-6562 combustion turbine) costs ~$665/kWe.  Therefore, a “credit” 
could be taken for the additional 40 MWe produced in the Advanced Case.  The total installed cost with a 
±40% accuracy for phase I will be determined.  This advanced case will also be evaluated further in Phase 
II of the project to result in a cost estimate with a ±30 accuracy. 
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1.2.2.1.10  References 
 
No references were required for this study. 
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1.2.2.1.11  List of Acronyms and Abbreviations 
 
 
ASU – Air Separation Unit 
 
bara – bar absolute 
barg – bar gauge 
BFW – Boiler Feedwater 
BL – Blower 
BTU – British Thermal Unit 
 
C – Compressor 
°C – Degrees Celsius 
CA – Corrosion Allowance 
CCP – CO2 Capture Project 
CEMS – Continuous Emissions Monitoring System 
CO – Carbon monoxide 
CO2 – Carbon dioxide 
Cond – Steam condensate 
COS – Carbonyl sulfide 
CT – Combustion Turbine 
CVX - ChevronTexaco 
 
DA – Deaerator 
DCS – Distributed Control System 
DOE – Department of Energy 
DP – Design Pressure 
DT – Design Temperature 
 
E – Heat exchanger or cooler 
EOR – Enhanced Oil Recovery 
 
F – Filter 
FV – Full Vacuum 
 
GE – General Electric  
GI – Gasification Island 
gpm – Gallons per minute 
 
h or hr – Hour 
H2 – Hydrogen 
H2O – Water 
H2S – Hydrogen sulfide 
HCN – Hydrocyanic acid 
HP – High Pressure 
HRSG – Heat Recovery Steam Generator 
HVAC – Heating, Ventilation and Air Conditioning 
 
ID – Inside Diameter 
IGCC – Integrated Gasification Combined Cycle  
IP – Intermediate Pressure 
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kg – Kilogram 
kgmol – Kilogram moles 
kJ – Kilojoules 
km – Kilometers 
KO – Knock-out 
kV – Kilovolts 
kW – Kilowatt 
 
lb – Pound 
LHV – Lower Heating Value 
LP – Low Pressure 
LSTK – Lump Sum Turnkey 
LTGC – Low Temperature Gas Cooling 
 
m – Meter 
m3 – Cubic meters 
mbar – Millibar 
ME – Mechanical package 
mm – Millimeter 
MMlb/hr – Million pounds per hour 
MMSCFD – Million Standard Cubic Feet per Day 
MP – Medium Pressure 
Mol% – Molar percent 
mt/d – Metric Tons per Day 
MW – Molecular Weight 
MW – Megawatt 
MWe – Megawatt electric  
 
N2 – Nitrogen 
NH3 – Ammonia 
Ni – Nickel 
Nm3 – Normal cubic meter 
 
O2 – Oxygen 
OPER – Operating 
OT – Operating Temperature 
 
P – Pump 
P&I – Plant and Instrument 
PFD – Process flow diagram 
PM10- particles with diameters less than ten micrometers 
ppmv – Parts Per Million (volume basis) 
ppmvd – Parts Per Million (volume and dry basis) 
 
s or sec – Second 
SAGD – Steam Assisted Gravity Drainage 
SRU – Sulfur Recovery Unit 
ST – Steam Turbine 
SU – Sump 
SWS – Sour Water Stripper 
 
TGTU – Tailgas Treating Unit 
TIC – Total Installed Cost 
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TK – Tank 
TR – Tons of Refrigerant 
T/T – Tangent to Tangent Length 
 
UPS – Uninterruptible Power Supply 
US – United States 
 
V – Vessel/Column 
 
Wt% – Weight percent 
 



573 

1.2.3  Integration and Scale-Up Studies 
 

1.2.3.1  Study of Gas Turbine Retrofit Requirements to Burn 
Decarbonized Fuel (Hydrogen) 
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1.2.3.1.1  Abstract 
 
The Gas Turbine Retrofit Study is an activity proposed to commence in the latter half of calendar year 
2003.  It will evaluate the performance and costs of modifying gas turbines of the type used in the CCP 
Alaska scenario for firing a decarbonized (hydrogen rich) fuel.  No work has yet commenced on this 
activity beyond defining the objectives of the work and development of a statement of work, which is 
outlined in the report. 
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1.2.3.1.3  Introduction 
 
One of the scenarios which the CCP is using to evaluate decarbonisation technologies includes facilities 
on the North Slope of Alaska which  includes four Frame 6 and three Frame 5 gas turbines in gas 
compression service.  
 
Application of any pre-combustion capture technology to this scenario assumes that the gas turbines can 
be modified to burn the hydrogen fuel and this can be accomplished at an acceptable cost and without 
adversely affecting the key performance characteristics such as power output, turndown, emissions and 
reliability.    
 
The retrofit study will evaluate a range of hydrogen fuel mixtures for use on generic Frame 5 and Frame 6 
Gas Turbines.  The compositions will be selected to cover the composition range anticipated for the 
PCDC capture technologies. 
 
The study will cover issues of feasibility of hydrogen firing, effects on the performance and emissions 
from the machine.  Key considerations in the design of the overall capture scheme such as the fuel 
temperature and steam content will be studied.  It is anticipated that some of the hydrogen fuel 
compositions available will enable significant reductions in the NOX  emissions from the existing 
machines, and all PCDC schemes will totally eliminate sulphur oxide emissions. 
 
Engineering modifications required to accommodate the change to hydrogen fuel will be evaluated and a 
scope of engineering work together with cost for implementation will be estimated.  This will provide a 
basis for costing the overall implementation of a pre-combustion capture scheme in the scenario. 
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1.2.3.1.4  Executive Summary 
 
The objectives of the Gas Turbine Retrofit Study as follows 
 

1. Establish feasibility of principle of firing a carbon free hydrogen rich fuel on generic Frame 5 and 
Frame 6 type Gas Turbines. 

2. Evaluate alternate hydrogen fuel mixtures for gas turbine firing  
3. Predict the performance of the gas turbines on the same range of fuels. 
4. Determine the costs of retrofitting an existing machine to permit hydrogen firing  

 
This study will be combined with the individual CO2 capture development programmes to provide a 
complete picture of the costs and feasibility of the pre-combustion decarbonisation approach to CO2 
capture from the CCP Alaska scenario. 
 
A statement of requirements has been prepared for the study and this will be used as the basis for the 
contract scope of work. 
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1.2.3.1.5  Experimental 
 
A statement of work is being developed for the study describing the tasks and approach to be used, this is 
described below. 
 
1.2.3.1.5.1  Task 1 Requirements Definition 
 
This task will identify requirements and criteria for evaluation of candidate gas turbines and processes 
and ensure that these are consistent with the top-level requirements of both the CCP project and the 
Prudhoe site.  
 
The Technology Provider (TP) will coordinate with CCP to identify and agree on the top-level 
requirements and/or assumptions to be used for evaluating candidate gas turbines for the CCP study. This 
will include environmental emission requirements in terms of criteria pollutants, load requirements and 
characteristics, fuel and fuel conditions, hydrogen safety and operating requirements, available utilities, 
de-carbonization process operating characteristics, process streams and potential process upset conditions 
that must be reflected in the gas turbine hardware and controls.  
 
1.2.3.1.5.2  Task 2 Condition Assessment 
 
TP will assess the current configuration and status for each of the candidate machines. This assessment 
will include documentation of the base configuration, combustor type, fuels, control system type and 
capability, operations and maintenance history, hot gas path inspections, component modifications and 
uprates, scheduled maintenance and prior recommendations that TP has provided.  
 
1.2.3.1.5.3  Task 3 Combustion Screening 
 
A combustion feasibility evaluation will be completed for each of the proposed de-carbonized fuels. 
Evaluations will be specific to the candidate machines and based on the data provided from Task 2.  
Combustor operating conditions will be predicted from cycle -deck evaluations. Feasibility criteria will 
include combustion stability, turndown capability combustor life, expected emissions at full and part load, 
and potential control strategies or combustor modifications to meet the emission goals defined in Task 1. 
This evaluation will provide input required for Tasks 4 and 6. 
 
1.2.3.1.5.4  Task 4 Performance Evaluations  
 
Cycle deck runs will be completed for prediction of expected performance changes from current natural 
gas firing for Frame 5 and 6B machines using each of the de-carbonized fuels provided in Table 2. In 
those cases where TP evaluates that changes or modifications to fuel or process can significantly improve 
performance, it is expected that CCP and TP will confer to evaluate and adopt such changes.  The 
minimum turndown load will be estimated. Performance will consist of gross output, heat rate (HHV and 
LHV) and expected emissions of NOx and CO. Performance estimates will be provided in at full load, 
minimum turndown and at an intermediate load. CCP will advise whether fuel condit ions or compositions 
will change at part-load conditions. Expected performance changes will be provided for and referenced to 
6B and Frame 5 machine fired on natural gas. Performance will be computed using control of firing 
temperature to maintain hot gas path part life equivalent to natural gas operation.  These results will be 
documented in a summary table of results. 
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1.2.3.1.5.5  Task 5 Conversion Options  
 
Based on the results of performance, CCP will identify a single process fuel to be used for the basis of 
recommended conversion options. Each candidate gas turbine will be examined in terms of suitability of 
retrofitting for high hydrogen fuel. TP will provide a listing of recommended modifications or component 
replacements to each machine, fuel and controls system and sub-systems as needed to accommodate 
hydrogen firing. Where it is deemed necessary for implementation of hydrogen conversion, costs and 
schedule will also be identified for development.. Budgetary estimates will be developed for the CCP to 
complete its cost evaluation. TP’s recommendations will be provided in the form of a prioritization of the 
candidate modifications and description.  
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1.2.3.1.6  Results and Discussion 
 
This activity has not yet started and so no results are available at this stage, it is anticipated that the results 
and full report of the study findings will be available during the second half of calendar year 2003. 
 
 
1.2.3.1.7  Conclusion 
 
This contract has not yet been placed and not conclusions can be drawn at this stage. 
 
 
1.2.3.1.8  References 
 
No contract has been placed and no material published to date. 
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1.3  Oxyfuel Technologies 
 

1.3.1  Study of Advanced Boiler 
 



583 

Report Title  
CO2 Capture Project - An Integrated, Collaborative Technology Development 
Project for Next Generation CO2 Separation, Capture and Geologic 
Sequestration 
 
Study of Advanced Boiler 
 
Report Reference 
1.3.1 
 
 
 
 
 
 
 
Type of Report: Semi-Annual Report 
 
Reporting Period Start Date: February 2003 
 
Reporting Period End Date:  July 2003 
 
Principal Author(s): Mark Simmonds 
 
Date Report was issued:  August 2003 
 
DOE Award Number: DE-FC26-01NT41145 
 
Submitting Organization: BP Exploration Operating Company Ltd. 
 
Address:   Chertsey Road 
    Sunbury on Thames 
    Middlesex  TW16 7LN 
 
 
 
 
 
 
 
Disclaimer 
This report was prepared as an account of work sponsored by an agency of the United States Government.  
Neither the United States Government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness or usefulness of any information, apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by the United States Government or any agency 
thereof.  The views and opinions of authors expressed herein do not necessarily state or reflect those of 
the United States Government or any agency thereof. 



584 

1.3.1.1  Abstract 
 
The CO2 Capture Project (CCP) is a joint program of eight energy companies (BP, ChevronTexaco, 
EnCana, ENI, Norsk Hydro, Shell, Statoil and Suncor) aimed at reducing the cost of capture and storage 
of carbon dioxide from stationary combustion sources.  Elements of the program are co-funded by the US 
Department of Energy, the European Union and Norway's Klimatek program. 
 
The CCP is supporting the development of a number of technologies and evaluating their costs for CO2 
capture against four scenarios, one of which is an oil refinery in Europe.  The CCP is also interested in 
comparing the economics of these processes against promising technologies being developed for the same 
purpose by others. 
 
Praxair, Inc, is leading a consortium supported by the US Department of Energy to develop a novel 
Advanced Boiler which incorporates a membrane to separate oxygen from the air, which is then used for 
combustion.  The flue gas will consist essentially of CO2 and water from which the CO2 can easily be 
separated.  The technology promises to reduce the cost of capturing CO2 from new boilers and potentially 
also process heaters. 
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1.3.1.3  Executive Summary 
 
The CO2 Capture Project (CCP) is a joint program of eight energy companies (BP, ChevronTexaco, 
EnCana, ENI, Norsk Hydro, Shell, Statoil and Suncor) aimed at reducing the cost of capture and storage 
of carbon dioxide from stationary combustion sources.  Elements of the program are co-funded by the US 
Department of Energy, the European Union and Norway's Klimatek program. 
 
The CCP is supporting the development of a number of technologies and evaluating their costs for CO2 
capture against four scenarios, one of which is an oil refinery in Europe.  The CCP is also interested in 
comparing the economics of these processes against promising technologies being developed for the same 
purpose by others. 
 
Praxair, Inc, is leading a consortium supported by the US Department of Energy to develop a novel 
Advanced Boiler which incorporates a membrane to separate oxygen from the air, which is then used for 
combustion.  The flue gas will consist essentially of CO2 and water from which the CO2 can easily be 
separated.  The technology promises to reduce the cost of capturing CO2 from new boilers and potentially 
also process heaters. 
 
A contract for this work has been submitted to Praxair for signature, but has not yet been signed. 
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1.3.1.4  Experimental 
 
In executing this study, Praxair will produce an outline design and feasibility study and provide 
conceptual capital and operating cost estimates for a plant incorporating a Praxair Advanced Boiler 
designed to: 
 
(i)  match the performance of a specified boiler within the CCP's Refinery Scenario (Grangemouth, 
Scotland) and 
 
(ii)  to capture the CO2 emissions, delivering them with a specified product quality for storage. 
 
The study will also provide cost and performance data for a new conventional boiler with the same output 
and air as oxidant, without CO2 capture.  This is required so that a net capture cost per ton of CO2 can be 
derived. 
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1.3.1.5  Results and Discussion 
 
 
1.3.1.5.1  Deliverables 
 
The Final Report will cover the following: 
 

− Summary. 
− Description of the technology. 
− Decription of the current status of the development program and the anticipated forward schedule 

to commercialisation. 
− Heat and mass balances for the conventional boiler and for the Advanced Boiler and CO2 

treatment plant. 
− Block Process flow diagrams for the conventional boiler and for the Advanced Boiler and CO2 

treatment plant. 
− Overall Layout diagram with dimensions of the main units (length, breadth, height) for the 

conventional boiler and for the Advanced Boiler and CO2 treatment plant. 
− CO2 emitted from the conventional plant.  CO2 produced by the Advanced Boiler together with 

the proportion of CO2 captured and the composition of the delivered CO2 product. 
− Estimated capital costs for the conventional boiler and for the Advanced Boiler and CO2 

treatment plant, broken down by plant unit.  These should be the contractor's installed costs with 
a clear definition of scope. 

− Power, fuel gas and other utility consumptions, broken down by plant usage, for the conventional 
and Advanced systems. 

− Other operating costs for both systems with the bases for estimation. 
 
Notes on the deliverables: 
 

− Costs should be on a US Gulf Coast basis.  Sufficient information on utility, power and fuel costs 
for the study will be provided by the CCP at the start of the work. 

 
o It is recognised that the Advanced Boiler is new technology at a relatively early stage in 

its development.  Please indicate the main sources of uncertainty in the cost and other data and 
give an indication of the likely accuracy of each type of data. 

 
o The data will be used by the CCP to develop a costing on a standardised basis for the 

complete refinery scenario, and therefore it is important that the basis of the costs presented is 
fully broken down and explained. 

 
 
1.3.1.6  Conclusion 
 
No contract placed as yet. 
 
 
1.3.1.7  References 
 
No contract placed as yet. 
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2.  Storage Monitoring and Verification Studies 
 

2.1  Risk Analysis 
 

2.1.1  Safety Assessment Methodology Assessment for CO2 
Sequestration (SAMCARDS) 
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2.1.1.1  Abstract 
 
2.1.1.1.1  FEP analysis and scenario formation 
 
The FEP analysis and scenario formation have been further developed in the period reported here. A 
number of tools have been developed that allow for a simple analysis of FEP interactions, grouping of 
scenario defining FEP’s and construction of influence diagrams for these FEP’s. In conjunction with the 
existing FEP database, the tools were tested during a workshop in June 2003. The general conclusion was, 
that the tools were very useful, but need some further refinement. Working with the tools also showed 
that there is a need for further screening of the FEP’s, especially in relation to the differences in 
abstraction levels. Clearer definitions of the FEP’s and the actions required in the analysis of the FEP 
database are also necessary. 
 
2.1.1.1.2  Process modeling 
 
Monte Carlo simulations to feed the probabilistic Performance Assessment model have been carried out 
for the reservoir-seal model. Based on the sensitivity analysis reported in the Phase 1 status report 
(Wildenborg et al, 2003), and expert guesses on the distribution of the uncertain parameters in the system, 
some 1,000 combinations of parameter values were generated, and the CO2 fluxes at a depth of 300 m 
below ground level were calculated. For the shallow subsurface, including the atmospheric compartment, 
the simulations will be carried out by LBNL. The conceptual model has been defined, and the first 
simulation results are now being evaluated. It seems that the main problem that needs to be resolved is the 
dependence of the results on the grid resolution. 
 
The probalistic tool, based on Parzen densities has been completed, and has been tested on the results of 
the Monte Carlo simulation with the reservoir-seal model. The results of this test are promising. 
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2.1.1.4  Introduction 
 
2.1.1.4.1 FEP analysis and scenario formation 
 
The FEP database consists of a large number of FEPs, that have different levels of abstraction. Screening 
and analyzing these FEPs and their interaction is required to arrive at a set of scenario defining FEPs. 
Given the large number of FEPs such an analysis is not easy to carry out. Tools are required that can help 
in analyzing the interactions between FEPs and the influences FEPs have on other (groups of) FEPs in a 
consistent way. But even with the presence of these tools, expert judgement is still the basis for the 
development of sets of scenario defining FEPs. 
 
Within the framework of the SAMCARDS project, a number of these tools have been developed. They 
have been tested during a workshop in June 2003, where a number of experts made a first attempt to 
analyse the FEP database, define interactions between FEPs and finally group FEP into scenario elements. 
The results will be reported in the following chapters. 
 
2.1.1.4.2  Process modeling 
 
A comprehensive description of the physical, chemical and mechanical modeling that will form the basis 
of the probabilistic performance assessment (PA) model has been given by Wildenborg et al, 2003. 
 
Most of the parameters in the models will have a high level of uncertainty associated with them. 
Basically, these parameters (like permeabilities, porosities, relative permeabilities, capillary pressures, 
etc.) can only be measured for a very limited number of locations. Given the heterogeneity of the 
subsurface system, it will be virtually impossible to predict the parameter values in locations that have not 
been measured. 
 
Treating the uncertainties in the parameter values requires a stochastic approach. Monte Carlo simulations 
are required because of the non-linearity of the response of the models. This in turn requires the definition 
of the probability distributions of the parameters. In general, these will be based on expert judgment. 
For the reservoir-seal model, such a Monte Carlo simulation has been carried out, using 1,000 realizations 
of parameter values. Subsequent Monte Carlo simulations with the shallow subsurface model have as yet 
not been carried out. 
 
The probabilistic PA model has been tested on the data generated by the Monte Carlo simulation with the 
reservoir-seal model. Because these results form a multi-dimensional probability distribution, visualizing 
this distribution is not a trivial problem. However, it is easy to generate probabilities of certain events, 
like e.g. the probability that the CO2 flux exceeds a certain limit. 
 
Results of the process modeling will be reported in detail in the next chapters. 
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2.1.1.5  Executive Summary 
 
2.1.1.5.1  FEP analysis and scenario formation 
 
The FEP database that has been set up in the framework of the SAMCARDS project consists of some 665 
different FEPs. Analyzing this comprehensive set of FEPs in terms of interactions, relations and grouping 
will require, apart from expert judgment, a lot of effort. In fact, such an analysis is virtually impossible 
without the aid of a number of tools that allow for a consistent treatment of these FEPs. These tools have 
been developed within the project. They allow visualization of interactions between FEPs and relations 
between the different FEPs. They also allow the grouping of FEPs based on information available in the 
database. However, even though these tools are a necesscity, analysis of the FEPs and grouping them into 
scenario defining elements cannot be done without expert judgment. 
 
During a two-day workshop held in June 2003, a number of experts were requested to work with these 
tools and analyze the FEPs that were previously screened (Wildenborg et al, 2003), and, if possible, 
define groups of FEPs that form scenario elements. Although the general conclusion of the workshop was 
that, working with the tools, it would certainly be possible to define scenario elements by grouping the 
FEPs, a number of problems still need to be addressed. These problems adhere to both the definition of 
the FEPs and the possibilities of the tools. 
 
In principle, the completely different abstraction levels of different FEPs makes it in some cases difficult 
to define interactions between the FEPs. The fact that definitions are not always clear, and that there 
sometimes still is considerable overlap between the FEPs does not help either. 
 
Definitions and rules with respect to the screening of the FEPs are not always clear and need further 
documentation. Apart from small adjustments in the tools, the possibility to show circular relations in the 
influence diagrams should certainly be implemented. With these adjustments and developments the 
definition of scenario should follow. 
 
Integration with the Quintesse IEA FEP database is still waiting for financial support from the IEA 
Greenhouse Gas R&D Program. 
 
2.1.1.5.2  Process modeling 
 
The process models for the different compartments all suffer from the fact that the physical/chemical/ 
mechanical parameters that are required for these models are in general highly uncertain. In order to 
address the problem of parameter uncertainty, a stochastic approach has to be taken. Because of the non-
linearities of the models, this will require Monte Carlo simulations with the different compartment 
models. This in turn will require definition of the probability distributions of the different parameters. For 
a specific site, these will be based on available data in combination with expert judgment. 
 
Based on the sensitivity analysis reported in the Phase 1 report (Wildenborg et al, 2003), Monte Carlo 
simulations have been carried out for the reservoir-seal model. Some 1,000 combinations of parameter 
values were generated, and CO2 fluxes that must serve as boundary conditions for the shallow subsurface 
model have been calculated for these different combinations. 
 
Simulations for the shallow subsurface compartment, including the atmosphere, are being carried out by 
LBNL. The first results are now being discussed and evaluated at the moment. They seem to indicate that 
the spatial resolution of the model still plays a role, i.e. that no grid converged solution was obtained with 
a course grid. This problem needs to be resolved in order to make Monte Carlo simulations with the 
shallow subsurface model possible.  
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The development of the probabilistic Performance Assessment model has been finalized. Documentation, 
both of the scientific background and the computer program are available (Wojcik and Torfs, 2003a, 
2003b). One of the important parameters in the probabilistic model is the globality parameter, that in 
effect determines how far the influence of the different data points reaches. How sensitive results of the 
probabilistic model are for values of the globality parameter needs to be tested further. 
 
The model was tested with the results of the Monte Carlo simulations of the reservoir-seal model. The test 
showed that the probabilistic tool is easy to work with. Although it is almost impossible to visualize the 
multi-dimensional (in this case four dimensional) probability density functions, it is easy to generate 
individual probabilities, e.g. the probability that the CO2 flux exceeds a certain limit. These probabilities 
are generated by Monte Carlo type simulations with the multi-dimensional probability density function, 
and these can easy and fast be carried out. 
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2.1.1.6  Experimental 
 
2.1.1.6.1  FEP analysis and scenario formation 
 
2.1.1.6.1.1  Concept 
 
The core of the long term safety assessment is the systematic development of a limited number of 
scenarios that describe the future behaviour of the sequestration facility with respect to HS&E. The basic 
elements for the development of scenarios are the FEPs. FEPs are all possible Features, Events and 
Processes that may have a risk impact on the future evolution or state of the sequestration facility. FEP 
analysis is the process of evaluating FEPs. Scenarios are constructed subsequently during the scenario 
formation process. 
 
During the FEP analysis the relevance of each FEP is evaluated with respect to the assessment basis. The 
assessment basis specifies the criteria for risks, the sequestration concept, site characterization and other 
boundary conditions. FEP analysis depends on the input of expert opinion and is therefore subjective by 
nature. A method is being developed to structure and rationalize the FEP analysis process in order to 
reduce the subjectivity as much as possible. 
 
The FEP analysis and scenario formation method will be screened by an external and independent review 
committee, as part of the safety assessment procedure. Prerequisites and main test parameters are: 
comprehensiveness: the list of FEPs relevant to the safety assessment should be complete; 
transparency: the FEP descriptions and analysis procedure should be transparent to a wider audience; 
tractability: all decisions made during the FEP analysis and scenario formation should be traceable. 
The FEP analysis and scenario formation procedure have been described in the SAMCARDS annual 
report 2002 (Wildenborg et al, 2003) and are included in Appendix A.  

 
 
Figure 1 Stages of the FEP analysis procedure 
 
2.1.1.6.1.2  Developments 
 
In 2002, 665 FEPs were identified and were implemented in a FEP database to support the FEP analysis 
process. During a workshop in December 2002 (TNO-NITG, 2002) the database and FEP analysis 
methodology were tested and the FEPs were screened for relevance with respect to two field specific 
cases: CO2 sequestration in an on-shore depleted gas field and in an off-shore aquifer. At that time the 
methodology and database tool were developed halfway (Figure 1 ). 
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In 2003 the methodology and tool(s) supporting the FEP analysis process have been developed further. 
The time schedule of the main activities is given in table 1 .  
 
Table 1 Time schedule of FEP analysis process 
 
       Year 2003      
  1 2 3 4 5 6 7 8 9 10 11 12 
Activity         Phase 2      
              
2100 Scenario development             
       T WS  M210    
A  Interaction Matrix             
              
B  FEP Grouping Procedure             
              
C  Scenario Construction             
              
D  Tool Development             
              
              
  M210  Milestone with due date 31/08/03     
  T  Internal test methodology      
  WS  Scenario workshop       

 
So far the activities focused mainly on the procedures of interaction and grouping of FEPs. The objective 
has been to develop a transparent methodology supported by tools that are capable of recording all the 
steps and decisions during the interaction, grouping and scenario formation process. At this time, no tools 
have been developed to support the scenario formation. 
 
 
2.1.1.6.1.3  Examples of tools 
 
In 2003 the screening and interaction procedure has been implemented within the MS-Access database 
tool that was developed in 2002 and that already covered the first three steps of the FEP analysis 
procedure (Fig. 1 ). The interaction between FEPs is supported by the identification of mutual features 
(parameters) that are affected by two or more FEPs. Once all FEPs are screened for features that could be 
potentially affected (Fig. 2 ), the interaction matrix (Fig. 3 ) can be generated. In case two FEPs affect a 
similar feature, the interaction matrix is automatically filled in. The syntax of the matrix is as follows: 
fields within the matrix present the likelihood that the FEP on the (top) horizontal axis could initiate the 
FEP on the vertical axis. The order of likelihood can be expressed by different magnitudes.  
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Figure 2 Example of the tool that records which features (right) may be affected by which FEP (left).  
 
 

 
Figure 3 Example of the interaction matrix tool (biosphere compartment). 
 
 
The results of the interaction matrix can be exported to an influence diagram (Fig. 4 ). The influence 
diagram tool visually, and more intuitively, presents the cause-effect relationships between FEPs. 
 
The grouping of FEPs has been implemented within the MS-Access database tool, similar to the 
screening and interaction procedures. Grouping of FEPs is based on spatial and temporal consistency in 
combination with the interactions that have been previously defined. Fig. 5 shows an example of the tool 
that supports the grouping process. 
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Figure 4 Example of the influence diagram tool (biosphere compartment). 
 
 

 
 
Figure 5 Example of the tool that supports the grouping process. FEP groups are automatically identified (right) 
on the basis of various selection criteria (left). 
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2.1.1.6.1.4  Scenario Workshop 
 
The applicability of the tools developed in 2003 was tested during a scenario workshop held at the TNO-
NITG premises on 18-19 June 2003 (Appendix B).  
 
Being ahead of the post workshop document, to be completed by the end of July 2003, the main 
conclusions of the workshop are: 
 
the methodology and tools support a tractable FEP analysis process,  
 
the methodology and tools may contribute to a transparent FEP analysis process if the following aspects 
are improved: 
 
1. definitions and rules with respect to the screening and interaction process should be well documented; 
2. the list of Features should be re-configured in order to easily deal with the different ranges of 

abstraction levels of individual FEPs; 
3. the definition, scope and relation to safety of some FEPs should be described more clearly;  
4. the tools need small adjustments to increase their user-friendliness. Examples are the complicated 

mouse-handling within the interaction matrix and the inability to present circular relationships within 
the influence diagrams;  

5. possible interaction between scenario elements in different compartments (e.g. overburden FEPs 
interacting with biosphere FEPs) has not been covered during the workshop, however, is part of the 
FEP analysis process and should be available in the FEP analysis tools. 

 
 
2.1.1.6.1.5  Future Work 
 
In July and August 2003, the aspects for improvement as identified during the scenario workshop will be 
worked out. This includes: 
 
 Further development of the tools that support the FEP analysis and scenario formation. 
 
 Documentation of the user-manual that supports the tools. 
 
 Possible integration with the Quintessa IEA FEP database, depending on financial support by the 

IEA Greenhouse Gas R&D Program. 
 
In addition, the SAMCARDS base case (reference) scenario and variant scenarios should be defined in 
terms of model representation before end of August 2003. The development of scenarios should follow 
from the newly developed FEP analysis and scenario formation methodology. 
 
2.1.1.6.2 Process modeling 
 
In the description of the status of the physical-chemical modeling, we will concentrate on the results 
obtained so far for the case of a leaking seal, and the modeling of this case with the reservoir-seal model 
and the shallow subsurface model. 
 
2.1.1.6.2.1  Reservoir-seal model 
 
Introduction 
 
The reservoir-seal model has extensively been described in the Phase 1 status report of SAMCARDS 
(Wildenborg et al, 2003). In that report, a sensitivity analysis was reported for the case of a leaking (high 
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permeable) seal. Results of this sensitivity analysis showed that three dimensionless numbers dominated 
the CO2 fluxes to the shallow subsurface (at 300 m below ground level). These numbers were: 
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where 
?? = ?water-?CO2 = density difference water and CO2 [M L-3] 
g = acceleration of gravity [L T-2] 
Qi = injection rate [L3 T-1] 
Ti = injection period [T] 
µwater = water viscosity [M L-1 T-1] 
H = depth of reservoir [L] 
D = thickness of reservoir times porosity [L] 
kvo = average vertical permeability of overburden [L2] 
 
These dimensionless numbers can be interpreted as the resistance of the overburden, the ratio of buoyancy 
and viscous forces, and the amount of COP2 that can be stored. 
 
The time-dependent CO2 fluxes at a depth of 300 m below ground level were approximately described by 
six numbers.  Fig. 6 shows a typical example of such a breakthrough as a function of time. Also given in 
this fig. Is the radius around over which CO2 breakthrough occurs, also as a function of time.  
 
In order to minimize the amount of data that has to be passed  on from the reservoir/seal model to either 
the shallow subsurface model or the marine compartment model, the curves shown in fig. 6 are 
approximated by six numbers, defining: 
 
1. the first time of CO2 breakthrough Ax in the fig.); 
2. the maximum CO2 flux (By in the fig.); 
3. the time the maximum CO2 flux occurs (Bx in the fig.); 
4. the maximum radius over which CO2 fluxes occur (Dy in the fig.); 
5. the time at which the maximum radius occurs (Dx in the fig.); 
6. the time of the end of breakthrough (Cx in the fig.). 
 
These numbers have been chosen such, that both the time-dependence of the CO2 flux and the area over 
which CO2 escapes are reasonably well described, and that, as a consequence, the total amount of CO2that 
escapes from the system is well approximated.  
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Figure 6 CO2 breakthrough from the reservoir seal model 
 
 
2.1.1.6.2.2  Monte Carlo simulation 
 
In order to quantify the effect of parameter uncertainty on the CO2 fluxes from the reservoir-seal model to 
the shallow subsurface model, Monte Carlo simulations were performed. For a number of controlling 
physical parameters, probability distributions were defined, and a set of parameter combinations were 
generated based on these distributions. 
 
Table 2 Parameter distribution for Monte Carlo simulations reservoir -seal model 
 

 
Table 2 shows the parameters, their mean values and the distributions and the ranges used in the Monte 
Carlo simulations. The types of distributions chosen, and the possible ranges of the parameters are, to a 
certain extend, arbitrary, and based on expert opinion of the members of the SAMCARDS team. 
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For the Monte Carlo simulations, the depth and the thickness of the reservoir have not been varied. The 
reason for this is, that a changing depth or thickness would necessitate the generation of a new 
(geometric) model for each parameter combination. Since the behaviour of the model is controlled by a 
set of dimensionless numbers, changing the depth and thickness of the reservoir is not really necessary. 
 
The water properties, density ρ and viscosity µ are related to the salinity, the temperature and the 
pressure. Functional relations have been used as given by Batzle and Wang (1992). The temperature 
distribution is assumed to be according to the geothermal gradient, and, hence, is known. The pressure is 
initially assumed to be known at reservoir depth, and is during the simulation related to the injection and 
the flow of water and CO2.  
 
The vertical resistance of the overburden, one of the controlling parameters in the system, is mainly 
determined by the vertical permeability of shale, the type of formation in the overburden with, by far, the 
smallest permeability. Permeabilities of all other types of formations in the overburden have been kept 
constant. 
 
The seal vertical permeability for this exercise is much larger than can be expected in real world systems. 
As has been stated in the previous status report (Wildenborg et al, 2003), this has to do with the type of 
leakage mode investigated here. 
 
Given the fact that the behaviour of the reservoir-seal system is to a large extend controlled by three 
dimensionless numbers, we expect that 1000 (103) combinations of parameters is sufficient to define the 
probability density functions of the numbers describing the time dependent CO2 fluxes from the reservoir-
seal model. Consequently, 1000 parameter combinations have been drawn according to the distributions 
and ranges as given in table 2. In drawing these parameter values, it has been assumed that there is no 
correlation between the parameters. For each of the parameter combinations, the time dependent CO2 
fluxes to the shallow subsurface have been calculated. 
 
2.1.1.6.2.3  Shallow subsurface and atmosphere 
 
Introduction 
 
Within the SAMCARDS project, the subsurface model calculations for the different leakage modes will 
be carried out by Lawrence Berkeley National Lab. (LBNL). A number of steps are required to generate 
the stochasic output in terms of the CO2 fluxes to the atmosphere and CO2 concentrations in the shallow 
aquifer: 
 
1. definition of the conceptual model for the shallow subsurface;  
2. definition of the parameters to be varied and the corresponding distributions; 
3. definition of the required output; 
4. simulate base case leaking seal mode (by LBNL) and evaluate results; 
5. generate input for multiple cases (using the CO2 fluxes and radii from the reservoir-seal model); 
6. performing Monte Carlo calculations (by LBNL); 
7. interpretation of results.  
 
Conceptual model 
 
The base case model that has been developed in phase 1 of the SAMCARDS project (Wildenborg et al, 
2003) has been reevaluated, and the conceptual model as shown in fig. 7 was developed. The model 
considers a CO2 flux into the shallow subsurface (the upper 300 m) from the bottom of the model due to a 
leaking seal. The flux is time dependent and has a certain infiltration radius that is time dependent too. 
These are generated by the reservoir/seal compartment model. In the subsurface the CO2 is subject to 
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different forces as indicated in the figure (buoyancy forces, capillary forces, convection etc). Due to 
(mainly) buoyancy, the CO2 might invade into the atmosphere. 
 

 
Figure 7 Conceptual model for the shallow subsurface 
 
The dissolved CO2 in the groundwater may cause heavy metals to become mobile which may contaminate 
the groundwater in the aquifers. The specific equations that describe the transport and behaviour of CO2 
in the shallow aquifers are given by Battistelli et al (1997), Oldenburg and Unger (2003) and Pruess et al 
(2001).  
 
In contrast to the shallow subsurface model presented in the first phase of the SAMCARDS project 
(Wildenborg et al, 2003), the model presented here includes CO2 flow into the atmosphere and the effect 
of salinity on CO2 dissolution. Buoyancy and cappilarity still play a major role.  
 
The model domain is shown in fig. 8 . It is radial symmetric with a depth of 300 m and a horizontal 
extension of 15,000 m.. The soil surface shows a depression in a radius of 20 m around the center of the 
domain. The soil characteristics are based on the geology of the western parts of the Netherlands. The soil 
consists of 4 high permeable layers separated by low permeable layers. CO2 enters the model through the 
lower boundary and in the center of the domain with a radial extension R.  
 

 
 
Figure 8 Layering in the shallow subsurface model 
 
Dissolution of CO2 is included in the model assuming local equilibrium. Advection, dispersion, diffusion 
and the effect of capillarity are taken into account. There is no natural groundwater flow and the 
background CO2 concentration in the groundwater is assumed to be zero. Due to lack of data a 
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temperature in the entire model of 10 degrees Celsius is assumed. The beginning of the calculation is at 
the time of the first CO2 arrival after injection: 1300 yr. The total time of the calculation is 4000 yr. 
 
Table 3 Hydraulic properties of layers in shallow subsurface 
 

 High perm layers Low perm layer 
K (m2) 1.4 10-12 1.4 10-14 
λ 2 2 
Pe (m) 0.3 2.0 
Porosity 0.35 0.4 

 
Table 3 gives the hydraulic properties of the high and low permeability layers in the system. Brooks and 
Corey type of functions are used to describe the capillary pressure-saturation relations, while the relative 
permeability-saturation relationship are given by the ones proposed by Burdine (Wipfler, 2003). λ is a 
dimensionless parameter that controls the steepness of the Brooks-Corey relation. Pe is the entry pressure 
for the different soil types. The layers are assumed to be incompressible. 
 
The distribution of the salinity is based on the Dutch DINO groundwater database which shows a linear 
profile of 0 mg/l at 50 m below ground level to 1000 mg/l at 300 m below ground level. Fluid properties 
are given as known functions of salinity, CO2 concentration, temperature and pressure. 
 
Transport of CO2 in the atmosphere is described by a convection-dispersion equation. Only density driven 
flow and diffusion will be considered. The wind velocity is approximately zero.  
 
Controlling parameters 
 
Based on the conceptual model the parameters that need to be varied in addition to the ones already 
included in the Monte Carlo simulation for the reservoir-seal model are the ratio of the permeabilities of 
the different soil types, and the ratio of the entry pressures. The range of variation still has to be 
determined. 
 
Required output 
 
The output that should be obtained from the model calculations will have to describe the development of 
the CO2 concentration in time and space. However, it will be impossible to handle the complete spatial 
and temporal distribution of this concentration. This distribution will be approximated by four numbers: 
 
1. the maximum CO2 concentration in the atmosphere; 
2. time required to reach this maximum; 
3. characteristic time of decline from maximum CO2 concentration; 
4. the dispersion constant. 
 
With these four numbers, a time-dependent Gaussian spatial distribution of CO2 can be constructed. A 
similar approach can be defined for the concentration in the shallow aquifer. 
 
Status 
 
The first modeling results obtained from LBNL are now being evaluated. In contrast to what was reported 
in the Phase 1 report (Wildenborg et al, 2003), CO2 spreads much further in the aquifer and enters the 
atmosphere. That has to do with an error in the definition of the CO2 flux boundary conditions in the 
previous simulations. The first results obtained now indicate a strong dependence of the results on the 
calculational grid used. Further discussions with LBNL are required to solve that problem. 
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2.1.1.6.2.4  Probabilistic PA model 
 
General considerations. 
 
In the previous status report (Wildenborg et al, 2003) the data flow for a particular scenario was 
described. When data have been processed in the various compartments they will have been transformed 
into a CO2 concentration field which depends on time. Each particular set of initial and boundary 
conditions leads to such a time dependent field. 
 
These data have to be dealt with in a probabilistic way. The reason is obvious: there is no infinitely 
precise information on the subsurface available. Although the methodology developed here should be 
applied to a specific site, and CO2 will be stored into a part of the subsurface that is relatively well-
known, the information is still incomplete.  
 
The insufficient knowledge of a specific site has to be transformed into a probability density function 
(pdf) of the crucial physical and chemical quantities that describe the CO2 distribution in space and time. 
Parameter values have to be drawn from various distributions, which will easily lead to at least some 
thousand cases that have to be investigated (see also the section on the reservoir-seal model). None of 
these cases will represent the site as is, and a probabilistic approach has to be adopted. 
 
The sheer magnitude of the output of the simulations required to address the problem of parameter 
uncertainty forces us to present the contents of this data in a compact way. A minimum set of numbers to 
accomplish this is four: 
 
1. the maximum CO2 concentration in the atmosphere; 
2. time required to reach this maximum; 
3. characteristic time of decline from maximum CO2 concentration; 
4. the dispersion constant. 
 
Likewise, the same minimum set of numbers must be determined for the impact on groundwater of a CO2 
hazard. 
 
Consequently, the effect of parameter uncertainty on the CO2 distribution in the atmosphere or the 
shallow groundwater will be summarized in a pdf of four variables. 
 
Probabilistic issues. 
 
It was decided early-on that probabilistic inferences would be made with help of the PARDENS tool, 
developed by Wojcik and Torfs. (2003a, 2003b) 
In the tool the user possesses freedom to choose the balance between the data wielding local influence 
and influencing on larger scale. That is done by choosing a value of the “globality” parameter. Then, an 
iterative procedure gives the best fit, and returns a value (“validcrit”) of a certain functional to be 
maximized in the iterative process (Wojcik and Torfs, 2003a, 2003b). 
 
It might be thought that the optimum fit of a dataset is governed by the globality parameter giving 
maximum “validcrit”. This view is not taken here. It is true that there exists an optimal choice for a pdf 
once the globality parameter has been chosen, but the choice of this parameter itself may be guided by 
scientific considerations. In fact, constructing a pdf is not a “one-solution-problem”.    
For example, consider the following problem: 
1. two different physical mechanisms brought about certain data. A pdf consisting of two “humps” 

rather than one overall Gaussian may be considered if it is known that different mechanisms work in 
different parameter ranges. 
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2. the same data, but nothing is known about the mechanism(s) that brought them about. In fact, only the 
order of magnitudes of variations in the parameters is “certain”. In such a case looking for an overall  
Gaussian distribution might be the best translation of the prior knowledge (Jaynes, 2003).  

 
In a scientific context producing PDFs is not the responsibility of the mathematics alone, even though 
mathematicians may come up with tools to do so. 
 
Therefore, it is assumed that different values of the globality parameter give equally likely PDFs. For 
subsequent manipulations all of them will be used as a check on how (in)sensitive certain answers will be 
on the chosen pdf. In case of large sensitivity, a choice as to the globality parameters to pick has to be 
made. This philosophy conforms to a Bayesian viewpoint. 
 
The PDFs are constructed with an eye on subsequent questions to be answered. The theoretical tool to be 
used to do the answering is Monte Carlo simulation.  
 
Each and every question must be answered from the PDFs that have been constructed, and correlations 
that have been “spotted “ during construction must be taken into account. Usually, answering questions 
boils down to integrating the PDFs over a part of parameter space that is bounded in an intricate way. 
Analytical methods are not the method of choice, therefore, and we have to resort to Monte Carlo 
techniques. 
 
In the PARDENS tool there is the explicit possibility to sample points from a (given, constructed) Parzen 
density. Wit help of this and logic binary operations performing Monte Carlo computations is surprisingly 
easy (and not too time-consuming in the cases treated so far). 
 
The role of the PDFs is auxiliary. They are used in the computations. In the type of problems of interest, 
there is no possibility of making a picture of the distribution (which would be 5-dimensional in the case 
described). The best one could do is to make the various 1D marginal distributions and picturize them. 
 
Application 
 
In the section on the reservoir-seal model, the stochastic simulation for the leaking seal mode is described.  
 
1000 runs were made with quantities drawn from the parameter PDFs described in that section. 983 runs 
gave useable answers,. Just for experimental purposes a 3D probability distribution was constructed out of 
“build-up time”, “decline time” and maximum CO2 flux, three quantities that could be constructed from 
the grid results of the 983 runs. 
 
Now the question is asked: “what is the probability that the maximum CO2 flux is more than one standard 
deviation above the average value?” 
 
In answering this question 40,000 samples were randomly drawn from the constructed pdf. This was 
repeated for 10 different “globality” parameters evenly distributed in the range 0.1-0.999. 
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Table 4 Effect of globality parameter on probabilities 
 

globality Prob (max CO2 flux > average  + 1 σ) 
0.1 0.178 
0.2 0.178 
0.3 0.176 
0.4 0.175 
0.5 0.175 
0.6 0.174 
0.7 0.171 
0.8 0.165 
0.9 0.159 
1.0 0.160 

 
 
Table 4 shows the results of this exercise. It appears that the results are not critically dependent on the 
globality parameter, and that the probability is somewhere in the range 0.16-0.18. The results in the last 
two lines resemble what might be expected from a 1D Gaussian distribution. Whether this does mean that 
the distribution of the max. CO2 flux is a Gaussian, independent on the distribution of the other variables, 
could be further investigated this with the PARDENS tool. However, this matter will not be pursued here. 
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2.1.1.7  Results and Discussion 
 
In the period reported here, tools have been developed that allow a consistent analysis of the FEP 
database, and hence the development of methods to identify groups of scenario defining FEPs. Testing 
during a two-day workshop in June 2003 showed, that small adjustments in both the tools as in the FEP 
database are still needed. With these adjustments the base case scenario and variant scenarios can be 
defined. 
 
Monte Carlo simulations with the reservoir-seal model have been carried out for some 1,000 
combinations of parameter values. No major problems were encountered in carrying out these 
simulations. 
 
Simulations for the shallow subsurface model, including the atmosphere, are carried out by LBNL. The 
first results of these simulations are now being evaluated and discussed. These results indicate that there 
is a grid convergence problem, i.e. results are still dependent on spatial resolution of the model. Monte 
Carlo simulations with the shallow subsurface have not been carried out yet. They are waiting for a 
solution of the grid resolution problem, since Monte Carlo simulations cannot be carried out for a fine 
grid, because of large computer times required. 
 
The probabilistic tool that will form the basis of the Performance Assessment model has been finalized. 
The first tests show that the tool is easy and fast to work with. One of the major parameters in the model 
is the globality parameter that determines the “radius of influence” of the different data points. Choosing 
this parameter is a question of expert judgment. It needs to be seen how sensitive answers of the 
probabilistic tool are for the choice of this globality parameter. 
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2.1.1.8  Conclusion 
 
Based on the results of the two-day workshop in June 2003, we can conclude that the analysis of the FEP 
database in order to define groups of scenario defining FEPs should be possible in a short time. 
 
Carrying out Monte Carlo simulation with the reservoir-seal model for the leaking seal mode did not pose 
any problem. It is expected, that the same will be true for the leaking well mode and the leaking fault 
mode. 
 
Monte Carlo simulation with the shallow subsurface model has not been carried out. These simulations 
will be carried out by LBNL. The progress of this work is a bit hampered by the logistics of discussing 
results and possibilities with co-workers of LBNL. The first results, that are being evaluated now, show 
grid dependence of the CO2 distribution for this shallow subsurface model. This problem has to be 
resolved before Monte Carlo simulations can be carried out. 
 
The probabilistic Performance Assessment model is operational and well documented. First tests show 
that the model is easy to work with and require little CPU time. 
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2.1.1.13  Report Appendices 
 
Appendix A: FEP analysis  
 
FEP analysis (Fig. 9 ) starts with a comprehensive inventory of all possible FEPs that may influence the 
safety of the sequestration facility. As the inventory is essentially not case specific this leads to a huge 
number (in the order of hundreds) of FEPs. This large number needs to be cut down to a tractable amount. 
The reduced set of FEPs makes it possible to define relevant scenarios. This is the objective of the FEP 
analysis. 
 
The first two stages of the FEP analysis, i.e. identification and classification, are generic. The ranking, 
however, is case specific and depends on the terms and conditions defined in the assessment basis. For 
each HS&E study the FEPs need to be ranked by experts. 
 

Figure 9 Scheme of stages in the FEP analysis. 
 
The fourth step involves screening out of the FEPs, which appear to be irrelevant for the HS&E 
assessment. FEPs can appear to be irrelevant for many reasons. Examples are: 
 
low likelihood 
low impact 
irrelevant time scale. 
 
The product risk = probability x impact is used to select a restricted number of FEPs that subsequently 
are qualified as either base-case or scenario defining. Base-case FEPs will be included in all subsequent 
scenarios, including the base scenario. They have been qualified as “Very likely” (table 5). Scenario 
defining FEPs are FEPs with a high and medium risk other than base-case FEPs. 

FEP identification

FEP classification

FEP ranking

FEP screening

FEP selection

Scenarios
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Table 5  Semi-quantitative risk matrix. 
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By default, the features have a probability of ‘unity’ and are defined as base-case FEPs. They do not need 
to be evaluated during the ranking procedure, as they are always included in all scenarios. They are the 
basic input parameters for the subsequent numerical modeling phase. 
 
A variant scenario is defined as a possible evolution of the sequestration facility. It includes all FEPs from 
the base scenario and, in addition, one or multiple scenario defining FEPs. 
 
Often the number of scenario-defining FEPs is too large to define a restricted number of variant scenarios. 
Out of 10 scenario-defining FEPs more than 1,000 variant scenarios (210) can be defined. A further 
reduction of the number of scenario-defining FEPs might be opportune. This is achieved through 
grouping FEPs with similar effects on the underground facility and its surrounding environment. FEP 
interactions are accounted for during this process. Initiating events and processes that may result in CO2 
bypassing the boundary of the sequestration facility (i.e. the seal) are distinguished from other FEPs. 
 
Selection of combination(s) of FEP groups is the last stage of the FEP analysis. This stage comprises the 
formation of a limited number of scenarios that describe the possible future evolution of the sequestration 
facility. A scenario is build-up by a number of scenario elements. Scenario elements are alternative future 
states that each model compartment may adopt and that affect the integrity of that compartment. The 
model compartments under consideration are: reservoir, seal, well zone, fault zone, overburden, fresh-
water zone, marine and atmosphere (Fig. 10 ). 
 
Scenario formation 
 
The approach pursued here is to divide the sequestration facility into several components: reservoir, seal, 
well, fault, overburden and biosphere, termed model elements, and then to postulate a comprehensive set 
of alternative states which each model element may adopt that affect the integrity of that compartment. 
 
The stages to follow are: 
§ Define potential model elements comprising specific FEP groups. 
§ Construct an influence diagram or interaction matrix showing dependenc ies between model 

elements (see Fig. 11 as an example). 
§ Define a comprehensive set of states for each model element. 
§ Form a model element state tree in which each combination of states defines a potential scenario. 

The base scenario comprises of base case FEPs that have been defined during the ranking process. 
The base case refers to the most probable development of the CO2 sequestration system. Variant 
scenarios comprise of scenario defining groups of FEPs. Variant scenarios are alternative features, 
events and processes, about which considerable uncertainty exists. 

§ Screen the combination of model element states by rejecting non-physical and unimportant 
combinations to arrive at a set of scenarios for consequence analysis. 

§ Assign weights (alternatively 'degrees of belief' or probabilities) to each model element state 
taking account of states of other model elements via the influence diagram (see Fig. 12 as an 
example) and hence derive scenario probabilities. 
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Figure 10 Schematic representation of model compartments. 
 
The main advantages of the top-down approach are that the model element states can be defined to be 
intrinsically comprehensive, and thus weights ('degrees of belief' or probabilities) can be coherently 
assigned using expert judgment. 
 
An important part of the developmental work is directed to a computerized scenario database and is of 
special importance for constructive iterations, review and transparency of the whole scenario formation 
process. In this way the complete chain of scenario development can be documented. 

 
Figure 11 Example of an influence diagram. 
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Figure 12 Example of a tree diagram. 
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Appendix B: Scenario Workshop Document 
 
This document serves as an introduction to the scenario workshop of 18 and 19 June 2003 organized by 
TNO-NITG. The workshop will focus on the last stages of the FEP analysis process: FEP grouping and 
scenario construction. The workshop is a follow-up of the FEP workshop held on 4 December 2002. 
 
Background 
 
To determine whether geological storage of CO2 is a viable option to contribute significantly to the Kyoto 
targets it is essential to show that suffic iently large amounts can be stored safely and with acceptable 
costs. It was recognized that the long-term safety required more research to make underground CO2 
storage acceptable for governments, public and environmental organizations. 
 
Introduction 
 
The currently ongoing SAMCARDS project (Wildenborg et al, 2003) focuses on the safety assessment of 
underground storage of CO2. A methodology for the HSE (Health, Safety and Environment) risk 
assessment of CO2 sequestration is being developed, and will be demonstrated in practice for two real 
CO2 sequestration cases. The methodology under development is new in the CO2 application area. It is 
based on the scenario approach (Fig. 13 ) which has been successfully applied in safety assessment 
studies (NIREX, 2000; PROSA, 1993) of hazardous waste disposal. 
 
 
 
        
 
 
Figure 13 The main phases of the scenario approach for risk assessment. 
 
During the workshop we will apply the newly developed method in practice. The workshop will 
particularly focus on the first stages of the scenario approach: FEP analysis and scenario construction. 
 
The objective of the workshop is twofold: 
Performing several exercises on the basis of the selected FEPs in the previous workshop to define a 
limited number of future risk scenarios. FEPs will be grouped into scenario elements. Risk scenarios will 
be defined by combination of several scenario elements. 
Testing the methodology and tools developed by TNO-NITG to examine the applicability of the proposed 
method and, possibly, to improve certain aspects of the method. 
 
 
General approach 
 
The core of the scenario approach (Fig. 13 ) is a systematic development of a limited number of scenarios 
that describe the potential long-term evolution of a CO2 sequestration site. Once the scenarios have been 
defined they need to be evaluated in modeling terms i.e. development of conceptual models and related 
model codes. The developed models are used to quantitatively assess the consequences with respect to 
HSE. 
 
The basic elements for the development of scenarios are the FEPs (NIREX, 2000; PROSA, 1993). The 
term FEP is an acronym for Feature, Event and Process. A scenario consists of an assemblage of 
interdependent FEPs that describe the long-term fate of the sequestration system.  
 

Scenario  

construction 

Model 

development 

Consequence 

analysis 

FEP 

analysis 
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The development of an appropriate set of scenarios comprises many stages as illustrated in Fig. 14 . The 
first stage involves a comprehensive inventory of the FEPs that are related to the long-term fate of the 
sequestered CO2. As this inventory is essentially not case specific this leads to a huge amount (in the 
order of hundreds) of FEPs. This large number needs to be cut down to a tractable amount. The reduction 
of FEPs makes it possible to define relevant scenarios. This is the objective of the FEP analysis. 
 
 

 
 
Figure 14 Scheme of stages of the FEP analysis. 
 
The FEPs need to be evaluated by experts using the “assessment basis”. The assessment basis specifies 
HSE risk criteria, the sequestration concept, site characterization and other boundary conditions for the 
CO2 sequestration case under study (enclosure 1). During the evaluation the probability and potential 
impact of the FEP with respect to the assessment basis is estimated in semi-quantitative terms. Screening 
and selection will lead to a tractable number of FEPs that are input to the forecast scenarios. 
Workshop approach 
 
During the workshop of 4 December 2002, the four three stages of the FEP analysis procedure have been 
highlighted (Fig. 14 ). The current workshop in June will continue with the screening and will focus on 
the last three stages: interaction, grouping and scenario construction. Starting point is a collection of FEPs 
that were selected as “scenario defining FEPs” in December 2002 (enclosure 2). These FEPs need to be 
evaluated further in order to construct scenarios. FEPs that were selected for the base case (reference 
scenario) will not be part of the present workshop. 
Possible interdependence between the scenario defining FEPs will be analyzed for each compartment. 
The FEPs will be grouped into scenario elements on the basis of interaction and common classification 
attributes in the FEP database. The scenario elements will be combined into risk scenarios. Finally the 
model representation of the scenarios will be discussed. During the workshop we will not reflect on the 
mathematical modeling of scenarios and subsequent consequence analysis. 
 
Day 1 
 
The results of the first three stages of the FEP analysis process elaborated during the workshop of 
December 2002 will be discussed. After the plenary session, the participants will be divided over 
disciplinary groups. During the group sessions the interdependence between FEPs will be discussed. At 
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the end of the day the participants will group the scenario defining FEPs into scenario elements (Fig. 15  
). 
 

 
 
Figure 15  Workflow topics of December 2002 and June 2003 (day 1). 
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Figure 16 Overview of workshop topics June 2003 (day 2) 
 
Day 2 
 
The development of scenarios will be the main topic of day 2. In the morning the results of day 1 will be 
presented by the group chairmen. During the group sessions, the scenario elements that have been 
assigned to the model compartments will be analyzed in more detail (Fig. 16 ). Interaction between 
scenario elements will be evaluated. Risk scenarios will be constructed with the aid of the scenario 
elements based on spatial and temporal consistency. The model representation of the risk scenarios and 
scenario groups will be discussed. At the end of the day, the applicability of the FEP methodology and 
tools will be evaluated. 
 
A post-workshop document will be sent to all participants. It will summarize the hands-on experience 
with regard to the FEP methodology, the FEP analysis tools, possible bottlenecks and recommendations. 
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2.1.2  HSE Probabilistic Risk Assessment Methodology 
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2.1.2.1 Abstract 
 
A geomechanical study was performed to evaluate geomechanical factors that need to be taken into 
account in assessing the risk of CO2 leakage in CO2 sequestration in coal beds.  The study revealed that 
geomechanical processes lead to risks of developing leakage paths for CO2 at each step in the process of 
CO2 sequestration in coal beds. Risk of leakage is higher for old wells converted to injectors.  Risks of 
leakage is much higher for open cavity completions than for cased well completions.  Coal properties and 
available technology should minimize the risk that hydrofractures, used as part of comple tion, will grow 
out of interval.  The processes of depressurization during dewatering and methane production, followed 
by repressurization during CO2 injection, lead to risks of leakage path formation by failure of the coal and 
slip on discontinuities in the coal and overburden.  The most likely mechanism for leakage path formation 
is slip on pre-existing discontinuities that cut across the coal seam.  The predictive quantitative modeling 
study consists of a simulation history match and forecast in an actual field case (Tiffany field), a 
sensitivity study of key coal reservoir properties, and a CO2 seepage assessment from outcrops. This 
approach establishes a linkage between the first-hand knowledge of the actual field performance and a 
more realistic CO2 seepage forecast. By matching the nitrogen breakthrough times and nitrogen cut in 
Tiffany field, simulation revealed that the elevated pressure by N2 injection caused the coal fractures on 
the preferred permeability trends not only to expand but also to extend from injectors to producers. Even 
in the low-pressure regions near the producers, the permeabilities were higher than expected. The model 
also predicted early inert gas (N2 plus CO2) breakthrough and high inert gas cut during future gas 
injections. The high volume of inert gas produced could overwhelm the reprocessing capability resulting 
in early termination of the project. Under preferable scenarios, if CO2 injection wells are placed below 
and at least 2 miles away from the water table, no significant change in methane seepage from outcrop 
has been predicted by simulations with various CO2 injection schemes. However, under certain 
conditions, simulation predicted that a large CO2 and methane breakthrough could happen if the CO2 
injection wells are too close, within 2 miles, to the outcrop. Consequently, any CO2 injection within a 
distance of 3 miles from outcrop should be considered with high risk.
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2.1.2.4 Introduction 
 
There is a growing consensus in the international community that CO2 emissions from burning fossil fuels 
play an important role in global climate change.  Despite the recent controversy of who should bear the 
burden in reducing the CO2 emissions, it appears inevitable that deep cuts in CO2 emission will be 
required in the near future.  Recent efforts in reducing the carbon content in fuels and improving the 
energy efficiency can certainly help in reducing the amount of CO2 released into the atmosphere.  
However, large-scale carbon sequestration will definitely be required to achieve the targeted atmospheric 
CO2 level of 550 ppm by 2025.  The first large-scale opportunities for carbon dioxide sequestration are 
likely to be associated with storage in geologic formations.  These geologic formations include oil and 
natural gas reservoirs, saline aquifers, and coal beds.  In some instances, the recovery of a saleable 
commodity will offset the cost of sequestration.  Naturally, these projects will be favored over non-
income generating projects.  Included within this category are CO2 injection for enhanced oil recovery, 
pressure maintenance of oil or gas reservoirs, and enhanced methane production from coal seams.  Of the 
sequestration options available, geologic sequestration of CO2 in coal formations is considered one of the 
methods with the greatest short-term potential.  Coal beds typically contain a large amount of methane-
rich gas that is adsorbed onto the surface of the coal.  Tests have shown that CO2 is roughly twice as 
adsorbing on coal as methane, giving it the potential to efficiently displace methane and remain 
sequestered in the coal bed. 
 
The goal of this project is to provide a methodology acceptable to regulators and the public alike by 
which to conduct a meaningful probability based risk assessment of CO2 injection and storage in coal 
beds.  Consequently, the work will develop the necessary knowledge, tools, and strategies for risk 
evaluation, risk mitigation, and monitoring and verification.  The work is conducted within the context of 
an actual field demonstration of the technology employing field data from BP’s Tiffany project in the San 
Juan Basin, Colorado.  To date, BP’s Tiffany project is the only commercial scale enhanced coal bed 
methane recovery by gas injection in the US. 
 
2.1.2.4.1 Project Workscope  
 
The work scope of this project includes three major task areas: 
 
2.1.2.4.1.1 Task 1. Data acquisition/knowledge gaps.  
 
A systems engineering study using a master-logic diagram will be performed to identify possible event 
initiators.  Geomechanical studies will be performed to evaluate the effect of geomechanical properties 
and processes on the movement of CO2 in a coal seam and the potential of leakage of CO2 from the coal 
seam.  
 
2.1.2.4.1.2 Task 2. Predictive quantitative modeling. 
Predictive reservoir models for the Tiffany field will be built using BP’s proprietary GCOMP simulator to 
estimate the storage capacity, in-situ concentration, transport velocity, contacted volume, and the 
timeframe for filling, monitoring, and storage.  In the risk assessment phase the above model will be used 
to predict CO2 transport during and after CO2 injection, inside and outside the immediate boundary of 
the field. 
 
2.1.2.4.1.3 Task 3. Consequence analysis and risk characterization.   
The physical consequences of the risk initiating events will be quantified.  Both normal operation risk and 
accident risk will be included.  The above predictive model(s) will be used to conduct probabilistic 
simulations for each risk scenario identified. 
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2.1.2.4.2 Project Milestones 
Figure 1 is a Gannt Diagram that shows the project milestones.  The project is current on schedule and on 
budget. 
 

 
Figure 1. Project Gannt Diagram 
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2.1.2.5 Executive Summary 
 
This semi-annual report describes work completed during the period between February 2003 and July 
2003 of the project “Methodology for Conducting Probabilistic Risk Assessment of CO2 Storage in Coal 
Beds.”  The objective of this project is to provide a methodology acceptable to regulators and the public 
alike by which to conduct a meaningful probability-based risk assessment of CO2 injection and storage in 
coal beds.  The work is conducted within the context of an actual field demonstration of the technology 
employing field data from BP’s Tiffany project in the San Juan Basin, Colorado. 
 
2.1.2.5.1 Geomechanical Study (Task 1.0.3) 
In order to evaluate the geomechanical issues in CO2 sequestration in coal beds, it is necessary to review 
each step in the process of development of such a project and evaluate its geomechanical impact. A coal 
bed methane production/CO2 sequestration project will be developed in four steps: 
 

• Drilling and completion of wells 
• Formation dewatering and methane production 
• CO2 injection with accompanying methane production 
• Possible CO2 injection for sequestration only 

 
2.1.2.5.1.1 Drilling and Completion Issues 
Wellbore stability is a geomechanical problem that can be encountered during drilling of the well. Weak 
shale layers, weak coal layers, overpressure, and faults zones are common causes. Rock failure and 
displacements associated with wellbore instability generate potential leakage paths in the vicinity of the 
well. The risk of leakage will be min imized by cementing the casing.  Risks of leakage are much higher 
for open cavity completions than for cased well completions.  Careful selection of fracturing technology 
for well completion that account for the specific coal properties should minimize the risk that 
hydrofractures grow out of interval. Techniques to monitor fracture height need further development. 
 
2.1.2.5.1.2 Production and Pressurization Risks  
The processes of depressurization during dewatering and methane production, followed by 
repressurization during CO2 injection, lead to risks of leakage path formation by failure of the coal and 
slip on discontinuities in the coal and overburden. The most likely mechanism for leakage path formation 
is slip on pre-existing discontinuities which cut across the coal seam. Relationships between the amount 
of slip and the increase in flow (if any) along a discontinuity need to be developed. 
 
2.1.2.5.2 Predictive Quantitative Modeling (Task 2) 
Quantitative risk assessment of CO2 sequestration in coal formations is fundamentally linked to predictive 
reservoir models.  These models are necessary to estimate storage capacity, in-situ concentration, 
transport velocity, contacted volume, and the timeframe for filling, monitoring, and storage.  The actual 
CO2 sequestration capacity of coal is largely dictated by how effectively injected gases contact and 
interact with the reservoir over the active project lifetime. The economic limit for methane recovery and 
CO2 storage is usually dictated by CO2 breakthrough, poor injectivity or a variety of other factors that 
make further operation economically prohibitive.  In this study, the focus of quantitative modeling was 
placed on an actual field case (Tiffany field), the sensitivity study of key coal reservoir properties, and 
CO2 seepage from outcrops. This approach establishes a linkage between the first-hand knowledge of the 
actual field performance and a more realistic CO2 seepage forecast. For comparison and validation 
purpose, two reservoir simulators were used, the BP-Amoco GCOMP and the COMET2, developed by 
Advanced Resources International. 
 
2.1.2.5.2.1 CO2 Sequestration Modeling in Coal Formation – Tiffany Field 
A mechanistic field model was developed to match the field performance of a 5-spot pattern in the 
northern part of the Tiffany Field where BP-Amoco is conducting nitrogen injection to enhance methane 
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recovery and plans to perform a micro-pilot CO2 injection test. By matching the nitrogen breakthrough 
times and nitrogen cut, simulation revealed that the elevated pressure by N2 injection caused the coal 
fractures on the preferred permeability trends not only to expand but also to extend from injectors to 
producers. Even in the low-pressure regions near the producers, the permeabilities were higher than 
expected. The model suggests that the future gas injection and CO2 sequestration may be restricted to 
only one third of the total available pay. The model also predicted early inert gas (N2 plus CO2) 
breakthrough and high inert gas cut during future gas injections. The high volume of inert gas produced 
could overwhelm the reprocessing capability resulting in early termination of the project. 
 
2.1.2.5.2.2 Effects of Coal Formation Properties 
The findings from a sensitivity simulation study of key coal reservoir properties include: 1) Laboratory 
measured isotherms on dry coals should be rescaled by matching field history performance. Without 
rescaling, incorrect estimates of initial methane content calculation, CO2 sequestration capacity in coal, 
and CO2 or N2 injection performance could result. 2) During the primary production, the gas to water 
production ratio is very sensitive to cleat porosity because the cleat porosity is usually very small and 
initially filled with water. 3) The permeability aspect ratio of face cleat permeability to butt cleat 
permeability could have a significant effect on gas and water production rates as demonstrated in history 
matching the five production wells in the Tiffany pilot area. 4) The early N2 breakthrough and high N2 cut 
observed in the Tiffany field suggest that the elevated pressure during gas injection caused the coal 
fractures on the preferred permeability trends not only to expand but also to extend from injectors to 
producers. Consequently, the injected inert gas (CO2 or N2) may only contact a small portion of the entire 
pay volume. A dual model with one injection well and one production well on a 160-acre well spacing 
was used to simulate the effect of coal net pay thickness thereby the coal volume on the inert gas 
production cut. In comparison with the actual field performance, it suggests that only about one tenth to 
one fifth of the total pay interval may be contacted by injected inert gas (CO2 or N2). 
 
2.1.2.5.2.3 Assessment of CO2 Seepage from Outcrop 
A representative seepage model was developed for the Fruitland coal in Colorado portion of the San Juan 
basin. The model is a two-layer, 1.25 mile by 12 mile strip with a down dip of 2.92 degree from the up 
outcrop to the bottom of the basin. The model consists of two seepage wells to represent the 1.25 mile 
outcrop and three water recharge wells placed just below the water table to represent the ground water 
recharge. Under preferable scenarios, if CO2 injection wells are placed below and at least 2 miles away 
from the water table, no significant change in methane seepage from outcrop has been predicted by 
simulations with various CO2 injection schemes. To simulate the worst case scenarios, CO2 injection 
wells have been placed above the water table. The results show that a large CO2 and methane 
breakthrough could happen if the CO2 injection wells are too close, within 2 miles, to the outcrop. 
Consequently, any CO2 injection within a distance of 3 miles from outcrop should be considered with 
high risk. 
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2.1.2.6 Geomechanical Study 
 
The purpose of this report is to summarize and evaluate geomechanical factors which should be taken into 
account in assessing the risk of leakage of CO2 from coal bed sequestration projects. The various steps in 
developing such a project will generate stresses and displacements in the coal seam and the adjacent 
overburden. The question is whether these stresses and displacements will generate new leakage pathways 
by failure of the rock or slip on pre-existing discontinuities such as fractures and faults. 
 
To evaluate the geomechanical issues in CO2 sequestration in coal beds, it is necessary to review each 
step in the process of development of such a project and evaluate its geomechanical impact. A coal bed 
methane production/CO2 sequestration project will be developed in four steps: 

• Drilling and completion of wells 
• Formation dewatering and methane production 
• CO2 injection with accompanying methane production 
• Possible CO2 injection for sequestration only 

 
The approach taken in this study was to review each step:  Identify the geomechanical processes 
associated with it, and assess the risks that leakage would result from these processes. 
 
2.1.2.6.1 Drilling and Completion Risks 
 
2.1.2.6.1.1 Drilling Issues 
Wellbore stability is a geomechanical problem which can be encountered during drilling of the well. 
Weak shale layers, weak coal layers, overpressure, and faults zones are common causes. Rock failure and 
displacements associated with wellbore instability generate potential leakage paths in the vicinity of the 
well. The risk of leakage will be minimized by cementing the casing. It is conventional practice to place 
cement behind production casing, and the depth over which it is placed is subject to state regulations. 
Title 19 chapter 15 of the New Mexico Admin istrative Code states “cement shall be placed throughout all 
oil-and gas-bearing zones and shall extend upward a minimum of 500 feet above the uppermost 
perforation or, in the case of open-hole completion 500 feet above the production casing shoe”. 
Alabama’s regulations specific to coalbed methane operations have been used by other states as a model. 
Section 400-3 of the Rules and Regulations of the State Oil and Gas Board of Alabama states that the 
casing shall be cemented for 200 feet above the top of the uppermost coalbed which is to be completed, or 
for 200 feet above the production casing shoe in open hole completions. The production interval in cased 
hole completions need not be cemented. 
 
When a coalbed methane project is converted to CO2 sequestration, CO2 will be injected under pressure. 
Wells used for injection in oil and gas formations are subject to additional regulations requiring periodic 
testing for leakage in the cased section. The type of testing which is required is set by individual states. In 
New Mexico, these tests can include the use of tracers to test for leakage in the annulus. 
 
Injection of CO2 also increases the risk of leakage in the annulus between casing and formation due to 
chemical dissolution of the cement. Experience in enhanced oil recovery has lead to development of 
additives for cement used for CO2 injectors. This experience should be applicable to coal bed methane 
CO2 projects. 
 
If old production wells or idle wells are used for CO2 injection there is a risk that leakage paths may be 
present in the annular space between the casing and the rock due to deteriorated or missing cement. 
Casing bond logs and tracer tests can be used to evaluate the integrity of the cement in the annulus or the 
contact between casing and formation. If it is found that leaks may occur, cement can be injection 
(squeezed) into the annulus. However, the process of seal formation in the annulus by cement squeeze 
behind casing is expensive and often only partially successful.  
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Because of the importance of the casing cement in minimizing the risk of CO2 leakage, additional work 
should be directed toward development of recommendations for best practices. In particular, criteria for 
setting the height of the cement behind casing needs further study. Because of the substantial industry 
experience in water flooding and CO2 enhanced oil recovery, a case history study of the performance of 
production casing cement would provide valuable data for a best practices study. 
 
2.1.2.6.1.2 Conventional Completions 
A conventional completion for a coal bed methane project involves perforating or slotting the casing in 
the coal seam (Figure 2). Since the permeability of coal matrix is low, hydrofracturing is used to enhance 
permeability during dewatering and primary production. If the project is converted to CO2 enhanced 
recovery and sequestration, pre-existing hydrofractures will enhance the injectivity of the CO2. However, 
the risk of CO2  leakage is also increased if hydrofractures extend into the overburden. Growth into the 
overburden can happen when the hydrofracture is initially created. Since CO2 is injected under pressure, 
there is risk that growth into the overburden could also occur during the enhanced recovery and 
sequestration phases of the project. 
 
The potential for vertical extension of a hydraulic fracture is dependent upon several factors (Ben-Naceur 
1989): 
 
• In-situ stress state  

Higher horizontal stress in surrounding layers will impede vertical fracture growth, while lower 
horizontal stress tends to accelerate it. Higher pore pressure will enhance fracture growth. On 
average, horizontal stress increases with depth due to gravity but it is known that lithology can affect 
in-situ stress values. Pore pressures can also depart significantly from a “normal” hydrostatic gradient 
depending on numerous natural hydrostratigraphic conditions as well as previous production and 
injection activities in the field. 
 

• Elastic moduli 
Vertical growth is impeded if the adjacent layer is stiffer than the coal seam. This is most likely to be 
the case if limestone or sandstone are the bounding strata. Siltstones and shale can vary widely in 
properties, but many are also stiffer than coals. 
 

• Toughness 
Higher fracture toughness will impede fracture growth. For large fractures, tensile strength is not 

a major factor (Ben-Naceur 1989). The fracture toughness of coal is not well known. 
Atkinson and Meredith (1987) compiled results of tests on four different coals. For 
Latrobe Valley Brown and Pittsburgh coal, values of “stress intensity resistance” ranged 
from 0.006 MPam½ to 0.063 MPam½. However, for Queensland semi-anthracite and New 
South Wales black coal, values ranged from 0.13 MPam½ to 0.44 MPam½. For 
comparison, values for sandstone, shale and limestone ranged from about 0.4 MPam½ to 
1.7 MPam½, with values for limestone generally being higher. This data indicates that 
some coals will have significantly lower fracture toughness than typical bounding 
formations, and, therefore, low risk of fracture growth out of interval. 

 
• Leakoff 

High fluid loss in the bounding layer will retard growth of a fracture propagating into it. 
 

• Fluid flow 
Vertical fracture propagation will also be affected by the vertical component of fluid flow, which 

is affected by fracture opening and fluid properties. Non-Newtonian fracture fluids can 
have significant impacts on fracture growth. Carbon dioxide is normally modeled on a 
Newtonian fluid. However, it will generally be in the non-wetting phase. The effects of 
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the fluid properties of CO2 (particularly the non-wetting characteristics) on fracture 
propagation are a topic for further research. 
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Cased Hole  

 
Figure 2. Schematic diagram of core hole completion for coal bed methane well. (Murray 1993) 
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Openhole Cavity 

 
Figure 3. Schematic diagram of cavity completion for coal bed methane well. (Murray 1993) 

 
Linear elastic fracture mechanics models have been developed to predict vertical fracture growth (see 
Ahmed 1989 for summary). Ahmed et al (1985) developed expressions specifically for design in multiple 
zones. The approach is to first calculate the stress intensity factors for the top and bottom of the fracture. 
The stress intensity factor is a function of the height of the fracture the in-situ horizontal effective stress, 
and the fluid pressure in the fracture. Fracture growth is predicted when the stress intensity factor exceeds 
a critical value given by the fracture toughness of the rock. 
 
Risk of leakage will be reduced if the vertical extent of hydrofractures can be monitored. In cased wells 
measurement of fracture height, or detection of vertical propagation into bounding formations, is a 
challenging undertaking. Ahmed 1989, and Anderson et al 1986, describes the use of radioactive tracers 
in conjunction with gamma ray logging. However, this technique only provides information in the near 
wellbore region. 
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In principle, seismic methods could be used to monitor the extension of a hydrofracture. Passive seismic 
techniques use seismic “events” generated by the fracturing process to locate the fracture. The fracture 
can also be imaged by a number of active seismic techniques. Though field experiments have been 
conducted, there is as yet no generally accepted seismic technique for determining fracture height. 
Nolte and Economides (1989) describe a method for interpreting the downhole pressure decline during 
pumping to determine if a fracture has propagated into a bounding layer. Pressure analyses are 
complicated by a number of factors which influence the pressure response. 
 
2.1.2.6.1.3 Open Cavity Completions 
A second type of completion for coal bed methane projects is the open hole cavity method (Figure 3). 
This technique was developed in the San Juan basin and is advantageous in areas where reservoir 
pressures are higher than normal. In such areas, casing is set above the coal seam and a cavity is 
generated by one of two methods (Bland 1992). The first method is to drill through the coal seam 
underbalanced with water, air or foam. The excess formation pressure causes the coal to collapse into the 
wellbore. The coal is removed by displacing with drilling fluid and a perforated screen is set. 
 
The second method uses pressure surges to collapse the coal. The well is shut in to build up pressure and 
then is abruptly released. Collapsed coal is then removed. This process can be repeated several times until 
the coal no longer collapses. Bland (1992) reported that the effect could extend as much as 100 m into the 
coal seam. 
 
Creation of a cavity can potentially cause failure and displacements in the overlying strata which provide 
pathways for CO2, and increase the risk of leakage. Factors which influence the amount of disturbance in 
the overburden include the size and shape of the cavity, surge pressures, depth and in-situ stress, layer 
thickness, rock strength and degree of natural fracturing in the overburden. 
 
The process of pressure surging sets up high pore pressure gradients in the rock and corresponding flow 
lines as schematically illustrated in Figure 4a. Underbalanced drilling has the same affect though the pore 
pressure gradients would be lower. These pressure gradients cause fractures, joints, and cleats oriented 
perpendicular to the flow lines to open, leading to sloughing of the coal into the opening. The pressure 
gradients are also present in the overburden, so there is risk that this rock will also collapse into the 
cavity. The risk is highest for weak, thinly bedded, highly fractured shale. The risk is least for massively 
bedded sandstone and limestone. 
 
The risk of overburden collapsing into the cavity increases as the cavity grows in width. As shown in 
Figure 4b, removal of coal results in an unsupported span of layered overburden. As the span increases, so 
does the likelihood of finding fractures which define blocks. These blocks can be moved or removed by 
repeated surging. Since the interfaces between rock layers are weak, repeated surging would also tend to 
cause separation between layers producing more fluid pathways. 
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Creation of a cavity also results in a redistribution of the in-situ stresses. This redistribution is very 
dependent upon the shape of the cavity as well as the relative magnitude of the vertical and horizontal far 
field stresses. The shape of the cavity formed by surging can be approximated by an ellipsoid with major 
axis equal to the thickness of the seam. The stress distribution around an elliptical (2-D) cavity with major 
axis oriented parallel to the vertical far field stress is shown in Figure 5. It is seen that near the opening, in 
a direction along the minor axis the horizontal stress is less than the far field stress. Thus the stress 
redistribution would be acting to further open fractures already opened by pressure surging. Similarly, 
along the major axis the vertical stress is less than the far field, increasing the risk that pressure surges 
would cause bedding plane partings. 

 

 
Figure 5. Stresses around an elliptical cavity (a/c=½) in homogeneous stress fields (N=0.25) 
  (Poulos and Davis, 1974, Terzaghi and Richart, 1952) 
 
2.1.2.6.2 Production and repressurization risks  
 
The pore pressure reductions which occur during dewatering and methane production and pore pressure 
increase which occur during CO2 injection, cause displacements in the reservoir and surrounding rock. A 
conservative assumption (to be discussed further) is that leakage will result if the rock fails or if slip 
occurs on pre-existing faults or discontinuities. 
 
2.1.2.6.2.1 Failure and Slip in a Coal Seam 
A convenient way of assessing the potential for failure or slip is the Mohr diagram (Figure 6). A simple 
two-dimensional linear Mohr-Coulomb failure criterion is shown for illustration. The effective principal 
stress defined as total stress minus pore pressure is plotted on the horizontal axis and referred to as 
“normal stress”. It is commonly assumed that an increase in pore pressure in the reservoir has an equal 
effect on both components of principal stress, causing the Mohr circle to shift to the left, closer to failure, 
that is, from I? II in Figure 6. This assumption has been employed in previous assessments of the 
potential for fault slip due to reservoir pressurization by CO2 injection (Gibson-Poole et al, 2002). If pore 

Figure 4. Schematic illustration of rock mass behavior associated with cavity completions in 
coal beds  
a) Flow lines for water movement during surging 
b)  b) Growth of cavity and fracturing in the coal and overburden 
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pressures are reduced, it follows from this model that both components of effective stress would be 
increased by the same amount, moving the Mohr circle away from failure. 
 

 
Figure 6. Mohr circles for initial (I) and final (II) stress state when it is assumed that a pore 

pressure increase affects both principal stresses equally. 
Observations in a number of petroleum reservoirs (Addis, 1997 a, b) have shown that the reduction in 
pore pressure due to production causes a smaller change in horizontal stress than in vertical stress. The 
effect on the potential for failure is shown in Figure 7. Since pore pressures are decreasing, the Mohr 
circle moves to the right. However, since the change in horizontal effective stress is less than in the 
vertical effective stress, the circle actually gets closer to failure that is from I? III in Figure 7. Teufel, et 
al, 1991, showed that these effects were large enough to cause failure of the high porosity chalk in the 
North Sea Ekofisk reservoir. Streit and Hillis, 2002, further analyzed the effects on fault slip. 
 

 
Figure 7. Mohr circles for initial (I), intermediate (II), and final (III) stress states for pore pressure 

reduction assuming that horizontal stresses are less affected than vertical stresses. 
Failure or slip occurs at III. 

These relative changes in horizontal and vertical effective stresses are the result of the effects of far field 
(in-situ) boundary conditions and poroelastic properties of the rock. Figure 8 shows that the rate of 
change in horizontal stress with pore pressure, i.e. ∆σh/∆P where σh is horizontal stress and P is pore 
pressure, decreases as Poisson’s Ratio of the reservoir rock increases. Touloukian and Ho, 1981, report 
measured values of Poisson’s Ratio for coal of 0.2 to 0.4. 
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Figure 8. Effect of Poisson’s ratio of the reservoir rock on rate of change in horizontal stress with pore 

pressure for a disc-shaped reservoir modeled as an inclusion (i) in a host (h) rock. And various 
Biot coefficient (Addis et al, 1998). 

 
The risk of failure or slip in the coal will depend on depth, in-situ stress state, pressure drawdown, and 
coal strength and poroelastic properties. Conditions which result in large principal stress differences 
increase the risk of failure and slip. Tectonic activity will result in increased differential far field stresses. 
Large pore pressure drawdown will increase differential stress. Risk of failure increases for low strength 
coal. In-situ stresses increase with depth, but the strength of rock increases with level of confinement. The 
risk of failure may or may not increase with depth depending on the amount of pore pressure drawdown 
and the magnitude of differences between components of in-situ stress. The risk of slip on pre-existing 
discontinuities is increased for low cohesion and low frictional sliding resistance. 
 
Injection of CO2 for enhanced methane production and sequestration will increase pore pressures in the 
coal seam. In a poroelastic system, effective stress changes due to pore pressure drawdown are simply 
reversed by pore pressure increase due to injection. Thus, a Mohr circle which had moved closer to failure 
under drawdown would move farther from failure during injection until the original, pre-development 
pore pressures are obtained. Failure, however, is an inelastic process and, in general, results in a complex 
redistribution of stress in the system.  
 
If pore pressures from CO2 injection exceed pre-development levels, then there is a risk that slip will 
occur even though it had not occurred under drawdown conditions. This is conceptually illustrated in 
Figure 9, where the Mohr circle for pre-development stress state is labeled I. Dewatering and methane 
production moves the Mohr circle to the right (state II) under conditions in which the change in horizontal 
effective stress is less than the change in vertical effective stress. The maximum stress difference is not 
sufficient to cause failure or slip. Upon repressurization, assuming no inelastic effects, the Mohr circle 
returns to state I. If pressurization continues so that pore pressures rise above pre-development levels the 
Mohr circle moves to the left, resulting in the condition for failure or slip as indicated by state III in the 
figure. It has been assumed in this construction that the vertical effective stress changes more rapidly than 
the horizontal effective stress during pore pressure increase. 
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Figure 9. Mohr circles for initial (I), intermediate (II) and final (III) stress state when pore pressure 

first decreases (II) and then increases (III) with respect to initial conditions. Failure or 
slip occurs at III. 

The approach outlined above can be used to make a preliminary assessment of the potential for slip on 
pre-existing discontinuities in the coal in the San Juan basin. Values of parameters used in the analysis are 
summarized in Table 1. A mean depth of 3,200 feet and an initial reservoir pressure of 1,500 psi before 
dewatering and methane production are assumed. The reservoir pressure is consistent with a normal 
hydrostatic gradient and observations in some areas of the San Juan basin. It is assumed that the 
maximum principal stress is vertical (SV) and the density gradient is one psi per foot of depth. For purpose 
of this calculation the in-situ stress, Shmin/SV, where Shmin is the minimum horizontal stress, is assumed to 
be 0.7. The condition for slip on the discontinuity is given by a linear Mohr-Coulomb criteria with the 
conservative assumption the cohesion is zero. A coefficient of friction, µ, of 0.6 is assumed. This value is 
frequently assumed in analyses of slip on faults in petroleum reservoirs (Gibson-Poole, et al, 2002, Peska 
and Zobach, 1995). It is also consistent with laboratory measurements of the strength of coal under 
confining pressures of several thousand psi (Murrell 1958). 

Table 2. Slip Analysis Parameter 
Parameter Value 

Mean reservoir depth 3,200 feet 
Initial reservoir pressure 1,500 psi 

Post drawdown reservoir pressure 500 psi 
Reservoir pressure after CO2 injection 2,000 psi 

Poisson’s ratio for coal 0.3, 0.4 
Coefficient of friction for slip 0.6 

In-situ stress ratio (Shmin/SV) 0.7 
The Mohr circle labeled by I in Figure 10 represents the initial stress conditions. It is assumed that pore 
pressures have equilibrated over a large area over time, so the initial major and minor principal effective 
stresses, σ1 and σ3, are given by subtracting 1500 psi from both SV and Shmin. It is then assumed that 
reservoir pressures are drawn down to 500 psi and there is a poroelastic effect in a finite-sized reservoir. 
From Figure 8, if the Poisson’s ratio of the coal is 0.3, then ∆Shmin= −0.53∆P (where P is reservoir 
pressure and – refers to a decrease in P) and the Mohr circle moves to position labeled II. As seen in the 
figure, there is no slip. For a Poisson’s ratio of 0.4, ∆Shmin= −0.23∆P and the Mohr circle is given by II' 
which is a more stable condition than that attained for Poisson’s ratio of 0.3 
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Finally, it is assumed that CO2 injection increases reservoir pressure to 2,000 psi. Taking account of 
poroelastic effects and assuming a Poisson’s ratio of 0.3 for the coal, the Mohr circle moves from II to III. 
For this case, there is still no slip on discontinuities. However, for Poisson’s ratio of 0.4, ∆Shmin=0.23 ∆P, 
and the Mohr circle moves from II' to III'; intersecting the criterion for slip. During repressurization more 
stable conditions are attained if the Poisson’s ratio of the reservoir material is low. 
 
The dip of discontinuities upon which slip would occur can be determined from the intersection of the 
Mohr circle with the failure criteria. The equations for the two values of β corresponding to the points of 
intersection are (Jaeger and Cook 1971) 

2β1=π+ϕ-sin-1[(σm/τm)sinϕ] 
 and 2β2=ϕ+sin-1[(σm/τm)sinϕ] 
 where ϕ=tan-1µ 
  σm=½(σ1+σ3) 
  τm=½(σ1-σ3) 
 

For conditions represented by the circle III' in Figure 10, slip would occur on discontinuities with dips 
between 50° and 70°. 

 
Figure 10. Mohr circles for slip on a discontinuity in a coal seam under conditions representative of 

the San Juan basin. 
Results of these analyses are very sensitive to the in-situ stress state. The risk of slip is significantly 
reduced as Shmin/SV→1. If the stability analysis is repeated assuming Shmin/SV=1, a common assumption in 
reservoir simulation, then no slip would be predicted for any of the reservoir pressure conditions. 

However, if Shmin/SV=0.6, slip is predicted even under the assumed initial reservoir pressure of 1,500 psi. 
2.1.2.6.2.2 Failure and Slip in the Overburden 
So far, the discussion has focused only on the risk of failure or slip within the coal seam. However, 
potential leakage paths require failure in slip in the bounding rock layers as well as in the coal seam. A 
possible, though least likely mechanism, is the propagation of a shear failure from the coal into the 
bounding rock. As discussed previously, fracture propagation into the bounding rock is impeded when the 
coal strength is less than the strength of the bounding rock. 
 
Volumetric changes in the reservoir have an important influence on displacements in the overburden. 
During production, there is a volumetric decrease in the reservoir due to pore pressure reduction. The 
amount of volumetric decrease is a function of the compressibility of the reservoir rock and its thickness. 
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In coal there is an added component due to shrinkage from desorption of the methane. The volumetric 
decrease in the reservoir causes subsidence of the overburden. On the flanks of the reservoir, bending of 
the overburden layers results in shear stresses which can cause failure or slip on pre-existing 
discontinuities. If the pore pressure distribution, and hence, volumetric deformation, in the reservoir is not 
uniform, shear displacements in the overburden will be introduced at places other than the flanks.  
 
Repressurization of the reservoir causes volumetric expansion and upward displacement, or heave, in the 
overburden. The effect on shear displacements is to reverse the sense of motion. Thus, shear displacement 
on a discontinuity can move in one direction during drawdown and reverse and move in the opposite 
direction during injection. An example of this is shown in Figure 11. The figure shows modeled well 
displacements due to shear on a weak zone in the overburden above the South Belridge oil reservoir. This 
reservoir has undergone pressure drawdown from production and then repressurization from aggressive 
water injection.  
 

 



645 

 Large lateral displacements at about 1,000 feet depth occur due to slip on an interface with a 
friction angle of 6°. Lateral displacements reverse between the years of 1987 and 1992  

 Hilbert at al, 1996). 
 
An example of the development of shear displacements near the interface between the reservoir and 
overburden when CO2 is injected is shown in Figure 12. The figure shows results of a numerical 
simulation of injection of CO2 from a single well into a brine-saturated layer. The shaded region in part b 
of the figure shows where shear stresses develop. The blue outline shows the extent of the CO2 plume. 
The volumetric expansion of coal with CO2 will have an additional component due to swelling associated 
with gas sorption. Experimental work indicates that CO2 causes more volumetric changes than methane. 
This will further alter the distribution of volumetric expansion resulting from repressurization. 
 

a)  

CO2

Large Lateral Extension

1.5 km

Injection zone

Cap Rock

 

 
Figure 11. Numerical simulation of lateral displacement of a well in the South Belridge reservoir.  
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  b) 
 
If a pre-existing discontinuity cuts across the coal seam, model results show that slip can occur in the 
overburden, outside of the region of pore pressure change. Figure 13a shows a model in which there is a 
pressurized region between two discontinuities (“faults”) dipping at 45º. Calculations were carried out 
using the coupled hydrologic/geomechanical simulator TOUGH-FLAC (Rutqvist et al, 2002). The faults 
were represented by “slip lines” with a friction angle of 25º. Figure 13b shows the shear slip on the faults 
as a function of depth. Due to the symmetry of the problem, the sense of motion is in one direction on one 
fault and in the opposite direction on the other fault. It is seen that the magnitude of the slip is greatest 
within the region of pressure increase and tails off quickly outside the region. 
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Figure 13. Numerical simulation of slip on discontinuities resulting from a pressurized region 

 
Figure 12. Results of numerical simulation of stresses and displacements due to injection of CO2 into a 

brine saturated formation (Rutqvist and Tsang, 2003). 
a) The model 
b) Outline of plume and region where shear stresses could cause slip on discontinuities 

a) The model, showing a maximum pressure increase in the region of 2.6 times original 
pressure 
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b) Shear slip on the faults 

Slip on pre-existing faults and other discontinuities which intersect the coal seam are viewed as a likely 
scenario for generation of possible leakage paths for CO2. Numerical sensitivity studies should be 
performed to evaluate the effects the dip and frictional properties of faults for representative coal seam 
pressure changes. It is important to capture coal volumetric changes due to sorption and desorption as part 
of these models. 
 
While slip on pre-existing discontinuities creates a potential leakage path, further analysis is required to 
evaluate whether or not fluid flow will occur in conjunction with the slip. The risk of leakage will be 
increased if the magnitude of the slip is on the order of bed thickness. Geologic studies of fault seals have 
shown that fault movement which brings sand layers into contact can lead to fluid flow across faults from 
higher to lower pressure sands.  
 
The degree to which slip will increase the potential for flow along faults and discontinuities is much less 
well understood. Laboratory tests have shown that shearing a rock fracture in rock will increase its 
permeability as a result of dilatancy. Since fracture surfaces are rough, shear displacements can lead to an 
opening of the fracture and an increase in permeability. Less dilatancy would be expected for faults or 
discontinuities filled with clay gouge. The relationship between stress state, slip magnitude, fault and 
fracture surface geometry and changes in hydrologic properties of infilling materials is an area requiring 
substantial additional basic research. 
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2.1.2.7 Predictive Quantitative Modeling (Task 2) 
 
Quantitative risk assessment of CO2 sequestration in coal formations is fundamentally linked to predictive 
reservoir models.  These models are necessary to estimate storage capacity, in-situ concentration, 
transport velocity, contacted volume, and the timeframe for filling, monitoring, and storage.  The actual 
CO2 sequestration capacity of coal is largely dictated by how effectively injected gases contact and 
interact with the reservoir over the active project lifetime. The economic limit for methane recovery and 
CO2 storage is usually dictated by CO2 breakthrough, poor injectivity or a variety of other factors that 
make further operation economically prohibitive. Obvious factors, which may control contact and 
interaction, include the CO2-coal capacity curve (isotherm), reservoir heterogeneity, the respective roles 
of convective and diffusive transport in a fractured medium, CO2 dissolution in water, and the effect of 
CO2 on reservoir permeability.  In this study, the focus of quantitative modeling was placed on an actual 
field case (Tiffany field), the sensitivity study of key coal reservoir properties, and CO2 seepage from 
outcrops. This approach establishes a linkage between the first-hand knowledge of the actual field 
performance and a more realistic CO2 seepage forecast. For comparison and validation purpose, two 
reservoir simulators were used, the BP-Amoco GCOMP and the COMET2, developed by Advanced 
Resources International. 
 
2.1.2.7.1 CO2 Sequestration Modeling in Coal Formation – Tiffany Field 
 
To date, BP-Amoco’s Tiffany project in the San Juan Basin, Colorado is one of a few commercial 
demonstrations of enhanced methane recovery by gas injection. The Tiffany Field consists of 38 producer 
and 10 injector wells, Figure 14. Previously, a full-field simulation model has been developed by BP-
Amoco’s engineers, which incorporates the full geologic description. The description consists of five coal 
layers, some of which do not extend throughout the unit. Coal continuity and thickness are greatest in the 
northern portion of the field. The model provided good historical matches of the fie ld performance during 
the primary production period. During the subsequent enhanced recovery phase, N2 was injected into the 
field to accelerate methane recovery. The field model was proven inadequate in many aspects to 
accurately match field performance during the enhanced recovery phase. Most importantly, it failed to 
predict nitrogen breakthrough times and nitrogen cut responses at the majority of the responding 
producers. The actual N2 breakthrough times were much earlier than that predicted by the field model. For 
the field model to better match the N2 breakthrough times and N2 cut responses, the nitrogen injection 
would have to be restricted into one geological layer, which accounts for only 25% of the total pay. 
However, this would violate production-log data from the injectors, which showed nearly uniform 
injection into most perforated intervals. With BP-Amoco’s proposal to supplement the nitrogen injection 
with the CO2 captured from its gas processing plant, it is vital that the field model be modified to reflect 
the actual field performance during gas injection so that the reservoir’s true potential for enhanced 
recovery and CO2 sequestration can be determined. For a more meaningful history match of the gas 
injection phase, instead, we developed a mechanistic model specific to CO2 sequestration in the Fruitland 
coal of the Tiffany field. 
 
2.1.2.7.1.1 Reservoir Performance Modeling 
The validity of a particular model description will be determined from its ability to predict injected gas 
breakthrough times, cumulative production (methane, nitrogen, and carbon dioxide), and methane cut. 
The desired outcome of the process is an estimate of actual CO2 sequestration capability and project 
lifetime, which is in part dictated by the CO2 breakthrough time and the CO2 production cut with time. 
The amount of CO2 reprocessed will determine the economic limit for the project. Here we focus on a 
five-spot pattern in the northern part of the field where BP-Amoco plans to conduct a micro-pilot test in 
the near future. Figure 14 shows that the pattern consists of one in-pattern and three off-pattern injectors 
as well as four in-pattern and one off-pattern producers.  
 
Model Description. To match the field performance during the enhanced recovery phase, we assumed 
that the high permeability streaks or conduits such as fractured and well-cleated coal within each geologic 
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layer contributed to the early nitrogen breakthrough. Although the high permeability pay dominates early 
production response, the long-term response is in large dictated by the amount of gas exchanged between 
high and low permeability packages. Instead of dividing each geologic layer into a fast and a slow 
component, we modified the model to include a high-permeability fast layer sandwiched between two 
low-permeability slow layers. In this mechanistic model, the fast layer represents well-cleated and 
fractured coal from all geological layers while the slow layers represent coal with little or no fracture 
development from the same geological layers. Also, the horizontal permeability (kh) in every grid block 
was rotated 45° counter clockwise to match the field permeability trend (north-south) in the simulation 
area. 
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Figure 14. 5-spot pattern area of the simulation study. 
 
History Matching. During history matching, layer thickness and permeability were adjusted to control 
gas breakthrough. Vertical transmissibility between layers was manipulated to match late time response. 
Figure 15 shows that the mechanistic model matched the nitrogen breakthrough times and nitrogen cut 
reasonably well for all in-pattern producers. As shown in Figure 16, the model also did a good job 
matching the total gas production for all in-pattern producers. However, in order to match nitrogen 
breakthrough times and nitrogen cut, the vertical transmissibility had to be set to zero. This means that 
there was no communication between the fast and the slow layers. In this model, nitrogen was allowed to 
enter all three layers, not just the high-permeability fast layer. However, because the permeabilities of the 
slow layers were low and there is no communication between the fast and the slow layers, most of the 
injected nitrogen entered the high-permeability fast layer. Figs. 17, 18, 19 show the nitrogen saturations at 
the end of the nitrogen injection for the high-permeability fast layer (Layer 2) and the two low-
permeability slow layers (Layers 1 and 3), respectively. From Figure 17, we can clearly see the preferred 
permeability trends between the injectors and the producers. A comparison between Figure 17 and Figs. 
18, 19 shows that at the end of the nitrogen injection, the nitrogen saturations were very high in the fast 
layer (Layer 2) and very low in the slow layers (Layers 1 and 3). This implies that the nitrogen in jection 
and enhanced methane recovery were mostly restricted to only about one third of the available pay. 
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Figure 15. Nitrogen production cut. 
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Figure 16. Total gas production rate. 

 
Figure 20 shows that the mechanistic model did a reasonable job matching the bottomhole flowing 
pressures of all in-pattern producers during the enhanced recovery phase. However, it overestimated the 
bottomhole flowing pressures during the primary production period for all but one producer. As shown in 
Figure 20, the mechanistic model matched the pressure responses of Well 6644 reasonably well during 
both the primary and the enhanced recovery phases. Figure 17 shows that unlike other producers, this well 
is not linked to any  
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Figure 17. N2 saturation at the end of history matching (Layer 2). 
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Figure 18. N2 saturation at the end of history matching (Layer 1). 
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Figure 19. N2 saturation at the end of history matching (Layer 3). 
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Figure 20. Bottomhole flowing pressure. 

 
injector on the preferred permeability trends in the simulation area. In other words, the well is least 
affected by the pressure increase during the gas injection. These findings suggest that the coal formation 
along the preferred permeability trends in the simulation area reacted differently to pressure depletion 
during the primary production period and gas injection during the enhanced recovery phase. During 
nitrogen injection, the elevated pressure caused coal fractures along the preferred permeability trends not 
only to expand but also to extend from injectors to producers. Even in the low-pressure regions near the 
producers, the permeabilities were higher than expected. This permeability enhancement may be 
additionally supported by matrix shrinkage caused by a lower equilibrium adsorbed nitrogen 
concentration (phase volume) versus methane. One possible way to satisfactory simulate both the primary 
and enhanced recovery phases is to apply negative skin factors to wells on the preferred permeability 
trends during nitrogen injection but not during the primary production period. Another way  is to use one 
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stress-permeability relationship during primary production and a different one during enhanced recovery 
with gas injection. Also, different stress-permeability relationships might be required for different 
injector/producer pairs with different degrees of connectivity. Unfortunately, no such specific 
experimental data are available. Since the mechanistic model is based on field performance during the 
enhanced recovery phase with N2 injection, it should be adequate in predicting the field performance 
during the subsequent CO2 and N2 injections. 
 
2.1.2.7.1.2 Model Predictions 
The important factors that control the project lifetime and actual CO2 sequestration capability are the inert 
gas (CO2 and N2) production and the inert gas cut with time. While methane production represents the 
income potential, it is the amount of inert gas reprocessed that actually determines the economic limit for 
a CO2 sequestration project. We explored three different injection scenarios to study their effects on inert 
gas production and inert gas cut. In the first scenario, we simulated a continuous injection of pure CO2. In 
the second scenario, we simulated a continuous injection of a mixture of 76% N2 and 24% CO2. In the 
third scenario, we took into account the seasonal fluctuation of the nitrogen processing capability at 
Tiffany Field. In this case, we alternated the injection between the N2-CO2 mixture (Nov. through April) 
and pure CO2 (May through Oct.). In all three scenarios, the simulation of future injections ran from 
01/01/2002 to 01/01/2020. The total volume of gas injected is constant between scenarios. 
 
Daily CO2 Production Rate and CO2 Cut. Figs. 21 and 22 summarize the daily CO2 production rate and 
the CO2 cut with time for the entire 5-spot pattern (excluding well 7201), respectively. Figure 22 shows 
that the CO2 breakthrough occurred within one year after the injection began. After breakthrough, the 
daily CO2 production rate for all three gas-injection scenarios increased continuously until the end of 
simulation period. Figure 21 also shows that the increase in daily CO2 production rate was most 
significant for the case of continuous CO2 injection. The CO2 cut shown in Figure 22 basically followed 
the similar trend. For the case of continuous CO2 injection, the CO2 production cut increased quickly after 
breakthrough reaching 50% in less than 5 years. The increase was however, less dramatic for the other 
two gas-injection scenarios.  
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Figure 21. Daily total CO2 production (excluding Well 7201). 
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Figure 22. Daily total CO2 cut (excluding Well 7201). 

 
Daily Total Inert Gas Production Rate and Inert Gas Cut. The amount of daily inert gas production 
that on-site facilities can handle is a limiting factor that determines the economic limit for a CO2 
sequestration project. Figs. 23 and 24 show that for all three gas-injection scenarios, both the daily total 
inert gas (N2 plus CO2) production and the inert gas cut rose quickly after the gas-injection began. Figure 
24 shows that for the cyclic CO2/N2-CO2 and continuous N2-CO2 cases, the inert gas cut reached 50% in 
less than 2 years. The case of continuous CO2 injection however, showed a two-year delay in inert gas 
breakthrough (Figure 23). Also, in this case, the inert gas cut did not reach 50% until 4 years into the gas 
injection (Figure 24). This delay in inert gas breakthrough was caused by CO2 being twice as adsorbing 
on coal than methane. 
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Figure 23. Daily total inert gas production (excluding Well 7201). 
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Figure 24. Daily total inert gas cut (excluding Well 7201). 

 
Methane Production. Figure 25 shows that the methane production followed a gradual decline trend 
during the gas-injection period. For the case of continuous CO2 injection, the methane production showed 
an initial jump and then basically followed the same decline trend as in other gas-injection scenarios. 
Figure 26 shows that the cumulative amount of methane recovered during the gas-injection period was 
proportional to the CO2 content in the injection gas. (The higher the CO2 content in the injection gas, the 
higher the methane recovery.) This is consistent with the theory that CO2 is more efficient in displacing 
methane from coal formation. 
 

1/
1/

84

1/
1/

86

1
/1

/8
8

1
/1

/9
0

1
/1

/9
2

1/
1/

94

1/
1/

96

1/
1/

98

1/
1/

00

1/
1/

02

1/
1/

04

1/
1/

06

1/
1/

08

1/
1/

10

1/
1/

12

1/
1/

14

1/
1/

16

1/
1/

18

1/
1/

20

Date

0

2000

4000

6000

M
cf

d

Simulation case
Continuous CO2
Cyclic CO2/mix (N2-CO2)
Continuous mix (N2-CO2)
Historical data

Begin historical N2 injection
(1 Feb 1998)

End historical data (30 Apr 2001)

Begin future injection
(1 Jan 2002)

 



656 

Figure 25. Daily total methane production (excluding Well 7201). 
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Figure 26. Total cumulative methane production (excluding Well 7201). 
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2.1.2.7.1.3 Summary 
 
1. A mechanistic field model was developed to match the field performance of a 5-spot pattern in the 

northern part of the Tiffany Field where BP-AMOCO plans to perform a micro-pilot test. 
2. The mechanistic model consists of one high-permeability fast layer sandwiched between two low-

permeability slow layers. In this mechanistic model, the fast layer represents well-cleated and 
fractured coal from all geological layers while the slow layers represent coal with little or no fracture 
development from the same geological layers.  

3. The model successfully matched the performance of the 5-spot pattern during the enhanced recovery 
period (N2 injection). However, in order to match nitrogen breakthrough times and nitrogen cut the 
vertical transmissibility had to be set to zero. During gas injection, nitrogen was allowed to enter all 
three layers, not just the high-permeability fast layer. However, because the permeabilities of the slow 
layers were low and there is no communication between the fast and the slow layers, most of the 
injected nitrogen entered the high-permeability fast layer. This suggests that the future gas injection 
and CO2 sequestration may be restricted to only one third of the total available pay. 

4. During nitrogen injection, the elevated pressure caused the coal fractures on the preferred 
permeability trends not only to expand but also to extend from injectors to producers. Even in the 
low-pressure regions near the producers, the permeabilities were higher than expected. 

5. The mechanistic model predicted early CO2 breakthrough with high CO2 cut during future gas 
injections. This suggests that the actual CO2 sequestration capability of the Tiffany Field may not be 
as high as originally expected. This is a direct consequence of the reduction of the available pay in the 
mechanistic model.  

6. The mechanistic model also predicted early inert gas (N2 plus CO2) breakthrough and high inert gas 
cut during future gas injections. The high volume of inert gas produced could overwhelm the 
reprocessing capability resulting in early termination of the project.  

 
 
2.1.2.7.2 Effects of Coal Formation Properties 
 
Methane in a coal reservoir is stored by adsorption, held nearly immoveable against the micropore face 
and is producible only by reduction of pressure or an increase in temperature, which is quite different and 
more complex than a conventional sandstone or carbonate reservoir. The porosity of coal is a micropore 
system, called the cleat system, interconnected throughout the coal matrix. The cleat system is normally 
described using the Warren and Root concept, wherein the matrix blocks are considered to be rectangular 
parallelepipeds or cubes, and the fractures are considered to be parallel faces between the matrix blocks. 
Once the methane desorbs from coal matrix and moves into the cleat system, transport follows Darcy’s 
Law for fluid flow through porous media. As observed in the Tiffany field, coal structure could change 
dramatically during the enhanced methane recovery by gas injection. The elevated pressure may cause the 
coal cleats on the preferred permeability trends not only to expand but also to extend from injectors to 
producers. Even in the low-pressure regions near the producers, the permeabilities appeared higher than 
expected. This suggests that simulation models that can very well match primary production may not be 
accurate in forecasting the enhanced methane recovery by CO2 or N2 injection. Besides permeability, 
other reservoir properties can also have significant effects on methane recovery. In this section, we 
present and discuss the findings of a simulation study in which the sensitivity of each key reservoir 
parameter to methane recovery was simulated. The strategy is to use the basin-wide Fruitland reservoir 
description from the 3M project (Applied Hydrology Associates, Inc., 2000 and Questa Engineering 
Corporation 2000) for the primary production and use the Tiffany field performance as the guideline for 
gas injection to investigate the effects of key reservoir parameters.   
 
2.1.2.7.2.1 Basin-Wide Reservoir Description  
3M Project. The 3M Project 3 M’s  stand for Mapping, Modelling, and Monitoring. The 3M Project has 
been designed as a continuous, decades-long project to provide tools that will develop a more 
comprehensive understanding of gas and water production from the Fruitland Formation and potential 
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impacts on the Frutiland Formation outcrop in the Colorado portion of the San Juan Basin. These tools 
have progressed to adequately support Colorado Oil and Gas Conservation Commission’s regulatory 
implementation of the referenced 160-acre well density application if it is approved. 
 
Questa Engineering Corporation has prepared a basin-wide coalbed methane reservoir model of the 
Colorado portion of the San Juan Basin for the Southern Ute Indian Tribe, the Colorado Oil and Gas 
Conservation Commission, and the Bureau of Land Management.  This model, called the 3M CBM 
MODEL, simulates the effects of production from all existing and proposed Fruitland coal wells in 
Colorado.  Figure 27 shows the grid system of 369 by 137 used by the 3M Model. The effects of 
dewatering, gas adsorption and desorption, and historical production are included in the model.  The 3M 
Model includes up to 20 years of production data from 1,060 wells, 4,870 pressures from 591 wells, 
thickness data from 742 wells, and water chemistry from 572 wells. The model builds on information 
from a groundwater or hydrologic model, prepared by Applied Hydrology Associates, covering the entire 
basin.  The groundwater model simulates pre-production conditions for the reservoir model and provides 
estimates of the amount of groundwater flowing through the Fruitland Coal hydrologic system. The 
description of the Fruitland outcrop was included in the 3M project. A detailed discussion will be given in 
the next section. 

 
Figure 27. Outline of the 3M Model grid compared to a township and range grid (Questa 

Engineering Corporation, 2000). 
 
Reservoir Property Probability Distributions. A database has been created to store the basin-wide 
reservoir property data from the 3M Model, which includes the coal thickness, initial pressure, initial 
water saturation, temperature, permeability, and porosity distributions on a grid system of 369 by 137 
using one-sixth of a mile grid blocks. It covers the Colorado portion of the San Juan Basin. These data 
can be used, for any selected region, to estimate the original methane in place and the maximum CO2 
sequestration capacity. Reservoir properties from the 3M Model were generally estimated through 
analysis of historical production from wells.  Permeabilities were estimated from peak gas or water rates, 
with assumed completion effic iencies based on completion type.  Porosities were estimated from 
extrapolation of produced water trends.  Coal thickness and structure were determined from well logs.  
Gas contents were compiled from public information where available, and through matching performance 
in some areas where sufficient data are available to allow gas content to be reliably determined. Figure 28 
and Figure 29 are the probability distributions of the six reservoir parameters from the Fruitland coal in 
the Colorado portion of the San Juan Basin and in Tiffany field, respectively. The probability 
distributions are essential information in quantifying how much CO2 could be sequestrated in any selected 
region and in risk analysis related Monte Carlo simulation. 
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Figure 28. The probability distributions of Fruitland reservoir properties in Colorado portion of 

the San Juan Basin. 
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Figure 29. The probability distributions of Fruitland reservoir properties in Tiffany field. 

 
 
2.1.2.7.2.2 Effects of Key Reservoir Parameters  
Isotherms . The capacity of the coal matrix to store gas as a function of pressure is described by the 
Langmuir adsorption isotherm. The gas content adsorbed at a specified pressure is defined by Eq. (1): 

pp
pV

C
L

L
m +

=  (1) 

where Cm is the matrix gas concentration (scf/ton coal), VL is the Langmuir volume constant, (scf/ton), pL 
is the Langmuir pressure constant (psia), and p is the coal formation pressure (psia).  VL is the maximum 
volume of gas a coal can adsorb into the matrix surface area.  PL is the pressure at which the storage 
capacity of the coal is equal to one-half the Langmuir volume VL.  The constants in the Langmuir 
adsorption isotherm equation are determined by fitting desorption data obtained in the laboratory and are 
specific for any given coal.  Figure 30 shows a typical sorption isotherm for coal from the San Juan Basin.  
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Methane production from coal beds can be enhanced by injection CO2 to displace or N2 to strip the 
methane from the coal and accelerate methane production at higher pressures. The mechanism by which 
CO2 or N2 can enhance the coalbed methane recovery process, and CO2 is sequestered, is a complex mix 
of physical and chemical interactions that strive to achieve equilibrium simultaneously in the sorbed state 
and in the gaseous state.  Coal has the capacity to hold considerably more CO2 than either methane or 
nitrogen in the adsorbed state (in an approximate ratio of 4:2:1).  This is because stronger forces of 
attraction exist between coal and CO2 than between coal and methane or nitrogen.  As a result, in the 
presence of multiple gases (e.g., CO2, CH4 and N2), the amount of each in the adsorbed state would be in 
approximately these proportions.  However, since any injected gas for ECBM is unlikely to be of exactly 
that composition, a partial-pressure disequilibrium will be created in the gaseous phase (i.e., in the coal 
cleat system).  Adsorption/desorption of individual components will occur until the gases in both the 
sorbed and gaseous states are each in equilibrium, and are in equilibrium with each other. 
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Figure 30. San Juan Basin Fruitland coal sorption isotherms. 

 
Both GCOMP and COMET2 use the extended Langmuir approach to model multi-component sorption 
behavior. Some research suggests that the extended Langmuir model may not be as accurate as expected 
when water is also present. From our simulation experience, attention should be placed on 1) isotherms 
measured in laboratory are usually from dry coals. The gas content is much higher than that in actual 
reservoir conditions; 2) The best way to estimate the actual formation isotherms is to estimate the 
methane isotherm by history matching the primary methane production and then to rescale the laboratory 
measured CO2 and N2 isotherms according to the ratio of the field and measured methane isotherms; and 
3) water saturation in coal matrix could be significant to the adsorption/desorption process and is not 
considered in the extended Langmuir model.   
 
Initial Reservoir Pressure and Gas Content. The initial methane in place consists of free gas in the 
cleat system and the adsorbed gas on coal matrix. If the methane isotherm is available, from laboratory or 
field history matching, the adsorbed gas (initial gas content) can be calculated from the initial reservoir 
pressure by Eq. 1. Initial reservoir pressure data are generally considered as reliable data. As shown in 
Fig. 30, the initial gas content is usually not very sensitive to the initial pressure if the pressure is high 
enough, greater than 1200 psi in the Tiffany field, for example. Therefore, the estimation of initial gas 
content is largely determined by the methane isotherm.   
 
Porosity and Permeability. During the primary production, the gas to water production ratio is very 
sensitive to cleat porosity because the cleat porosity is usually very small and initially filled with water, 
such as in Tiffany field. About 80 percent of Fruitland coal porosity, in the Colorado portion San Juan 
basin, is less than 0.03% as shown in Fig. 28 while the coal porosity is almost entirely less than 0.01% in 
Tiffany field. As demonstrated by history matching the five production wells in the Tiffany pilot area, the 
permeability aspect ratio of face cleat permeability to butt cleat permeability could have significant effect 
on gas and water production rates. Fig. 31 shows that using the permeability data from the 3M project, 
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provided only by a single permeability value, of the face cleat permeability, an acceptable history match 
can be achieved by adjusting the butt cleat permeability (and therefore the permeability aspect ratio.)  
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Figure 31. Effect of the permeability aspect ratio to gas and water production rates. 

 
Relative Permeabilities. For conventional oil and gas reservoirs, relative permeabilities are among the 
most important parameters. A change in relative permeabilities could dramatically affect the simulation 
prediction.   But for coalbeds, injected CO2 could be entirely adsorbed by the coal before reaching a 
production well if a large CO2-coal contact volume, i.e. a large coal thickness, is assumed.  To verify this, 
a dual model with one injection well and one production well on a 160-acre well spacing was used for 
simulating nitrogen injections. When a net pay thickness of 50 ft was placed (the average coal thickness 
in Tiffany field) Fig. 32 shows that little difference was observed even with a large variety of gas relative 
permeability sets.  In Fig. 32, Ng is the parameter used to define a gas relative permeability curve by Eq. 
(2). 
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Figure 32. Nitrogen production cuts (left) simulated with different relative permeability curves 

(right). 
 
CO2/N2 Contacted Volume in Coal. The early N2 breakthrough and high N2 cut observed in the Tiffany 
field suggest that the elevated pressure during gas injection caused the coal fractures on the preferred 
permeability trends not only to expand but also to extend from in jectors to producers. Consequently, the 
injected inert gas (CO2 or N2) may only contact a small portion of the entire pay volume. A dual model 
with one injection well and one production well on a 160-acre well spacing was used to simulate the 
effect of coal net pay thickness here the coal volume on the inert gas production cut. In comparison with 
the actual field performance, it suggests that only about one tenth to one fifth of the total pay interval may 
be contacted by injected inert gas (CO2 or N2). 
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Figure 33. Nitrogen production cuts simulated with different coal net pay thicknesses (left). The 

comparison between nitrogen and CO2 breakthrough times (right). 
 
2.1.2.7.2.3 Summary  
 

1. A database has been created to store the basin-wide reservoir property data from the 3M Model, 
which includes the coal thickness, initial pressure, initial water saturation, temperature, 
permeability, and porosity distributions on a grid system of 369 by 137 using one-sixth of a mile 
grid blocks. It covers the Colorado portion of the San Juan Basin. Base-wide and regional 
probability distributions can be obtained from the database. 

2. Laboratory measured isotherms on dry coals should be rescaled by matching field history 
performance. Without rescaling, the simulation forecast of CO2 or N2 injection may be not 
accurate. 

3. Initial reservoir pressure data are generally reliable and the initial gas content is not very sensitive 
to the initial pressure if the pressure is high enough, greater than 1200 psi in the Tiffany field. 
Therefore, the estimation of initial gas content is largely determined by the methane isotherm. 

4. In history matching the CO2 production cut, the gas relative permeability may not be significant if 
a large CO2-coal contact volume, i.e. a large coal thickness, is assumed.   

5. During the primary production, the gas to water production ratio is very sensitive to cleat porosity 
because the cleat porosity is usually very small and initially filled with water, such as in the 
Tiffany field.  

6. As demonstrated by history matching the five production wells in the Tiffany pilot area, the 
permeability aspect ratio (face cleat permeability to butt cleat permeability) could have a 
significant effect on gas and water production rates. Using the permeability data from the 3M 
project, provided only a single value, of the face cleat permeability, an acceptable history match 
can be achieved by adjusting the butt cleat permeability (and therefore the permeability aspect 
ratio.)  

7. The early N2 breakthrough and high N2 cut observed in the Tiffany field suggest that the elevated 
pressure during gas injection caused the coal fractures on the preferred permeability trends not 
only to expand but also to extend from injectors to producers. Consequently, the injected inert gas 
(CO2 or N2) may only contact a small portion of the entire pay volume. A dual model with one 
injection well and one production well on a 160-acre well spacing was used to simulate the effect 
of coal net pay thickness (here the coal volume) on the inert gas production cut. In comparison 
with the actual field performance, it suggests that only about one tenth to one fifth of the total pay 
interval may be contacted by injected inert gas (CO2 or N2). 
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2.1.2.7.3 Assessment of CO2 Seepage from Outcrop  
 
Methane seepage has already been observed from many locations along the north and west Fruitland 
outcrops (Advanced Resources International, Inc., 1994, Amoco 1994 and Oldaker, P. 1999). The concern 
is that injected CO2 could likely follow the methane seepage paths and seeps from the outcrop. In this 
section, a representative seepage model was developed. The model represents a simplified geological 
setting of the north and west Fruitland outcrops.  The 3M Model predicted methane seepage rates were 
used as the seepage  boundary conditions when no CO2 injection occurs. The nitrogen injection 
performance in Tiffany field suggests that only a small portion of the coal net pay volume may have been 
contacted with the injected gas. This guideline was used in creating some extreme seepage scenarios. 
 
2.1.2.7.3.1 Fruitland Outcrop  
Geologic surface mapping of the Fruitland Formation outcrop is available (Wray, L.L. 2000). Prior to the 
initiation of the 3M Project approximately 22 miles of the Fruitland Formation outcrop was mapped from 
the New Mexico state border northeastward to the northern boundary of the Southern Ute Indian Tribe 
(SUIT) Reservation. The 3M Project extended outcrop mapped approximately 26 more miles 
northeastward to the eastern edge of the developed portion of the basin near the La Plata County – 
Archuleta County line. The Colorado Geologic Survey performed the outcrop geologic surface mapping 
and published the maps, measured sections, and stratigraphic cross sections in an open-file report. The 
location of the Fruitland outcrop was obtained from AHA, who digitized available USGS base maps.   
 
Methane Seepage Sites. The 3M Model predicted that methane seepage has occurred, and will continue 
to occur, in areas where it has already been observed: the Pine River area, South Texas Creek, and along 
the west side (Valencia Canyon and Soda Springs areas), Fig. 34.  Additional seeps may start east of the 
Pine River and in other areas to be determined, but most of the seepage in the model occurs near existing 
seep locations.  When the outcrop was modeled with a perfect connection to the basin, the simulated 
methane seepage was 10 to 100 times higher than observed levels of seepage.  These results indicate that 
such a perfect connection does not exist; otherwise, there would be much higher seepage.  This restricted 
connection may be related to the structural hingeline between the coals in the basin versus the outcrop, 
stratigraphic changes in the coal, coalbed geometry, capillary pressure or relative permeability effects, 
multi-layer effects, high absorptive capacity in the shallow coals, or other unidentified causes.  By 
modifying the simulated connection of the outcrop to the basin, the 3M Model has been calibrated to 
match observed gas seepage locations and rates. Fig. 34 shows the seepage sites and their rates by 2030 
predicted by the 3M Model. Fig. 35 provides statistical distributions of methane seepage rates by seepage 
sites and by mile.  
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Figure 34. 3M Model predicted methane seepage sites and rates along the Fruitland coal outcrop 

(Questa Engineering Corporation, 2000). 
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Figure 35. Statistical distributions of methane seepage rates. 

 
Groundwater Recharge. The annual precipitation in the Colorado portion of San Juan basin varies from 
10 inches per year to 30 inches per year. Along the Fruitland outcrop, an average precipitation of 22 
inches per year was used in this study. Previous researchers have shown that the recharge rate is only 
about one percent of the precipitation. Most recharge water migrates to adjacent rivers and creeks. An 
estimated 15 percent of the recharge water actually enters the basin. Based on above statistics, an 
estimated outcrop recharge rate of about one hundred barrels per mile per day was calculated and used in 
a representative seepage model.   
 
 
Flow Barriers and Baffles. A number of flow barriers or baffles were known to be present in the basin, 
based on previous work by numerous investigators and operators.  Other barriers or baffles were 
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introduced based on the presence or absence of water or gas seepage in particular areas. Fig. 36 shows the 
identified flow barriers and baffles that are included in the 3M Model. 

 
Figure 36. Identified flow barriers and baffles included in the 3M Model (Questa Engineering 

Corporation, 2000). 
 
2.1.2.7.3.2 A Representative Seepage Model 
Model Configuration.  Fig. 37 shows the configuration of the representative seepage model. The model 
is a two-layer, 1.25 mile by 12 mile strip with a down dip of 2.92 degree from the outcrop to the bottom 
of the basin. There is a total of 240 (5 by 48) grids in each layer with a grid size of 0.25 mile (1320 ft). 
The model consists of two seepage wells to represent the 1.25 mile outcrop and three water recharge wells 
placed just below the water table. A total of 28 production wells were placed in the strip with a 160-acre 
well spacing. Production wells were only perforated in the top layer and water recharge wells were only 
perforated in the bottom layer. The thickness ratio between top and bottom layers was set to 10:1.  
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Figure 37. A representative seepage model for the Fruitland coal outcrop. 

 
2.1.2.7.3.3 Seepage Simulation 
Preferable Scenarios. Because of the capillary pressure force, a water saturated zone above injected CO2 
could help to prevent CO2 migrating up to outcrops. Illustrated in Fig. 37, 28 production wells were 
placed on a 160-acre well spacing where the top two wells were more than 2 miles away from the water 
table because the grid size is 0.25 mile (1320 ft). Various CO2 injection schemes have been simulated, 
which includes alternated 2 to 14 production wells to CO2 injection wells. A total thickness of 52 ft, about 
the average for Fruitland coal, was used for all cases. Under all cases, no CO2 seepage was predicted from 
the outcrop. As shown in Fig. 38, also no significant change in methane seepage was predicted by 
simulations even when the coalbed has a 2~5 ft pay interval (the CO2-coal contact volume is very small.)  
 



669 

0

1

2

3

4

5

6

7

8

0 50 100 150 200 250

Time Since Begin CO2 Injection, yesr

S
im

u
la

te
d

 M
et

h
an

e 
S

ee
p

ag
e 

fr
o

m
 a

 
1,

25
-m

ile
 O

u
tc

ro
p

, M
cf

/d
ay

For all scenarios where CO2 injection wells 
were placed below and at least 2 miles away 
from the water table.

 
Figure 38. Simulated methane seepage under preferable CO2 injection scenarios. 

 
Extreme Scenarios. To simulate the worst case scenarios, CO2 injection wells were placed above the 
water table. Two CO2-injection wells were placed with a rate of 3200 Mcf/day for each one. All 
simulations started with 30 year injection of CO2 then simulated for another 200 year without CO2 
injection. Fig. 39 and Fig. 40 show that a large CO2 and methane breakthrough could happen if the CO2 
injection wells are too close to the outcrop, within 2 miles. Fig. 41 and Fig. 42 show that CO2 and 
methane seepage rates reduced significantly when the injection wells were located more than 2 miles 
away from the outcrop. If the rescaled isotherms of CO2 and methane are proper then injecting CO2 from 
at least 3 miles away of the outcrop should be required.  
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Figure 39. Methane and CO2 seepage rates vs. coal net pay thicknesses where the injection is one 

mile from the outcrop. 
 



670 

0.01

0.1

1

10

100

1000

10000

0 50 100 150 200 250

Time Since Begin CO2 Injection, year

S
im

u
la

te
d

 M
et

h
an

e 
S

ee
p

ag
e 

fr
o

m
 a

 1
.2

5-
m

ile
 

O
u

tc
ro

p
, M

cf
/d

ay

H=2 ft, Dis.=1.5 mile

H=5 ft, Dis.=1.5 mile

H=10 ft, Dis.=1.5 mile

H=50 ft, Dis.=1.5 mile

0.001

0.01

0.1

1

10

100

1000

10000

0 50 100 150 200 250

Time Since Begin CO2 Injection, year

S
im

u
la

te
d

 C
O

2 
S

ee
p

ag
e 

fr
o

m
 a

 1
.2

5-
m

ile
 

O
u

tc
ro

p
, M

cf
/d

ay

H=2 ft, Dis.=1.5 mile

H=5 ft, Dis.=1.5 mile

0.01

0.1

1

10

100

1000

10000

0 50 100 150 200 250

Time Since Begin CO2 Injection, year

S
im

u
la

te
d

 M
et

h
an

e 
S

ee
p

ag
e 

fr
o

m
 a

 1
.2

5-
m

ile
 

O
u

tc
ro

p
, M

cf
/d

ay

H=2 ft, Dis.=1.5 mile

H=5 ft, Dis.=1.5 mile

H=10 ft, Dis.=1.5 mile

H=50 ft, Dis.=1.5 mile

0.001

0.01

0.1

1

10

100

1000

10000

0 50 100 150 200 250

Time Since Begin CO2 Injection, year

S
im

u
la

te
d

 C
O

2 
S

ee
p

ag
e 

fr
o

m
 a

 1
.2

5-
m

ile
 

O
u

tc
ro

p
, M

cf
/d

ay

H=2 ft, Dis.=1.5 mile

H=5 ft, Dis.=1.5 mile

 
Figure 40. Methane and CO2 seepage rates vs. coal net pay thicknesses where the injection is 1.5 

mile from the outcrop. 
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Figure 41.  Methane and CO2 seepage rates vs. injection distances and 2 ft net pay. 

 

0.01

0.1

1

10

100

1000

0 50 100 150 200 250

Time Since Begin CO2 Injection, year

S
im

u
la

te
d

 M
et

h
an

e 
S

ee
p

ag
e 

fr
o

m
 a

 1
.2

5-
m

ile
 

O
u

tc
ro

p
, M

cf
/d

ay

H=5 ft, Dis.=1 mile

H=5 ft, Dis.=1.5 mile

H=5 ft, Dis.=2 mile

0.001

0.01

0.1

1

10

100

1000

10000

0 50 100 150 200 250

Time Since Begin CO2 Injection, year

S
im

u
la

te
d

 C
O

2 
S

ee
p

ag
e 

fr
o

m
 a

 1
.2

5-
m

ile
 

O
u

tc
ro

p
, M

cf
/d

ay

H=5 ft, Dis.=1 mile

H=5 ft, Dis.=1.5 mile

0.01

0.1

1

10

100

1000

0 50 100 150 200 250

Time Since Begin CO2 Injection, year

S
im

u
la

te
d

 M
et

h
an

e 
S

ee
p

ag
e 

fr
o

m
 a

 1
.2

5-
m

ile
 

O
u

tc
ro

p
, M

cf
/d

ay

H=5 ft, Dis.=1 mile

H=5 ft, Dis.=1.5 mile

H=5 ft, Dis.=2 mile

0.001

0.01

0.1

1

10

100

1000

10000

0 50 100 150 200 250

Time Since Begin CO2 Injection, year

S
im

u
la

te
d

 C
O

2 
S

ee
p

ag
e 

fr
o

m
 a

 1
.2

5-
m

ile
 

O
u

tc
ro

p
, M

cf
/d

ay

H=5 ft, Dis.=1 mile

H=5 ft, Dis.=1.5 mile

 
Figure 42. Methane and CO2 seepage rates vs. injection distances and 5 ft net pay. 

 
2.1.2.7.3.4 Summary 
 

1. A representative seepage model was developed. The model is a two-layer, 1.25 mile by 12 mile 
strip with a down dip of 2.92 degree from the outcrop to the bottom of the basin. The model 
consists of two seepage wells to represent the 1.25 mile outcrop and three water recharge wells 
placed just below the water table. A total of 28 production/CO2-injection wells are included on a 
160-acre well spacing. 
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2. Under preferable scenarios, if CO2 injection wells are placed below and at least 2 miles away 
from the water table, no significant change in methane seepage has been predicted by simulations 
even under an assumption of 2~5 ft pay interval thereby the CO2-coal contact volume is very 
small.  

 
3. To simulate the worst case scenarios, CO2 injection wells have been placed above the water table. 

The results show that a large CO2 and methane breakthrough could happen if the CO2 injection 
wells are too close to the outcrop, within 2 miles. If the rescaled isotherms of CO2 and methane 
are proper then injecting CO2 from at least 3 miles away of the outcrop will be safe. All 
simulations runs were started one hundred year stabilization followed by 30 year injection of CO2 
in two wells at a rate of 3200 Mcf/day. After CO2 injection been stopped we simulated for 
another 200 year. 
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2.1.2.8 Conclusion 
 
2.1.2.8.1 Geomechanical Study (Task 1.0.3) 
Geomechanical processes lead to risks of developing leakage paths for CO2 at each step in the process of 
developing a coal bed methane project for methane production and eventual CO2 sequestration. Though 
each of the risks identified in this study needs to be evaluated for specific sites, the following general 
conclusions have been drawn from this review: 
 

• Conventional techniques are available to minimize risk of leaks in new well construction though 
additional study should be devoted to establishing best practices for the height of cement behind 
production casing; risk of leakage is higher for old wells converted to injectors. 

• Risks of leakage is much higher for open cavity completions than for cased well completions. 
• Coal properties and available technology should minimize the risk that hydrofractures, used as 

part of completion, will grow out of interval; techniques to monitor fracture height need further 
development. 

• The processes of depressurization during dewatering and methane production, followed by 
repressurization during CO2 injection, lead to risks of leakage path formation by failure of the 
coal and slip on discontinuities in the coal and overburden. 

• The most likely mechanism for leakage path formation is slip on pre-existing discontinuities 
which cut across the coal seam. Sensitivity studies need to be performed to better evaluate this 
risk. 

• Relationships between the amount of slip and the increase in flow (if any) along a discontinuity 
need to be developed. 

 
2.1.2.8.2 Predictive Quantitative Modeling (Task 2) 
The mechanism by which CO2 can enhance the coalbed methane recovery and at the same time sequester 
CO2 in coal matrix, is a complex mix of physical and chemical interaction process. More research in both 
laboratory experiments and field demonstrations are needed before CO2 sequestration in coal can become 
an applicable industry practice. Consequently, future improvements to simulation models are also needed, 
especially in modeling coal structure reactions to gas injection and the multiple component 
adsorption/desorption processes. The main conclusions from this simulation study are: 
 

• Reservoir models that match the primary production history may not be accurate in forecasting 
CO2 or N2 injection because of the reaction of coal structure to gas injection. 

• The simulated early inert gas (N2 plus CO2) breakthrough and high inert gas cut during future gas 
injections suggests that the future gas injection and CO2 sequestration may be restricted to only 
one third of the total available pay. Therefore the actual CO2 sequestration capability of the 
Tiffany Field may not be as high as originally expected.  

• Isotherm data are the most important data in coalbed methane related simulations. Laboratory 
measured isotherms on dry coals should be rescaled by matching field history performance. 
Without rescaling, the simulation forecast of CO2 or N2 injection may not be accurate. 

• No significant change in methane seepage from outcrop has been predicted by simulations if CO2 
injection wells are placed below and at least 2 miles away from the water table. However, under 
certain conditions, simulation predicted that a large CO2 and methane breakthrough could happen 
if the CO2 injection wells are too close, within 2 miles, to the outcrop. Consequently, any CO2 
injection within a distance of 3 miles from outcrop should be considered with high risk. 
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2.1.3.1  Abstract 
 
We describe here a coupled modeling framework for simulating carbon dioxide (CO2) leakage and 
seepage in the subsurface and in the atmospheric surface layer for risk characterization.  The results of 
model simulations can be used to quantify the two key health, safety, and environmental (HSE) risk 
drivers, namely seepage flux and near-surface concentrations.  The methodology and structure of the 
coupled modeling framework are based on the key concepts that (1) the primary HSE risk is in the near-
surface environment where humans, animals, and plants live, (2) leakage and seepage flow processes are 
coupled, and (3) the main risk drivers are CO2 flux and concentration.  The coupled modeling framework 
is built on the integral finite difference multiphase and multicomponent reservoir simulator TOUGH2 and 
models CO2 and air in both subsurface and atmospheric surface-layer regions simultaneously.  The 
surface-layer modeling assumes CO2 dispersion is passive and uses the logarithmic wind profile 
assumption and advective-dispersive transport equation.  Surface-layer dispersivities are calculated from 
the Pasquill-Gifford curves and Smagorinski Model.  We have tested the coupled modeling framework 
for gas-mixture physical property prediction, surface-layer transport and dispersion, and transition from 
passive to active flow.  We demonstrate the model for a coupled subsurface–surface-layer system and 
show the large dispersion and dilution expected in the atmospheric surface layer.  Whereas CO2 
concentrations in the subsurface can be extremely high, surface layer winds easily reduce CO2 
concentrations to trace levels for the fluxes investigated.  Even for calm conditions, density-driven CO2 
flow appears capable of preventing CO2 concentrations from reaching significant levels over flat and 
horizontal ground surfaces.  We also observe in the demonstration problem the reflux of CO2 by 
infiltrating rainwater containing dissolved CO2, a process that shows the importance of using a coupled 
modeling framework.  Finally, we compared downwind concentrations for 2-D and 3-D simulations of 
surface-layer dispersion and observed approximately a factor of two decrease in CO2 concentration for the 
3-D simulation relative to the 2-D simulation. 
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2.1.3.4  Introduction 
 
The assessment of health, safety, and environmental (HSE) risks is an essential part of planning and 
permitting for geologic carbon sequestration projects.  Risk assessment in general has been described as a 
three-part process involving the following: (1) definition of scenarios of what can go wrong; (2) 
assessment of the likelihood of those scenarios; and (3) assignment of a measure of severity to the 
consequences arising from a given scenario.  When applying this approach to substances that pose a 
hazard to human health and ecosystems, the risk assessment process includes hazard identification and 
risk characterization.  For geologic carbon sequestration, a primary HSE hazard is CO2 leakage and 
seepage from the storage site leading to exposure by humans, plants, and animals to elevated CO2 
concentrations in air and water.  The fundamental challenge of risk characterization is the estimation or 
calculation of elevated CO2 concentrations to which humans, plants, and animals may be exposed in the 
given failure scenarios.   
 
In Figure 2.1.3.4(1), we present a schematic of some of the important features that may affect HSE risk 
characterization for CO2 leakage and seepage in the shallow subsurface and atmospheric surface layer.  
These features include a house with a basement and cracked floor through which CO2 can seep, and a 
water well which could produce water with high dissolved CO2 content if CO2 bubbled up through the 
aquifer.  Also shown are plants, a tree, and roots that may be sensitive to elevated CO2 concentrations in 
the shallow subsurface.  We also show animals that live in the ground and therefore may be susceptible to 
elevated CO2 concentrations, along with their burrows that may provide fast flow paths and enhance 
mixing by barometric pumping of soil gas and ambient atmosphere.  In addition, we show in Figure 
2.1.3.4(1) the saturated zone, unsaturated zone, surface water, and wind in the atmospheric surface layer 
which may be capable of diluting and attenuating leaking and seeping CO2.   
 
The objective of our research is to demonstrate a coupled modeling framework for risk characterization 
applicable to the leakage and seepage of CO2 from geologic carbon sequestration sites.  The purpose of 
the coupled model is to estimate CO2 fluxes and concentrations in the near-surface environment where 
risk to humans, plants, and animals is highest.  The CO2 concentration estimates obtained using the 
coupled model will feed to exposure models already developed for other soil-gas contaminants.  The 
underlying premise of our approach is that the fundamental drivers of the HSE risk are the CO2 flux and 
near-surface CO2 concentrations, and that a rigorous capability to estimate these quantities is essential for 
a defensible HSE risk assessment.  A new coupled model is required because to our knowledge there is no 
existing model that handles both subsurface and atmospheric surface-layer transport and dispersion along 
with the coupling at the subsurface–surface-layer interface at the appropriate scale, although model 
development at smaller scales is currently underway (e.g., Webb and Phelan, 2003).    
 
The purpose of this report is to describe the coupled modeling framework.  First, we summarize the 
background points made in prior project deliverables that are critical to motivating the approach we have 
taken.  In Section 6, we present the methodology and structure of the coupled model with emphasis on the 
new atmospheric surface-layer flow and dispersion methods.  In Section 7, we present results of testing to 
verify and demonstrate the model.   
 
 
2.1.3.4.1 Background  
 
2.1.3.4.1.1 Task 1 Report 
 
Relevant information and research results have already been presented in prior project deliverables in this 
project (Oldenburg et al., 2002a; 2002b; 2002c).  For example, in the Task 1 report (Oldenburg et al., 
2002a), we clarified terminology by defining leakage as migration away from the primary sequestration 
target, whereas seepage is CO2 migration through an interface such as the ground surface or a concrete 
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basement floor or wall.  We also presented in the Task 1 report figures showing the high density and low 
viscosity of CO2 relative to air, and we discussed how decompression and spreading below low-
permeability layers during upward flow from the deep subsurface will tend to promote vertical migration 
along preferential flow paths while solubility trapping will tend to limit upward migration.  We also 
discussed several well-known cases of natural gas storage-related leakage and seepage demonstrating that 
gases can escape from deep in the subsurface and seep out of the ground.  Finally, in the Task 1 report we 
presented numerical simulations of CO2 transport through the unsaturated zone that showed the limited 
capability of the unsaturated zone to attenuate leaking CO2 (see also Oldenburg and Unger, 2003b).  
 
 
2.1.3.4.1.2 Task 2 Report 
 
In the Task 2 report (Oldenburg et al., 2002b), we discussed risk assessment in general and how it can be 
applied to HSE risk assessment of geologic carbon sequestration.  We discussed human health and 
ecological effects of elevated CO2 concentrations, and we noted that if health risks to humans are 
minimized, minimal risk to the environment is generally assured.  We described in general the methods 
we use to model a coupled subsurface-atmospheric surface-layer system to estimate CO2 fluxes and 
concentrations for CO2 risk characterization under different failure scenarios.  Note that our scope at the 
time of the Task 2 report included calculation of indoor-air CO2 concentrations as a result of CO2 leakage 
and seepage, for example into the house in Figure 2.1.3.4(1).  Due to a subsequent mid-project budget cut, 
we re-scoped the project to focus on the fundamental CO2 flux and near-surface concentrations alone.   
 
 
2.1.3.4.1.3 Task 3 Report 
 
The Task 3 report (Oldenburg et al., 2002c) focused on atmospheric dispersion of CO2 where our concern 
is for the lowest part of the atmospheric boundary layer, here called the surface layer, because this is 
where humans, plants, and other animals live.  We discussed evidence from natural analog releases and 
from large-scale experiments of dense gas dispersion.  We presented extensive correlations used for 
industrial risk assessment of dense gases, and used these correlations to show that generally atmospheric 
dispersion will be effective at diluting seeping CO2.  We also presented the approach we are using for 
modeling atmospheric transport and dispersion.  The presentation of our atmospheric dispersion methods 
and structure will be updated below in Section 6, and test simulations and demonstrations from the 
coupled model will be presented in Section 7.  
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Figure 2.1.3.4(1).  Sketch of shallow subsurface and atmospheric surface layer with 
accompanying features relevant to HSE risk associated with CO2 leakage and seepage 
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2.1.3.5  Executive Summary 
 
Hazard identification and risk characterization are essential components of health, safety, and 
environmental (HSE) risk assessment of geologic carbon sequestration.  The hazard of concern is 
exposure to elevated carbon dioxide (CO2) concentrations resulting from leakage and seepage of CO2 
from the target geologic sequestration site.  Risk characterization is the quantification of the significance 
of this hazard, including estimating source strength and environmental concentrations in media through 
which exposure to CO2 by humans, plants, and animals may occur.  We describe here a coupled modeling 
framework for simulating CO2 leakage and seepage, including transport and dispersion in the subsurface 
and in the atmospheric surface layer, for risk characterization.  The results of model simulations can be 
used to quantify the two key HSE risk drivers, namely seepage flux and near-surface concentrations.   
Our prior work in the area of HSE risk assessment has been reported in three project reports.  In the Task 
1 report, we defined the terms leakage to refer to CO2 migration away from the target sequestration 
formation, and seepage to refer to CO2 flowing from the subsurface to the atmosphere, e.g., through the 
ground surface.  We also described the physical properties of CO2 and air and noted the larger density of 
CO2 will cause it to tend to accumulate in the unsaturated zone and hug the ground in the surface layer.  
We summarized some actual cases of gas leakage and seepage from natural gas storage facilities.  Finally, 
we presented a sensitivity analysis for CO2 leakage through the unsaturated zone.  In the Task 2 report, 
we discussed HSE risk assessment and described the broad outline of our coupled modeling framework 
which includes coupled simulation of the subsurface and atmospheric surface layer.  In the Task 3 report, 
we focused on atmospheric dispersion of CO2 near the ground surface and presented estimates of CO2 
dispersion using extensive correlations developed for industrial gas risk assessment.  These correlation-
based estimated suggest CO2 will disperse rapidly in the surface layer.  
 
The methodology and structure of the coupled modeling framework are based on the key concepts that (1) 
the primary HSE risk is in the near-surface environment where humans, animals, and plants live, (2) 
leakage and seepage flow processes are coupled, and (3) the main risk drivers are CO2 flux and 
concentration.  Given these concepts, a rigorous coupled modeling framework is needed to make 
defensible estimates of CO2 flux and concentration for potential leakage and seepage scenarios.  The 
relevant time and length scales for HSE risk assessment that we consider are between 1 month and 10 
years, and from 10 m to 1 km, respectively.  Over these scales, temporal and spatial averaging of surface-
layer properties such as temperature, pressure, and precipitation is defensible.   
 
The coupled modeling framework is built on the integral finite difference multiphase and multicomponent 
reservoir simulator TOUGH2.  We describe the new module called T2CA that models CO2 and air in both 
subsurface and atmospheric surface-layer regions simultaneously.  The surface-layer modeling assumes 
CO2 dispersion is passive and uses the logarithmic wind profile assumption and advective-dispersive 
transport equation.  The logarithmic wind profile is generated by suitable choice of boundary conditions 
and medium properties in the surface layer.  Surface-layer dispersivities are calculated from the Pasquill-
Gifford curves and Smagorinski Model, for large scale and sub-grid scale atmospheric dispersion, 
respectively.  
 
We have tested the coupled modeling framework in terms of physical property estimates and observed 
very good agreement against independent gas-mixture predictions.  We have also tested the surface-layer 
transport and dispersion simulations against the Navier-Stokes fluid dynamics code FLUENT and 
observed good agreement for low CO2 seepage fluxes and diminishing agreement, as expected, as the CO2 
seepage flux is increased.  Good agreement was also observed for the transition from passive to active 
flow when compared to correlations developed from experiments and field trials of dense gas dispersion.  
Demonstrations of the model for full subsurface–surface-layer coupling show the large dispersion and 
dilution expected in the atmospheric surface layer.  Whereas CO2 concentrations in the subsurface can be 
extremely high, in the surface layer the wind easily overwhelms the seepage flux and reduces CO2 
concentrations to trace levels.  Even for calm conditions, density-driven CO2 flow appears capable of 
preventing CO2 concentrations from reaching significant levels over flat and hor izontal ground surfaces.  
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We have also observed the reflux of CO2 by infiltrating rainwater containing dissolved CO2, a process 
that shows the importance of using a coupled modeling framework.  Finally, we compared downwind 
concentrations for 2-D and 3-D simulations of surface-layer dispersion and observed approximately a 
factor of two decrease in CO2 concentration for the 3-D simulation relative to the 2-D simulation.  
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2.1.3.6  Experimental 
 
2.1.3.6.1  Key Concepts  
 
The methodology and structure of the coupled modeling framework that we are using is based on the 
following key concepts: (1) the human, plant, and animal receptors span the interface between the 
subsurface and surface layer; (2) the flow processes involved in leakage and seepage are coupled; and (3) 
the main risk drivers are CO2 flux and concentration.  Before describing the methods and structure in 
detail, we elaborate on these three key concepts and discuss the time and length scales appropriate to our 
approach.  
 
First, HSE risk assessment applies to humans, plants, and animals.  These environmental receptors live 
generally near the ground surface but may be entirely below, entirely above, or in both regions at different 
times.  As examples of the importance of the subsurface, surface-layer, and in-between environments, 
consider the house and basement and the burrowing animals of Figure 2.1.3.4(1).  Clearly the house and 
the burrow are open to gas flow from both the subsurface and surface layers and therefore CO2 in either 
the subsurface or surface layer has the potential to affect the environment in which people or animals live.  
The plants and trees and their roots similarly will be affected by CO2 leakage and seepage in both the 
subsurface and surface-layer environments.  Because exposure to CO2 in the near-surface environment is 
the main risk of CO2 leakage and seepage, we have developed a coupled modeling framework that 
focuses on this region. 
 
Second, CO2 leakage and seepage are coupled transport processes.  Specifically, CO2 gas in the near-
surface environment will flow by advection and diffusion as controlled by pressure, density, and 
concentration gradients.  For example, seeping CO2 will be strongly advected by surface winds above the 
ground surface, and leaking CO2 will tend to sink in the unsaturated zone by density effects.  Similarly, 
atmospheric pressure variations (i.e., barometric pumping) will cause CO2 to move in the gas phase in the 
subsurface.  Conversely, the low permeability of the subsurface will tend to dampen advective transport 
driven by wind in the surface layer.  Rainfall and associated infiltration containing dissolved CO2 can be 
another mechanism for CO2 to return from the surface layer to the subsurface.  Because of these apparent 
coupled processes occurring between the surface layer and subsurface, a coupled modeling framework 
capable of modeling these interactions is required.   
 
Third, if high CO2 concentrations are the fundamental adverse condition for HSE risk, then CO2 seepage 
flux and near-surface CO2 concentration are the main risk drivers.  Seepage flux in terms of mass has 
units of kg CO2 m-2 s-1 and is a measure of the rate at which CO2 is passing out of the ground per unit 
area.  If CO2 is the only component of the gas stream seeping out of the ground, then flux and 
concentration are directly correlated.  However, if the CO2 is contained within a stream of another 
component (e.g., with steam in a geothermal system vent or geyser), then there can be a high CO2 flux 
with low CO2 concentrations.  In this sense, flux and CO2 concentration must be considered 
independently.  In the case where the only component in the seeping gas is CO2, the seepage flux is a 
good indicator of whether given winds, surface water flows, or plant uptake rates are capable of reducing 
CO2 concentrations to safe levels.  As for CO2 concentrations, the location of the occurrence of high 
concentrations strongly affects the attendant risk.  For example, high CO2 concentrations at a depth of 2 m 
in the ground may cause negligible risk to humans because they are living on the ground surface.  On the 
other hand, high CO2 concentrations in the basement of a building can be a significant health risk since 
people in the basement will be exposed to air with elevated CO2 concentrations.    
 
Given these key concepts, it is apparent that a rigorous coupled modeling capability is required to make 
defensible estimates of CO2 flux and concentration for various expected leakage and seepage scenarios.  
Simplified models of the subsurface or surface layer alone may not stand up to public and scientific 
scrutiny.  We have used a methodology and structure that is based on sound principles of multiphase and 
multicomponent reservoir simulation.  The fluxes and concentrations calculated by the coupled 
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framework can be used as inputs to exposure models to calculate defensible HSE risks.  The direct output 
from the present coupled modeling framework is also useful by itself since CO2 flux and concentration 
are primary risk drivers.  The approach we have taken can be used to model the whole leakage pathway 
from deep sequestration site to the surface, but here we focus the model description on the region where 
the main HSE hazards occur, namely the unsaturated zone and surface layer.  
 
 
2.1.3.6.2 Length and Time Scales 
 
With CO2 storage and sequestration operations potentially occurring on a large and widespread industrial 
scale, the length and time scales of interest to CO2 risk characterization are quite large.  Because broad 
and diffuse CO2 seepage may occur over large areas for long periods of time, such leakage and seepage 
may be hard to detect and difficult to mitigate.  As such, diffuse seepage is an important focus for risk 
assessment and risk management.  Catastrophic events such as well failures are also relevant, but such 
events are obviously serious HSE risks and everything possible will be done to stop such events.  We 
have focused on the 10 m to 103 m length scale, and the 1 month to 10 year time scale.  Over these length 
and time scales, averaging is defensible.  For example, constant wind speed, pressure, infiltration, and 
other weather-related processes can be used since the time scale is relatively long.  On shorter time scales, 
one would want to use variable weather and seasonal conditions.  While the coupled model is capable of 
nonisothermal simulations, we have considered only isothermal situations to date and we make use of a 
stability class parameterization to model temperature-related instability and its effect on atmospheric 
dispersion as described in Section 6.4.   
 
 
2.1.3.6.3 Subsurface Flow and Transport 
 
The coupled modeling framework we are using is built on the TOUGH2 code (Pruess et al., 1999), a 
multiphase and multicomponent integral finite difference reservoir simulator.  Briefly, TOUGH2 uses a 
multiphase version of Darcy’s law for fluid flow and the advective dispersive model for component 
transport.  Readers interested in greater detail and information on the theory or practical implementation 
of TOUGH2 should consult the users guide (Pruess et al., 1999) and the website (http://www-
esd.lbl.gov/TOUGH2).  The coupled model is based on an extension of the EOS7R module (Oldenburg 
and Pruess, 1995; Pruess et al., 1999), and handles five components (H2O, brine, CO2, a gas tracer, air) 
and heat.  Air is a pseudocomponent that is approximated as a mixture of 21% oxygen and 79% nitrogen 
by volume.  Real gas mixture properties are calculated so the full range from high-pressure sequestration-
site conditions to low-pressure ambient surface-layer conditions can be modeled.  We refer to the coupled 
model as T2CA, for TOUGH2 CO2 and Air.  While the discussion below focuses on the CO2 transport, all 
of the gas-phase components are modeled in the TOUGH2 multicomponent framework, and an analogous 
treatment can be developed for heat.   
 
 
2.1.3.6.4 Atmospheric Dispersion 
 
2.1.3.6.4.1 Introduction 
 
The approach we use for atmospheric surface-layer transport and dispersion was described in our Task 2 
and Task 3 reports (Oldenburg et al., 2002b; 2002c).  Because of its importance to CO2 leakage and 
seepage risk characterization, we present below an updated description of this approach with illustrative 
figures similar to that in the recent TOUGH Symposium Proceedings paper (Oldenburg and Unger, 
2003a).    
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2.1.3.6.4.2 Defining the Surface Layer 
 
The atmospheric surface layer, often referred to simply as the surface layer, in the coupled modeling 
framework is defined by setting porosity to unity and permeability to values orders of magnitude larger 
than the subsurface parts of the domain.  Furthermore, the surface-layer boundary conditions and 
permeabilities should be set to specify the desired wind profile.  The wind must be unidirectional and 
aligned with the x-axis.  The entire coupled subsurface–surface-layer calculation is carried out using a 
single grid.  Hence, the model regions are implicitly coupled.  Full multiphase and multicomponent flow 
and transport are used throughout the domain.  Depending on how the user defines the properties of the 
domain, the model can be run as subsurface only, surface layer only, or coupled subsurface–surface-layer.  
Additional layers and materials can be added to represent details such as plants, leaf litter, and soils as 
information about the effects of these materials becomes known.  
 
 
2.1.3.6.4.3 Passive Mixing Assumption  
 
Field experiments of dense gas dispersion have been used to develop correlations involving the most 
important parameters controlling atmospheric dispersion such as wind speed, density of released gas, and 
release flux (Britter, 1989; Britter and McQuaid, 1988).  These correlations were developed based on 
simple scale and dimensional analyses.  One of these correlations relates the seepage flux and average 
wind speed at an elevation of 10 m to the form of the dispersion process, i.e., whether it is active (density-
dependent) or passive as appropriate for a gas tracer.  In Figure 2.1.3.6.4.3(1), we have plotted this 
correlation with values appropriate for CO2-air mixtures for various source area length scales along with 
the typical flux of CO2 emitted and taken up by plants, soil, and roots known as the net ecosystem 
exchange (NEE) (e.g., Baldocchi and Wilson, 2001).  As shown in Figure 2.1.3.6.4.3(1), seepage fluxes 
have to be quite high (note logarithmic scale) for windy situations for the resulting dispersive mixing 
process to be active.  Note that wind conditions are averages over a period of 10 minutes.  
 
In prior work (Oldenburg et al., 2002a; Oldenburg and Unger, 2003b), we have simulated subsurface 
migration of leaking CO2 through the unsaturated zone with rainwater infiltration for various leakage 
rates specified at the water table.  These leakage rates were given as annual mass leakage percentages of 
the total stored CO2.  Typical seepage fluxes for the 0.1% yr-1 leakage rate were on the order of 10-5–10-6 
kg m-2 s-1.  As shown in Figure 2.1.3.6.4.3(1), seepage fluxes of this magnitude lead to passive dispersion 
for all but the calmest wind conditions.   
 
 
2.1.3.6.4.4 Passive Dispersion and the Logarithmic Wind Profile  
 
Under the assumption of passive flow and dispersion, we can use an ambient wind profile and advective-
dispersive models as developed in the atmospheric transport literature (e.g., Slade, 1968; Pasquill, 1974; 
Stull, 1988; Arya, 1999).  The ambient time-averaged wind profile near the ground surface has been 
shown theoretically to follow a logarithmic profile as shown in Figure 2.1.3.6.4.4(1).  The logarithmic 
wind profile is given as:  
 

      ux (z) =
u*
k *

ln
z
z0

 

 
  

 

 
      (3.1) 

 
where ux(z) is the ambient wind speed as a function of height, u* is the friction velocity (a parameter that 
governs the shape of the wind profile near the ground surface for various surface types (Slade, 1968)), k* 
is von Karman’s constant (k* = 0.4), z is the elevation, and z0 is a roughness height such that ux(z) = 0 at z 
= zo and is also a function of various surface types.  An excellent review of the assumptions involved in 
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the logarithmic profile, as well as experimentally derived parameters obtained from calibration to field 
data, are provided in Slade (1968).    
 
2.1.3.6.4.5 Advective-Dispersive Transport 
 
Atmospheric transport and dispersion of CO2 as a passive gas follows the linear advective-dispersive 
transport equation.  General background and assumptions in the formulation of this transport equation can 
be found in Slade (1968) and Arya (1999).  In short, dispersive transport can be simplified to the 
following partial differential equation for the three-dimensional (x, y, z) transport of a low-concentration 
component (such as CO2) at concentration c: 

  
∂c
∂t

+ ux
∂c
∂x

+ uy
∂c
∂y

+ uz
∂c
∂z

− Dxx
∂2c

∂x2 − Dyy
∂2c

∂y2 − Dzz
∂2c

∂z2 = 0  (3.2) 

For atmospheric transport modeling, the coordinate system is arranged so that the positive x-direction is 
aligned in the downwind direction.  Advection is generated by the velocity terms so that with the 
coordinate system transformation, uy = uz = 0, and ux is the ambient wind.  The dispersion is governed by 
local dispersion coefficients Dxx, Dyy, and Dzz that are the diagonal elements of a dispersion tensor related 
to the standard deviations (σx, σy, σz) in the concentration distribution by 
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Dyy =
σ y

2

2 t
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2
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     (3.3) 

 
where t is time (e.g., Arya, 1999).  With this formulation, the local dispersion coefficients (Dxx, Dyy, and 
Dzz) will be a function of location through the t term, where t is the travel time from the source to the 
given location, and through σ from the Pasquill-Gifford dispersion curves discussed below.   
 
 
2.1.3.6.4.6 Pasquill-Gifford Dispersivities 
 
The empirically derived Pasquill-Gifford (P-G) dispersion curves provide a commonly accepted and 
practical means of determining large-scale atmospheric dispersion (Slade, 1968; Arya, 1999).  Large-
scale eddies in the convective motion of the lower atmospheric layers are assumed to result in dispersion 
of passive constituents that can be mathematically represented as a Fickian diffusion process.  The P-G 
scheme was developed from experiments conducted over a wide variety of terrain (e.g., project Prairie 
Grass and British diffusion experiments (Pasquill, 1961; Gifford, 1961)) and atmospheric conditions 
(ranging from class A-extremely unstable, class B-moderately unstable, class C-slightly unstable, class D-
neutral, class E-slightly stable, to class F-moderately stable).  The P-G curves are shown on Figure 
2.1.3.6.4.6(1) and provide a value of σy and σz as a function of downwind distance under a specific 
atmospheric condition (classes A–F), with σx set equal to zero since advection dominates in the x-
direction.  The empirically derived P-G dispersion scheme is valid for large-scale  eddies in the lowest 100 
m of the atmosphere evolving over length scales ranging from 100 m to 10,000 m downwind from the 
source. Figure 2.1.3.6.4.6(1) includes values of σy and σz extrapolated from 100 m down to 1 m, for 
reasons that will be discussed below. 
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2.1.3.6.4.7 Smagorinski Model Dispersion 
 
In the context of CO2 leakage and seepage, the source zone will often be a surface seep.  Health and 
environmental risks due to CO2 seepage may need to be resolved at smaller distances from the source 
than are strictly applicable for the P-G dispersion curves discussed above. On the scale of 100 m or less, 
small-scale eddies in the convective motion of the near-surface atmospheric layers are assumed to result 
in dispersion of passive constituents within these layers (Arya, 1999).  These eddies arise from the shear 
stress of the air in contact with the ground surface.  Note that this identical mechanism is responsible for 
the logarithmic wind profile discussed earlier, in which wind velocities approach zero near the ground 
surface.   
 
The Smagorinski Model is the simplest and most widely used small-scale eddy dispersion model (Arya, 
1999).  In general, the Smagorinski Model provides a methodology to define a dispersion tensor for use in 
the conservation of momentum equation when using the Navier-Stokes equations to model air flow near 
the ground surface.  Briefly, the Smagorinski Model assumes that dispersion of momentum (D) is 
proportional to the vertical (z) and horizontal (x) gradients in air velocity as given by:  
 

     D =
l2

2
∂u x
∂z

+
∂uz
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2
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1
z
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where l is a grid-related length scale, and ux is obtained from the logarithmic wind profile given by Eq. 
3.1, while uz is zero in the logarithmic wind profile.  Scalars such as a passive tracer or heat (energy) are 
assumed to undergo Fickian dispersion where the diagonal elements of the dispersion tensor are given by 
the momentum diffusivity in Eq. 3.4 multiplied by a constant ranging from 2.0 to 3.0 (Arya, 1999).  
 
 
2.1.3.6.4.8 Specification of the Logarithmic Wind Profile  
 
The simulation of atmospheric advection and dispersion by the above methods begins by creating a 
logarithmic wind profile within the TOUGH2 framework.  This step involves generating a grid with 
sufficient layers parallel to the ground surface to discretize the wind profile to the desired accuracy.  Next, 
a static gas-phase pressure profile in the z-direction is used along with a constant pressure difference 
between the upstream and downstream boundaries of the surface layer  
 
      ∆P = P2 − P1, P1 > P2    (3.5) 
 
where P1 and P2 are the upstream and downstream pressures, respectively, within a layer.  TOUGH2 
computes the phase velocity using Darcy’s equation 
 

      u = −
kD
φ µ

∇ P − ρgz( )    (3.6) 

 
where kD is the intrinsic (Darcy) permeability, φ  is the porosity, µ is the gas viscosity, ρ is the mass 
density of the gas phase, g is the gravitational acceleration and z is height.  Assuming horizontal layers, 
constant gas density and viscosity, and porosity of the surface-layer materials equal to unity, the velocity 
of the atmospheric air in a given layer will be proportional to the permeability of the layer and the 
pressure difference, ∆P.  Given that ∆P is a constant for all layers, the individual permeability variations 
of the layers will combine to produce the logarithmic wind profile with uz = uy = 0.  Note that the 
thickness of each layer must be constant to ensure a constant air velocity within the layer across the length 
of the domain.  Note further that the permeability is a pseudo-permeability with no physical significance; 
its purpose is simply to create the desired velocity profile.   
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2.1.3.6.4.9 Calculating Atmospheric Dispersion 
 
Within the T2CA framework, transport of CO2 as a passive gas will follow the linear advective-dispersive 
transport equations.  Ambient atmospheric dispersion of CO2 using either P-G dispersion curves or the 
Smagorinski Model modified for the dispersion of a scalar is implemented by using a variable effective 
molecular diffusivity in the surface-layer region.  With this approach, the diagonal of the tensor 
representing Fickian diffusion of CO2 is modified to be the sum of molecular diffusion, as well as Dyy and 
Dzz from the P-G curves, as well as a contribution from the Smagorinski Model.  This enables T2CA to 
include the dispersion of the CO2 plume due to molecular diffusion and both small- and large-scale eddies 
in the convective motion in the surface layer.  
 
In order to compute values of Dyy and Dzz from the P-G curves at the interface between two nodes within 
the mesh, the distance from the source to the interface must be computed internally.  This distance is then 
used to interpolate values σy and σz from the curves given in Figure 2.1.3.6.4.6(1).  Note that values of σy 
and σz are extrapolated from a downwind distance of 100 m to 1 m in order to prevent a jump in the value 
of the dispersion tensor as the plume moves a downwind distance of 100 m.  Next, the time t required for 
the CO2 plume to travel to the interface is estimated as the travel distance divided by the wind speed at a 
specified height.  This assumes that the centroid of the plume advects at a constant elevation above the 
ground surface, i.e., under neutral stability conditions.  Finally, values of σy ,σz and t are used in Eq. 3.3 to 
compute values of Dyy and Dzz.  These parameters are specified in the T2CA input file by means of the 
SELEC data block as discussed below. 
 
 
2.1.3.6.4.10 New Parameters for T2CA 
 
Surface-layer dispersion parameters are specified in the T2CA input file by means of the SELEC data 
block as follows. 
 
SELECTION 
Record SELEC.7 
 
  Format(8E10.4) 
  XSOURCE, YSOURCE, ZSOURCE, CLASS, LSCALE, FRICVEL,  
  ZO, ZPLUME 
XSOURCE x-coordinate of the source centroid, m 
  note: the mesh must be oriented such that wind advects along the x axis only 
YSOURCE y-coordinate of the source centroid, m 
ZSOURCE z-coordinate of the source centroid, m 

note: dispersion due to both the P-G curves and the Smagorinski Model is computed only 
in the region:  z > ZSOURCE,  x > XSOURCE    
while the downwind distance l is given as : 
l = ( (x – XSOURCE)2 + (y – YSOURCE)2 + (z – ZSOURCE)2  )1/2 

CLASS  atmospheric stability class (A = 1.0, B = 2.0, C = 3.0, D = 4.0, E = 5.0, F = 6.0) 
note: to active dispersion due to both the P-G curves and the Smagorinski Model, set 
MOP(24) = 1 and 1.0 ≤ CLASS ≤ 6.0 

LSCALE length scale used in the Smagorinski Model, m 
FRICVEL friction velocity from Eq. 3.1, m s-1 
ZO  regression parameter from Eq. 3.1, m 
ZPLUME height at which the centroid of the plume travels, m 
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2.1.3.6.4.11 Note on Magnitudes of Dispersion Terms 
 
As described above, the dispersion terms are added together and enter the advective-dispersive transport 
equation analogous to a molecular diffusion term.  Note that the P-G dispersivities are functions of 
distance and travel time from the source, and the Smagorinksi Model dispersion term is a function of 
height above the ground surface.  Because these terms may vary with time and position, the relative 
magnitude of the overall dispersion term will vary within the domain.  Typically the Smagorinski Model 
term will be large near the ground surface and become negligible with height, while the P-G term 
becomes larger with distance from the source.  We plot in Figure 2.1.3.6.4.11(1) an example of the 
variation of the various dispersion terms for the sample problem shown in Figure 2.1.3.7.4(1).  In Figure 
2.1.3.6.4.11(1), we observe first that the difference between the extremely unstable class A and the 
moderately stable class F is approximately a factor of 100 in terms of P-G dispersivity, and that this 
difference gets larger with distance from the source.  The second thing to note is the factor of five or so 
difference in P-G dispersivity between the 1 and 5 m s-1 wind speed.  As for Smagorinski Model 
dispersivity, we note that it is independent of distance from the source, but inversely proportional to 
height above the source.  For wind at 5 m s-1, the Smagorinski Model dispersivity is always larger than 
the P-G class F dispersivity.  On the other hand for P-G class A, the P-G dispersivity is larger than the 
Smagorinski Model dispersivity except when less than 50 m or so from the source.  In general, 
Smagorinski Model dispersion is most important near the ground surface and when the atmosphere is 
stable, while P-G dispersion dominates under unstable conditions and at some significant height above the 
ground surface.  In general, molecular diffusion is orders of magnitude smaller than either the P-G or 
Smagorinski Model dispersion terms.   
 
 
2.1.3.6.4.12 Numerical Dispersion 
 
In any approach involving the numerical solution of the advective-dispersive transport equation using 
single-point upstream weighting, numerical dispersion will be a significant effect.  For the case of large 
length scales and fast wind speeds, it is particularly significant.  For example, dispersivity due to 
numerical dispersion in the integral finite difference method of T2CA can be approximated as being equal 
to velocity multiplied by one-half of the grid dimension.  Specifically, for a case with 10 m grid blocks 
and 1 m s-1 winds, the numerical dispersion is on the order of 5 m2 s-1.  This is large relative to our usual 
experience in subsurface hydrology where the flow velocities are usually not larger than 10-5 m s-1.  This 
issue is moderated by (1) the fact that we are not interested in resolving the behavior of the plume front, 
but rather we are interested in the maximum concentrations in the plume body, and (2) the fact that P-G 
and Smagorinski Model dispersivities are also large.  Furthermore, the largest numerical dispersion 
occurs in the direction of flow.  With the logarithmic wind profile assumption, the flow is unidirectional, 
and over the relatively long time scales of interest for risk characterization, advection is the dominant 
transport mechanism in the flow direction.  Because the focus of our approach is on quasi-steady-state 
concentrations within the plume body and not on the plume front, the coupled model results are not 
strongly affected by numerical dispersion.       
 
 
2.1.3.6.4.13 Summary 
 
An effective means of modeling large-scale atmospheric transport of CO2 as a passive gas involves 
solving the advection-dispersion equation for various flux or concentration source conditions with 
advection obtained from the logarithmic wind profile and dispersion obta ined using the P-G dispersion 
curves.  Within the immediate vicinity of the source zone, the same approach can be used with the 
dispersion coefficient estimated by the Smagorinski Model.  The extrapolation of the P-G curves to 
smaller length scales is done so the transition from small-scale (i.e., Smagorinski Model) to large-scale 
(i.e., P-G) dispersion will be smooth.  Because Fickian diffusion is a linear flux operator in the context of 
the advection-dispersion equation, the P-G curves and the Smagorinski Model can be applied 
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simultaneously along with pure molecular diffusion with the largest term controlling dispersion.  What is 
new in our approach is the coupling of the atmospheric surface layer to the subsurface region.  This 
coupling is important because CO2 is a dense gas that may seep out of—but also possibly back into—the 
subsurface. 
   
While our approach in the surface layer is strictly correct only for passive mixing, it may also prove to be 
acceptable in calm conditions for active (density-dependent) CO2 transport and dispersion.  Specifically, 
the density gradient term is retained in the flow equation so that if density effects become important, the 
density field will affect the flow equations.  However, inertia and viscous stress terms are not present in 
the T2CA flow equations.  Viscosity dependence is also present in the flow equation, although this 
contrast is only 20% or so for air and CO2 in the surface layer and does not strongly affect the flow field.  
If significant active flow effects eve r arise, the surface-layer velocity will be affected and will deviate 
from the presumed constant logarithmic velocity profile.  If this occurs, it is an indication that the 
atmospheric dispersion process is active as opposed to passive, and the user should proceed carefully to 
assess whether other methods should be applied to model active dense gas dispersion. 
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Figure 2.1.3.6.4.3(1)  Correlation for active (i.e., density-dependent) and passive dispersion in 
the surface layer as a function of seepage flux and wind speed. 
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Figure 2.1.3.6.4.4(1)  Schematic of the logarithmic velocity profile used to approximate time-
averaged winds in the surface layer. 
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Figure 2.1.3.6.4.6(1) Pasquill-Gifford (P-G) dispersion curves for deriving atmospheric 
dispersivities in the transverse (y) and vertical (z) directions for the five different atmospheric 
stability classes: A-extremely unstable; B-moderately unstable; C-slightly unstable; D-neutral; E-
slightly stable; F-moderately stable. 
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Figure 2.1.3.6.4.11(1) Comparison of Pasquill-Gifford (P-G) and Smagorinski Model (SM) 
dispersivities for two different wind speeds and P-G stability classes. 
 
 
 



695 

2.1.3.7 Results and Discussion 
 
In this section, we present results from our testing and verification studies of the coupled subsurface–
surface-layer model.  Because of the lack of available experimental or numerical results for coupled 
subsurface–surface-layer CO2 flow and transport, we have compared results of various aspects of the 
model against available independent data and simulation results.  For example, we have compared 
physical properties of the gas mixtures in T2CA against independent predictions from a database of the 
National Institute of Science and Technology (NIST).  The subsurface flow and transport part of T2CA 
uses the same approach as another module (TOUGH2/EOS7C) with a change in the components 
modeled.  Specifically, we substitute air for methane (CH4) in T2CA.  The TOUGH2/EOS7C code was 
part of a code intercomparison study that demonstrated broad agreement with three other numerical 
simulators for gas reservoir processes (Oldenburg et al., 2002d) and therefore serves as verification of the 
subsurface part of T2CA.  We have also compared our results against a commercial fluid dynamics code 
called FLUENT (http://www.fluent.com/) that solves the complete Navier-Stokes equations for density-
dependent gas flow.  And finally we have compared our model against the experimental correlations of 
Britter and McQuaid (1988) with respect to the transition from passive to active flow.  Taken together, the 
agreement of our model with other data and models for its various components provides a significant 
level of confidence of the coupled model.  Validation of the approach will have to await field experience 
with CO2 leakage and seepage. 
 
 
2.1.3.7.1 Physical Property Verification 
 
The physical properties density and viscosity play a key role in CO2 flow and transport.  In order to verify 
the approach used in T2CA for predicting gas mixture properties, we have compared property estimates 
against values produced by the NIST14 Database (NIST, 1992).  Shown in Figure 2.1.3.7.1(1) are 
densities of air-CO2 gas mixtures at 20 ºC and 1 bar pressure, appropriate for the shallow subsurface 
environment.  As shown, the densities produced by T2CA agree very closely with the NIST14 results.  In 
short, T2CA produces very accurate density estimates for gas mixtures.  Shown in Figure 2.1.3.7.1(2) are 
the analogous comparisons of viscosity estimates produced by T2CA and by the NIST14 Database (NIST, 
1992).  Although there are systematic differences, the estimated viscosities agree to within 5%.  The 
NIST14 Database was developed with an emphasis on gas density prediction at the expense of other 
properties such as viscosity (NIST, 1992; Magee et al., 1994).  T2CA uses the method of Chung et al., 
1988) and is considered a very accurate approach for gas mixtures.     
 
 
2.1.3.7.2 Surface-Layer Dispersion 
 
In this section we present results showing comparisons of T2CA against the commercial fluid dynamics 
code FLUENT.  The purpose of this comparison is to demonstrate that the approach we are using in 
T2CA is equivalent to the more complete description of the flow process used in FLUENT under the 
conditions of passive gas flow.  Specifically, FLUENT solves for the flow field using the full Navier-
Stokes equations which contain terms accounting for fluid inertia and viscous stresses.  In contrast, T2CA 
uses a simplified flow equation without inertia or viscous stress terms.  Both FLUENT and T2CA solve 
an advective-dispersive transport equation for transport and dispersion of the gas components.  To 
compare results of these two approaches, we defined a simplified test problem as shown in Figure 
2.1.3.7.2(1).  In the test problem, wind with a logarithmic velocity profile sweeps past a source of CO2 
specified by a mass flux uniformly distributed over 5 m along the bottom of the flow domain.  This CO2 
will then be transported and dispersed by the flowing wind until it is carried out of the domain on the 
right-hand side.  The dispersion is specified in a simple way to guarantee a direct comparison from two 
independent simulation approaches by specifying a constant molecular diffusion coefficient of 10-2 m2 s-1.  
The wind speed at z = 2 m is specified as 2 m s-1.   
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Results are shown in Figure 2.1.3.7.2(2)–2.1.3.7.2(4) where we plot mass fraction of CO2 in the gas phase 
along with gas velocity vectors.  As shown in Figure 2.1.3.7.2(2)a and b, agreement between T2CA (a) 
and FLUENT (b) is quite good for a source flux of 10-5 kg m-2 s-1. Figure 2.1.3.7.2(3)a and b show results 
for a flux of 10-4 kg m-2 s-1, and Figure 2.1.3.7.2(4)a and b show results for CO2 flux of 10-3 kg m-2 s-1.  
Note the overall good agreement in CO2 gas mass fraction in Figure 2.1.3.7.2(2) and 2.1.3.7.2(3).  Note in 
Figure 2.1.3.7.2(4)a, and b the differences in the flow field near the upwind edge of the seepage plume, 
and the mass fraction field near the outflow boundary on the right-hand side.  The T2CA result is showing 
a small recirculation due to density effects at the upwind edge of the source, and boundary condition 
effects at the downwind side.  As expected, the results of FLUENT and T2CA agree well for small CO2 
fluxes and deviate from one another as the flux becomes larger.  The reason for this is that the transport 
and dispersion become increasingly density-coupled as the CO2 flux gets larger and, accordingly, the CO2 
concentrations become larger.  FLUENT models strongly coupled flow because it solves the full Navier-
Stokes equations, whereas T2CA is restriced to passive flow and dispersion in the surface layer for its 
approach to be formally applicable.  Nevertheless, T2CA retains a density term in its flow equation (see 
Eq. 3.6), and therefore when density coupling becomes signif icant the flow field will change in obvious 
ways.  Such an occurrence should be a signal to the user that a full Navier-Stokes approach is needed.    
 

Table 2.1.3.7.2(1) Properties of the surface- layer dispersion test problem.  
Property Value 
Surface Layer  
2-D domain size (x x y x z)  55 m x 1 m x 5 m   
Discretization (Nx x Ny x Nz)  110 x 1 x 50 gridblocks 
Pressure 1 bar 
Temperature 15 ºC 
Effective diffusivity 10-2 m2 s-1 
CO2 flux region 25 m < x < 30 m  
CO2 mass flux  10-5, 10-4, 10-3 kg m-2 s-1 
Wind Profile  logarithmic  
   Reference velocity at z = 2 m 2 m s-1 
   Friction velocity for ux = 2 m s-1 0.267 m s-1 
   Reference height (z0) 0.10 m 
 
 
2.1.3.7.3 Passive vs. Active Flow 
 
Using the obvious changes in the flow field that occur when flow becomes strongly coupled to CO2 
transport as indicators of active flow, we have compared the transition point estimated by Britter and 
McQuaid (1988) on the basis of field and laboratory experiments of dense gas dispersion against the 
transition observed in T2CA simulations for a test problem.  The test problem here is similar to the prior 
one except it is larger and has a 100 m long source area.  Results are shown in Figure 2.1.3.7.3(1) where 
we plot an “A” for active and a “P” for passive directly over the transition curve derived by Britter and 
McQuaid (1988) as a function of wind speed (x-axis) and seepage flux (y-axis).  The tests were carried 
out by changing the fluxes for simulations using two different logarithmic velocity profiles as shown by 
the dashed lines indicating constant velocity in Figure 2.1.3.7.3(1).  As shown in Figure 2.1.3.7.3(1), the 
results agree well with the experimental curve showing that our approach is sensitive to the potential 
strong density-dependent flow and that users will be able to observe when the flow field becomes strongly 
coupled by density effects.    
 
 
2.1.3.7.4 Subsurface–Surface-Layer Coupling 
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In this section, we present preliminary results of the coupled subsurface–surface-layer flow and transport 
of CO2 as a demonstration of the coupled model capabilities.  The first demonstration problem is 2-D, a 
schematic of which is shown in Figure 2.1.3.7.4(1) along with the discretization used.  This problem is 
intended to engage the fundamental capabilities of coupled subsurface–surface-layer flow and transport.  
It is important to note that in all of the simulations we have assumed a zero background CO2 
concentration to emphasize the additional CO2 that seeps from the ground in the various scenarios.  
 

Table 2.1.3.7.2(2) Properties of the coupled subsurface–surface- layer model system.  
Property Value 
Subsurface   
Subsurface region extent (x x y x z) 1 km x 1 m, 0 m < z < 35 m 
Discretization (Nx x Ny x Nz) 100 x 1 x 35 
Permeability (kX = k Z 1 x 10-12  m2 
Porosity (φ) 0.2 
Infiltration rate (i) 10. cm yr-1  
CO2 flux region 450 m < x < 550 m 
CO2 mass flux 4.04 x 10-6 kg m-2 s-1 
Residual water sat. (Slr) 0.1 
Residual gas sat. (Sgr) 0.01 
van Genuchten (1980) α 1 x 10-4 Pa-1 
van Genuchten (1980) m 0.2 
Surface Layer  
Surface-layer region extent (x x y x z)  1 km x 1 m, 35 m < z < 45 m 
Discretization (Nx x Ny x Nz) 100 x 1 x 20 
Pressure in surface layer 1 bar 
Temperature (isothermal)  15 ºC 
Pasquill-Gifford stability class F 
Velocity profile  logarithmic  
   Reference velocity at z = 10 m 0, 1, or 5 m s-1 
   Friction velocity for ux = 1 m s-1 0.0868 m s-1 
   Friction velocity for ux = 5 m s-1 0.434 m s-1 
   Reference height (z0) 0.10 m 
 
The first test involved a case of zero surface-layer wind.  In this case, results of which are shown in 
Figure 2.1.3.7.4(2), the flow of CO2 in the surface layer is driven entirely by density effects, and 
dispersion is by molecular diffusion.  As shown, the CO2 seeps out of the ground and spreads 
symmetrically to the right and left along the ground surface.  Concentrations in the surface layer reach 
mass fractions of approximately 0.001, or approximately 1.6 times current atmospheric concentration.  
Note the downward migration of CO2 back into the subsurface on the left- and right-hand sides of the 
plume.  This reflux of CO2 is caused by dissolution of CO2 into the infiltrating rainwater specified at the 
ground surface.  This kind of effect points out the importance of coupled subsurface–surface-layer 
coupling.   
 
In the second test, we have imposed a logarithmic velocity profile with winds of 1 m s-1 at an elevation of 
5 m and Pasquill-Gifford stability class F (most stable) as shown in Figure 2.1.3.7.4(3).  Note that even 
for a stable stability class, there is a large amount of dispersion and CO2 concentrations in the surface 
layer are very small (note countour interval on the low end).  Such low CO2 concentrations would be a 
challenge to detect in the presence of natural variations and ecological processes that affect CO2 
concentrations more strongly.  For less stable conditions, CO2 dispersion and dilution would be even 
stronger and CO2 concentrations correspondingly smaller.  
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To demonstrate the effect of wind speed, we increased the wind to 5 m s-1 keeping all other variables 
constant.  These results are shown in Figure 2.1.3.7.4(4) where we observe even lower CO2 
concentrations in the surface layer than for the 1 m s-1 wind case of Figure 2.1.3.7.4(3).  Note again the 
reflux of CO2 into the subsurface caused by the rainwater infiltration.   
 
Given that HSE risks will be calculated based on exposures at certain locations in the flow field, we have 
made a preliminary analysis of the dependence of downwind CO2 concentrations as a function of wind 
speed and height above the ground surface.  Shown in Figure 2.1.3.7.4(5) are values of CO2 mass fraction 
in the surface-layer gas phase as a function of Pasquill-Gifford stability class for two different average 
ambient winds.  As shown, the downwind concentrations depend mostly on wind speed and stability 
class.  Wind speed increasing by a factor of five causes CO2 mass fractions to decline by approximately a 
factor of seven.  With increasing atmospheric stability, the downwind concentration can be expected to 
increase by approximately a factor of five.  Because dispersion is strong in all cases, the concentrations 
depend less strongly on height above the ground.    
 
 
2.1.3.7.4.1 Three-Dimensional Effects 
 
All of the results shown above have been for 2-D systems.  The coupled modeling framework is a fully 3-
D capability, limited only by computer resources and other practical data handling issues insofar as 
problem size is concerned.  To demonstrate 3-D dispersion, we have defined a test problem that considers 
only CO2 transport and dispersion in the surface layer.  We have calculated dispersion results for the two 
end-member stability classes (A-extremely unstable, and F-moderately stable) at steady state for a 
seepage flux of 4.04 x 10-6 kg m-2 s-1 out of an area 100 m x 100 m (1 hectare) with wind speed of 5 m s-1.  
We exploit the symmetry of the problem and only simulate one-half of the domain.  The results for class 
A are shown in Figure 2.1.3.7.4.1(1) and reveal the highly dispersive nature of the system.  Note the 
contour scale which shows that CO2 concentrations due to seepage at the specified rate into the highly 
unstable flow field result in at most increases of a few percent above background CO2 concentrations.  
The difference between the extremely unstable and moderately stable conditions are apparent by 
comparing Figure 2.1.3.7.4.1(1) and 2.1.3.7.4.1(2).  Clearly, atmospheric stability decreases potential CO2 
dispersion and will be a key factor in risk characterization for CO2 leakage and seepage risk assessment.  
 
In order to quantify the differences between 3-D and 2-D dispersion results for similar systems, we have 
plotted the CO2 mass fraction at a point 100 m downwind from the seepage source for similar 2-D and 3-
D simulations with wind velocity of 5 m s-1.  The issue here is how much dispersion occurs in the 
transverse direction not modeled in the 2-D system.  The calculated concentrations show that 2-D results 
overpredict CO2 concentrations by approximately a factor of two at this location.   
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Table 2.1.3.7.4.1(1) Properties of the 3-D surface- layer model system.  
Property Value 
Surface Layer   
Domain size (x x y x z)  700 m x 500 m x 10 m 
Discretization (Nx x Ny x Nz) 28 x 20 x 20 
Seepage source location (center)  x = 100 m, y = 0 m, z = 0 m 
Seepage flux area 100 m by 100 m (1 hectare) 
Seepage mass flux 4.04 x 10-6 kg m-2 s-1 
Pressure 1 bar 
Temperature 15 ºC 
Pasquill-Gifford stability class A (extrem. unstable) or F (mod. stable) 
Wind profile  logarithmic  
   Reference velocity at z = 2 m 0, 1, or 5 m s-1 
   Friction velocity for ux = 1 m s-1 0.1335 m s-1 
   Reference height (z0) 0.10 m 
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Figure 2.1.3.7.1(1) Comparison of density of CO2-air mixtures as calculated by the NIST14 
Database and by T2CA. 
 
 
 
 

 
 

Figure 2.1.3.7.1(2)  Comparison of viscosity of CO2-air mixtures as calculated by the NIST14 
Database and by T2CA. 
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Figure 2.1.3.7.2(1) Schematic of the 2-D surface layer dispersion test problem.   
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Figure 2.1.3.7.2(2) Simulated CO2 mass fractions from (a) T2CA and (b) FLUENT for 
atmospheric dispersion for seepage flux equal to 1. x 10-5 kg m-2 s-1.   
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Figure 2.1.3.7.2(3) Simulated CO2 mass fractions from (a) T2CA and (b) FLUENT for 
atmospheric dispersion for seepage flux equal to 1. x 10-4 kg m-2 s-1.  
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Figure 2.1.3.7.2(4) Simulated CO2 mass fractions from (a) T2CA and (b) FLUENT for 
atmospheric dispersion for seepage flux equal to 1. x 10-3 kg m-2 s-1. 
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Figure 2.1.3.7.3(1) Verification of passive (P) and active (A) atmospheric dispersion of CO2 as 
simulated in 2-D.  
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Figure 2.1.3.7.4(1) Domain and discretization used in the coupled subsurface–surface- layer test 
problem. 
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Figure 2.1.3.7.4(2) Simulated CO2 mass fractions and gas velocity vectors for coupled 
subsurface and surface- layer dispersion for calm conditions (no wind).  
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Figure 2.1.3.7.4(3) Simulated CO2 mass fractions and gas velocity vectors for coupled 
subsurface and surface- layer dispersion for wind speed equal to 1 m s-1.  
 
 
 

Distance (m)

H
ei

gh
t(

m
)

0 100 200 300 400 500 600 700 800 900 1000
0

10

20

30

40
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.01
0.001
0.0001
1E-05
1E-06
1E-07
0

Xg
CO2

t = 0.5 yr, wind = 5 m/s (11 mph), q = 4 x 106 kg/yr, inf = 10 cm/yr

CO2

ground surface

water table

 
 

Figure 2.1.3.7.4(4) CO2 mass fractions and gas velocity vectors for coupled subsurface and 
surface- layer dispersion for wind speed equal to 5 m s-1.  
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Figure 2.1.3.7.4(5) Concentration (CO2 mass fraction) at a point 100 m downwind from the 
seepage source for various atmospheric and wind conditions.  
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Figure 2.1.3.7.4.1(1) Simulated CO2 mass fractions and gas velocity vectors for 3-D atmospheric 
dispersion for atmospheric stability class A (extremely unstable) showing lateral, vertical, and 
downwind dispersion. 
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Figure 2.1.3.7.4.1(2) Simulated CO2 mass fractions and gas velocity vectors for 3-D atmospheric 
dispersion for atmospheric stability class F (moderately stable) showing lateral, vertical, and 
downwind dispersion. 
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Figure 2.1.3.7.4.1(3) Concentration (CO2 mass fraction) at a point 100 m downwind from the 
seepage source for 2-D and 3-D models.   
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2.1.3.8  Conclusion 
 
We have demonstrated a coupled modeling framework for risk characterization.  The coupled model 
handles subsurface and atmospheric surface-layer flow and transport assuming that dispersion in the 
surface-layer is passive and that the wind is described using a logarithmic wind profile.  The coupled 
model shows good agreement with a commercial fluid dynamics code FLUENT for surface-layer 
dispersion, and agrees with empirical correlations for the transition from passive to active (i.e., density-
dependent) flow.  Coupled subsurface–surface-layer demonstration simulations show the large degree of 
dilution that occurs in the surface layer, and the possible reflux of CO2 to the subsurface that occurs when 
CO2 dissolves in infiltrating rainwater.  Simulations show that dilution of CO2 by atmospheric dispersion 
is approximately two times larger in 3-D than for similar 2-D results.  This coupled modeling framework 
can be used to estimate CO2 fluxes and concentrations for risk characterization of various leakage and 
seepage scenarios.  
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2.1.3.12  List of Acronyms and Abbreviations 
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3–D  Three–dimensional 
CH4  Methane 
CO2  Carbon dioxide 
EOS7C  Equation of State 7 for CO2 
FLUENT A commercial fluid dynamics code.  
HSE  Health, safety and environmental (risks) 
NEE  Net ecosystem exchange (for CO2) 
NIST  National Institute for Science and Technology 
P–G  Pasquill-Gifford 
SM  Smagorinski Model 
TOUGH2 Reservoir simulator, Transport of Unsaturated Groundwater and Heat 2.  
T2CA  for TOUGH2 CO2 and Air 
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2.1.5.1  Abstract 
 
Long-term cap rock integrity represents the single most important constraint on the long-term isolation 
performance of natural and engineered geologic CO2 storage sites.  CO2 influx that forms natural 
accumulations and CO2 injection for EOR or saline-aquifer disposal both lead to concomitant 
geochemical alteration and geomechanical deformation of the cap rock, enhancing or degrading its seal 
integrity depending on the relative effectiveness of these interdependent processes.  Influx-triggered 
mineral dissolution/precipitation reactions within typical shales continuously reduce microfracture 
apertures, while pressure and effective-stress evolution first rapidly increase then slowly constrict them.  
Using our reactive transport simulator (NUFT), supporting geochemical databases and software 
(SUPCRT92), and distinct-element geomechanical model (LDEC), we have evaluated the net effect of 
these initially opposing contributions to cap-rock integrity for both natural and engineered CO2 influx.  
The extent of geochemical alteration is nearly independent of filling mode.  In contrast, geomechanical 
deformation—which invariably results in net aperture opening for compartmentalized reservoirs—is 
significantly more pronounced during engineered influx.  These results limit the extent to which natural 
and engineered storage sites are analogous, and suggest that in both settings shale cap rocks may evolve 
into effective seals. 
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2.1.5.3  Executive Summary 
 
Long-term cap rock integrity represents the single most important constraint on the long-term isolation 
performance of natural and engineered geologic CO2 storage sites.  CO2 influx that forms natural 
accumulations and CO2 injection for EOR/sequestration or saline-aquifer disposal both lead to 
concomitant geochemical alteration and geomechanical deformation of the cap rock, enhancing or 
degrading its seal integrity depending on the relative effectiveness of these interdependent processes.   
Using our reactive transport simulator (NUFT), supporting geochemical databases and software 
(SUPCRT92), and distinct-element geomechanical model (LDEC), we have shown that influx-triggered 
mineral dissolution/precipitation reactions within typical shale cap rocks continuously reduce 
microfracture apertures, while pressure and effective-stress evolution first rapidly increase then slowly 
constrict them.  For a given shale composition, the extent of geochemical enhancement is nearly 
independent of key reservoir properties (permeability and lateral continuity) that distinguish saline aquifer 
and EOR/sequestration settings and CO2 influx parameters (rate, focality, and duration) that distinguish 
engineered disposal sites and natural accumulations.  In contrast, the extent of geomechanical degradation 
is highly dependent on these reservoir properties and influx parameters because they effectively dictate 
magnitude of the pressure perturbation; specifically, initial geomechanical degradation has been shown 
inversely proportional to reservoir permeability and lateral continuity and proportional to influx rate.  
Hence, while the extent of geochemical alteration is nearly independent of filling mode, that of 
geomechanical deformation—which invariably results in net aperture opening for compartmentalized 
reservoirs—is significantly more pronounced during engineered injection.  These results limit the extent 
to which natural CO2 accumulations and engineered disposal sites can be considered analogous.  A new 
conceptual framework that permits inter-comparison of geochemical and geomechanical contributions to 
long-term cap rock integrity has been introduced.  This framework reveals that ultimate counterbalancing 
of geochemical and geomechanical effects is feasible, which suggests that shale cap rocks may evolve into 
effective seals—in both natural and engineered storage sites. 
 
Abstracts focusing on relevant subsets of the research described in this report have been presented at three 
technical conferences: the Offshore Technology Conference, the Second National Conference on Carbon 
Sequestration, and the AAPG annual meeting.  A fourth abstract has been accepted for presentation at the 
upcoming national meeting of the American Chemical Society.  A paper was prepared for and included in 
the proceedings volume for the Offshore Technology Conference (Johnson et al., 2003a).  For our abstract 
entitled “CO2 reservoirs: are they natural analogs to engineered geologic storage sites?”, which was 
presented at the AAPG annual meeting, we received the 2003 AAPG DEG (Division of Environmental 
Geosciences) “Best Paper—Oral Presentation” award.  
 
This being the first semi-annual report requested of CRADA-funded participants within the CO2 Capture 
Project (CCP), we have been instructed (by Stuart Green, CCP Control Engineer) to describe all technical 
work completed to date in this inaugural report.  We received initial funding in late May 2002, and began 
work in June 2002.  
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2.1.5.4  Introduction 
 
This project encompasses both model development and application.  The development phase has two 
components: (1) to interface our existing reactive transport and geomechanical modeling capabilities to 
facilitate assessment of stress-strain evolution along and above the reservoir/cap-rock interface for both 
engineered and natural CO2 influx scenarios, and (2) to develop a new conceptual framework for 
evaluating the relative impact on long-term cap rock integrity of concomitant geochemical alteration and 
geomechanical deformation processes in these environments. 
 
In the application phase, our augmented modeling capabilities are used to address two fundamental 
questions associated with geologic CO2 sequestration.  First, what is the evolution of cap-rock integrity 
during engineered disposal as a function of integrated hydrological, geochemical, and geomechanical 
processes?  This work builds directly upon our earlier modeling studies, which demonstrated enhanced 
integrity of shale cap rocks as a function of injection-triggered hydrological and geochemical processes 
during saline aquifer storage (Johnson et al., 2001, 2002a-b, 2003e).  Here, we expand our earlier analyses 
to include explicit account of geomechanical processes and evaluate the relative effect on cap-rock 
integrity of concomitant geochemical alteration and geomechanical deformation.   
 
We then address a closely related and equally fundamental issue: is the predicted evolution of cap-rock 
integrity for engineered CO2 disposal sites similar to or appreciably different from that of natural CO2 
accumulations; i.e., what is the dependence of this evolution on the rate, duration, and focality of CO2 
influx?  The widely espoused natural analog concept implicitly assumes a dearth of such dependence. 
This assumption—on which strict validity of the concept hinges—may be invalid in some cases.  For 
example, a given reservoir/cap rock system that now holds a natural CO2 accumulation may be incapable 
of doing so in the context of an engineered injection owing to significant differences in the magnitude and 
style of CO2 influx.  Further, the currently secure cap rock of a given natural accumulation may have 
evolved into an effective hydrodynamic seal following geochemical alteration that attended some degree 
of CO2 migration through it.  To address these issues, we conduct and compare reactive transport 
simulations of a generic natural CO2 reservoir for both natural and engineered “filling” modes. 
 
Because long-term cap-rock integrity is the ultimate constraint on long-term isolation performance for 
geologic CO2 storage sites, it is not surprising that our reactive transport modeling analysis of this 
constraint is linked to a number of currently funded CCP projects.  Specifically, there are potential direct 
links to three projects: 
 

• “Influence of CO2 injection on the physical properties of reservoir and cap rocks” 
(Borm et al.).  A coordinated effort with this project might provide laboratory-scale 
“proof of concept” for our modeling capabilities. 

• “Safety assessment methodology for carbon dioxide sequestration (SAMCARDS)” 
(Wildenberg et al.).  Results of our work could feed directly into this study. 

• “Natural analogs for geologic CO2 sequestration” (Stevens et al.).  A coordinated effort 
with this project might provide field-scale “proof of concept” for our modeling 
capabilities. 

 
In addition, our work is indirectly linked to three additional projects: 

• “Noble isotopes for screening, verification, and monitoring at CO2 storage sites” 
(Nimz and Bryant).  Our modeling capabilities could be augmented to address subsurface 
migration and diffusion of imposed anomalies in noble gas isotope ratios.  

• “Novel geophysical techniques for monitoring of CO2 migration” (Hoversten).   Our 
reactive transport simulation results could be interfaced with software used in this project 
to generate the dependent geophysical properties. 
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• “Analysis of CO2-charged fluid migration along faults in naturally occurring gas 
systems” (Evans et al.).  Our modeling capability could potentially be used to evaluate 
the migration paths inferred from field measurements of this system. 
 



723 

 
2.1.5.5  Experimental 
 
Reactive transport modeling is an advanced computational method for quantitatively predicting the long-
term consequences of natural or engineered perturbations to the subsurface environment (Johnson et al., 
1999).  Because these predictions typically involve space, time, and system complexity scales that 
preclude development of direct analytical or experimental analogs, they often represent a unique 
forecasting tool.  The necessary point of departure for predictive investigations of this kind is established 
by successful application of the method to simulate well-constrained laboratory experiments (e.g., 
Johnson et al., 1998). 
 
The method is based on mathematical models of the integrated thermal, hydrological, geochemical, and 
geomechanical processes that redistribute mass and energy in response to the disequilibrium state 
imposed by perturbation events such as magmatic intrusion or CO2 influx (Figure 1).  Traditionally, such 
models have been developed as separate entities and applied as such to address specific issues relevant 
their individual scope.  The fundamental advance embodied in reactive transport modeling is its explicit 
integration of these conceptually distinct process models.  In practice, however, present-day simulators 
address various subsets of these models, while the ultimate simulation tool—one that implements and 
explicitly couples all of the relevant processes—remains on the horizon. 
 

 
 
We have developed a unique computational package that integrates a state-of-the-art reactive transport 
simulator (NUFT: Nitao, 1998a,b, 2003), supporting geochemical software and databases (SUPCRT92: 
Johnson et al., 1992; GEMBOCHS: Johnson and Lundeen, 1994a,b), and a dedicated graphics package 
(Xtool: Daveler, 1998).  In a series of recent studies, we have used this package, which treats coupled 
thermal, hydrological, and geochemical—but not geomechanical—processes, to address a number of key 
technical issues regarding CO2 storage in saline aquifers (Johnson et al., 2001; 2002a,b; 2003e).  
Paramount among these is the issue of long-term cap rock integrity, which represents the most important 
risk-assessment concern when evaluating potential sites (i.e., forecasting their long-term isolation 
performance). 
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However, because cap-rock integrity evolves as a function of the concomitant geochemical alteration and 
geomechanical deformation triggered by CO2 injection, accurate prediction of its long-term evolution 
requires extending our earlier analyses to explicitly incorporate treatment of geomechanical effects.  In 
the present study, we have accomplished this extension by developing an interface between NUFT and 
LDEC, a distinct-element geomechanical model developed by Morris et al. (2002, 2003).  This interface 
facilitates mapping the injection-induced pressure perturbation along and above the reservoir/cap-rock 
contact into the corresponding evolution of effective stress and microfracture apertures. 
 
Finally, we introduce a new conceptual model that depicts geochemical counterbalancing of 
geomechanical aperture evolution as a function of effective diffusion distance and reaction progress.  This 
model provides a theoretical framework for assessing the extent to which cap-rock integrity will 
ultimately be enhanced or degraded in specific reservoir/cap-rock systems in the context of specific 
injection scenarios. 
 



725 

 
2.1.5.6  Results and Discussion 
 
Long-term cap rock integrity represents the single most important constraint on the long-term isolation 
performance and geohazard potential of engineered (or natural) CO2 storage sites.  Predicting long-term 
permeability evolution within the cap-rock environment requires first identifying and then quantifying its 
functional dependence on key system parameters and dynamic processes.  The most important factors 
influencing this evolution are conveniently subdivided into three groups: intrinsic cap rock properties, 
chemical conditions at the reservoir/cap-rock interface, and the injection-triggered pressure perturbation. 
 
Relevant cap-rock properties include geomechanical parameters, such as fracture normal stiffness, and 
geochemical characteristics, such as bulk concentrations of carbonate-forming cations, principally Fe, 
Mg, Ca, Na, and Al.  These cation concentrations represent the primary control on geochemical alteration 
processes, while chemical conditions at the reservoir/cap-rock interface, which are determined by 
reservoir compositions and CO2 waste-stream impurities (e.g., SOx and NOx concentrations), exert a 
secondary control. The magnitude, duration, and focality of the injection-induced pressure perturbation, 
which depend on these same characteristics of CO2 influx as well as on reservoir permeability, lateral 
continuity, compartment height (for laterally confined settings), depth, and thickness, represent the 
fundamental control on geomechanical deformation processes. 
 
Long-term enhancement or degradation of cap rock integrity hinges on the relative contributions of 
geochemical alteration, which tends to reduce microfracture apertures in shale, and geomechanical 
deformation, which—on balance—tends to widen them (Figure 2).  As a result, long-term performance 
forecasting of potential storage sites requires a predictive capability that quantifies this pivotal interplay 
of geochemical and geomechanical processes.  As an initial step toward achieving this capability, we have 
previously modeled the geochemical contribution within a full system analysis of coupled hydrological 
and geochemical processes.  In this project, we are assessing the geomechanical contribution through an 
independent analysis of its dependencies on hydrological processes and key reservoir properties, then 
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developing a conceptual model that facilitates comparison of these two contributions within a common 
reference frame. 
 
In describing this work, we begin with a brief review of subsurface CO2 migration and sequestration 
processes, which provides not only the geochemical contribution to long-term cap rock integrity, but also 
full-system context for the subsequent analysis, which focuses on the cap rock environment. 
 
2.1.5.6.1  Subsurface CO2 migration and sequestration processes 
 
Our previous modeling studies (Johnson et al., 2001; 2002a,b; 2003) have been largely based on 
simulating CO2 injection at Statoil’s North-Sea Sleipner facility—the world’s first commercial saline-
aquifer storage site.  Here, CO2-rich natural gas is produced from 3500 m below the seabed.  Excess CO2 
is removed by amine absorption on the platform, then stripped from the amine, and finally injected—at 
the rate of one million tons per year since 1996—into the Utsira formation 2500 m above the hydrocarbon 
reservoir (Torp and Gale, 2002).  The 200-m-thick Utsira is a highly permeable fluid-saturated sandstone 
capped by the Nordland Shale. Hydrologic and compositional properties of the Utsira are relatively well 
constrained (Gregersen et al., 1998), while those of the Nordland Shale are virtually unknown, and must 
be estimated (Johnson et al., 2001, 2003e). 
 
All of our Sleipner simulations have been carried out within a common 600x250 m spatial domain, which 
represents the near-field disposal environment, and over a single 20-year time frame, which encompasses 
equal-duration prograde (active-injection) and retrograde (post-injection) phases.  The domain includes a 
200-m-thick saline aquifer (35% porosity, 3-darcy permeability), 25-m-thick shale cap rock (5% porosity, 
3-microdarcy permeability), and an overlying 25-m-thick saline aquifer.  Its lateral boundaries are open to 
multiphase flow, while its top and bottom boundaries are not.  During the prograde phase, pure CO2 is 
injected at a rate of 10,000 tons/yr into the basal center of this domain (37oC, 111 bars), which therefore 
corresponds to a one-m-thick cross-section though the actual 100-m screen length at Sleipner. 
Within the common domain, we have evaluated three distinct injection scenarios—models XSH, CSH, 
and DSH. Model XSH examines CO2 injection into a shale -capped homogeneous sandstone aquifer.  
Models CSH and DSH impose into XSH four thin (3-m thick) intra-aquifer shales, which are separated 
from the cap rock and each other by 25 m.  Model CSH examines the effect of imposing laterally 
continuous microfractured shales having assigned permeability (3 md) that equates to a continuum 
representation of 100-µm fractures spaced roughly 30 m apart.  Model DSH examines the effect of 
imposing laterally discontinuous shales, which are bridged by lateral facies change to sandstone. 
Assigned permeability of these shales (3 µd; same as the cap rock) reflects typical shale integrity. 
 
Compositionally, the saline aquifers are represented as impure quartz sand (80% quartz, 10% K-feldspar, 
5% plag-ab80, 3% muscovite, 2% phlogopite), while the shale cap rock is represented as 60% clay 
minerals (50% muscovite, 10% Mg-chlorite), 35% quartz, and 5% K-feldspar.  Mg end-member 
components are used to represent Fe/Mg solid solutions because in situ  oxidation states are unknown.  
The saline aquifers and shale are all saturated with an aqueous phase of near-seawater composition.   
 
Our Sleipner simulations suggest that the ultimate fate of CO2 injected into saline aquifers is governed by 
three interdependent yet conceptually distinct processes: CO2 migration as a buoyant immiscible fluid 
phase, direct chemical interaction of this rising plume with ambient saline waters, and its indirect 
chemical interaction with aquifer and cap-rock minerals through the aqueous wetting phase.  Each process 
is directly linked to a corresponding trapping mechanism: immiscible plume migration to hydrodynamic 
trapping, plume-water interaction to solubility trapping, and plume-mineral interaction to mineral 
trapping. 
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2.1.5.6.1.1  Immiscible Plume Migration and Hydrodynamic Trapping 
Intra-aquifer permeability structure controls the path of prograde immiscible CO2 migration, thereby 
establishing the spatial framework of plume-aquifer interaction and the potential effectiveness of 
solubility and mineral trapping.  Actual efficacy of these trapping mechanisms is determined by 
compositional characteristics of the aquifer and cap rock (Johnson et al., 2001, 2003e). By retarding 
vertical and promoting lateral plume mobility, inter-bedded thin shales significantly expand this 
framework (i.e., CO2 storage capacity), enhance this potential, and delay outward migration of the plume 
from the near-field environment (Figure 3).  Seismic data strongly suggest that the Utsira formation 
combines elements of models CSH and DSH (Johnson et al., 2001, 2003e). 
 
In all three models, steady-state configuration of the immiscible CO2 plume is realized within one year.  
During the prograde phase, a residual saturation zone marks the wake of initial plume ascent to the cap 
rock or deepest inter-bedded shale (e.g., Figure 3A, left insets).  During the retrograde phase, this zone 
encompasses virtually the entire prograde steady-state plume (e.g., Figure 3A, right inset)—effectively 
maintaining the prograde extent of solubility trapping and continually enhancing that of mineral trapping, 
as described below for model DSH.  In the near-field environment of Sleipner-like settings, 80-85% by 
mass of injected CO2 remains and migrates as an immiscible fluid phase ultimately subject to 
hydrodynamic trapping beneath the cap rock, which represents an effective seal in these models. 
 
2.1.5.6.1.2  Geochemical Trapping Mechanisms 
As the immiscible plume equilibrates with saline formation waters, intra-plume aqueous CO2 
concentrations (primarily as CO2(aq) and HCO3

-) rapidly achieve their solubility limit, while pH 
decreases: 

 
CO2(g)  +  H2O  =  CO2(aq)  +  H2O  =  HCO3

-  +  H+   (1) 
 

 

 
 
For the chemical system and P-T conditions that characterize the Utsira formation at Sleipner, equilibrium 
aqueous CO2 solubility is 1.1-1.2 molal, accounting for 15-20% by mass of injected CO2 (Figure 4A). 
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Owing to residual saturation of immiscible CO2, this degree of solubility trapping is virtually constant 
throughout the prograde and retrograde phases.  The initial pH drop caused by solubility trapping—from 
7.1 to 3.4—catalyzes silicate dissolution, which after 20 years has increased pH from 3.4 to 5.3. This 
dissolution hydrolyzes potential carbonate-forming cations (here, primarily Na, Al, and Mg) within the 
immiscible-plume source region, and thus represents the critical forerunner of all mineral-trapping 
mechanisms. 
 
We have identified four distinct mechanisms whereby CO2 precipitates as carbonate minerals.  Intra-
plume dawsonite cementation (Figure 4B) is catalyzed by high ambient Na+ concentration, CO2 influx, 
and acid-induced K-feldspar dissolution: 

 
KAlSi3O8  +  Na+  +  CO2(aq)  +  H2O   çè NaAlCO3(OH)2  +  3 SiO2  +  K+ (2) 

                 K-feldspar                                                             dawsonite             silica  
                                                   
The volume of co-precipitating dawsonite and silica polymorphs slightly exceeds that of dissolving K-
feldspar.  Hence, this kinetic dissolution/precipitation reaction effectively maintains initial CO2 
injectivity; after 20 years, porosity has decreased by a factor of less than 0.1% (Figure 5A).  Pervasive 
dawsonite cementation will likely be characteristic of saline aquifer storage in any feldspathic sandstone.  
In fact, there is a natural analog for this process: widespread dawsonite cement in the Bowen-Gunnedah-
Sydney basin of Eastern Australia, which has been interpreted to reflect magmatic CO2 seepage on a 
continental scale (Baker et al., 1995). 
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Calcite-group carbonate rind (here, magnesite) forms along—and therefore effectively delineates—both 
lateral and upper plume boundaries (Figure 4C).  Genetically distinct, these two processes can be 
described by: 
 

Mg+2  +  CO2(aq)  +  H2O  çè  MgCO3  +  2 H+   (3) 
                      magnesite 

                                                                                                      
As intra-plume formation waters, progressively enriched in Mg+2 from phlogopite dissolution, migrate 
outward across lateral plume boundaries, they traverse steep gradients in CO2(aq) and pH; the net effect 
strongly promotes magnesite precipitation.  Along upper plume boundaries, CO2(aq) concentration and 
pH are nearly constant, but aqueous Mg+2 concentration increases most rapidly here because formation-
water saturation is minimized; this leads to magnesite cementation from the reservoir/cap-rock interface 
downward. 
 
However, magnesite precipitation is most extensive from this interface upwards (cf. Figures 4C and 4D), 
owing to the relatively high concentration of Mg in clay-rich shales.  The coupled intra-shale mineral 
dissolution/precipitation reaction can be expressed as: 

 
KAlSi3O8  +  2.5 Mg5Al2Si3O10(OH)8  +  12.5 CO2(aq) 

    K-feldspar                 Mg-chlorite 
 

çè 
 

       KAl3Si3O10(OH)2  +  1.5 Al2Si2O5(OH)4  +  12.5 MgCO3  + 4.5 SiO2  +  6 H2O (4) 
             muscovite                       kaolinite                 magnesite        silica 

This kinetic reaction proceeds to the right with an increase in solid-phase volume of 18.5% (magnesite 
accounting for 47 vol.% of the product assemblage).  After 20 years, porosity and permeability of the 5-
m-thick cap-rock base have been reduced by 8% and 22%, respectively, by this process (Figure 5B), 
which upon hypothetical completion at 130 years would reduce initial porosity by half and initial 
permeability by an order of magnitude (Figure 5C), thereby significantly improving cap-rock integrity.  A 
natural analog to reaction (4) has recently been documented in the Ladbroke Grove natural gas field, 
where post-accumulation CO2 influx has converted Fe-rich chlorite to Fe-rich dolomite (ankerite), 
kaolinite, and silica (Watson et al., 2002). 
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Although composite mineral trapping accounts for less than 1% by mass of injected CO2 in the near-field 
disposal environment, it has enormous strategic significance: it maintains initial CO2 injectivity (reaction 
2), delineates and may partially self-seal plume boundaries (reaction 3), and—most importantly—reduces 
cap-rock permeability (reaction 4), thereby enhancing hydrodynamic containment of immiscible and 
solubility-trapped CO2. 
 
The CO2 migration and sequestration processes reviewed above in the context of saline-aquifer storage 
are equally applicable to (1) CO2-flood EOR operations in shale-capped water-wet oil reservoirs, which 
are primarily distinguished by the presence of a hydrocarbon phase and lateral confinement, and (2) the 
formation of natural CO2 reservoirs, which are fundamentally distinguished in by the rate, focality, and 
duration of CO2 influx.  However, in all of these settings the effect of geochemical alteration to improve 
cap-rock integrity may be counterbalanced or even overwhelmed by concomitant geomechanical 
deformation, which initially acts in opposition.  Hence, in evaluating long-term cap rock integrity, explicit 
account must be taken of both processes.  
 
2.1.5.6.2  Pressure evolution and geomechanical deformation 
 
A first-order assessment of cap-rock geomechanical deformation can be obtained from evaluating the 
dependence of microfracture aperture evolution on the influx-triggered pressure perturbation at and above 
the reservoir/cap-rock interface.  In a new series of NUFT simulations, we have assessed this dependence, 
first as a function of reservoir permeability and lateral continuity—two key parameters that typically 
distinguish saline-aquifer disposal sites and oil reservoirs, and second, as a function of CO2 influx rate—
the fundamental parameter that distinguishes engineered storage and natural accumulation settings.  
Within these new models, the values adopted for other important parameters that influence geomechanical 
response to CO2 injection (e.g., reservoir depth and thickness as well as influx duration) are those used in 
the Sleipner simulations described above. 
 
In the Sleipner models, we addressed coupled hydrological and geochemical processes.  In the following 
simulations, we explicitly address only the effect of hydrological (multiphase flow) processes.  However, 
this approximation has negligible impact for impure sandstone reservoirs (such as the Utsira formation), 
where reservoir porosity and permeability—and thus the injection-induced pressure perturbation—are not 
modified appreciably by geochemical alteration, as demonstrated above (Figure 5A). 
 
2.1.5.6.2.1  Dependence on Reservoir Properties: saline aquifer versus EOR settings 
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In this study, four distinct simulations have been carried within two spatial domains (Figure 6).  Reservoir 
permeability and lateral continuity are varied from 3000 md and infinite in model UHP (laterally-
Unconfined, High Permeability), which represents desirable saline-aquifer storage sites, to 300 md and 
2000 m in model CLP (laterally-Confined, Low Permeability), which represents a typical 
compartmentalized EOR setting.   Models ULP and CHP represent cross-combinations of these values, 
which facilitate evaluation of specific dependence on reservoir permeability and lateral confinement.   In 
both laterally confined models, compartment height—itself a parameter that exerts second-order influence 
on the injection-induced pressure perturbation—is 150 m.  In all four models, supercritical CO2 is injected 
at the rate of 104 tons/yr during the prograde event. 
 
Magnitude of the influx-triggered pressure perturbation at the reservoir/cap rock interface varies 
significantly with (and inversely proportional to) reservoir permeability and lateral continuity (Figures 7-
10), although its general evolution during prograde and retrograde phases of the influx event does not   
(Figure 11).  For highly permeable, laterally extensive reservoirs (model UHP), this perturbation follows  
a characteristic three-stage evolution: (1) initial rapid increase to maximum pressure as the aqueous phase 
is displaced upwards during ascent of the immiscible CO2 plume to the cap rock, (2) rapid asymptotic 
decrease to a near steady-state value intermediate to ambient and maximum pressures that is maintained 
thereafter during the prograde regime; and (3) a second rapid asymptotic decrease towards the ambient 
value, which is triggered by onset of the retrograde regime (Figure 7).  This pressure evolution suggests 
that the potential for dependent geomechanical deformation events is maximized during three very brief, 
distinct episodes that occur during the earliest stages of prograde and retrograde disposal.  Note that for 
this Sleipner-like setting, the range of injection-induced pressure variation is small—on the order of 3 
bars. 

 

 
 
Decreasing reservoir permeability from 3000 to 300 md without imposing lateral confinement 
(i.e., model ULP) significantly increases magnitude of the pressure perturbation—from roughly 3 
to nearly 22 bars—without altering the three-stage evolution described above (cf. Figures 7 and 
8).  Also noteworthy from this comparison is the inverse dependence of CO2 storage capacity on 
reservoir permeability, which suggests that for pure-sequestration scenarios the addit ional energy 
cost of exploiting less permeable reservoirs—which require higher injection pressures—may be 
partially offset by the benefit of increased storage and delayed migration into the far-field 
environment, providing cap-rock performance is not significantly compromised. 
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The influence of reservoir compartmentalization on the influx-induced pressure perturbation at the 
reservoir/cap rock interface is examined in models CHP and CLP (Figures 9-10).  
 

 
 
Although the functional form of pressure evolution in these models is analogous to that described above 
for laterally unconfined reservoirs, three significant variations are introduced by compartmentalization. 
First, the magnitude of initial pressure increase during plume ascent to the cap rock is significantly 
enhanced—reaching 60 bars in model CLP—owing to the restricted lateral flow (increased flow 
resistance) of displaced formation water.   Second, a permeability-dependent fourth stage of pressure 
evolution—one that bridges cap-rock and spillpoint plume arrival times—is introduced that either causes 
a secondary pressure increase (CHP) or slows prograde decrease (CLP) of the initial pressure anomaly.  
Third, owing to presence of the accumulated CO2 column, during the retrograde phase pressure decays 
asymptotically toward a steady-state value that exceeds hydrostatic and whose magnitude is proportional 
to column height.  This final variation is extremely significant because it imposes a long-term pressure 
perturbation upon the cap-rock interface, which does not occur in unconfined reservoirs. 
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Direct translation of the injection-induced pressure perturbation from the well to and above the 
reservoir/cap-rock interface in all four models controls CO2 migration into the undeformed cap rock 
through changes in capillary pressure, and controls geomechanical deformation of the cap rock through 
changes in effective stress and dependent microfracture apertures.   Hence, the magnitude and evolution 
of these migration and deformation processes directly reflect those of the injection-induced pressure 
perturbation.  The capillary pressure effect can be modeled directly with NUFT, while assessment of 
deformation effects requires developing and implementing a NUFT/DLEC interface.     
 
CO2 migration into the undeformed 25-m-thick 3-µd cap rock through increased capillary pressure is 
minimized in model UHP, where penetration distance is only 5 m, and maximized in model CLP, where 
such migration actually breeches the overlying reservoir (Figure 12).    
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Pressure evolution at and above the cap rock can be mapped into a corresponding evolution of effective 
stress and dependent microfracture apertures, yielding a first-order estimate of injection-induced 
geomechanical deformation.  Here, we use a simplified form of the constitutive relationship between 
effective stress (σΕ), total stress (σΤ), and pressure (P f): 

   σΕ = σΤ − Pf  ,      (5) 

where σΤ is assumed to be constant (∆σΕ = −∆Pf).  By further neglecting the nonlinear aperture 
dependence of fracture normal stiffness (KN), normal aperture displacement due to reduced effective 
normal stress (∆aN) can be expressed as: 

   ∆aN  =  (∆Pf / KN)     (6) 

Using equations (5) and (6) together with an estimated normal stiffness for shale fractures at depth 
(Bilgin, 1990), we first translate the maximum injection-induced pressure perturbation for each of the four 
models (Figure 11) into the corresponding maximum aperture normal displacement in order to gauge 
relative scale (Figure 13).  As can be seen, the potential maximum aperture increase due to reduced 
effective normal stress is 50-1100 µm.  Because attainment of this pressure maximum coincides with 
arrival of the immiscible plume at the cap rock—after only 15-100 days in all four models—the potential 
for geomechanical deformation is maximized very early during the prograde phase.   
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Simulating long-term aperture evolution requires an interface between our reactive transport (NUFT) and 
geomechanical (LDEC) models, which we developed during the reporting period.  This interface 
facilitates translation of pressure evolution within a given reservoir cap-rock system into the dependent 
evolution of effective stress and microfracture apertures—here cast within the simplifying context of eqns 
(5) and (6).  In this application, the interface is applied to a representative sub-grid from our NUFT 
domains: a 60m-by-50m half-space that encompasses the uppermost 10 m of the lower reservoir (2 NUFT 
grid cells), the 25-m-thick shale cap rock (5 cells), and the 25-m-thick upper reservoir (5 cells). 
The functional form of aperture evolution at the reservoir/cap rock interface is directly analogous to that 
described above for pressure, as exemplified by LDEC simulation of such evolution for model CLP 
(Figure 14).  As can be seen, during the prograde phase apertures rapidly increase during initial plume 
ascent, and then asymptotically decrease to a steady-state value that reflects net widening.  During the 
retrograde phase, they first rapidly decrease from this prograde steady state, then continue to decrease 
asymptotically towards a steady state value that reflects net widening of about 75 µm per the approximate 
5-bar net pressure increase associated with CO2 accumulation.  Hence, geomechanical deformation 
degrades cap-rock integrity only during the earliest stages of the prograde phase, after which it slowly but 
 

 
 
continuously mitigates this initial degradation event.  However, unless counterbalanced by geochemical 
effects, this 75-µm net aperture widening could facilitate long-term CO2 migration into the cap rock.  
Moreover, although maximum prograde and ultimate net aperture increases (roughly 1100 and 75 µm, 
respectively) occur at the reservoir interface, concomitant increases of 200-1100 and a few 10s of µm are 
realized throughout the basal 20m of the 25-m-thick shale cap rock (Figure 15).   Such pervasiveness 
suggests the potential development of microfracture continuity sufficient to permit CO2 migration into 
and perhaps completely through relatively thin shale cap rocks in certain influx settings. 
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Dependence on influx parameters: engineered versus natural storage 
In this study, three distinct simulations have been carried within a single spatial domain (Figure 16) that 
represents a confined sandstone reservoir whose compartment width (10 km), height (100 m), and 
width:height aspect ratio (100:1) typify natural CO2 reservoirs (Allis et al., 2001).  In all three models, 
sandstone reservoir and shale cap rock permeability are 300 md and 3 µd, respectively.  The models are 
distinguished primarily by prograde CO2 influx rate, which is varied from 104 to 103 to 102 tons/yr, 
representing engineered injection, “fast” natural accumulation, and “slow” natural accumulation, 
respectively.  The engineered injection rate is that used in the earlier Sleipner simulations, while the two  
values adopted for natural accumulation rates—which are presently unknown—are rough estimates.  A 
secondary difference is duration of the prograde and retrograde events, both of which span 10 years for 
the engineered injection, but are extended to 40 and 20 years in both natural accumulation models. 

 

 
Because the engineered-injection model adopts the same injection rate used in the preceding set of 
simulations, it illustrates dependence of the pressure perturbation on compartment width and aspect ratio, 
while providing a baseline for evaluating its dependence on influx rate per comparison with the two 
natural accumulation models (Figure 17).  Increasing compartment width from 2 to 10 km causes pressure 
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to increase even after the plume has reached the cap rock, owing to the increased volume of formation 
water that must be displaced.  Hence, while pressure increases from 90 to 150 during plume ascent in both 
models CLP and here (cf.. Figures 10 and 17), in this case pressure ultimately reaches 250 bars before 
declining after the plume reaches the lateral boundary.   Subsequent asymptotic pressure decline during 
the post-spillpoint prograde and retrograde phases is dampened by increased compartment width.  
 
When influx rate is reduced by one and two orders of magnitude, migration of the plume is retarded and 
the pressure perturbation is reduced proportionately, while its functional form remains unchanged 
(Figures 18-19).  In the “fast” natural accumulation model, the immiscible plume does not reach the 
lateral compartment boundary until just before termination of the 40-year prograde event, while the 
maximum pressure perturbation (about 22 bars) is a factor of 7-8 less than that for the engineered 
injection model.  In the “slow” natural accumulation model, the plume has not quite advanced halfway to 
the compartment boundary after 60 years (which encompasses both the prograde and retrograde events), 
while the maximum pressure perturbation is less than 3 bars. 
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The extent of CO2 migration into undeformed shale through increased capillary pressure is strongly 
dependent on influx rate.  Such migration extends halfway through the 25-m-thick shale in the “slow” 
accumulation model (intra-shale saturations approaching 8%), completely through this shale and halfway 
through the overlying 25-m-thick reservoir in the “fast” accumulation model (upper reservoir saturations 
approaching 12%), and completely through this upper reservoir to form a laterally-restricted (see Figure 
17) accumulation zone beneath the upper domain boundary (where saturations approach 25%) in the 
engineered injection model (Figure 20). 
 
The extent of geomechanical cap-rock deformation through changes in effective stress and dependent 
aperture evolution is also strongly dependent on influx rate.   As the maximum pressure perturbation 
realized at the reservoir/cap rock interface increases from 3 to 22 to 160 bars with a 10- to 100-fold 
increase in influx rate (Figures 17-19), the dependent aperture opening—evaluated in the context of eqns 
(5) and (6)—increases from approximately 50 to 350 to 2900 µm. 
 
The three simulations described above address a fundamental question regarding natural CO2 reservoirs: 
are they natural analogs to engineered CO2 storage sites?  The models suggest that geomechanical 
degradation of seal integrity will be characteristic of both natural and engineered CO2 influx, but 
significantly more severe during the latter.  This result implies that cap-rock isolation performance may 
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vary considerably as a function of filling mode, which severely limits the extent to which natural CO2 
reservoirs can be considered directly analogous to engineered CO2 storage sites.   
 
2.1.5.6.3  Geochemical counterbalancing of geomechanical effects  
 
Long-term enhancement or degradation of shale cap-rock integrity ultimately hinges on the relative 
effectiveness of concomitant geochemical alteration and geomechanical deformation.  The analyses 
presented above offer an opportunity to evaluate an important aspect of this geochemical/geomechanical 
interplay: the extent to which these initially opposing processes may counterbalance one another. 
 
This cross-comparison requires a common reference frame, the choices for which are changes in porosity 
or fracture aperture, which have been used above to represent the respective contributions of geochemical 
and geomechanical effects.  Converting aperture change into the corresponding porosity change requires 
an initial aperture or fracture density (neither of which are known), while the aperture change associated 
with matrix expansion due to a specific mineral dissolution/precipitation reaction can be represented as a 
function of the dependent variables. Hence, we adopt the latter approach and translate the geochemical 
contribution into the aperture-change reference frame. 
 
For a given dissolution/precipitation reaction within the matrix, the associated aperture change (Da) 
depends on initial volume fraction of the reactant assemblage (VR/VT), standard molal volume change of 
the reaction (DVro = VPo – VRo), effective diffusion distance (LD, how deep into matrix blocks the 
reaction occurs), and reaction progress (C, the extent to which the reaction proceeds to completion): 
 
                                          ∆a  =  -2 [(VR / VT) (∆Vr

o / VR
o) LD C]                                                   (7) 

 
All of these variables are typically known or can be closely estimated except for diffusion distance and 
reaction progress.  Hence, it is both appropriate and convenient to plot Da isopleths as a function of these 
latter two parameters. 
 
We have constructed such a diagram for reaction 4 (Figure 21), where the Da-isopleths plotted span the 
range of maximum aperture widening due to geomechanical displacement that was predicted for models 
UHP, ULP, CHP, and CLP (Figure 11).  Hence, they can be viewed as geochemical “counterbalance” 
isopleths; i.e., along any curve, departing to greater diffusion distances or reaction progress equates to net 
aperture closure (improved cap-rock integrity) as a function of combined geochemical and geomechanical 
effects, while departing to lesser values equates to net opening (degraded integrity). 
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This diagram reveals that geochemical counterbalancing of geomechanical deformation over this range of 
∆a requires diffusion distances of only 3-6.5 cm for reaction progress of 30-60%.  These ranges—both of 
which are commonly observed in natural systems—suggest that early-stage maximum geomechanical 
deformation may be eventually counterbalanced by geochemical alteration.  This raises the possibility that 
shale cap rocks in CO2 reservoirs (so-called natural analogs to engineered disposal sites) may have 
evolved into effective seals following some degree of CO2 migration through them.  Careful mineralogical 
and petrographic analyses of these shale cap rocks may shed light on this concept. 
 
 
2.1.5.6.4  Abstracts, papers, and awards  
 
Abstracts focusing on relevant subsets of the research described in this report have been presented at three 
technical conferences: the Offshore Technology Conference (invited talk in a Special Session on 
Geohazards), the Second National Conference on Carbon Sequestration, and the AAPG annual meeting 
(Special Session on Geological Sequestration of CO2).  A fourth abstract was submitted to and has been 
accepted for presentation at the upcoming national meeting of the American Chemical Society (another 
Special Session on CO2 sequestration).  Finally, a paper was prepared for and included in the proceedings 
volume for the Offshore Technology Conference (Johnson et al., 2003a).  Complete citations for these 
abstracts and the proceedings article are provided in section 2.1.5.10 (“Publications”). 
 
For our abstract entitled “CO2 reservoirs: are they natural analogs to engineered geologic storage sites?”, 
which was presented at the AAPG annual meeting, we received the 2003 AAPG DEG (Division of 
Environmental Geosciences) “Best Paper—Oral Presentation” award.  
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2.1.5.7  Conclusion 
 
Long-term cap rock integrity represents the single most important constraint on the long-term isolation 
performance of natural and engineered geologic CO2 storage sites.  CO2 influx that forms natural 
accumulations and CO2 injection for EOR/sequestration or saline-aquifer disposal both lead to 
concomitant geochemical alteration and geomechanical deformation of the cap rock, enhancing or 
degrading its seal integrity depending on the relative effectiveness of these interdependent processes.   
Using our reactive transport simulator (NUFT), supporting geochemical databases and software 
(SUPCRT92), and distinct-element geomechanical model (LDEC), we have shown that influx-triggered 
mineral dissolution/precipitation reactions within typical shale cap rocks continuously reduce 
microfracture apertures, while pressure and effective-stress evolution first rapidly increase then slowly 
constrict them.  For a given shale composition, the extent of geochemical enhancement is nearly 
independent of key reservoir properties (permeability and lateral continuity) that distinguish saline aquifer 
and EOR/sequestration settings and CO2 influx parameters (rate, focality, and duration) that distinguish 
engineered disposal sites and natural accumulations.  In contrast, the extent of geomechanical degradation 
is highly dependent on these reservoir properties and influx parameters because they effectively dictate 
magnitude of the pressure perturbation; specifically, initial geomechanical degradation has been shown 
inversely proportional to reservoir permeability and lateral continuity and proportional to influx rate.  
Hence, while the extent of geochemical alteration is nearly independent of filling mode, that of 
geomechanical deformation—which invariably results in net aperture opening for compartmentalized 
reservoirs—is significantly more pronounced during engineered injection.  These results limit the extent 
to which natural CO2 accumulations and engineered disposal sites can be considered analogous.  A new 
conceptual framework that permits inter-comparison of geochemical and geomechanical contributions to 
long-term cap rock integrity has been introduced.  This framework reveals that ultimate counterbalancing 
of geochemical and geomechanical effects is feasible, which suggests that shale cap rocks may evolve into 
effective seals—in both natural and engineered storage sites. 
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2.1.5.10  List of Acronyms and Abbreviations 
 
CCP CO2 Capture Project 

GEMBOCHS Geologic and Engineering Materials: Bibliography Of Chemical Species 
(Thermodynamic/kinetic database and software library: Johnson and Lundeen, 
1994a,b)  

LDEC Livermore Distinct Element Code (geomechanical modeling software: Morris et al.,  
2002, 2003) 

NUFT Non-isothermal Unsaturated Flow and Transport (reactive transport software: Nitao, 
1998a,b, 2003) 

SUPCRT92 SUPerCRiTical (geochemical modeling software and database: Johnson et al., 1992) 
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2.1.5.11  Report Appendices 
 
2.1.5.11.1  Abstracts presented at technical conferences 
 
2.1.5.11.1.1  American Association of Petroleum Geologists (AAPG) Annual Meeting  
                     Salt Lake City, UT, May 11-14, 2003 
TITLE: 
CO2 reservoirs: are they natural analogs to engineered geologic storage sites? 
AUTHORS: 
James W. Johnson, John J. Nitao, Stephen C. Blair, and Joseph P. Morris 
Lawrence Livermore National Laboratory  
 
ABSTRACT 
Although CO2 reservoirs are commonly referenced as natural analogs to engineered geologic storage 
sites, there are important distinctions between these settings that may preclude their direct correlation.  
Most importantly, natural CO2 accumulations were established over geologic time frames, while CO2 
injection at potential sequestration sites represents a dramatically telescoped and therefore very different 
thermal, hydrological, geochemical, and geomechanical perturbation of the reservoir/cap rock system.  
This distinction raises two intriguing possibilities that warrant quantitative investigation.  First, the 
currently secure cap rock of a given natural CO2 accumulation may have evolved into such as a function 
of geochemical alteration that attended some degree of initial CO2 migration through it.   Second, whether 
or not such evolution took place, this same cap rock may be incapable of providing an effective 
hydrodynamic seal in the context of an engineered injection.  There are two corresponding fundamental 
questions.  First, what is the evolution of cap-rock integrity during formation of natural CO2 reservoirs?  
Second, will such evolution be similar or appreciably different in engineered storage sites; i.e., what is its 
dependence on the rate, focality, and duration of CO2 influx?  These questions—upon which strict 
validity of the natural-analog concept hinges—can be addressed using the reactive transport modeling 
approach.  In this study, we will conduct and compare reactive transport simulations of a well-
characterized CO2 reservoir under both natural and hypothetical anthropogenic “filling” modes.  Our 
results will reveal the dependence of long-term cap-rock integrity on filling history, and thereby shed 
quantitative light on appropria teness of the natural-analog concept. 
 
2.1.5.13.1.2  Second National Conference on Carbon Sequestration 
                     Washington, DC, May 5-8, 2003 
TITLE: 
Reactive transport modeling of long-term cap rock integrity 
during CO2 injection for EOR or saline-aquifer storage 
 
AUTHORS: 
James W. Johnson, John J. Nitao, and Joseph P. Morris 
Lawrence Livermore National Laboratory 
ABSTRACT 
CO2 injection for EOR or saline-aquifer storage leads to concomitant geochemical alteration and 
geomechanical deformation of the cap rock, enhancing or degrading its seal integrity depending on the 
relative effectiveness of these interdependent processes.  Injection-triggered mineral 
dissolution/precipitation reactions within typical shales continuously reduce microfracture apertures, 
while pressure and dependent effective-stress evolution first rapidly increase then slowly constrict them.  
Using our reactive transport simulator (NUFT), supporting geochemical databases and software 
(GEMBOCHS, SUPCRT92), and distinct-element geomechanical model (LDEC), we have evaluated the 
net effect of these initially opposing contributions to long-term cap-rock integrity—the single most 
important constraint on long-term isolation performance. 
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2.1.5.13.1.3 Offshore Technology Conference (OTC) 
                    Houston, TX, May 5-8, 2003 
TITLE: 
Reactive transport modeling of geohazards associated with 
offshore CO2 injection for EOR and geologic sequestration 
 
AUTHORS: 
James W. Johnson, John J. Nitao, Stephen C. Blair, and Joseph P. Morris 
Lawrence Livermore National Laboratory 
 
ABSTRACT: 
Offshore injection of CO2 for EOR and geologic sequestration leads to geochemical alteration and 
geomechanical deformation of the cap rock, which—depending on the relative effectiveness of these 
interdependent processes—will enhance or degrade integrity of this hydrodynamic seal.  For injection 
settings where geomechanical deformation dominates, cap-rock integrity may be significantly 
compromised, potentially triggering an environmental geohazard in the form of large-scale CO2 release 
from the target reservoir and ultimately the seabed (worst-case scenario).  The evolution of cap-rock 
permeability during and after CO2 injection can be assessed through reactive transport modeling, an 
advanced computational method based on mathematical models of the coupled physical and chemical 
processes catalyzed by the injection event.  Using our reactive transport simulator (NUFT) and supporting 
geochemical databases and software (GEMBOCHS, SUPCRT92), we have previously shown that within 
shale-capped sandstone reservoirs (e.g., at Statoil’s North Sea Sleipner facility) CO2(g)-shale interaction 
along water-wet fracture walls converts clay-rich assemblages to those dominated by carbonate minerals.  
A volume increase of 15-20% attends this kinetic process; hence, geochemical alteration reduces the 
aperture of microfractures, thereby reducing cap-rock permeability.   In the present study, we address the 
concomitant geomechanical deformation by interfacing NUFT simulation results—primarily the evolving 
pressure anomaly along and above the reservoir-shale interface—with distinct-element geomechanical 
models (3DEC, LDEC), which yield the dependent stress-strain history: slip displacement, aperture 
widening, and increased cap-rock permeability.  We then combine these geochemical and geomechanical 
contributions to provide a first-order estimate of their relative effectiveness and the extent to which cap-
rock integrity is enhanced or degraded.  When evaluating the long-term isolation performance of 
candidate geologic CO2 injection sites, cap-rock integrity is the single most important risk-assessment 
concern.  Reactive transport modeling provides a unique computational means of assessing the potential 
for cap-rock corruption and dependent geohazards associated with offshore CO2 injection for EOR and 
geologic sequestration. 
 
2.1.5.13.1.4  American Chemical Society (ACS) National Meeting 
                     New York, Sep 7-11, 2003 (submitted May 10, 2003; accepted May 20, 2003) 
TITLE: 
Reactive transport modeling of cap rock integrity 
during natural and engineered CO2 sequestration 
 
AUTHORS: 
James W. Johnson, John J. Nitao, and Joseph P. Morris, Lawrence Livermore National Laboratory 
 
ABSTRACT 
Long-term cap rock integrity represents the single most important constraint on the long-term isolation 
performance of natural and engineered geologic CO2 storage sites.  CO2 influx that forms natural 
accumulations and CO2 injection for EOR or saline-aquifer disposal both lead to concomitant 
geochemical alteration and geomechanical deformation of the cap rock, enhancing or degrading its seal 
integrity depending on the relative effectiveness of these interdependent processes.  Influx-triggered 
mineral dissolution/precipitation reactions within typical shales continuously reduce microfracture 
apertures, while pressure and effective-stress evolution first rapidly increase then slowly constrict them.  
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Using our reactive transport simulator (NUFT), supporting geochemical databases and software 
(SUPCRT92), and distinct-element geomechanical model (LDEC), we have evaluated the net effect of 
these initially opposing contributions to cap-rock integrity for both natural and engineered CO2 influx.  
The extent of geochemical alteration is nearly independent of filling mode.  In contrast, geomechanical 
deformation—which invariably results in net aperture opening for compartmentalized reservoirs—is 
significantly more pronounced during engineered influx.  These results limit the extent to which natural 
and engineered storage sites are analogous, and suggest that in both settings shale cap rocks may evolve 
into effective seals.  
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2.1.6  Early Detection and Remediation of Leakage from CO2 
Storage Projects 
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2.1.6.1  Abstract 
 
The need for methods of early detection and remediation of leakage from CO2 storage projects is a 
recurrent theme in discussions with environmental NGO’s about the acceptability of geologic storage of 
CO2 as an approach to carbon management. To date, little, if any, research has been done that addresses 
this concern. The purpose of the proposed project is to prepare a scoping paper that identifies 1) 
monitoring approaches for early detection of leakage, 2) remediation options that could be used to 
eliminate or manage risks after leakage has been detected and 3) additional information and R&D that is 
needed to develop the remediation approaches identified. The overarching goal of the proposed study is to 
begin to develop approaches that can be used to manage human health and environmental risks to an 
acceptable level in the event that a storage project leaks. 
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2.1.6.3  Introduction 
 
The need for methods of early detection and remediation of leakage from CO2 storage projects is a 
recurrent theme in discussions with environmental NGO’s about the acceptability of geologic storage of 
CO2 as an approach to carbon management. To date, little, if any, research has been done that addresses 
this concern. The purpose of the proposed project is to prepare a scoping paper that identifies 1) 
monitoring approaches for early detection of leakage, 2) remediation options that could be used to 
eliminate or manage risks after leakage has been detected and 3) additional information and R&D that is 
needed to develop the remediation approaches identified. The overarching goal of the proposed study is to 
begin to develop approaches that can be used to manage human health and environmental risks to an 
acceptable level in the event that a storage project leaks. 
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2.1.6.4  Experimental 
 
The approach taken to this project is as follows: 
 

1. Calculate a range of leakage rates from prototypical storage projects, including those performing 
effectively and those leaking at unacceptable rates. 

2. Identify and develop the major leakage scenarios that are most likely to occur in geologic storage 
projects (e.g. leakage up abandoned wells, leakage up undetected faults or fractures in the 
reservoir seal, etc…). 

3. Identify the consequences of leakage in each of these scenarios (e.g. degradation of groundwater 
quality, human exposure to elevated CO2 concentrations, etc…) 

4. Identify monitoring approaches that could be used for early detection of leakage in each of the 
scenarios (e.g. seismic imaging, satellite or air-borne imaging, surface IR detectors, etc…) 

5. Survey and document remediation practices currently used in natural gas storage, oil and gas 
production, groundwater and vadose zone remediation, damn construction and maintenance and 
acid gas disposal. 

6. Evaluate how and the extent to which existing remediation practices could be employed to 
remediate leakage in geologic storage projects. 

7. Identify potential new approaches for remediation of geologic storage projects for scenarios 
where existing remediation approaches are not sufficient. 

8. Identify additional knowledge or information needed to develop and build confidence in the 
effectiveness of new or improved remediation approaches. 

9. Identify existing regulations that would be applicable to protecting human and ecosystem health 
at leaking geologic storage sites. 

 
Work has begun on items number 1 through 5 listed above. 
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2.1.6.5  Results and Discussion 
 
This project has just begun during the past two weeks. To date, we have developed a list of possible 
options for remediation of leaking storage projects. These options are listed I outline form below. For the 
final report, each of the methods will be described in detail, including a discussion of there applicability 
for remediation of geologic storage projects. In addition, we will perform numerical simulations of 
several hypothetical cases to evaluate their effectiveness. 
 

a) Ideas for vadose zone remediation: 
i) passive methods 

(1) barometric pumping 
(2) baroballs 

ii) active methods 
(1) soil gas extraction 

(a) vertical wells 
(b) horizontal wells 
(c) drainage systems 
(d) trenches 

(2) covers 
(a) landfill cover – low permeability material 
(b) collection system below cover 

(3) sprinkling/irrigation to dissolve CO2 and move it downward 
 

b) Ideas for groundwater remediation: 
i) passive methods 

(1) natural attentuation by dissolution, migration, and mineralization 
ii) active methods 

(1) gas phase pumping 
(2) groundwater extraction to exsolve plume 
(3) single well dissolution system – inject CO2 then water (WAG) 

iii)  methods to deal with other contamination due to dissolution of minerals by CO2 (e.g., As, 
Pb) 
(1) pump and treat with wells 

(a) vertical 
(b) horizontal 
(c) deep gravel trenches/drainage 

(2) containment by managing hydraulic heads 
iv) ideas for sealing faults in limited areas 

(1) foam injection 
(2) grout injection 

 
c) Ideas for managing surface fluxes: 

i) fans to dissipate hazardous concentration of CO2 at night 
ii) trenches – gravel-filled with covers to collect CO2 from leaks such as faults or in the vadose 

zone 
 

d) Ideas for controlling leaks with in the storage reservoir: 
i) lower reservoir pressure 

(1) inject at lower rate 
(2) stop injection 
(3) begin CO2 extraction 
(4) pump out groundwater peripherally to lower pressure 
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ii) extract CO2 before it reaches the leakage path 
(1) pump from reservoir before leakage point 

iii)  hydrofracture to access new areas of the reservoir away from areas of leakage 
 

e) Ideas for remediating leakage from abandoned wells: 
i) plug and abandon using techniques developed for oil and gas leaks 

 
f) Ideas for basement CO2 remediation 

i) Active or passive ventilation 
 

g) Ideas for remediation of CO2 dissolved in deep lake 
i) Controlled discharge of CO2 through gas lift from depth (now used at Lake Nyos) 
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2.1.6.6  Conclusion 
 
When completed, this project will have provided a list of remediation options for managing leaking 
geological storage projects. There are many options available, and this should provide greater assurance 
to regulators and the public that even in the event that a geological storage project leaks, actions can be 
taken to lessen or prevent risks to humans and the environment. 
 
 
2.1.6.7  References 
 
None. 
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2.1.7  Impact of CO2 Injection on Subsurface Microbes and 
Surface Ecosystems 
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2.2 Optimization 
 

2.2.1  Use of Depleted Gas and Gas-Condensate Reservoirs 
for CO2 Storage 
 



800 

Report Title  
CO2 Capture Project - An Integrated, Collaborative Technology Development 
Project for Next Generation CO2 Separation, Capture and Geologic 
Sequestration 

 
Use of Depleted Gas and Gas-Condensate Reservoirs for CO2 Storage 
 
Report Reference 
2.2.1     
 
 
 
 
 
 
 
Type of Report: Semi-Annual Report  
 
Reporting Period Start Date: February 2003 
 
Reporting Period End Date:  July 2003 
 
Principal Author(s): Akanni S. Lawal and Scott M. Frailey 
 
Date Report was issued:  July 2003 
 
DOE Award Number: DE-FC26-01NT41145 
 
Submitting Organization: Center for Applied Petrophysical and Reservoir Studies (CAPRS) 
 Texas Tech University 
 
Address: P. O. Box 43111 
 8th and Canton 
 Lubbock, TX  79409-3111 
 
 
 
 
 
 
Disclaimer 
This report was prepared as an account of work sponsored by an agency of the United States Government.  
Neither the United States Government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness or usefulness of any information, apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by the United States Government or any agency 
thereof.  The views and opinions of authors expressed herein do not necessarily state or reflect those of 
the United States Government or any agency thereof. 



801 

2.2.1.1  Abstract 
 
This research project is aimed at using laboratory measurement of the physical properties of carbon 
dioxide-hydrocarbon gas mixtures and reservoir simulation to investigate the phase behavior to be 
encountered by using depleted gas reservoirs for CO2 storage.  For the sole purpose of the measured Z-
factor data, three temperatures of 100°F, 160°F and 220°F and pressures ranges from 14.7 psia to 5000 
psia are selected for each of the specified gas types.  The gas types are categorized by compositional 
analysis to three types, namely, dry gas, wet gas and retrograde gas.  The analyses of results show that 
irrespective of the CO2/hydrocarbon gas mixture’s reservoir composition, dry and wet gas reservoirs 
remain as a vapor phase in the reservoir as well as at surface conditions, thereby showing no phase 
change in these reservoirs due to CO2 storage. However, the same analysis is yet to be determined for the 
retrograde gas condensate reservoirs. 
 
To quantify the volume of sequestered CO2, enhanced gas recovery (EGR) and enhanced condensate 
recovery (ECR), a material balance model (MBE) has been developed to determine how much CO2 that 
can be stored in the respective dry gas, wet gas and retrograde gas reservoirs.  This material balance 
model is currently being analyzed to include fundamental fluid and petrophysical properties of gas 
reservoirs.  The analysis of results shows that the model can provide estimates of CO2 storage in the gas 
reservoirs.  The knowledge gained from the MBE will be incorporated into the in-house commercial 
reservoir simulation model to determine EGR and ECR benefits of CO2 storage in dry, wet and retrograde 
gas reservoirs. 
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2.2.1.4  Introduction 
 
2.2.1.4.1  Background Information 
 
Geologic formations, such as oil fields, coal beds and saline aquifers, are likely to provide the first large-
scale opportunity for concentrated sequestration of carbon dioxide (CO2). In fact, CO2 sequestration is 
already taking place at West Sleipner off the coast of Norway, where approximately one million tonnes of 
CO2 are sequestered annually as part of an off-shore natural gas production project. Developers of 
technologies for sequestration of CO2 in geologic formations can draw from related experience gained 
over nearly a century of oil and gas production, groundwater resource management, and, more recently, 
natural gas storage and groundwater remediation. In some cases, sequestration may even be accompanied 
by economic benefits such as enhanced oil recovery (EOR), enhanced methane production from coal 
beds, enhanced production of natural gas from depleted fields, and improved natural gas storage 
efficiency through the use of CO2 as a “cushion gas” to displace natural gas from the reservoir. 
 
CO2 can be sequestered in geologic formations by three principal mechanisms (Hitchon 1996; DOE 
1993): 
 
§ First, CO2 can be hydrostatically trapped as a gas or supercritical fluid under a low-permeability 

caprock, similar to the way that natural gas is trapped in gas reservoirs or stored in aquifers.  
Finding better methods to increase the fraction of pore space occupied by trapped gas will enable 
maximum use of the sequestration capacity of a geologic formation. 

 
§ Second, CO2 can dissolve into the fluid phase. This mechanism of dissolving the gas in a liquid 

such as petroleum is called solubility trapping. In oil reservoirs, dissolved CO2 causes the oil to 
swell slightly and lowers the viscosity of the residual oil so it flows more readily, providing the 
basis for one of the more common EOR techniques. The relative importance of solubility trapping 
depends on a large number of factors, such as the sweep efficiency (efficiency of displacement of 
oil or water) of CO2 injection, the formation of fingers (preferred flow paths), and the effects of 
formation heterogeneity. Aqueous trapping involves the dissolution, and subsequent chemical 
dissociation, of the CO2 into the formation fluid.  Efficient aqueous and solubility trapping will 
reduce the likelihood that CO2 gas will quickly return to the atmosphere. 

 
§ Thirdly, dissolved CO2 can react either directly or indirectly with the minerals and organic matter 

in the geologic formations to become part of the solid mineral matrix. In most geologic 
formations, the formation of calcium, magnesium, and iron carbonates is expected to be the 
primary mineral-trapping processes. However, precipitation of these stable mineral phases is a 
relatively slow process with poorly understood kinetics. In coal formations, trapping is achieved 
by preferential adsorption of CO2 to the solid matrix.  Finding ways to optimize hydrodynamic 
trapping, while increasing the rate at which the other trapping mechanisms convert CO2 to less 
mobile and stable forms, is one of the major challenges that must be addressed by an R&D 
program. 

 
Maximizing the volume of sequestered CO2 is an important aspect of reducing the overall cost of capture 
and sequestration, and this builds upon our understanding of geologic storage.  Once the primary controls 
on geologic storage are understood, operating strategies can be developed to take advantage of those 
conditions that are favorable and to minimize the unfavorable. Characterizing and determining the 
sequestration capacity of a potential sink becomes a core technical capability for companies involved in 
the geologic sequestration of CO2.  The ability to accurately predict and subsequently maximize the 
volume of CO2 sequestered in a sink will influence decisions and project economics.  Getting this right is 
critical. The CCP seeks to develop new technologies that enable the low-cost capture of CO2 from 
combustion sources.  However, without an acceptable method of sequestering the CO2, the benefits of 
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these new capture technologies are limited.  As already stated, geologic sequestration of CO2 presents 
both technical challenges and perception issues. It is significant to recognize that geologic storage of CO2 
is a new paradigm, which not only includes new technologies, but new perceptions and attitudes as well.  
The ability to demonstrate the safe and environmentally benign nature of geologic sequestration will play 
a key role in commercializing new low-cost capture technologies. 
 
 
2.2.1.4.2  Research Conceptual View  
 
The maximum volume of any fluid injected into a geologic formation depends on the initial reservoir 
pressure (at the start of injection), pore volume, the type of fluids present in the pore spaces and the 
interaction of the injected fluid and the in-situ fluids.  Consequently, an ideal geologic formation for 
storage would have a very low pressure (compared to discovery pressure), high solubility/miscibility 
between the injected fluid and the in-situ fluids, highly compressible in-situ fluids, and adsorption of the 
injected fluid onto the formation matrix.  The case of geologic storage of CO2 will be no different.  
Second only to a pure CO2 reservoir, a hydrocarbon gas reservoir seems to be an ideal natural analog.  
 
Injection into deep, briny water aquifers will be dependent on the solubility of CO2 in water, which 
increases modestly with depth due to compensating effects of increasing temperature and pressure.  It is 
unlikely that these aquifers will be depleted; as such the pressure of the aquifer will most likely be near its 
maximum geologic pressure.  Furthermore, water compressibility is very low such that additional 
injection volume will increase reservoir pressure rapidly.  Similarly, the geologic storage of CO2 into CO2 
flooded oil reservoirs may be limited due to the pressure of the reservoir and the compressibility of oil 
and water in the reservoir.  Because a mature CO2 flood may experience relatively larger and larger 
volumes of injected water (over time) compared to CO2 injected volumes until a final, large water slug 
follows the last CO2 injected volume , the pressure of a mature CO2 flood may be relatively high compared 
to the discovery pressure.  Additionally, the compressibility of oil and water are relatively low such that 
CO2 storage in the pore space may be limited to the solubility of CO2 into the oil and water present at 
abandonment and the matrix of the reservoir.   
 
Depleted or abandoned gas reservoirs may provide the single largest volume for geologic storage of CO2 
due to low reservoir pressure, highly compressible hydrocarbon gas, and the high solubility between CO2 
and hydrocarbon gas.  CO2 storage in a gas reservoir may enhance gas recovery.  In the case of retrograde 
gas reservoirs, hydrocarbon liquid that condensed in the reservoir due to depletion may be vaporized and 
recovered by the CO2 storage process.  Some PVT reports suggest that at abandonment the retrograde 
condensate may saturate as much as 20% of the reservoir pore volume.  A gas cycling system early in the 
life of the geologic storage of CO2 may improve hydrocarbon gas production via miscible gas 
displacement and condensate production due to re-vaporization of the liquid condensate in the reservoir. 
The vaporization of condensate in the reservoir increases the available reservoir volume to sequester CO2. 
 
 
2.2.1.4.3  Project Objectives 
 
The purpose of this project is to investigate the use of a depleted gas reservoir for the geologic storage of 
CO2.  Furthermore, a benefit may exist for the recovery of hydrocarbon gas and condensate that formed in 
the reservoir due to depletion below the dew point of the gas.  Specifically, the scope of this work is to 
support the Sequestration, Monitoring and Verification Team (SMV) by studying depleted gas reservoirs 
to compliment, the EOR and saline aquifer studies of other researchers.  The idea is to identify the 
geologic storage of CO2 in terms of Mscf (or lbs) per acre-foot of reservoir formation as a function of 
initial pressure, reservoir temperature, hydrocarbon gas composition, water and oil saturation.  To 
summarize, the three main objectives of the project are as follows: 
 
§ Study the feasibility of geologic storage of CO2 in depleted or abandoned gas reservoirs.  
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§ Determine EGR and EOR benefits of geologic CO2 storage in dry gas, wet gas, and retrograde 
reservoirs. 

§ Develop guidelines for selecting optimal CO2 storage reservoir candidates. 
 
 
2.2.1.4.4  Process Flow Diagram 
 
The Process Flow Diagram (Figure 4.1) describes the methodology used towards proving a reliable and 
resourceful means of validating the use of depleted gas reservoirs for CO2 storage. 
 
§ Collect group of candidate gas reservoirs. 
 
§ Classify gases as dry, wet, or retrograde based on TTU gas identification chart. 

 
§ Estimate CO2 storage using TTU charts developed as CO2 storage (MMscf) vs. CO2 

Sequestration Parameter (CSP, yet-to-be-determined) for each of the three gas types.  (Reservoir-
Variable  includes rock and fluid properties specific to a candidate gas reservoir.) 

 
§ Estimate gas and condensate recovery using TTU charts developed as gas and condensate 

recovery (MMscf and Mstb) vs. CO2 storage (from TTU Chart) and CSP. 
 
 
 
 
 
 
 
 

Figure 4.1 – Process Flow Diagram 
 
 
 
2.2.1.4.5  Scope of Project Work 
 
The major components of this work are as follows: 
 
§ Data Collection 
§ Compositional/Black Oil Reservoir Simulation 
§ Phase Behavior (Equation of State) Simulation 
§ Laboratory Work 
§ Engineering Analysis 

 
The data collection requires identifying gas compositions in public and private sources that are classified 
by gas type. This allows development of a gas composition database. 
 
Simple black oil reservoir models that are representative of the gas reservoir data collected will be used to 
estimate storage of CO2 based on depleted pressure and initial pressure and simple Z-factor relationships 
to simulate the PVT effects on the hydrocarbon and CO2 gases. Basically, this would identify the 
magnitude of the non-compositional effects of the geologic storage of CO2.  Phase behavior simulation 
would be required to confirm the use of Z-factors for the black oil simulation.  (Commercially available 
reservoir simulation and equation of state computer programs have been donated to the TTU Petroleum 
Engineering Department for classroom and research use.) 
 

Collection of 
Candidate 
Reservoirs  

Identification 
of Gas Type  

Estimation of 
CO2 Storage 

Estimation 
Gas\Condensate 
Recovery  
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After the successful completion of the phase behavior simulations, laboratory work is being conducted to 
obtain PVT relationships specific to gas reservoirs and CO2 mixtures acquired in the data collection stage.  
Laboratory samples were mixed to reflect median depleted gas and condensate compositions so that fluids 
representative of current conditions could be studied in the presence of CO2.   
 
The results of the laboratory experiments will be incorporated into the phase behavior software to create 
PVT data for use in the compositional reservoir simulation.  The compositional reservoir simulation 
includes the compositional benefits of CO2 storage and also investigates the feasibility of a benefit of CO2 
storage that may enhance gas production and re-vaporize condensate deposited in the reservoir.  
 
2.2.1.4.6  Project Plan and Timeline  
 
There are two stages to this project, each one-year in duration (Table 4.1). To avoid delay, many of the 
components overlap so that integration of the results (via preliminary results) from each component could 
be tested prior to finalization of each component.  For the laboratory work, some pure gas samples were 
purchased in order to create samples.  
 

Table 4.1 – Project Timeline 
 

Year 2002 2003 
Task Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

Data Collection                 
Computer Simulation and 
Analysis                  

Laboratory Design                 
Phase Behavior                 
Reservoir Simulation                 

Black Oil                 
Compositional                 

Laboratory Work                 
CO2                 
Dry Gas                 
Wet Gas                 
Retrograde                 

Development of Results-
Conclusions                 

Black Oil 
Approximations                 
Reservoir Screening 
Criteria                 
EOR/EGR Estimates                 
CO2 Storage Estimates                 
Recommended 
Methodology                 

Documentation/Meetings                 
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2.2.1.5  Executive Summary 
 
This research project highlights and provides pertinent information on the relatively new CO2 
sequestration process for the storage of CO2 in depleted gas reservoirs. Thus, comprehensive approaches 
that include extensive literature search, experimental studies, phase behavior and reservoir simulation 
modeling are used to convey the pertinent information. The objectives of this work are to investigate the 
feasibility of geologic formation for CO2 Storage, to quantify the amount of CO2 that can be sequestrated 
in gas reservoirs through PVT relationship with mixtures of CO2-hydrocarbon gases, provide information 
about the benefits of Enhanced Gas Recovery (EGR) and Enhanced Condensate Recovery (ECR) by 
analysis of the condensate dropout due to CO2 injection and develop guidelines for selecting optimal CO2 
reservoir candidates. This is the only R & D project that focuses on EGR/ECR in the US, however, one 
laboratory measurement of CO2-hydrocarbon mixture in the same ranges of temperatures and pressures 
used in this project has been reported in Venezuela (Rojas-Requena, 1992) and a consortium was recently 
initiated in Canada (Alberta Research Council: March 2003) to examine the benefits of EGR/ECR using 
CO2-methane mixtures. The highlights of the project are as follow: 
 
Several sources of establishing compressibility factor (Z-factor) for mixtures of CO2-hydrocarbon gases 
were considered to prove CO2 sequestration concept in the laboratory. These sources include empirical 
correlations (Standing-Katz, Wichert-Aziz, and Dranchuk-Abou-Kassem), NIST database, corresponding 
state principles based on Kay’s rule and pseudocritical properties concept reported by Stewart-Burkhardt-
Voo and equations-of-state (EOS) modeling. The approach selected for the Z-factor of CO2-hydrocarbon 
gas is laboratory measurement because currently available methods for predicting Z-factor for CO2/HC 
mixture breakdown at high concentrations of acid gases: CO2, N2, H2S and the remedies recommended in 
the literature are not useful if concentration of the respective acid gas is more than 5 mole %. The 
laboratory measurements are used to further evaluate the various Z-factor prediction methods. The 
framework of the Lawal-Lake-Silberberg (LLS) EOS was used to further improve the gas viscosity and 
Z-factor prediction capabilities of six equations of state (RK, SRK, PR, SW, PT and TB). Experimental 
data of Z-factors for pure CO2 and mixtures of CO2/dry gas/wet gas at three temperatures100°F, 160°F 
and 220°F for pressures ranges from 14.7 psia to 5000 psia were established with the TTU Ruska PVT 
cell. The EOS parameters are tuned to match the experimental data, thereby improving their capabilities 
to predict Z-factor at low and high pressures. Also, a universal scaling parameter has been established to 
match the Z-factors derived from Standing-Katz chart to measured Z-factor data of acid gases (CO2, N2, 
H2S) and mixtures of hydrocarbon and sour reservoir gases. The tuned EOS and Z-factor chart provide 
the basis for PVT phase behavior modeling to be used for the proof of concept of CO2-storage in depleted 
gas reservoirs. 
 
On the basis of the conceptual view that a depleted gas reservoir can store more CO2 than a depleted oil 
reservoir because gas is more compressible than oil and CO2 occurs as supercritical fluid at reservoir 
temperatures and pressures, a commercial PVT simulator was charged with pure CO2 and various 
designed mixture compositions of CO2/dry gas/wet gas/retrograde gas to investigate whether CO2 storage 
is feasible in depleted gas reservoirs. Prediction of pressure-temperature phase envelope and vapor phase 
Z-factor for CO2/dry gas at pressures up to 5000 psia was established for specified temperatures. The 
same procedure was repeated for various designed mixture compositions of CO2/wet gas/retrograde gas, 
in addition, liquid drop-out (due to dew point pressure of the mixture being higher than the dew point of 
the reservoir gas) for both CO2 injection into wet gas and retrograde gas at various reservoir gas 
concentrations is predicted. Since mixing between the injected CO2 and hydrocarbon gas is influenced by 
macroscopic dispersion in the pores of the porous medium at the displacement front in contrast to the 
megascopic dispersion that occurs in heterogeneous porous medium due to the fluid flow velocity in the 
different layers, the results from the PVT simulator are used to interpret the phase behavior of CO2 
storage in depleted reservoirs. The highlight of the phase behavior studies is that the CO2 storage in dry 
gas or wet gas reservoirs remain gaseous at reservoir temperatures and pressures irrespective of the 
injected CO2 concentrations. However, retrograde gases drop liquid into the reservoir during depletion, 
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but are vaporized by higher concentrations of CO2 injection. That is, CO2 storage in retrograde reservoirs 
has the beneficial effect of EGR/ECR as demonstrated by the P-T envelope becoming “drier” instead or 
becoming “wetter.” However, to evaluate the performance of CO2 injection in a real displacement, a 
computational reservoir simulator has to be used to quantify the performance of retrograde reservoir with 
CO2 injection. But, the traditionally used pressure/Z plot has been confirmed to be useful for analyzing 
CO2 injection into dry gas or wet gas reservoirs.  
 
Pressure/Z-factor (P/Z) plot can provide a phenomenological approach to establish a CO2 sequestration 
parameter in a reservoir with no appreciable water influx. Therefore, the continued development of the 
CO2 sequestration parameter (CSP) to be used to determine sequestered CO2 volume (SCV), EGR and 
ECR is based on a novel combination of reservoir engineering fundamental equations, that is, P/Z plot, 
volumetrics, and diffusion-dispersion term for the porous media. Since mixing between the injected CO2 
and reservoir gas is influenced by macroscopic dispersion in the pores of the porous medium and 
dispersion is affected by permeability and viscosity, it is possible to draw the inference that permeability 
and viscosity have been acknowledged in the CSP. Therefore, CSP can be expressed in term of reservoir 
bulk volume, porosity, permeability, viscosity, gas formation volume factor, and diffusion-dispersion 
factor, that is, CSP can be symbolically represented as CSP = ƒ (Bg, VB, k, µ, φ , Kd). The highlight of this 
analysis is that CSP can be used to group compositional reservoir simulation results into a family of 
curves that can subsequently be used to predict the volume of sequestered CO2 in a depleted gas reservoir. 
This also demonstrates that the traditionally used P/Z versus Gp plot for analyzing gas reservoirs is useful 
for analysis volume of CO2 sequestrated in depleted gas reservoirs. Thus, this research project highlights 
and provides pertinent information for CO2 sequestration process and also, it is very useful for 
quantifying the volume of CO2 storage in depleted gas reservoirs.  
 
The results of the laboratory experiments will be incorporated into the phase behavior software to create 
PVT data for use in the compositional and black-oil reservoir simulation.  In order to correlate the 
ultimate sequestered CO2 volume (USCV) with the CSP, multiple data sets from controlled reservoir 
examples for each of the three gas types are required to develop a usable correlation. The only controlled 
reservoir examples are via reservoir simulation models.  Consequently, data sets will be synthetically 
generated using the compositional reservoir models.  Using a representative range of the CSP parameter 
as input into the compositional reservoir simulation models, estimates of the sequestered CO2 volume 
will be made.  The final result will be CSV versus CSP for each gas type.   
 
Likewise, to develop a correlation between SCV and the CSP to EGR and ECR, the same compositional 
model results used to the CSV vs. CSP graphs will be used to correlate EGR/ECR with CSP.  The final 
result will be EGR and ECR vs CSP for a family of SCV curves.  Methodically, the gas type, reservoir 
fluid and rock properties, and the initial sequestration pressure are used to calculate the CSP.  CSV is 
graphically estimated based on CSP.  EGR and ECR are estimated based on CSV and CSP for a specific 
gas type. 
 
To attempt a simplification of the final correlations of CSV vs. CSP and EGR/ECR vs CSP for a family 
of SCV curves, black oil reservoir models will be used to simulate the compositional behavior identified 
with the compositional models.  The compositional reservoir simulation provides the compositional 
benefits of CO2 storage and also investigates the feasibility of a benefit of CO2 storage that may enhance 
gas production and re-vaporize condensate deposited in the reservoir. The highlight of the simulation 
results is the development of guidelines for selecting optimal CO2 reservoir candidates in terms of USCV, 
EGR and ECR. Therefore, the significance of this project is beyond reproach.  
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2.2.1.6  Experimental 
 
2.2.1.6.1  Derivation of Compressibility Factor or Z-factor 
 
The compressibility factor, or Z-factor, is determined by manipulating the Real Gas Law and assuming 
that any gas will behave as an ideal gas at ambient pressure and temperature (McCain, 1990, page 106). 
 
The Real Gas Law is defined as follows: 
 
 ZnRTPV =     (6.1) 
 
For a constant composition system, the product of pressure and volume is constant, thus 
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where the subscripts are: 

1. Condition in the cell 
2. Ambient condition 
 

solving for the ratio of compressibility factors: 
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At ambient pressure and temperature all gases are assumed to behave like an Ideal Gas, so that its 
compressibility factor is unity.  Substituting Z2 with 1 results in the primary formula for this study: 
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where: 
 P1     cell pressure 
 V1    volume of gas released from the cell 
 T1     cell temperature 
 P2     ambient pressure 
 V2    volume of gas at ambient pressure and temperature 
 T2     ambient temperature 
  
Pressure and temperature are in absolute units. 
 
 
2.2.1.6.2  Laboratory Equipment 
 
This research project uses equipment commercially available from Chandler Engineering Products 
(previously Ruska).  The PVT cell is the Model 2370 Mercury-Free PVT Oven, and the produced gas is 
measured with the Model 2331 Gasometer and Model 2353 Separator.  Sample loading and system 
purging is done thru the PVT Console. 
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Other non Chandler Engineering equipment being used in this study is: 
 Oakland InfraPro IR Thermometer 
 HP 3421 Datalogger (for thermocouples) 
 LabVIEW (for datalogging and control) 
 
Ruska 2370 Hg-Free PVT Oven 
This system is comprised of two cells, the Pump Cell (PC) and the Floating Piston Cell (FPC).  The PC 
volume is controlled by moving a piston linked to a stepper-motor.  This cell has a sight-glass so that the 
fluid condition inside the cell can be observed.  The second cell in the oven is called FPC, Floating Piston 
Cell.  The FPC is larger in capacity than the PC. Its maximum volume is 600 cc, which is controlled by an 
external hydraulic pump that displaces the piston inside the FPC (hence the name, “floating piston”).  The 
system is computer controlled to maintain a set temperature and pressure.  The rating of this equipment is 
10,000 psia and 400°F.  This pressure and temperature range covers the anticipated reservoir pressure and 
temperature. 
 
 
2.2.1.6.3  Sources of Gas Samples 
 
This study uses pure carbon dioxide and two types of hydrocarbon gas mixtures.  The hydrocarbon gas 
mixtures are classified into three types; median dry gas, median wet gas and retrograde gas. 
 
Carbon Dioxide Gas 
The carbon dioxide gas for this study has 99.99% purity (also called “Extra Dry” grade). This gas is used 
as the benchmark gas.  Before and after a sample is measured, this benchmark gas is run to ensure that 
there is no systematic drift between measurements. 
 
Gas Type Samples 
The median dry gas and median wet gas samples being used in the experiment are synthetically generated 
to our composition by Air Liquide of Houston.  These samples come in medium sized bottles with CGA 
360 connectors (left-handed gas regulator thread, standard thread for flammable gasses).  To ensure the 
composition of each gas, a sample of each bottle is captured and sent to an independent lab for Gas 
Chromatograph analysis. 
 
 
2.2.1.6.4  Experimental Procedure  
 
This section covers the procedures to measure each gas.  As each gas (CO2, dry, wet and retrograde) 
behave differently, the procedure has to be modified slightly.  Also in this section is the general procedure 
for purging the system and a note to prevent premature seal failure. 
 
Purging The System 
To ensure that the system is clean of any contaminating gases and liquids, the following procedure is 
followed before a new gas sample is charged: 

1. Bleed the system to ambient pressure. 
2. Flush out the system with Nitrogen gas for several seconds, and then stop the nitrogen gas to 

bring back the system to ambient pressure. 
3. Operate the system in Jog Mode to the maximum cell volume, reset to HOME volume, and then 

set back to the minimum volume.  This step must be done to ensure the calculated cell volume is 
correct. 

4. Re-zero the zero-point calibration on the pressure transducer.  This step is to ensure that the 
baseline pressure reading in the cell matches the current ambient pressure. 

5. Close the vent valve and pull a vacuum until the system is 350 microns of mercury or less for 5 
minutes, check that PC pressure is around 0 psia to confirm that the PC and FPC are evacuated. 



812 

6. Close all valves. The system is ready for charging. 
 
CO2 (Benchmark) Gas Measurement 

1. Purge the system to ensure that the system is clean of contaminants. 
2. Open the CO2 bottle and set the regulator to 200 psia. 
3. Open the console and shut-off valves to introduce CO2 to the PC. Confirm that CO2 is in the cell 

by observing the PC pressure reading of around 200 psia. 
4. Operate the system in Jog Mode to the HOME volume. 
5. After the system stops at the HOME volume, increase the CO2 pressure slowly to the maximum 

pressure at the bottle. 
6. Reconfirm that there is no leak. 
7. Close PC shut-off valve, then the other valves including the CO2 bottle.   
8. Set the system to 5000 psia and the target temperature. 
9. Wait for the system to reach equilibrium. 
10. After the system reaches equilibrium, open both bypass valves and reset the gasometer to the zero 

position. 
11. Write down the initial cell volume, pressure, and temperature of the cell, and ambient pressure 

and temperature. 
12. Momentarily open the PC, to bleed a small amount of gas to the gasometer.  Check that the 

gasometer is moving; otherwise the bypass line is still blocked. 
13. Manipulate the gasometer’s knob to zero the pressure difference between gas and ambient air, 

and then read the gasometer volume. 
14. Wait for the system to reach equilibrium.  After the system reaches the equilibrium read the final 

cell volume. 
15. Calculate Z-factor, using formula 6.4, where: 

V1 is the difference of initial volume and final cell volume, 
V2 is the gasometer volume. 

16. Repeat the experiment 5 more times. 
17. Use the last 5 volumes for the averaging process.  The first measurement is skipped as this 

number is still influenced from the previous pressure set point. 
18. To set to the next pressure, operate the console keyboard to the next setting and wait for the 

system to reach the new equilibrium, then repeat Steps 9 to 16. 
 
Dry Gas Measurement 

1. Purge the system to ensure that the system is clean of contaminants. 
2. Hookup the dry gas bottle to the charging line, and evacuate the charging line 
3. Close all valve heading to and on the console. 
4. Open the dry gas bottle and set the regulator to 200 psia. 
5. Open the charging valves to introduce dry gas to the PC. Confirm that dry gas is in the cell by 

observing the PC pressure reading of around 200 psia. 
6. Operate the system in Jog Mode to the HOME volume. 
7. After the system stops at the HOME volume, increase the dry gas pressure slowly to the 

maximum pressure of the bottle. 
8. Reconfirm that there is no leak. 
9. Close the PC shut-off valve, then the other valves including the sample bottle.  
10. Set the system to 5000 psia and the target temperature. 
11. Wait for the system to reach equilibrium. 
12. After the system reaches equilibrium then open both bypass valves and reset the gasometer to 

zero position. 
13. Write down the initial cell volume, pressure and temperature of the cell, and ambient pressure and 

temperature. 
14. Momentarily open the PC, to bleed a small amount of gas to the gasometer.  Check that the 

gasometer is moving, otherwise the bypass line is still blocked. 
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15. Manipulate gasometer’s knob to zero the delta pressure difference between gas and ambient air 
and then read the gasometer volume. 

16. Wait for the system to reach equilibrium.  After the system reaches equilibrium read the final cell 
volume. 

17. Calculate Z-factor, using formula 6.4, where: 
V1 is the difference of initial volume and final cell volume, 
V2 is the gasometer volume. 

18. Repeat the experiment 5 more times. 
19. Use the last 5 volumes for the averaging process.  The first measurement is skipped as this 

number is still influenced from the previous pressure set point. 
20. To set to the next pressure, operate the console keyboard to the next setting and wait for the 

system to reach the new equilibrium, then repeat Steps 11 to 18. 
 

Wet Gas Measurement 
The wet gas sample is loaded with a modified procedure to avoid liquid dropouts.  As this sample has a 

calculated cricondentherm of 142°F, there is a chance of liquid dropout if the gas sample is loaded at 
ambient temperature if the sample pressure happens to be inside the two-phase envelope along the 
charging line.  To ensure a consistent sample between measurement runs both the sample bottle and 
charging line have to be above this temperature to ensure no liquid dropout exists. 

1. Wrap the wet gas sample bottle with heating tape and insulator, and place it on the heater on the 
bottle carrier.  Set the potentiometer to 50% and temperature cut-off to 160°F.  The heating tape 
is wrapped on the bottle such that only the lower one-third is covered. This is to create a 
temperature gradient in the bottle to induce gas movement thru density gradient to prevent 
heavier hydrocarbons from settling in the lower part of the bottle.  For safety precautions, this 
heating step takes place offline, at a remote place in the lab. 

2. Set the oven to 160°F. 
3. After the bottle reaches the target temperature of 145°F or higher at the neck, move the bottle to 

the charging location and hookup the charging line. Turn on the charging line heater and evacuate 
the charging line for 5 minutes to relieve the line of contaminations.  

4. Close all valves heading to and on the console. 
5. Check that the charging line is at or above 145°F.  Open the wet gas bottle and set the regulator to 

200 psia. 
6. Open the charging valves to introduce wet gas to the cell. Confirm that wet gas is in the cell by 

observing the PC pressure reading of around 200 psia. 
7. Operate the system in Jog Mode to the HOME volume. 
8. After the system stops at the HOME volume, increase the wet gas pressure slowly to the 

maximum pressure available from the bottle regulator. 
9. Reconfirm that there is no leak. 
10. Close the PC shut-off valve, then the other valves including the sample bottle.   
11. Set the system to 5000 psia. 
12. Wait for the system to reach equilibrium.  Typical time to reach stabilization is around 6 hours, so 

this charging process is typically done in the evening, using the overnight time to reach 
stabilization. 

13. After the system reaches equilibrium, open both bypass valves and reset the gasometer to the zero 
position. 

14. After the system reaches stabilization, open both bypass valves, to let the sample gas out, and 
reset the gasometer to zero volume. 

15. Write down the initial cell volume, pressure and temperature of the cell, and ambient pressure and 
temperature. 

16. Momentarily open the PC, to bleed a small amount of gas to the gasometer. 
17. Manipulate the gasometer’s knob to zero the pressure difference between gas and ambient air, 

and then read the gasometer volume. 
18. After the system reaches the new stabilized condition, read the final cell volume. 
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19. Calculate Z-factor, using formula 6.4, where: 
V1 is the difference of initial volume and final cell volume, 
V2 is the gasometer volume. 

20. Repeat the experiment 5 more times. 
21. Use the last 5 volumes for the averaging process.  The first measurement is skipped as this 

number is still influenced from the previous pressure set point. 
22. To set to the next pressure set point, operate the console keyboard to the next setting and wait for 

the system to reach the new equilibrium, then repeat Steps 12 to 20. 
 
Retrograde Experiment 
At the time of reporting, the retrograde gas measurement is in progress, thus there is no data to report, but 
the following is the procedure that is used.  There are four major steps in the median retrograde gas 
experiment: sample charging, constant volume depletion (CVD) test to depleted pressure, CO2 charging, 
and another CVD to depleted pressure. Decane was substituted for heptane to ensure visible condensation 
in the PC. 
 
1. Sample Charging and Separator Preparation 
As the cricondentherm of the median retrograde gas is very high (around 275°F), the sample cannot be 

loaded directly, but has to be split into two components: the gas mixture without decane and liquid 
decane.  After the two components of median retrograde gas has been loaded, the stirrer is turned 
on and sample recombination process generates the required median retrograde sample. 

 
1a. Charging Preparation 

a. Determine, the following based on the desired volume of the final, recombined sample: 
i. Volume of liquid Decane 

ii.  Final cell volume after addition of RG w/o Decane gas 
iii.  Charging pressure 
iv. Expansion volume of RG gas before CO2 charging 
v. CO2 pressure while charging 

b. Turn off oven heater (F4 then F9) to drop the oven temperature to ambient temperature, 
remove the back door if needed.  Drop the system pressure carefully to ambient pressure. 
Then operate in Jog Mode to expand the volume to near the HOME volume, switch to Max 
CC mode (Shift-F6) to reset the volume reading, then return to minimum volume, also thru 
Jog Mode. 

c. While the piston is rising, vent the system starting from the console.  Close all valves when 
piston reaches the minimum cell volume. 

d. Purge the system. 
e. Set the line heaters to about 160°F on the controller and confirm that thermocouples at Wet 

Gas Charging Valve, Charging Line, Regulator Block, and Separator Feed line are going up 
in temperature. 

f. Turn on the PC stirrer (press Alt-S from the Main Menu), and set to medium.  Confirm that 
the stirrer collar is moving, if not then reset the circuit breaker (left ECM Controller under the 
oven).  If circuit breaker keeps tripping out, then the stirrer motor needs a bit of help to 
overcome its stiffness.  Push up and down the stirrer, thru the helical shaft attachment under 
the oven, for several minutes then reset the circuit breaker again. 

 
1b. Liquid Decane Charging  

a. Hook up the Decane charging line to the bypass valve. 
b. Open the burette and open the bypass valve. 
c. Observe thru the sight-glass that liquid Decane is flowing to the cell. 
d. Operate PC in Jog Mode to expand the PC volume to volume of liquid Decane (step 1a.a.i) + 

20 cc. 
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e. Return to the required liquid Decane volume to expel the entrapped air out of the system.  
Confirm that air bubbles are observed inside the decane charging line. 

f. Close PC shut-off valve. 
g. Bring down the Decane burette, ensure that burette level is lower than the charging line, then 

remove the decane charging line. 
h. Reinstall the bypass line back to the bypass valve. 
i. Remove the Separator to Gasometer line at the Separator, to blow the liquid Decane 

remaining outside of the PC from the system. 
j. Open the CO2 bottle and set the bottle regulator to 550 psia, then open all the way to the 

separator to blow liquid decane out to the separator. 
k. Close the CO2 bottle, lower the regulator, and then close all valves. 
l. Reinstall the Gasometer line at the separator. 
m. Vent the system. Starting from the console up to the bypass valve, while keeping the PC cell 

shut off, then pull vacuum.  Close all valves. 
n. System is ready for the next charging, Retrograde Gas Minus Decane (1c). 

 
1c. Retrograde Gas Minus Decane Charging 

a. Hook up the gas regulator.  Check that the regulator block, charging line and wet gas 
charging block is between 125°F and 175°F. 

b. Ensure that bottle heater is still on and bottle temperature is above 125°F. 
c. Expand the system to the prescribed cell volume (step 1a.a.ii), press down arrow to slow 

down the expansion speed as the target volume is closing up. 
d. Lower gas regulator then open the gas bottle, confirm that bottle has sufficient pressure 

(above 800 psia), and set regulator to the decided charging pressure minus 100 psia. (The 
regulator pressure gage is less accurate compared to the PC pressure transducer, as such an 
approximation is required.) 

e. Open the lower wet gas-charging valve. 
f. Open the oven Charging Valve. 
g. Open the PC shutoff valve, and observe that PC pressure is increasing. 
h. Quickly fine-tune the PC pressure by manipulating the gas regulator to the intended charging 

pressure.  Do not decrease the pressure if the pressure overshoots (to prevent gas back flow to 
the bottle). 

i. Close PC shutoff as soon as the charging pressure is reached, then close other valves.  Close 
the bottle and lower the gas regulator. 

j. Set pressure to the initial target pressure, and confirm that heater is set at 160°F. 
 

1d. Preparing the Separator 
a. Confirm that all valves are closed. 
b. Open CO2 bottle, and set regulator to around 550 psia. 
c. Open Nitrogen/ CO2 valve on the console, and confirm the pressure reading on the console’s 

digital gage. 
d. Close the right side bypass valve and open the nitrogen feed valve (the valve to the right of 

the right side bypass valve). 
e. Confirm that separator valve is open. 
f. Slowly open the Gas Mixture / Separator Feed valve on the console, and confirm that 

separator pressure gage is moving up. Close this valve when the separator gage is showing 
500 psia and Gasometer starts moving. 

g. Optional step: rotate the regulator knob to set the separator pressure. Note that to avoid 
exceeding Gasometer volume limit, set Gasometer interlink valve to Link (not Closed), and 
set the left vent valve to Vent. 

h. Close the CO2 feed valve and open the right side bypass valve. 
i. Close the CO2 bottle valve, and lower regulator. 
j. Open the vent valve to release any pressure in the Console. 
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2. Constant Volume Depletion (CVD) / Compressibility Factor Measurement 
a. Confirm that all Separator Feed line is at 150°F or higher. Adjust the right side 

Electrothermal to 2.5 setting. 
b. Confirm that separator gage is showing pressure close to 500 psia, otherwise do the next 

major step. 
c. Confirm that both bypass valves are open, and that the Gasometer interlink valve and inlet 

valve is closed. 
d. Write initial PC volume, cell pressure and temperature, and liquid volume in the separator. 
e. Zero the Gasometer. 
f. Open PC shut-off valve momentarily. 
g. Read liquid volume in the Gasometer. 
h. Manipulate the knob to zero the delta pressure. 
i. Read Gasometer volume and ambient pressure and temperature. 
j. When the system reaches equilibrium, write down the final cell volume. Do not wait for 

longer than 15 minutes.  
k. Calculate Z-factor. 
l. Repeat 5 times, and then drop the pressure to the next pressure. 
m. Use the last 5 volumes for the averaging process.  The first measurement is skipped as this 

number is still influenced from the previous pressure set point. 
n. Continue until the system reached the depleted pressure, then charge with CO2. 

 
3. Charging with CO2 

a. Expand the system to a pressure of 600 psia, or other prescribed number determined by step 
(1a.a.iv). 

b. Open the CO2 bottle, and set CO2 pressure to 800 psia, or other prescribed number 
determined by step (1a.a.v).  Confirm that this pressure is higher than the system pressure, to 
prevent back flow of gas in sample in PC. 

c. Open the required valves up to PC shutoff to let CO2 gas in to the cell, confirm that pressure 
in the cell is going up, then fine tune the system pressure by manipulating the CO2 gas 
regulator.  Use the PC pressure transducer to determine accurately the system pressure. 

d. Close PC shutoff, then close other valves, close the bottle and lower the regulator. 
e. Vent the console. 
f. Set the system temperature (F4 from the Main Menu, then F1 to edit values) and enable the 

oven heater (press F9 before returning to the Main Menu). 
g. Set pressure to the initial target pressure. 
h. Wait for 6 hours for the system to reach equilibrium. 
i. Do another CVD until the system is depleted. 

 
 
2.2.1.6.5  Dropping the Pressure  
 
Seal failure due to expansion of gas, also known as Explosive Decompression (ED) failure, describes the 
release of absorbed gas in seals following a relatively large, sudden change in pressure.  A symptom of 
this type of failure is the appearance of blister like cuts or rubber shreds on the seal.  To prevent this type 
of seal failure each experiment is designed so that no single expansion is larger than a factor of 1.5 
without a waiting period of 30 minutes. For example a pressure decrement from 1000 psia to 500 psia 
requires an expansion in volume of around 2.  This pressure decrease is done in two smaller steps, 1000 
psia to 750 psia and 750 psia to 500 psia with a 30-minute delay period between the two pressure 
changes. (This method is similar to deep-sea divers that have to stop at an intermediate depth while 
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coming back to the surface to release gas that has been absorbed in their blood in order to prevent the 
condition known as the “bends”.) 
 
This decompression technique has shown its effectiveness in prolonging the life of the seals from a few 
hours to several weeks by allowing multiple runs and multiple samples before the seals are replaced. Not 
only does avoiding premature seal failures save time, but it also minimizes the risk of other equipment 
failure that relates to the replacement of the seal (e.g. window cell crack and stripped threads). 
 
 
2.2.1.6.6  Experimental Results  
 
This section covers the results of laboratory measurements.  The following plots are the CO2 
compressibility compared to published literatures, median Dry Gas, and median Wet Gas. 
 
Comparison Against Published Data 
Figure 6.1 shows CO2 compressibility factor measured in the lab compared to published data by Sage and 
Lacey (1949), and Burton Coblin (1990).  The plot shows a very good match between lab results and the 
two published data sets that confirm equipment and methodology.  At very low pressure, 100 psia and 
under, the measured data deviates slightly (less than 10% absolute error) compared to the two published 
data sets. 
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Figure 6.1 –  Benchmark TTU CO2 Measurements at 100°F to Sage and Lacy (1949) and Burton Coblin Technical Bulletin 

(1990) 
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Figure 6.2 – Benchmark TTU CO2 Measurements at 160°F to Sage and Lacy (1949) and Burton Coblin Technical Bulletin 

(1990) 
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Figure 6.3 –  Benchmark TTU CO2 Measurements at 220°F to Sage and Lacy (1949) and Burton Coblin Technical Bulletin 

(1990) 
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Median Dry Gas Compressibility Factor 
The smoothed compressib ility factors from laboratory measurements are shown in Figure 6.4 to 6.6, and 
Table 6.1 to 6.3.  Each table shows the actual lab result, and the number after smoothing procedure has 
been done.  Figure 6.2 shows the compressibility factor of various median dry gas and carbon dioxide 
composition at 100°F.  Also shown on the plot is the compressibility factor of pure carbon dioxide gas.  
As can be seen on the plot, a consistent progression in the increasing amount of carbon dioxide gas in the 
median dry gas mixture is shown.  At 160°F, the result on compressibility factor is shown on Figure 6.3.  
The plot shows a consistent trend as a function of increasing carbon dioxide content. 
Figure 6.4 shows the compressibility factor of various dry gas and carbon dioxide mixture at 220°F. This 
plot shows an expected trend as a function of the amount of carbon dioxide in the mixture. 
 
Median Wet Gas Compressibility Factor 
Because the wet gas sample is suspected of producing liquid in the separator at temperature lower than 
145°F, there is no plot of compressibility factor at 100°F.  Figures 6.7 and 6.8 shows compressibility 
factor at 160°F and 220°F, respectively. 
 
Compressibility factor of various wet gas with carbon dioxide at 160°F shows a consistent trend as a 
function of the amount of carbon dioxide.  At 220°F, the compressibility factor also shows the expected 
trend as a function of the amount of carbon dioxide. 
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Table 6.1 - Compressibility Factor of Median Dry Gas and CO2 Mixture at 100°F 
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 0% CO2 25% CO2 50% CO2 75% CO2 

Pressure Smoothed Lab Smoothed Lab Smoothed Lab Smoothed Lab 
5000 0.9950 0.9947 0.9040 0.8981 0.8260 0.8227 0.7000 0.7538 
4500 0.9400  0.8550  0.7650  0.6500  
4000 0.8900 0.8918 0.8100 0.8023 0.7150 0.7161 0.6000 0.6584 
3500 0.8580  0.7750  0.6750  0.5600  
3000 0.8350 0.8382 0.7550 0.7382 0.6590 0.6452 0.5250 0.5327 
2500 0.8300 0.8253 0.7560 0.7297 0.6600 0.6278 0.5090 0.5166 
2000 0.8360 0.8596 0.7780 0.8251 0.6850 0.6932 0.5180 0.5045 
1500 0.8600 0.8603 0.8150 0.8486 0.7275 0.7293 0.5800 0.5866 
1000 0.8950 0.9024 0.8630 0.8985 0.7950 0.8149 0.7050 0.7485 

500 0.9450 0.9473 0.9300 0.9325 0.8950 0.9073 0.8500 0.8747 
200 0.9800 0.9908 0.9720 0.9807 0.9580 0.9500 0.9350 0.9669 
100 0.9910 1.0050 0.9870 0.9937 0.9780 0.9715 0.9620 0.9875 
50 0.9970 1.0146 0.9940 0.9958 0.9900 0.9815 0.9750 1.0051 

 
 

Table 6.2 - Compressibility Factor of Median Dry Gas and CO2 Mixture at 160°F 
 

 0% CO2 25% CO2 50% CO2 75% CO2 
Pressure Smoothed Lab Smoothed Lab Smoothed Lab Smoothed Lab 

5000 1.0300 0.9968 0.9500 0.9449 0.8600 0.8625 0.7550 0.7535 
4500 0.9830  0.9175  0.8150  0.7100  
4000 0.9420 0.9309 0.8900 0.8874 0.7800 0.7814 0.6700 0.6737 
3500 0.9070  0.8700  0.7580  0.6420  
3000 0.8912 0.8918 0.8550 0.8584 0.7450 0.7487 0.6325 0.6333 
2500 0.8828 0.8879 0.8500 0.8532 0.7500 0.7530 0.6400 0.6320 
2000 0.8855 0.8830 0.8550 0.8527 0.7680 0.7764 0.6700 0.6787 
1500 0.9014 0.8379 0.8680 0.8734 0.8000 0.8093 0.7250 0.7414 
1000 0.9275 0.8617 0.8950 0.8942 0.8500 0.8737 0.8000 0.8095 

500 0.9609 0.9011 0.9450 0.9439 0.9200 0.9330 0.8900 0.8872 
200 0.9900 0.9230 0.9810 0.9785 0.9670 0.9655 0.9500 0.9686 
100 0.9996 0.9489 0.9945 1.0226 0.9840 0.9903 0.9700 0.9868 
50 1.0050 0.9868 1.0000 1.0189 0.9930 0.9598 0.9800 1.0208 

 



826 

 
Table 6.3 - Compressibility Factor of Median Dry Gas and CO2 Mixture at 220°F 

 
 0% CO2 25% CO2 50% CO2 75% CO2 

Pressure Smoothed Lab Smoothed Lab Smoothed Lab Smoothed Lab 
5000 1.0650 1.0638 0.9675 0.9648 0.9050 0.9027 0.8500 0.8481 
4500 1.0350  0.9400  0.8725  0.7950  
4000 1.0050 1.0152 0.9100 0.9134 0.8450 0.8477 0.7600 0.7517 
3500 0.9760  0.8930  0.8300  0.7390  
3000 0.9500 0.9467 0.8825 0.8789 0.8280 0.8249 0.7340 0.7325 
2500 0.9320 0.9288 0.8850 0.8883 0.8350 0.8308 0.7460 0.7470 
2000 0.9280 0.9148 0.8950 0.8997 0.8500 0.8576 0.7720 0.7715 
1500 0.9350 0.9293 0.9100 0.9224 0.8800 0.8862 0.8100 0.8008 
1000 0.9550 0.9486 0.9400 0.9425 0.9150 0.9151 0.8600 0.8632 

500 0.9840 0.9878 0.9740 0.9683 0.9550 0.9505 0.9250 0.9198 
200 1.0013 1.0141 0.9950 0.9894 0.9800 0.9672 0.9640 0.9173 
100 1.0075 0.9762 1.0022 0.9669 0.9900 0.9703 0.9770 0.8737 
50 1.0110 0.9657 1.0070 0.9768 0.9960 0.9796 0.9840 0.7603 

 
 
 

Table 6.4 - Compressibility Factor of Median Wet Gas and CO2 Mixture at 160°F 
 

 0% CO2 25% CO2 50% CO2 75% CO2 
Pressure Smoothed Lab Smoothed Lab Smoothed Lab Smoothed Lab 

5000 1.0050 1.0046 0.9380 0.9368 0.8210 0.8224 0.7400 0.8386 
4500 0.9400  0.8950  0.7800  0.7050  
4000 0.8920 0.8928 0.8510 0.8517 0.7450 0.7479 0.6700 0.7296 
3500 0.8600  0.8200  0.7200  0.6400 0.7296 
3000 0.8380 0.8557 0.8000 0.7938 0.7100 0.7108 0.6150 0.6237 
2500 0.8290 0.8284 0.7900 0.7880 0.7180 0.7140 0.6150 0.6041 
2000 0.8380 0.8434 0.8070 0.8023 0.7410 0.7375 0.6400 0.6514 
1500 0.8650 0.8634 0.8400 0.8388 0.7850 0.7829 0.6980 0.7244 
1000 0.9030 0.9050 0.8900 0.8869 0.8450 0.8504 0.7950 0.8952 

500 0.9560 0.9608 0.9450 0.9536 0.9150 0.9116 0.8900 0.9439 
200 0.9890 0.9849 0.9780 0.9830 0.9610 0.9692 0.9440 1.0891 
100 0.9990 0.9891 0.9900 0.9919 0.9760 0.9801 0.9620 1.1870 
50 1.0040 0.9896 0.9970 1.1588 0.9830 0.9772 0.9700 1.2069 
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Table 6.5 - Compressibility Factor of Median Wet Gas and CO2 Mixture at 220°F 

 
 0% CO2 25% CO2 50% CO2 75% CO2 

Pressure Smoothed Lab Smoothed Lab Smoothed Lab Smoothed Lab 
5000 1.0350 1.0365 0.9600 0.9605 0.8840 0.8838 0.8300 0.9190 
4500 0.9950  0.9250  0.8540  0.8000  
4000 0.9575 0.9420 0.8950 0.8948 0.8265 0.8336 0.7750 0.8457 
3500 0.9240  0.8760  0.8080  0.7550  
3000 0.9030 0.9106 0.8650 0.8632 0.7990 0.7977 0.7450 0.8223 
2500 0.8940 0.8913 0.8640 0.8616 0.8030 0.8015 0.7450 0.8194 
2000 0.8960 0.8948 0.8725 0.8714 0.8210 0.8261 0.7600 0.8056 
1500 0.9090 0.9208 0.8900 0.8817 0.8530 0.8438 0.8100 0.8410 
1000 0.9320 0.9211 0.9175 0.9148 0.8975 0.9120 0.8700 0.9863 

500 0.9700 0.9688 0.9560 0.9644 0.9450 0.9631 0.9300 1.0686 
200 0.9970 0.9753 0.9840 0.9902 0.9770 0.9854 0.9650 0.9701 
100 1.0060 0.9855 0.9950 0.9709 0.9900 1.0044 0.9800 0.9680 
50 1.0100 0.9864 0.9996 0.9574 0.9950 0.9936 0.9870 0.9983 
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2.2.1.7  Results and Discussion 
 
The primary goal of this project is to identify depleting gas reservoir (DGR) candidates for geologic 
storage of sequestered CO2 based on the projected volume of CO2 stored, enhanced gas recovery (EGR) 
and enhanced condensate recovery (ECR).  This discussion of results follows the order of the process 
flow diagram (Figure 4.1) that is presented in the introduction section of this report. 
 
 
2.2.1.7.1  Median Gas Compositions by Gas Type: Dry, Wet and Retrograde Gases 
 
This section presents the method used to identify the ma jor components of reservoir gas and the range of 
compositions for each of the categories of the gas reservoir (i.e., dry gas, wet gas, and retrograde gas).  
The gas compositions were obtained from published SPE papers, Petroleum Engineering Journals, Gas 
Information System (GASIS) and PVT analyses.  The major components of gas reservoir are identified as 
N2, CO2, C1, C2, C3, nC4, nC5, C6, C7+.  Non-hydrocarbon components were removed and the hydrocarbon 
components were normalized to 1.0 total mole fraction. These compositions were analyzed to find the 
median composition for each of the categories of gas reservoirs, and a means of identifying the Gas Type 
from the composition is established. Tables containing the normalized median compositions for each 
category of gas reservoirs were constructed. The median compositions were calculated from 131 dry gas, 
12 wet gas, and 11 retrograde gas samples. A sample of the table constructed is shown in Table 7.1: 
 

Table 7.1: Normalized Median Composition 

  C1 C2 C3 C4 C5 C6 C7+  Total Mol % 
Dry Gas 96.61 2.67 0.51 0.21 0.00 0.00 0.00 100.00 

                  
Wet Gas 90.03 4.75 2.03 1.03 0.42 0.35 1.40 100.00 

                  
Retrograde Gas 73.09 8.57 4.53 3.40 1.89 1.64 6.88 100.00 

 
Table 7.1 shows that dry gas reservoir is mainly C1, whereas wet and retrograde gas reservoirs have 
appreciable amount of C7+. Anticipating sequestration of CO2 in DGRs to vary based on the phase 
behavior of the mixture of the CO2 and the resident hydrocarbon gases and liquids, the development of 
guidelines and analysis techniques were based on each gas types.  The gas compositions of Table 7.1 are 
the compositions of the initial or discovery gas reservoirs.  By definition there are no phase changes in the 
reservoir for dry and wet gases; consequently, the median dry and wet gas compositions are also the 
compositions of the respective gases at depleted reservoir conditions.  This is not the case for retrograde 
gas, which undergo a phase change at reservoir conditions.  As such, the composit ion of the retrograde 
gas’ liquid and vapor phases varies with pressure.  Three depleted pressures of 50, 250 and 500 psia were 
used as a range to define the depleted gas reservoir pressure, which is also the initial sequestration 
pressure.  These three gases are labeled as retrograde gases A, B and C for the gases at 50, 250 and 500 
psia, respectively, and there compositions are show in Table 7.2. 
 

Table 7.2: Normalized Median Composition 
  C1 C2 C3 C4 C5 C6 C10  Total Mol % 

Retrograde Gas A 24.77 5.27 5.41 7.71 6.67 7.34 42.82 100.00 
(50 psia)            

Retrograde Gas B 39.05 6.99 5.82 6.83 5.25 5.49 30.57 100.00 
 (250 psia)            

Retrograde Gas C 50.78 7.92 5.64 5.75 4.05 4.07 21.76 100.00 
(500 psia)          
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The most noticeable difference in the depleted gas reservoir compositions at the depleted pressure is 
methane (C1) and decane (C10).  The lowest depleted pressure has less than half the (C1) mole fraction of 
the highest depleted pressure, while the lowest depleted pressure has nearly twice the (C10) mole fraction 
than the highest depleted pressure.  This is expected because to achieve the depleted gas reservoir 
compositions only the vapor phase is produced.  Methane is the dominant component in the vapor phase, 
as such additional depletion of pressure also depletes the mixture of methane.  Consequently, the 
normalized mole fraction of C10 is higher due to the decrease of C1 in the overall mixture. 
 
To avoid finding CO2 sequestration results that are pertinent to a specific gas reservoir, gas compositions 
are required for as many sources as possible so that a representative average composition of dry, wet and 
retrograde gases could be established.  Therefore, a specific gas reservoir could be selected or fabricated 
in the laboratory that was close to the median composition found from data collected for each gas type. 
But, because general guidelines were required, a specific reservoir study was not mandated.  
Consequently, a literature review provided 154 gas compositions that were found in the literature and 
private sources that could be categorized by gas types of dry, wet, and retrograde.  Median gas types were 
calculated for each gas type in order to have guidelines that were not unique to only a specific gas 
reservoir.  A plot was made based on this database that identified regions that could type gases based on 
their compositions. Several plots were made to find the combination of compositions that would provide 
the greatest distinction of the gas types for unique gas-type identification. The final plot (Figure 7.1) is the 
sum of the mole fraction of the butane, propane, pentane, hexane and heptane divided by the mole 
fraction methane (y-axis) versus mole fraction of ethane divided by mole fraction of methane (x-axis). 
This is the first step of the depleted reservoir guideline selection process.  
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Figure 7.1 – TTU Gas Identification Chart based on hydrocarbon composition of C1 – C7+ 
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2.2.1.7.2  Analyses of EOS predictions/designs of dry, wet and retrograde for all CO2 and T  
 
Design of Laboratory Experiments 
The Peng Robinson (PR) and Soave-Redlich Kwong (SRK) EOS were used to design the laboratory 
experiments and make predictions for each of the median compositions for the three gas types (dry, wet, 
and retrograde) from anticipated lab temperatures (100°F, 160°F, 220°F) and pressures (0-5000 psia).  
The primary objective of the phase behavior design simulations was to ascertain the occurrence of phase 
changes while the gas samples are transported from the samples bottles through the charging line and 
valve assembly to the PVT cell.  (Single phase gas transportation from bottle to PVT cell is mandatory.)  
Temperature specifications of the heaters on the charging line and bottle were designated from these tests 
by computationally determining the pressure-temperature diagram of the two-phase region (Figures 7.2, 
7.3a, 7.4a, 7.5a, 7.6a) and liquid volume-pressure diagrams (Figures 7.3b, 7.4b-d, 7.5b-d, 7.6b-d).   
 
Three important lab designs features were changed as a result of the computational designs:    
 
* Dry gas:  For all laboratory line, bottle, and cell pressures and temperatures the median dry gas 

compositions remain in the vapor phase.  Consequently, no external heaters are required. 
* Wet gas: For the PVT test pressure of 100°F the median wet gas behaves as a retrograde gas because 

the calculated cricondentherm of the median WG is greater than 100°F and the calculated critical 
temperature of the median WG is less than 100°F.  (The PVT cell temperature of 100°F was not 
conducted for WG behavior.) 

* Retrograde gases:  The calculated cricondentherm of the median RGs exceeded 500°F.  Sample bottle 
pressures were not rated for this temperature; as such RGs could not be moved without phase changes 
and subsequent undesirable compositional changes in the sample bottle, charging lines and valves.  
The solution was to separate the C7 component from the C1-C6 components.  In other words a mixture 
of C1-C6 was blended and stored as a vapor in a sample bottle, while liquid C7 was added separately.  
(This procedure is documented in the 2.2.1.6 Experimental.)   

 
Because of the low volume of percent liquid estimated from EOS calculations, for the retrograde gases, 
C7 was replaced with C10 (Table 7.2).  This improved the percent liquid volume to reflect more typical 
retrograde behavior observed from PVT reports of retrograde gases found during the literature search.   
 
Analyses of EOS Predictions  
Relative drying and wetting effects of CO2 on the median dry, wet and retrograde were observed.  
(Drying and wetting refer to the decrease and increase of hydrocarbon liquids at the surface.)  Dry and 
wet gases by definition are a single vapor phase at reservoir pressure and temperature.  As such the 
critical temperature determined the relative drying and wetting effect.  The median dry gas with a critical 
temperature less than that of CO2 exhibited a wetting effect for dry gas/CO2 mixtures, while wet gas with 
a critical temperature higher than CO2 showed a drying affect on wet gas/CO2. 
   
The median dry gas P-T relation on Figure 7.2 is at much lower temperatures than the CO2 P-T relation 
(99% CO2).  As CO2 mole fraction increases from 0% to 100%, the two phase region of the dry gas/ CO2 
mixtures moves to higher temperatures towards the P-T relation of CO2.  This is a wetting effect.  In other 
words the two phase region, in terms of temperature, is moving towards surface temperature and pressure.  
Except for greater than 95% CO2 mole fraction, all CO2 mole fraction mixtures with the median dry gas 
exhibit dry gas behavior.  At greater than 95% CO2 mole fraction the mixture shows wet gas behavior; 
however, this liquid is likely to be predominantly CO2 not hydrocarbons.  Specifically, separator 
conditions of about 1000 psia and surface temperature (65°F-80°F), show that liquid will precipitate 
(Figure 7.2).  The liquid-pressure trends (not shown) showed no liquid present at 100°F, 160°F, 220°F.   
 
The median wet gas P-T relation on Figure 7.3a is at higher temperatures than the CO2 P-T relation (99% 
CO2).  As CO2 mole fraction increases from 0% to 100%, the two-phase region of the wet gas/CO2 
mixtures moves to lower temperatures towards the P-T relation of CO2.  This is a drying effect.  In other 
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words the two phase region, in terms of temperature, is moving towards surface temperature and pressure.  
For all CO2 mole fractions at temperatures 160°F and 220°F, the gas has wet behavior.  However, at 
100°F the gas shows retrograde behavior for CO2 mole fraction less than 70%.   The liquid-pressure 
trends (not shown) showed no liquid present at 160 and 220 °F.  The liquid-pressure trend for 100°F 
(Figure 7.3b) showed a retrograde behavior with very modest liquid precipitation volume (< 0.5%) for a 
CO2 mole fraction less than 60%. 
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Figure 7.2 – Pressure-temperature diagram of dry gas-carbon dioxide mixtures ranging from 0 -99% carbon dioxide 

 
The median retrograde gases’ P-T relation on Figures 7.4a, 7.5a and 7.6a for retrograde gases A, B and C, 
respectively, exhibit a modest degree of retrograde behavior.  However, the P-T diagrams for most of the 
mixtures and all temperatures show indications of volatile and black oil.  However, this is a limitation of 
the application of P-T diagrams to a reservoir in which composition is changing.  For example, in the 
laboratory, the retrograde composition at any of the depleted pressures can be repressurized to form a 
liquid by decreasing the PVT cell volume.  However, in the reservoir for a CO2 sequestration scenario, 
there is no means of achieving an increase pressure without changing the composition via increasing CO2 
mole fractions.  As such, as pressure and CO2 mole fraction increases, it is necessary to move from one P-
T diagram to another to reflect the path encountered during CO2 sequestration.  A relationship between 
pressure and CO2 mole fraction is required to understand the nature of this path (next section). 
 
As CO2 mole fraction increases from 0% to 100%, the two-phase region of the wet gas/CO2 mixtures 
moves to lower temperatures towards the P-T relation of CO2.  In general, the trends are shifting slightly 
to lower temperatures as CO2 mole fraction increases, which indicate the drying effect.  Unlike the dry 
and wet gases, the retrograde gases have a noticeable increase of the two-phase region to higher pressures 
(especially 100°F and 160°F).  The liquid-pressure plots for the three depleted retrograde gases at three 
temperatures is in Figures 7.4b-d, 7.5b-d and 7.6b-d.  While specific concentrations vary for each 
retrograde gas and temperatures, general trends are that retrograde behavior increases with higher CO2 
concentration, higher temperature, and higher depleted pressure. 
 
Because retrograde gases undergo a phase change in the reservoir, the drying/wetting phenomenon is not 
as obvious from P-T and liquid-pressure diagrams.  Additional computational and laboratory tests are in 
progress; however, preliminary work shows that the retrograde gas continues to act as a retrograde gas 
and at higher CO2 concentrations behave like a dry gas; as a result, the hydrocarbon liquid in the reservoir 
will vaporize as additional CO2 is stored, and condensate production will be enhanced. 
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Figure 7.3a – Critical points and Cricondenbar of Wet gas-carbon dioxide mixtures 
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Figure 7.3b - Liquid Volume Percent of Wet Gas-Carbon dioxide Mixtures at 100°F 
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Figure 7.4a - Pressure-temperature diagram of retrograde gas A-carbon dioxide mixtures ranging from 0-95% carbon 

dioxide 
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Figure 7.4b – Liquid Volume Percent Retrograde gas A with 0 -99% Carbon dioxide at 100°F 
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Figure 7.4c – Liquid Volume Percent Retrograde gas A with 0-99% Carbon dioxide at 160°F 
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Figure 7.4d – Liquid Volume Percent Retrograde gas A with 0 -99% Carbon dioxide at 220°F 
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Figure 7.5a - Pressure-temperature diagram of retrograde gas B-carbon dioxide mixtures ranging from 0-95% carbon 

dioxide 
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Figure 7.5b – Liquid Volume Percent Retrograde gas B with 0 -99% Carbon dioxide at 100°F 
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Figure 7.5c – Liquid Volume Percent Retrograde gas B with 0-99% Carbon dioxide at 160°F 
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Figure 7.5d – Liquid Volume Percent Retrograde gas B with 0 -99% Carbon dioxide at 220°F 
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Figure 7.6a - Pressure-temperature diagram of retrograde gas C -carbon dioxide mixtures ranging from 0 -95% carbon 

dioxide 
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Figure 7.6b – Liquid Volume Percent Retrograde gas C with 0-99% Carbon dioxide at 100°F 
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Figure 7.6c – Liquid Volume Percent Retrograde gas C with 0 -99% Carbon dioxide at 160°F 

 

0

10

20

30

40

50

60

70

80

90

100

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Pressure (psia)

L
iq

u
id

 V
o

lu
m

e 
P

er
ce

n
t pure HC gas

20%

40%

60%

80%

95%

 
Figure 7.6d – Liquid Volume Percent Retrograde gas C with 0-99% Carbon dioxide at 220°F 
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2.2.1.7.3  CO2 mole fraction-pressure relationship (methodology, P/Z vs. P plot) 
 
Discussion and analysis of results ended with the desire for a simple method of estimating the reservoir 
pressure as a consequence of achieving a certain mole fraction of CO2 in the DGR (or vice versa).  As 
such a method based on the real gas law, and Z-factor charts as a function of pressure, temperature and Z-
factor graphs (Figures 7.7a-c) were made.  A unique plot of P/Z vs. P was generated to complement this 
new method (Figures 7.8a-c).  Dry gas is used as an example for illustrating this analysis. 
 
The real gas law can be written for the initial sequestration pressure and temperature of the reservoir and 
for any pressure and temperature after sequestration begins: 
 iiiii RTnZVP =  (7.1) 
 
 ZnRTPV =  (7.2) 
 
For dry gas, the reservoir pore volume is constant during sequestration because no phase changes occur.  
(Vi = V).  Likewise, reservoir temperature is constant. So that dividing equations 7.1 and 7.2 yields 

 
iiii nZ

Zn
VP

PV
=  (7.3) 

 
Solving for P/Z yields 
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=  (7.4) 

 
The number of moles of hydrocarbon gas at sequestration initiation is ni.  For the scenario of dry gas 
production cessation and only CO2 sequestration, the total moles (n) is the sum of ni and the moles of CO2 
injected. 
 22 COiCOhc nnnnn +=+=  (7.5) 
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Substituting into equation 7.1 yields  
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Using Equation 7.9, P/Z was calculated as a function of CO2 mole fraction. To find pressure only, P/Z vs. 
P plots (Figures 7.8a-c) were calculated from the Z-factor charts (Figures 7.7a-c) so that P/Z is read 
directly from the y-axis of these plots using the reservoir temperature and the initial depleted reservoir 
pressure. Initial Pressure is the y-intercept of the three temperature curves because of z-factor being 1.0 at 
low pressures.  
 
An example of using Figure 7.9, which is generated for a initial pressure of 250 psia shows the pressure 
doubles to 500 psia following increase in CO2 mole fraction to 52%-53%. At 78%-83% mole fraction the 
reservoir pressure required is about 1000 psia.  Temperature begins to affect the trends at about 500 psia 
as evidence from the separation of the three curves at this pressure.  The plots can also be used in reverse 
if mole fraction is known and pressure is desired. If a salable gas exceeds 20 mole % CO2, an anticipated 
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reservoir pressure at this CO2 is 300 psia. This method will likely lead to graphs that can be used to 
estimate the final volume of CO2 stored as a function of the hydrocarbon gas in place, initial and final 
sequestration pressure (ISP and FSP). 
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Figure 7.7a – Vapor Phase Compressibility Factor of Dry Gas Carbon Dioxide Mixtures at 100°F 
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Figure 7.7b – Vapor Phase Compressibility Factor of Dry Gas Carbon Dioxide Mixtures at 160°F 
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Figure 7.7c – Vapor Phase Compressibility Factor of Dry Gas Carbon Dioxide Mixtures at 220°F 
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Figure 7.8a – P/Z plot for Dry Gas CO2 Mixtures at 100°F 
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Figure 7.8b – P/Z plot for Dry Gas CO2 Mixtures at 160°F 
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Figure 7.8c – P/Z plot for Dry Gas CO2 Mixtures at 220°F 
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Figure 7.9 - Reservoir Pressure as a function of CO2 mole fraction for the median dry gas with initial sequestration pressure 

of 250 psia 
 
 
2.2.1.7.4  Conceptual View of P/Z for Sequestration Parameter 
 
The current development of a tool for use in designing and monitoring CO2 sequestration in gas reservoirs 
is an adaptation to the P/Z plot, a traditionally used analysis technique in the oil and gas industry.  Figure 
7.1 is a development of this idea. Two trends are established in Figure 7.1: one trend is for the historical 
production of the gas reservoir and a second trend is for the analogous reservoir as if it were a CO2 
reservoir.  The x-axis is the cumulative gas produced (Gp) in standard cubic feet (scf), while the y-axis is 
the average reservoir pressure (P) in pound-forces per square inch (psia) divided by the Z-factor (Z) of the 
gas at reservoir pressure and temperature.   
 
The lower line represents the production of a volumetric (closed system) hydrocarbon gas reservoir.  The 
y-intercept is the initial pressure and Z-factor; the x-intercept is the initial gas in place (G).  Represented 
by the following relation: 
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The upper line represents the same gas reservoir if the natural hydrocarbon gas was replaced with CO2, 
and mathematical is below: 
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The y-intercept for the equivalent CO2 reservoir is higher only because of the lower Z-factor for CO2.  
Likewise, the x-intercept is higher because of the larger magnitude of CO2 system compressibility 
compared to hydrocarbon gases.  In other words for a given reservoir volume, a larger surface volume 
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(scf) of CO2 gas can be contained compared to the surface volume of hydrocarbon gas.  Furthermore, a 
change in Z due to a change in gas composition (in this case from hydrocarbon gas to CO2) causes the 
same effect to the x- and y-axes.  Consequently, the natural gas and CO2 lines are parallel to each other. 
 
A modification to the x-axis of the P/Z chart is anticipated to be the cumulative gas produced less the 
cumulative CO2 injected (Gp-Ginj).  If a gas with the same Z-factor were injected, the reservoir would 
respond identically as it did during production except it would be in reverse.  So the trend would retrace 
the natural gas line.  However, at the same temperature and pressure, pure CO2 Z-factors are significantly 
lower from pure hydrocarbon gases. 
 
During the gas production from a volumetric gas reservoir, the data starts at the initial conditions (figure 
7.53, labeled point a) and follows the natural gas line, progressing from left to right as gas is produced 
and pressure is depleted.  Under CO2 sequestration conditions of a depleted gas reservoir, the initial 
conditions of sequestration are the depleted or near abandonment conditions of a gas reservoir represented 
by point b.  With continued CO2 injection and pressurization of the reservoir, the trend will approach the 
pure CO2 line. Three example paths (c1, c2 and c3) are traced on the sketch as dashed lines connecting the 
two lines. 
 
A sequestration parameter is being investigated that includes reservoir rock and fluid properties that can 
be used to correlate of SCO2 volume, EGR and ECR for each of the three gas types.  At this time, SCO2 
volume is anticipated to be a function of gas-type, ISP and FSP, formation area, thickness, water 
saturation and porosity.  EGR and ECR are believed to be a function of dispersion of the CO2 into the 
natural gas; dispersion is a function of reservoir permeability and gas viscosity. Current studies include 
introducing reservoir rock properties that can lead to a sequestration parameter that can be used to group 
compositional reservoir simulation results into a family of curves that can be used to predict the volume 
of sequestered CO2 in a depleted gas reservoir.  To this end, the volumetric equation 
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is likely be substituted in to the slopes of Equations 7.1 and 7.2 to include reservoir pore volume. By 
substituting Eq. 7.3 into the slope (mhc) of Eq. 7.1, we have 
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Similarly, by substituting Eq. 7.4 into the slope (mco2) of Eq. 7.2, we have 
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While the straight lines of Figure 7.1 are believed to be dependent on gas compressibility and the 
reservoir volume (see Eqs. 7.4-7.5), the path between each is suspected of being dependent on diffusion 
and/or dispersion of the CO2 and the natural gas.  While diffusion is often considered inconsequential in 
porous media, dispersion (Kd) can be significant.  Permeability (k) and viscosity (µ) are documented as 
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affecting dispersion.  As such, attempts are being made to model the trend between the two lines with 
permeability and viscosity based-formulas. Hence, by inspection of Equations 7.4-7.5, CO2 sequestration 
parameter (CSP) can be functionally expressed as 
 
       
 CSP = ),,,( ,, dBg KkVBf φµ  (7.6) 
 
Apparently, the formation volume factor, Bg, of Eq. 7.6 appears to be the only term that depends on 
reservoir temperature and pressure, however, it is conceivable for diffusion-dispersion term, Kd, to be 
dependent on temperature and pressure as well. 
 
 

 
 

Figure 7.10: Material Balance Schematic for Natural gas Reservoirs with Sequestration 
 

 
2.2.1.7.5  Modeling Measured Z-Factor With Cubic Equations  
 
The phase behavior simulation of this research project served two important functions, namely (i) 
contribution to the design of the laboratory experiments and (ii) estimation of black oil PVT properties for 
estimating non-compositional benefits of CO2 storage in depleted gas reservoirs. We have acquired 
commercial PVT package (Winprop) and compositional model (GEM) from Computer Modeling Group 
(CMG). Winprop is used for phase behavior modeling of measured PVT data and GEM is used for 
reservoir compositional simulation of carbon dioxide injection into the gas reservoirs. In addition, the 
department has Merlin Black Oil simulator, which is used to quantify non-composition aspect of the 
research project (that is, to estimate black oil properties for CO2 and hydrocarbon/CO2 mixtures, which 
leads into estimating the non-compositional aspects of CO2 storage). Fluid properties of importance to 
this research project include Z-factor, density, and viscosity. Z-factor is an important component for CO2 
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storage, while density and viscosity are important factors in EGR and ECR.  Figures 7.11a to 7.11d show 
polynomial curve-fit to the laboratory measured Z-factor data. Even though the Z-factor data shown in the 
figures are not the smooth experimental data (as seen in section of Smooth Measured Z-factor Data in this 
report), the need arises to acquire better tools to model the Z-factors at low and high pressures because of 
the wrong trend exhibits by the polynomial functions. Moreover, viscosity measurement is not part of this 
research project, yet viscosity is an important factor in the establishment of the CSP. With this in mind, a 
program is set-up to improve existing Z-factor correlations and also to improve parameter 
characterization of cubic equations-of-state for CO2-hydrocarbon mixtures. 
 
To provide EOS for modeling the volumetric (Z-factor, density) and transport (viscosity) properties, and 
phase behavior (vapor-liquid equilibria (VLE) of mixtures of the components identified in the gas 
reservoirs. That objective is accomplished by selecting seven cubic equations-of-state (EOS) that have the 
greatest appeal to petroleum engineers through their citations in the journals published by the Society of 
Petroleum Engineers (SPE), Canadian Journal of Petroleum Technology (CJPT), and Journal of 
Petroleum Science and Engineering (JPSE).  The selected equations-of-state are: (i) Redlich-Kwong 
(RK), (ii) Soave-Redlich-Kwong (SRK), (iii) Peng-Robinson (PR), (iv) Patel and Teja (PT), (v) Schmidt-
Wenzel (SW), (vi) Lawal-Lake-Silberberg (LLS), and (vii) Trebble -Bishnoi. By examining the reduced 
state of the respective EOS in comparison with the experimentally determined Z-factor of CO2, N2, and C1 
that are the major species in the gas reservoirs, tuning parameters are established for the various EOS.  
However, the analysis of results shows that a significant difference exist between the predicted Z-factor 
from EOS and experimental Z-factor of those components in the vicinity of the critical point. The LLS 
EOS has been developed to remedy the issue around the critical region. Thus, the critical temperatures 
and pressures required to establish the reduced properties (PR, TR) for Z-factor correlations are established 
through LLS EOS. The detailed framework of all the EOS is in Appendix A and the framework for 
Viscosity Equation of State is in Appendix B. The scaling parameter established to make Standing-Katz 
chart fit acid gases is shown in Appendix C. 

 

0.78

0.83

0.88

0.93

0.98

1.03

0 1 2 3 4 5 6 7

P r

Z

220F

100F

160F

Poly. (220F)

Poly. (100F)

Poly. (160F)

Tr=1.89

Tr=1.72

Tr=1.55

 
Figure 7.11a– Dry Gas @ 0% CO2 
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Figure 7.11b – Dry Gas @ 25% CO2 
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Figure 7.11c – Dry Gas @ 50% CO2 
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Figure 7.11d – Dry Gas @ 100% CO2 
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2.2.1.8  Conclusion 
 
This research focuses on using laboratory investigation and computer simulation to analyze phase 
behavior and enhanced gas and condensate recovery by CO2 storage in depleted gas reservoirs. The 
laboratory measured CO2 compressibility factor (or Z-factor) is much lower than hydrocarbon gas 
mixtures at the specified temperatures and pressures.  Therefore, that offers the opportunity to store larger 
surface volumes of CO2 than hydrocarbon gases.  Five times the storage is possible depending on 
pressure, temperature and hydrocarbon gas composition.  
 
The conceptual view for this research project are two-fold:  (1) the effects of natural hydrocarbon gas 
types and CO2 on compressibility of the CO2/HC gas mixtures for CO2 storage and (2) the potential for 
increasing gas and condensate recovery as a consequence of CO2 storage.  The conclusions derived on the 
basis of the conceptual view are briefly stated as: 
 
§ Increasing CO2 Storage:  Storage of CO2 increases if the CO2/HC gas mixture compressibility 

(Z-factor) is low.  Furthermore, if a liquid condensate occupies the reservoir pore space and the 
addition of CO2 vaporizes the liquid, then additional pore space is acquired for CO2 storage.  This 
scenario has been confirmed by our laboratory measurements and analysis of CO2/HC gas 
mixture compressibility factor. 

 
§ Decreasing CO2 Storage: To the contrary, CO2 storage decreases if the CO2 /HC gas mixture 

compressibility is high.  If the phase behavior effects of adding CO2 to a gas reservoir cause an 
appearance of liquid phase at reservoir conditions (reservoir temperature and pressure), the pore 
volume available to for CO2 storage decreases. This scenario has not been confirmed by our 
laboratory measurements of CO2/HC gas mixture compressibility factor. 

 
§ Increasing Gas and Condensate Recovery:  Gas and condensate recovery is increased primarily 

as a result of phase behavior effects.  If the addition of CO2 changes a retrograde gas to a wet gas, 
by reversing the retrograde phenomena in-situ, additional condensate may be recovered.  The 
qualitative changes in the pressure-temperature (PT) diagram have been used to analyze phase 
behavior changes in gas reservoir by CO2 storage.  The PT diagrams show a decrease in the 
relative size of the two-phase region, thereby resulting in retrograde and wet gases becoming dry 
gases. Thus, CO2 storage in retrograde reservoirs can results in EOR benefits, as the vaporization 
action can make the gas reservoirs becoming “drier.”  Quantitatively, the degree to which these 
change the equilibrium vapor/liquids can be converted to volumes of liquid and vapor.     

 
§ Decreasing Gas and Condensate Recovery: If the CO2 storage changes a dry gas to a wet or 

retrograde gas, condensate recovery may be reduced.  This situation has not been confirmed by 
our laboratory measurements because the qualitative changes in the Z-factor plots do not 
demonstrate this effect; moreover, computational phase behavior simulations of pressure-
temperature (PT) diagrams do not show a reduction in condensate recovery.  Thus, CO2 storage in 
retrograde reservoirs does in result in gas reservoirs becoming “wetter.” 
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2.2.1.12  List of Acronyms and Abbreviations 
 
α parameter of LLS EOS 
β parameter of LLS EOS 
γ Fugacity parameter of LLS EOS 
ƒ Fugacity of a component 
φ Porosity 
ν Molar volume 
µ Viscosity 
ω Acentric factor 
Ωa Critical constant specified for each EOS 
Ωb Critical constant specified for each EOS 
Ωw Critical constant specified for each EOS 
a van der Waal based EOS critical constant 
b van der Waal based EOS critical constant 
c Denotes critical point 
d Coefficient characteristic constant of EOS 
e Coefficient characteristic constant of EOS 
i Index for specified component 
j Index for specified component 
ln Natural logarithms 
h Thickness (pay zone) 
k Permeability 
m Mixture parameter 
n Number of moles 
p Average reservoir pressure 
psia  Pound-forces per square inch 
r Viscosity Constant (in place of Gas Constant) 
scf Standard cubic feet 
x Mole Fraction of individual component 
A Area 
A Dimensionless parameter in EOS 
B Dimensionless parameter in EOS 
Bg Gas formation volume factor 
BCTB Burton Corblin Technical Bulletin 
BRS Black Oil Reservoir Simulation 
CCP JIP Carbon Capture Project Joint Industry Project 
CJPT Canadian Journal of Petroleum Technology 
CMG Computer Modelling Group 
CO2 Carbon Dioxide 
CSP CO2 Sequestration Parameter  
CRS Compositional Reservoir Simulation 
CVD Constant Volume Depletion 
DG Dry Gas 
DGR Depleted Gas Reservoirs 
DOE Department of Energy 
ECR Enhanced Condensate Recovery 
ED Explosive Decompression 
EGR Enhanced Gas Recovery 
EOR Enhanced Oil Recovery 
EOS Equation of state 
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FPC Floating Piston Cell 
FSP Final Sequestration Pressure 
G Original or initial gas in-place at discovery of gas reservoir 
Ginj Cumulative gas injected 
Gp Cumulative gas produced 
GASIS Gas Information Systems 
GEM Compositional Simulation Commercially available from CMG   
HC  Hydrocarbon 
IR Infrared 
ISP Initial Sequestration Pressure 
JPSE Journal of Petroleum Science & Engineering 
Kd Dispersion  
LLS Lawal-Lake-Silberberg equation of state 
MBE Material Balance Equation 
MMscf Millions of standard cubic feet 
Mscf Thousands of standard cubic feet 
Mstb Thousands of stock tank barrels 
NIST National Instituted of Standards and Testing 
P Pressure 
PBS Phase Behavior Simulation 
PC Pump Cell 
PR Peng-Robinson equation of state 
PT Pressure-Temperature 
PT Patel-Teja equation of state 
PVT Pressure-Volume-Temperature 
R Gas Constant 
RG Retrograde Gas 
RK Redlich-Kwong equation of state 
Sw Water Saturation 
SCV Sequestered Carbon Dioxide Volume 
SK Standing-Katz Z-chart 
SMV Sequestration, Monitoring & Verification Team 
SP Scaling parameter for Standing-Katz Z-chart 
SPE Society of Petroleum Engineers 
SRK Soave-Redlich-Kwong equation of state 
SW Schmidt-Wenzel equation of state 
T Temperature 
TB Trebble-Bishnoi equation of state 
TTU Texas Tech University 
USCV Ultimate (final) Sequestration Carbon-dioxide Volume 
V Volume 
VB Reservoir Bulk Volume 
Vp Pore Volume 
VLE Vapor liquid equilibria  
WG Wet Gas 
Z Compressibility Factor (Z – factor)
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2.2.1.13  Report Appendices 
 

Appendix A 
Form of the Lawal-Lake-Silberberg Equation of State  

 
Pure Substance Parameters  
 

22

)(
bb

Ta
b

RT
P

βνανν −+
−

−
=  (6) 

 
The following four critical constraints are imposed on Equation 6 

(i) 0
,,

=







∂
∂

=== cPcPTcT

P

ννν
,     

 

(ii) 0
,,

2

2

=







∂
∂

=== cPcPTcT

P

νν
ν

 (7) 
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By applying Eq. 7 to Eq. 6, the parameters (a, b, α, β) are established as 
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In Eqs. 8-11, Pc, Zc, and Tc are pure substance critical constants and Ωw is the vdW limiting volume. The 
value of Ωw has been established for pure substances through the equality. 
 
The Z-form of Equation 6 is expressed for pure substances as follows: 
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Similarly, the v -form of Equation 6 is expressed for pure substances as follows: 
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Mixture  Parameters for the LLS EOS  
 

22
mmmm

m

m bb
a

b
RT

P
βνανν −+

−
−

=  (14)             

 
where  
 

ijji

n

i
j

n

j
im aTaTaxxa 2/12/1 )()(∑∑=  (15)  

             
 

3
3/1 







= ∑

n

i
iim bxb  (16)   

 
 

ijji

n

i
j

n

j
im xx αααα 2/12/1∑∑=  (17)  

                                    

ijji

n

i
j

n

j
im xx ββββ 2/12/1∑∑=  (18) 

 
The Z-form of Equation 14 is expressed for mixture as follows:  
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Similarly, the v -form of Equation 14 is expressed for mixture as follows: 
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Fugacity Equation for the Lawal-Lake-Silberbe rg EOS 
 
Component Fugacity Equation 
 
By applying the thermodynamic relationship to Equation 6,  
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a generalized fugacity coefficient for pure substance is shown for cubic equations-of-state by the 
following expression for the fugacity coefficient of a pure component: 
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The fugacity coefficient of component i in a mixture can be calculated for Equation 14 from the following 
relationship (Lawal-van der Laan, FPE, 1994) 
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The resulting fugacity coefficient of component i in a mixture can expressed as: 
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In Equation A.11, ikkiikikkiikikkiik aaa ξβββλααακ 2/12/12/12/12/12/1 ,, ===  and the interaction terms 

are represented by ikik λκ ,  (or ijα  in Equation A.4), and ikξ  (or ijβ  in Equation A.5). The mixture 
parameters used in A.11 are defined by 
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The mixture combining rules used in Equations A.11 have been previously defined in Equations 15-18. 
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Table A.1 - Common Specialization Cubic Equati on of State  

 
 
Authors       Year    Coefficients of the Quadratic 
       α    β         α  + β 
Two -Constant Equations : 

van der Waals 1873 0    0 0 

Dieterici 1898 0    0 0 

Berthelot 1990 0    0 0 

Redlich – Kwong 1949 1    0 1 

Peng – Robinson 1976 2 – 1 1 

Harmens 1977 3 – 2 1 

Zakharov 1977 c    0 c 

 

Three -Constant Equations: 

Clausius  1881 2c/b – c2/b2 1 (c =b) 

Martins  1979 2 – t2/b2 1 (t = b) 

Schmidt – Wenzel 1980 1 + 3ω – 3ω 1 

Harmens – Knapp 1980 c – (c – 1) 1 

Heyen 1981 (b + e)/b – e/b 1 

Joffe – Martins  1981 2c/b – c2/b2               1 (c = b) 

Patel – Teja 1982 (b + c)/b – c/b 1 

Kubic – Martins 1982 2c/b – c2/b2              1 (c = b) 

Yu – Lu 1987 3 + ω – ω 3 

Yu – Lu – Iwai 1987 (3b + c)/b – c/b                 3 (c = b) 

Guo – Du 1989 2c/b – c/b                 1 (c = b) 

 

Four -Constant Equations: 

Himpan – Danes – Gaena 1979 2d/b          – (d2 + c)/b2   1 (c = 0, d = b) 

Lawal – Lake – Silberberg 1983 α – β α – β 

Adachi – Lu 1983                  b2 (b2 + b3)/b2         – b2b3/b2      1 (b2 = b3 = b) 

Trebble – Bishnoi 1987                        (b + c)/b       – (bc – d2)/b2     1 (c = b, d = 0) 
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Appendix B 
Framework of Viscosity Equation of State  

 
Pure Substance Parameters  
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The following four critical constraints are imposed on Equation 6 
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(iii) ƒ(Tc, µc, Pc )  =  0,         
 
(iv) b/µc = Ωw                   

 
By applying Eq. 19 to Eq. 20, the parameters (a, b, α, β) are established as 
 

c

cc

cc

cc
r P

T
ZP

T
r

µµ 1
=Ω=  

 

c

c
cw

c

c
a T

Pr
Z

T
Pr

a
22

3
22

])1(1[ −Ω+=Ω=   (21) 

 
a(T, P)  = a ),( ωϕ RRTP  
 

c

c
cw

c

c
b T

rP
Z

T
rP

b ][Ω=Ω=   (22) 

 

cw

cw

Z
Z

Ω
−Ω+

=
)3(1

α   (23) 

 

cw

cwcwwc

Z
ZZZ

2

232 )31(2)1(
Ω

−Ω+Ω+−Ω
=β   (24) 

 
In Eqs. 8-11, Pc, Zc, and Tc are pure substance critical constants and Ωw is the vdW limiting volume. The 
value of Ωw is the same as in LLS EOS. 
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Similarly, the µ -form of Equation 19 is expressed for pure substances as follows: 
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Mixture Parameters for the LLS EOS  
 

22
mmmm

m

m

m

bb
a

b
Pr

T
βµαµµ −+

−
−

=   (26) 

             
where  
 

3
3/1 







= ∑

n

i
iim rxr   

 

ijji

n

i
j

n

j
im aTaTaxxa 2/12/1 )()(∑∑=   (27)              

 
3

3/1 







= ∑

n

i
iim bxb   (28)   

 

ijji

n

i
j

n

j
im xx αααα 2/12/1∑∑=   (29)  

                                    

ijji

n

i
j

n

j
im xx ββββ 2/12/1∑∑=   (30) 

  
Similarly, the µ -form of Equation 26 is expressed for mixture as follows: 
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Appendix C 
Universal Scaling Parameter for Z-Factor Derived from Standing-Katz Z-Chart 
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 Real Gas Law states that 
 

ZRTPv =   (2) 
 
By dividing Eq. 2 by Eq. 1, we have 
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At fluid critical point, PR = TR = vR = 1, then Eq. 3 becomes 
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If we have two Z-charts that can be individually represented by Z =ƒ(PR, ?R, TR), then 
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If the left hand side of Eq. 5 is for Standing-Katz Z-factor, the Universal Scaling Parameter can be 
developed as  
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where 
 ZSK  = Z-factor derived from Standing-Katz Chart 
  
 ZSP   = Universal Scaling Parameter for Standing-Katz Chart 
  
 Zc    = Critical Compressibility Factor 
  
 Z     = Compressibility Factor at specified PR and TR 
 
The Z-factor derived from Eq. 6 can be expressed as 
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Developing of Universal Scaling Parameter, ZSP is detailed elsewhere, but some comment will suffice.  
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2.2.3  Reservoir Simulation of CO2 Storage 
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2.2.3.1  Abstract 
 
The general goal of this proposed research is to use a compositional reservoir simulator to better 
understand and quantify the chemical and physical phenomena associated with the sequestration of CO2 
in aquifers.   More particularly, we want to quantitatively assess two key features of the process: the effect 
of brine density increases due to dissolved CO2, and the effect of geochemical reactions.  The former 
might be exploited to store significant quantities of CO2 within the aqueous phase, avoiding problems 
with escape of CO2 in the gas phase.  The latter offers the possibility of an additional sink for CO2 via 
mineralization.  The storage of CO2 in residual gas has emerged during the first phase of this project as a 
potentially very significant issue meriting further study. This is a scoping study intended to improve 
estimates of the possible magnitudes of these CO2 sinks by considering the mass transfer under realistic 
physical conditions.  The latter conditions include movement of the CO2-rich gas phase and dissolved 
CO2 plume after injection is halted and the consequent mixing of brines of widely varying CO2 
concentrations.  Ultimately we will explore the feasibility of storing all of the injected CO2 in immobile 
forms. 
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2.2.3.4  Introduction 
 
This is a scoping study involving modeling and simulation of a prototypical CO2 sequestration project in a 
deep saline aquifer. There are three tasks.  Task I is to establish a base case against which the potential for 
additional storage will be measured.  This work will build on previous reservoir simulation studies at the 
University of Texas at Austin (Vikas, 2002).  Task  II is to quantify the effect of the CO2 on brine density 
and its implications for CO2 storage in the aqueous phase as a function of aquifer geology, heterogeneity, 
temperature, pressure, salinity, etc.  The idea is to explore ways to reduce the risk of CO2 escape from the 
aquifer due to highly uncertain geological pathways by storing the CO2 in a dense phase with little 
potential for upward migration. Task III will be to determine a representative subset of the possible 
geochemical reactions.  This simplified chemistry will then be coupled to the multiphase flow 
compositional simulations to estimate the capacity for mineralization as a function of amount and 
distribution of the minerals in the aquifer. 
 
Both the UTCOMP simulator and CMG's GEM simulator will be used in this study.  CO2 solubility, brine 
density and brine viscosity models have been calibrated against experimental data as a function of 
salinity, temperature and pressure.  Base case simulations will be conducted for aquifer storage times of 
1000 years.  Because the goal is to determine feasibility of CO2 storage in liquid (aqueous phase) and 
solid (mineralization) forms, we will assume an injection stream of pure CO2 for the base case.  However, 
both simulators are compositional simulators and mixtures can be studied later as time and interest permit. 
 
The principal geochemical driver accompanying sequestration is the acidification of the brine resulting 
from dissociation of dissolved CO2.  Low pH brine in turn induces a wide range of reactions with host 
minerals in the formation.  An obvious example is the dissolution of carbonate cements.  Other reactions 
are analogous to weathering, in which the acid extracts cations from aluminosilicates (feldspars, clays, 
etc.).  On the one hand these reactions buffer the acidification, but on the other the released cations may 
form relatively insoluble carbonate precipitates such as siderite.  The competition between these reactions 
will determine the potential for additional storage, and the balance is likely to be time dependent as the 
approach to equilibrium will involve transport time scales (convection, dispersion/diffusion) as well as the 
kinetics (interphase mass transfer, dissolution, precipitation). 
 
It is imperative to solve the geochemistry simultaneously with the flow and transport equations described 
above.  Brine acidification requires mass transfer from the CO2-rich gas phase to the aqueous phase, and 
contact between these phases has been shown to be a complicated function of time depending on the 
aquifer heterogeneity, especially after CO2 injection ceases and buoyancy forces can substantially 
rearrange the fluid distribution.  The latter period will involve the mixing of very different brine 
compositions, ranging from isolated volumes of residual aqueous phase saturated with CO2 to original 
formation brine.  We will conduct two- and three-dimensional simulations with fully coupled reactive 
flow and transport in a wide variety of heterogeneous aquifers both to better understand and predict 
behavior and to determine whether simpler models (e.g. one-dimensional flow of saturated brine or time 
evolution of batch chemistry) can adequately represent the net additional CO2 storage capacity.   Some 
reactive minerals may be distributed in the aquifer in thin layers or otherwise heterogeneous in such as 
way as to make very fine grid simulations necessary.  In extreme cases, some upscaling of the reactive 
transport may be necessary.   
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2.2.3.5  Executive Summary 
 
The first phase of a numerical simulation study of geological sequestration of CO2 in deep, saline aquifers 
has been completed.  A compositional simulator was used for this study after tuning the Peng-Robinson 
equation-of-state to fit available experimental data on the solubility of CO2 in brine and the density of 
brine as a function of CO2 concentration in the brine, brine salinity, temperature and pressure. The first 
task of this project was to establish a base case simulation.  Because this is a generic study of CO2 
sequestration in deep, saline aquifers rather than the study of a specific aquifer, the goal was to select 
representative characteristics for the aquifer that would serve our purpose of understanding the potential 
for CO2 storage in immobile forms with little or no tendency to escape from the aquifer.  There are of 
course many arbitrary decisions involved setting up such a base case model.  However, we are also doing 
a sensitivity study where many of the most important parameters are being varied over a wide range.  
Nevertheless, the base case is very important and a great deal of thought and discussion went into it 
including discussions with geologists with the Bureau of Economic Geology at the University of Texas at 
Austin.  Parameter selection was based in part on our experience with the preliminary study completed by 
Vikas (2002).   As part of task 2 in progress, simulations of CO2 storage for 1000 years were done to 
study the impact of several of the most important parameters on the process.  The parameters studied to 
date are mean aquifer permeability, the ratio of vertical to horizontal permeability, residual gas saturation, 
salinity and temperature. A simple layered permeability model was used for the base case simulation, but 
future studies will include more complex and realistic heterogeneity descriptions.  The most significant 
conclusion to emerge from the first phase of this study is that the effect of residual gas on CO2 storage can 
be very large and has the potential to significantly impact the strategy used to sequester CO2 in deep, 
saline aquifers.  Therefore, its magnitude and variation merit much more careful study.  This form of 
immobile storage may actually turn out to be more significant than storage in brine and minerals.  The 
concerns about CO2 escape pathways would certainly be reduced if all or almost all of the CO2 were to be 
stored in the form of trapped gas, dense brine and minerals.  During the next phase (task 3) of the study, 
mineralization will be included in the simulations.  The goal will be to develop the best strategy for 
storing all or almost all of the CO2 in immobile forms so that its escape from the aquifer is unlikely and 
not as sensitive to possible geological escape pathways as it would be if stored in a mobile gas form.  
Well placement and completion obviously will play a key role in this strategy and preliminary simulations 
have already been done that appear very encouraging that this is a viable strategy at least under some 
conditions. 
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2.2.3.6  Experimental 
 
Not applicable. 
 
 
2.2.3.7  Results and Discussion 
 
The first task of this project was to establish a base case simulation.  Because this is a generic study of 
CO2 sequestration in deep, saline aquifers rather than the study of a specific aquifer, the goal was to select 
representative characteristics for the aquifer that would serve our purpose of understanding the potential 
for CO2 storage in immobile forms with little or no tendency to escape from the aquifer.  There are of 
course many arbitrary decisions involved setting up such a base case model.  However, we are also doing 
a sensitivity study where many of the most important parameters are being varied over a wide range.  
Nevertheless, the base case is very important and a great deal of thought and discussion went into it 
including discussions with geologists with the Bureau of Economic Geology at the University of Texas at 
Austin.  Parameter selection was based in part on our experience with the preliminary study completed by 
Vikas (2002).   
 
The calibration of the fluid property models with experimental data is a very important first step in 
establishing the input to the simulator.  The properties include the solubility of CO2 in brine, the brine 
density and the brine viscosity.  All of these depend on temperature, pressure and salinity.  The brine 
density and viscosity also depend on the CO2 concentration.  An extensive literature search was made to 
find the best sources of experimental data.  These data were then used to systematically tune the Peng-
Robinson equation-of-state for CO2 solubility and density and the Pedersen correlation for brine viscosity.  
Flash calculations are done in the compositional simulator each time step to calculate the phase behavior 
of the CO2 and H2O mixtures in each grid block as well as the density of both the gas and aqueous phases.  
The binary interaction parameter between the CO2 and H2O was adjusted to fit the CO2 solubility data and 
the volume shift parameter for H2O was adjusted to fit the aqueous phase density.  The computed curves 
for CO2 solubility as a function of salinity and pressure are shown in Fig. 1 along with a few experimental 
data points.  Similar plots were made at temperatures ranging from 20 to 100 °C.  A linear correlation of 
the binary interaction coefficient with temperature and salinity was developed based upon the solubility 
data from 20 to 100 °C and from 0 to 350,000 ppm salinity (NaCl). 
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Figure 1.  Effect of brine salinity on CO2 solubility in aqueous phase at 140 °F. 
 
Solubility data for CO2 in brine are readily available from Rumpf et al. (1994), Shagiakhmetov et al. 
(1982) and Teng et al. (1998). These sources were preferred over others as they give similar trends over a 
wide range of temperature and salinity (Table 1). 
 

Table 1.  Experimental Data for CO2-Solubility in Brine  
Source  Temperature Range,  

°F 
Pressure Range,  

psia 
Salinity Range,  

ppm 
Rumpf et al. 104-319 100-1400 230,000-350,000 
Shagiakhmetov et al. 120-302 1450-5800 0 
Teng et al. 40-69 930-4280 0-31,000 

 
Density data for pure water was taken from Wagner et al. (2002). This source was preferred over others 
because it is based on the IAPWS-95 formulation adopted by International Association for the Properties 
of Water and Steam (IAPWS). Density data for pure brine have been taken from Simonson et al. (1994) 
for a wide range of temperature (77- 477 °F), pressure (1030-5830 psi) and salinity (30,000-300,000 ppm 
of NaCl). Unfortunately, there are very few experimental data in the temperature and pressure range of 
interest for the density of brine saturated with CO2. Parkinson et al. (1969) give density values for CO2- 
H2O mixtures for pressures less than 500 psia and temperatures less than 105 °F.  Teng et al. (1998) give 
density values of CO2-brine mixtures for temperatures less than 68 °F. Data from Hnedkovsky et al. 
(1996) was used to verify density trends. Data from Nighswander et al. (1989) was not used because it 
shows a reverse trend for the variation of brine density upon CO2 dissolution. 
 
Those data that could be found were used to develop a correlation for the volume shift parameter of H2O 
used in the Peng-Robinson EOS over the same range of temperature and salinity.  Figure 2 shows an 
example of the predicted density of both brine and brine saturated with CO2 as a function of salinity at 50 
°C (122 °F) and 5830 psia.  The density of brine saturated with CO2 is greater than brine without CO2 and 
this is of course favorable for CO2 sequestration.  However, the differences are very small and uncertain 
and decrease as salinity increases. 
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Figure 2.  Effect of CO2 on brine density at 50 C (122 °F) and 5830 psi. 
 
The input parameters for the base case simulation are summarized in Table 2.  Pure CO2 is injected in a 
well into the aquifer for the first ten years.  The total simulation time is 1000 years.  The simulation 
domain is 53,000 ft long, 53,000 wide and 1000 ft thick.  Constant pressure wells are use along all 
boundaries and the injection well is in the center of the aquifer as shown in Fig. 3.  The relative 
permeability curves are shown in Fig. 4.  Figure 5 shows the gas injection profile at 10 years for a vertical 
X-Z cross-section through the injection well and Fig. 6 shows the same profile after 1000 years.  These 
simulations were done with CMG's GEM simulator. 
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Table 2.  Simulation Input for Base Case 
Aquifer Properties   

Length, ft 53000  
Width, ft 53000  
Thickness, ft 1000  
Depth at top of formation at injection well, ft 5300  
Temperature, °F 140  
Initial Pressure, psia  2265  
Dip, degree 1  
Salinity, ppm 100000  
Dykstra-Parsons Coefficient 0.7  
Horizontal to vertical permeability ratio 0.001  
Mean Permeability, md  100  
Horizontal Permeabilities of Each Layer*, md 

Layers 1-4 
Layers 5-8 
Layers 9-12 
Layers 13-16 
Layers 17-20 
Layers 21-24 
Layers 25-28 
Layers 29-32 
Layers 33-36 
Layers 37-40 

 
89 
65 
46 
30 
15 
120 
165 
235 
840 
370 

 

Porosity 0.25  
Residual Water Saturation 0.25  
Residual Gas Saturation 0.25  
Gas End Point Relative Permeability 1.0  
Water End Point Relative Permeability 0.334  
Grid 40×40×40  
Maximum injection pressure (psia) 3300  
Maximum injection rate (MMSCF/D) 50  

Description of Components   
Component CO2 H2O 
Critical Press. (psi) 1070.0 3200.11 
Critical Temp. (°R) 547.43 1164.77 
Critical Vol. (cu ft/lb-mole) 1.5076 0.8962 
Molecular Wt. (lb/lb-mole) 44.01 18.015 
Accentric Factor 0.22394 0.344 
Parachor 78.0 52 

*Layer 1 is the top layer. 
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Figure 3.  Schematic of aquifer and well locations. 
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Figure 4.  Water-gas relative permeability curves. 
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Figure 5.  Gas saturation at 10 years (vertical slice through the injection well in X-Z direction). 
 
 

 
Figure 6.  Gas saturation at 1000 years (vertical slice through the injection well in X-Z direction). 
 
Figure 7 shows the aqueous phase density after 1000 years for this same vertical cross-section of the 
aquifer. 
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Figure 7.  Aqueous phase density in lb /cu ft at 1000 years (vertical slice through the injection well in X-Z direction). 
 
Task 2 of the project is in progress.  A large number of simulations to study the effect of the most 
important parameters affecting CO2 sequestration in the aquifer have already been completed. These 
parameters include permeability, the ratio of vertical to horizontal permeability, residual gas saturation, 
salinity, and temperature. The trends with these parameters are shown in Figs. 8 through 12. 
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Figure 8.  Effect of permeability on the distribution of CO2 between phases at 1000 years. 
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Figure 9.  Effect of vertical to horizontal permeability ratio on the distribution of CO2 between phases at 1000 
years. 
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Figure 10.  Effect of residual gas saturation on the distribution of CO2 between phases at 1000 years. 
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Figure 11.  Effect of salinity on the distribution of CO2 between phases at 1000 years. 
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Figure 12.  Effect of temperature on the distribution of CO2 between phases at 1000 years. 
 
Each of these plots show the percentage of the total CO2 stored as dissolved CO2 in the brine, stored as 
free gas and stored as trapped gas.  The most interesting observation from these plots is that only a few 
percent of the total CO2 is stored in free gas.  Almost all of the CO2 is in residual gas, which means it is 
immobile.  The residual gas saturation for the base case is 0.25.  This is a typical value of residual gas 
saturation for moderate porosity and permeability sandstones under conditions where high gas saturation 
has been displaced by water.  It is close to the trend line shown in Fig. 7 of the recent paper by Holtz 
(2002).  Residual gas saturation is a petrophysical property that depends upon rock type.  The fraction of 
CO2 sequestered as residual (trapped) gas in Figs. 8-12 clearly illustrates the importance of knowing the 
value of residual gas saturation.  Earlier simulations conducted in this study underline this point.  For 
example, if the value of residual gas saturation is 0.05, the ultimate mode of storage depends strongly 
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upon the fate of mobile CO2 phase after injection ceases.  Because this parameter now appears to be one 
of the most important parameters affecting CO2 storage in aquifers, it merits much more careful study.  
These preliminary simulations did not include hysteresis in the relative permeability curves.  We plan to 
study the effect of hysteresis and make the residual gas saturation a function of the rock properties along 
the line suggested by Holtz and others.   
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2.2.3.8  Conclusion 
 
The most significant conclusion to emerge from the first phase of this study is that the effect of residual 
gas on CO2 storage can be very large and has the potential to significantly impact the strategy used to 
sequester CO2 in deep, saline aquifers.  Therefore, its magnitude and variation merit much more careful 
study.  This form of immobile storage may actually turn out to be more significant than storage in brine 
and minerals.  The concerns about CO2 escape pathways would certainly be reduced if all or almost all of 
the CO2 were to be stored in the form of trapped gas, dense brine and minerals.  Well placement and 
completions will obviously play a key role in any strategy focused on immobile storage of the CO2 and 
will be included as parameters in the next phase of this study.   
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2.2.4  CO2 Impurities Tradeoff - Surface 
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2.2.4.1 Abstract 
 
CCP has recently selected Battelle to undertake a preliminary assessment of the effects of impurities in 
the CO2 streams on the aboveground processing equipment.  The study will focus on SOx and NOx 
impurities and will primarily be based on an assessment of existing literature.  The project was awarded in 
late July and the work is planned to be completed by September 15, 2003.  The three main components of 
the work will include: 
 

• Impact of impurities on the performance of selected amines 
• Review the literature on compressed gases to determine the corrosivity of various pipeline and 

coating materials for various partial pressures of SOx and NOx species with moisture present 
• Evaluate the phase behavior of multi-component gas mixtures on multi-stage compressors 
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2.2.4.4 Introduction 
 
Gas impurities, such as SOx and NOx, have the potential of interacting unfavorably with aboveground 
processes.  Absorption and regeneration characteristics of amine and other solvents used to separate CO2 
may be affected adversely by acid gas impurities.  Aboveground processing equipment is subject to 
corrosion by acids formed from SOx and NOx species in the presence of water.  Also, compression of gas 
mixtures is subject to condensation of the higher boiling constituents, which may limit the ability to 
achieve adequate interstage cooling and may damage the compressor.  These issues will be evaluated 
under the following three activities: 
 
• Investigate the effects of SOx and NOx on a few selected amines that are commonly used by the 

separation industry.  Battelle will make recommendations on the maximum levels of SOx and NOx 
impurities in an amine separation plant.  This information may be useful as a guideline for preventing 
unacceptable levels of heat stable salts from forming during regeneration and thus requiring costly 
solvent make-up.  Also, it will illustrate the potential need for pre-cleaning steps to remove these 
impurities to minimum levels prior to CO2 separation. 

• Review the literature on compressed gases to determine the corrosivity of various pipeline and 
coating materials for various partial pressures of SOx and NOx species with moisture present.  This 
data collection will result in recommendations for maximum concentrations of impurities to prevent 
unacceptable rates of corrosion. 

• Evaluate the phase behavior of multi-component gas mixtures on multi-stage compressors.  This 
research is needed because large compressors require temperature control for materials safety and to 
allow removal of condensed water.  However, interstage cooling must be controlled to prevent 
temperature drops that could permit a two-phase region (e.g. liquid + gas).  This problem arises, for 
example, due to the sizable difference in the critical temperature of CO2 (31 °C) and SO2 (158 °C).   

 
In keeping with the preliminary nature of this work, most of the research will be limited to compilation of 
information in existing literature.  Preliminary calculations may be performed.  However, a detailed 
technical assessment or predictive modeling is beyond the scope of current task 
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2.2.4.5  Executive Summary 
 
CCP has recently selected Battelle to undertake a preliminary assessment of the effects of impurities in 
the CO2 streams on the aboveground processing equipment.  The study will focus on SOx and NOx 
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separation industry.  Battelle will make recommendations on the maximum levels of SOx and NOx 
impurities in an amine separation plant.  This information may be useful as a guideline for preventing 
unacceptable levels of heat stable salts from forming during regeneration and thus requiring costly 
solvent make-up.  Also, it will illustrate the potential need for pre-cleaning steps to remove these 
impurities to minimum levels prior to CO2 separation. 

• Review the literature on compressed gases to determine the corrosivity of various pipeline and 
coating materials for various partial pressures of SOx and NOx species with moisture present.  This 
data collection will result in recommendations for maximum concentrations of impurities to prevent 
unacceptable rates of corrosion. 

• Evaluate the phase behavior of multi-component gas mixtures on multi-stage compressors.  This 
research is needed because large compressors require temperature control for materials safety and to 
allow removal of condensed water.  However, interstage cooling must be controlled to prevent 
temperature drops that could permit a two-phase region (e.g. liquid + gas).  This problem arises, for 
example, due to the sizable difference in the critical temperature of CO2 (31 °C) and SO2 (158 °C).   

 
In keeping with the preliminary nature of this work, most of the research will be limited to compilation of 
information in existing literature.  Preliminary calculations may be performed.  However, a detailed 
technical assessment or predictive modeling is beyond the scope of current task 
 
 
 



891 

2.2.4.6  Experimental 
 
No experimental of laboratory studies are planned under this task.  All of the work will be based on 
literature assessment of the potential implications of SOx/NOx impurities in the CO2 streams for the 
aboveground processing equipment.  Only simple calculations will be performed if needed. 
 
Battelle proposes evaluate these issues under the following three activities: 
 
• Battelle will investigate the effects of SOx and NOx on a few selected amines that are commonly 

used by the separation industry.  Battelle will make recommendations on the maximum levels of SOx 
and NOx impurities in an amine separation plant.  This information may be useful as a guideline for 
preventing unacceptable levels of heat stable salts from forming during regeneration and thus 
requiring costly solvent make-up.  Also, it will illustrate the potential need for pre-cleaning steps to 
remove these impurities to minimum levels prior to CO2 separation. 

• Battelle will review the literature on compressed gases to determine the corrosivity of various 
pipeline and coating materials for various partial pressures of SOx and NOx species with moisture 
present.  This data collection will result in recommendations for maximum concentrations of 
impurities to prevent unacceptable rates of corrosion. 

• Battelle will evaluate the phase behavior of multi-component gas mixtures on multi-stage 
compressors.  This research is needed because large compressors require temperature control for 
materials safety and to allow removal of condensed water.  However, interstage cooling must be 
controlled to prevent temperature drops that could permit a two-phase region (e.g. liquid + gas).  This 
problem arises, for example, due to the sizable difference in the critical temperature of CO2 (31 °C) 
and SO2 (158 °C).   

 
In keeping with the preliminary nature of this work, most of the research will be limited to compilation of 
information in existing literature.  Preliminary calculations may be performed.  However, a detailed 
technical assessment or predictive modeling is beyond the scope of current proposal. 
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2.2.4.7 Results and Discussion 
 
No results are available at this time.  The project is starting at the end of July and the initial results should 
be available by early September. 
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2.2.4.8 Conclusion 
 
This task addresses the effects of impurities in CO2 streams on aboveground processing equipment.  Gas 
impurities, such as SOx and NOx, have the potential of interacting unfavorably with aboveground 
processes.  Absorption and regeneration characteristics of amine and other solvents used to separate CO2 
may be affected adversely by acid gas impurities.  Aboveground processing equipment is subject to 
corrosion by acids formed from SOx and NOx species in the presence of water.  Also, compression of gas 
mixtures is subject to condensation of the higher boiling constituents, which may limit the ability to 
achieve adequate interstage cooling and may damage the compressor.   
 
 
2.2.4.9 References 
 
No references cited. 
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2.2.5.1  Abstract 
 
This project has two goals, one to examine the potential effect of highly reactive impurities (SOx, NOx) 
on well injectivity during large-scale CO2 sequestration, and the second to review the literature to 
determine whether impurities might adversely affect enhanced oil recovery processes.  Work to date has 
focused on the second goal.   
 
Since the early 1970s CO2 has been used as an enhanced oil recovery agent; research on this technology 
predates this by nearly 20 years.  Since that time, more than 50 CO2 floods have conducted, primarily in 
West Texas, with a corresponding accumulation of field experience and production data. There has also 
grown a large technology base for the process, which we exploit in this work.   
 
Minimum miscibility pressure (MMP) is generally regarded as one of the primary determinants to the 
success of an oil-recovering CO2 flood.  Miscibility implies the total suppression of capillary forces and 
excellent oil recovery efficiency on the small scale.  However it is important to recall that other factors 
also contribute to flood efficiency, including WAG (water-alternating-gas) ratio, well productivity, and 
several reservoir-specific quantities such as heterogeneity and well spacing.   
 
Miscibility develops in most cases because the CO2 will extract intermediate components from the crude 
into the CO2 - rich phase.  The extraction depends strongly on the purity of the solvent.  CO2-N2 mixtures 
are poorer extractors than CO2 alone, whereas CO2-H2S mixtures are better extractors.  MMP should 
decrease as the solvent becomes more "oil-like."  This means that impurities in a CO2 stream that are 
more like the oil than CO2 will decrease the MMP.  Impurities that are less like the oil will increase the 
MMP.    
 
Most of the data on MMP has been captured through correlation, most commonly as statistical 
correlations.  This would be the recommended approach for subsequent estimation of the influence of 
impurities.  The dependency of MMP upon oil composition was addressed most definitively by Holm and 
Josendal (1982).   
 
Correlations dealing with CO2 stream impurity also exist.  The best of these is by Sebastian et al. (1984).  
The combination of the Holm and Josendal (1982) and Sebastian et al. correlations accounts for the major 
influences on MMP.  The accuracy is within about 50 psia, which should be sufficient for screening 
purposes.   
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2.2.5.3  Introduction 
 
One goal of this project is to apply a general purpose simulator of coupled flow, transport, geochemistry 
and interphase mass transfer to estimate the potential for incremental injectivity reduction caused by 
geochemical reactions in the brine/SOx/NOx/CO2/rock system.  Even small changes in injectivity could 
have substantial impact on the economics of sequestration projects.   
 
Many paradigms for sequestering CO2 in subsurface formations (aquifers, hydrocarbon reservoirs) take 
well injectivity for granted.  That is, the pressure gradient required to maintain CO2 flow at a prescribed 
rate is assumed to remain constant over the course of the injection operation.  The geochemical 
perturbation aris ing from the dissolution of CO2 into subsurface brines is a mechanism for altering rock 
properties, however.  Those alterations in turn have the potential for changing rock permeability and thus 
injectivity.  Even small changes in injectivity could have substantial impact on the economics of 
sequestration projects, including direct costs associated with drilling and completing new wells, well 
stimulation treatments, and consequent interruptions in the flue gas pipeline operation, and indirect costs 
such as longer times to inject the design CO2 volume.  
 
The rock properties within a few feet of a wellbore largely control injectivity.  Because all the CO2 to be 
sequestered enters the formation through this small near-wellbore region, the region will be flushed by 
millions of (local) pore volumes of gas.  Thus even slow, incremental geochemical alterations may have a 
significant cumulative effect over the months or years of the sequestration operation.  The presence of 
impurities such as NOx and SOx in the CO2 stream enhances the possibility of rock alteration, since these 
components are even more reactive than CO2 when dissolved into brine.   
 
Yet another feedback loop arises in this application, because in general the injected CO2 will be 
undersaturated with water vapor.  Thus after displacing water to irreducible saturation in the near-
wellbore pore-space, the injected CO2 will gradually dehydrate or dry the near wellbore region of  trapped 
volumes of water.  On one hand this process will concentrate the dissolved species, increasing their 
reactivity toward the formation minerals. On the other hand, the dehydration will reduce the grain surface 
area in contact with the irreducible water saturation, limiting the extent of the alteration.   
 
The geochemical changes are likely to change also the surface energies of the water/mineral interface.  
Feedback therefore exists at the grain scale as well, since the contact between irreducible water and the 
rock grains is controlled by capillary forces.  Investigation of this phenomenon is beyond the scope of the 
project proposed here; we will assume capillary forces are unaffected by geochemical reactions.  It is 
nevertheless important to note their potential influence.   For example, this investigation could find that 
the deleterious effects of impurities are self-limiting because of dehydration of the near-wellbore water 
saturation.  Such a conclusion would be regarded as tentative until a better understanding of the grain-
scale feedback is obtained.   
 
The second goal is to review information in the enhanced oil recovery, petroleum fluids and 
thermodynamics literature to evaluate whether impurities would significantly affect baseline phase 
behavior of CO2/crude oil mixtures.  The revenue from oil produced miscibly or near-miscibly by injected 
CO2 is an important potential offset to the cost of sequestration.  Thus it is of interest to determine 
whether impurities would adversely or positively move the phase boundaries on a CO2/crude oil PVT 
diagram.  Experimental work is beyond the scope of this project, but we will survey the enhanced oil 
recovery, petroleum fluids and thermodynamics literature to determine whether the effect of SOx/NOx 
can be estimated.  This survey will be expedited by easy access to more than 25 years of EOR research at 
the University of Texas at Austin.   Advances in methods for first-principles predictions of 
thermodynamic behavior of a wide range of chemical species in CO2 could be highly effective for 
estimating the influence of impurities on the phase behavior of CO2/crude oil mixtures.   
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2.2.5.4  Executive Summary 
 
This project has two goals, one to examine the potential effect of highly reactive impurities (SOx, NOx) 
on well injectivity during large-scale CO2 sequestration, and the second to review the literature to 
determine whether impurities might adversely affect enhanced oil recovery processes.   
 
Work to date has focused on the second goal.  This progress report summarizes the literature on minimum 
miscibility pressure (MMP), one of the primary determinants to the success of a CO2 flood intended to 
recover incremental oil.  Particular emphasis is placed on the effect of a diluted or impure CO2 stream.  
 
Since the early 1970s CO2 has been used as an enhanced oil recovery agent; research on this technology 
predates this by nearly 20 years.  (Enhanced oil recovery is the recovery of oil by the injection of 
materials not normally present in a reservoir (Lake, 1989).)    Since that time, more than 50 CO2 floods 
have conducted, primarily in West Texas, with a corresponding accumulation of field experience and 
production data.    There has also grown a large technology base for the process, which we exploit in this 
work.   
 
CO2 is one a family of injectants that recovers oil by mass transfer.  Other solvents in this class are 
miscible gas injection and flue gas injection.  Miscible gas injection has been underway at the Prudhoe 
Bay field for nearly 10 years.    Experience with flue gas injection, though significantly less than for CO2 
or miscible gas, is particularly relevant for the possibility of CO2 sequestration.   
 
Minimum miscibility pressure (MMP) is generally regarded as one of the primary determinants to the 
success of an oil-recovering CO2 flood.  Miscibility implies the total suppression of capillary forces and 
excellent oil recovery efficiency on the small scale.  MMP is always one of the quantities sought in a 
screening estimate of oil recovery for CO2 floods (Paul et al., 1982).  However it is important to recall 
that other factors also contribute to flood efficiency, including WAG (water-alternating-gas) ratio, well 
productivity as well as several reservoir-specific quantities such as heterogeneity and well spacing.  These 
will be addressed in a subsequent report.     
 
Miscibility develops in most cases because the CO2 will extract intermediate components from the crude 
into the CO2 - rich phase.  The extraction depends strongly on the purity of the solvent.  CO2-N2 mixtures 
are poorer extractors than CO2  alone, whereas CO2-H2S mixtures are better extractors.  MMP should 
decrease as the solvent becomes more "oil-like."  This means that impurities in a CO2 stream that are 
more like the oil than CO2 will decrease the MMP.    Impurities that are less like the oil will increase the 
MMP.   Figure 16 in Huang et al. gives a good summary of this effect.  See also Johnson and Pollin 
(1981), Whitehead et al. (1980) and Metcalfe (1981).   
 
Most of the data on MMP has been captured through correlation, most commonly as statistical 
correlations.  This would be the recommended approach for subsequent estimation of the influence of 
impurities.   The dependency of MMP upon oil composition was addressed by Johnson and Pollin (1981) 
and most significantly by Holm and Josendal (1982).  The latter was the culmination of several years of 
work (Holm and Csaszar, 1982; Holm and Josendal, 1974) on MMP.  We regard Holm and Josendal 
(1982) as the definitive work on MMP because (i) the measure of intermediate content in the crude is 
quantitative and extensive (it extends to C30), (ii) it makes use of a lumped measure of solvency that 
should be useful with impure Holm and Josendal (1982) streams, and (iii) the correlations are linear.  This 
method also requires the most information about the crude.   
 
Correlations dealing with CO2 stream impurity also exist.   The best of these is by Sebastian et al. (1984).  
The combination of the Holm and Josendal (1982) and Sebastian et al. correlations accounts for the major 
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influences on MMP.  The accuracy is within about 50 psia, which should be sufficient for screening 
purposes.   
 
 
2.2.5.5  Experimental 
 
Not applicable.  This work is a literature survey. 
 
 
2.2.5.6  Results and Discussion 
 
The objective of this project is to discuss a literature review of the effect of carbon dioxide (CO2) on oil 
recovery with particular emphasis on the effect of a diluted or impure CO2 stream.  
 
Since the early 1970s CO2 has been used as an enhanced oil recovery agent; research on this technology 
predates this by nearly 20 years.  (Enhanced oil recovery is the recovery of oil by the injection of 
materials not normally present in a reservoir, Lake, 1989.).  Since that time, more than 50 CO2 floods 
have conducted, primarily in West Texas, with a corresponding accumulation of field experience and 
production data.    There has also grown a large technology base for the process, which we exploit in this 
work.   
 
CO2 is one a family of injectants that recovers oil by mass transfer.  Other solvents in this class are 
miscible gas injection and flue gas injection.  Miscible gas injection has been underway at the Prudhoe 
Bay field for nearly 10 years.  Experience with flue gas injection, though significantly less than for CO2 
or miscible gas, is particularly relevant for the possibility of CO2 sequestration.   
 
This progress report summarizes the literature on minimum miscibility pressure (MMP), thought to be 
one of the primary determinants to the success of an oil-recovering CO2flood.  MMP is only one of the 
factors that determine the efficiency of a CO2 flood.   Other factors include mobility ratio, WAG (water-
alternating-gas) ratio, well productivity as well as several reservoir-specific quantities such as 
heterogeneity and well spacing.  These will be addressed in a subsequent report.  MMP is always one of 
the quantities sought in a screening estimate of oil recovery for CO2 floods (Paul et al., 1982).   
 
As mentioned above, CO2 recovers oil by mass transfer and if mass transfer is strong enough, the CO2 
will become miscible with resident crude.    Miscibility implies the total suppression of capillary forces 
and excellent oil recovery efficiency on the small scale.  In most cases the CO2 will cause intermediate 
components from the crude to pass into the CO2 - rich phase creating, after a few contact, an enriched 
mixture that is miscible with the crude.  In this vaporizing gas drive process, the CO2, though initially 
immiscible with the crude is said to have developed miscibility through the extraction.  The extraction 
depends strongly on the purity of the solvent; carbon dioxide-nitrogen mixtures are poor extractors than 
CO2 alone.  On the other hand, carbon dioxide-hydrogen disulfide mixtures are better extractors.   
 
A common way to gauge the approach to miscibility is through slim tube experiments.  In these 
experiments a permeable medium is saturated with a crude and then, at constant temperature, subjected to 
a succession of CO2 displacements at successively higher pressures.   The ultimate oil recovery in these 
experiments tends to increase with pressure and, further, the recovery tends to level off at some specific 
pressure.  This threshold pressure is defined as the minimum miscibility pressure or MMP.   If attaining 
miscibility is difficult, the MMP with the high; if easy it will be low.    MMP is actually an analogue 
quantity for minimum miscible enrichment (MME) previously proposed for miscible gas injection 
(Benhan et al., 1961).   
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Interestingly, though MMP is defined in term of oil recovery in a flowing medium, it is also intimately 
associated with the phase behavior of CO2-crude mixtures.  This means that MMP has a thermodynamic 
basis.   
 
There are three ways to estimate minimum miscibility pressure: 
 
1.  Experimental.  Within this category are 
 
a.  The slim tube experiment discussed above.  This is the most common way. 
 
b.  The rising bubble apparatus.  This technique estimates miscibility as the height in a column of crude at 
which a bubble of CO2 disappears under gravity rise.  The can be translated into a pressure and thence to 
MMP.  This technique is offered as a commercial service but is much less used than the slim tube 
experiment. 
 
c.  Vanishing interfacial tension.  This technique relies on the direct correspondence between miscibility 
and non-zero interfacial tension (Rao, 1997).  The extrapolation of IFT to zero with increasing pressure 
determines the MMP.  This technique, being much newer than the others, is the least used of all (Rao and 
Lee, 2003).   
 
2.  Theoretical.  Because of the thermodynamic basis of MMP, it can be estimated by calculation.  There 
are two broad categories of this 
 
a.  Mixing cell models.  These are calculations in which solvent is mixed with crude in a succession of 
well-mixed cells.   The solvent-crude mixtures comes to equilibrium after each mixing and the 
equilibrated gaseous phase (solvent plus extracted intermediate components) pass to another cell for 
further equilibration.  There are specialized simulators for this (Walsh, 19xx), but the calculate can be 
done with any commercial compositional simulator.   
 
b.  Method of characteristics (MOC) models.  In the limit of zero dispersion--which all mixing cell 
models posses to some degree--the MOC provides a direct measure of the MMP through quasi-analytic 
calculation.  This procedure has been developed to high sophistication by the Stanford group, as reported 
on through several publications (for example, Wang and Orr, 1997; Wang and Orr, 2000).  The ability of 
making these calculations exists on desk-top computers within the UT PGE department (Dindoruk et al., 
1997) and this method would be a method of choice for future work because it is unrestricted with respect 
to the identity of components in the solvent. 
 
3.  Correlation.  Because of the expense of making site-specific MMP measurements, much of the slim 
tube data has been captured through correlation.  There are two types 
 
a.  Neural networks.  The complexity of the dependencies of MMP has led some to exploit artificial 
neural networks for correlation (Huang et al., 2003).   The success of this has been good but neural 
network are not easy to use for independent calculation. 
 
b.  Statistical correlation.  By far the most common type of correlation has been statistical correlation and 
this, along with the MOC approach above, would be the recommended approach for subsequent 
estimation.  Before reviewing these, we review some of the qualitative trends of MMP with other 
quantities. 
 
That the composition of crude oils is highly variable accounts for the complexity of MMP correlations.  
General trends are 
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i.  MMP should increase with temperature.  That is, it should be more difficult to develop miscibility at 
high pressure and at low pressure. 
 
ii.  MMP should decrease with intermediate content in the crude.  This is a logical consequence of the 
development of miscibility being predicated on the extraction of intermediates.  There is, unfortunately, 
no simple way of simply characterizing the intermediate content in crudes.   
 
iii.  MMP should decrease as the solvent becomes more "oil-like."  This means that impurities in a CO2  
stream that are more like the oil than CO2 will decrease the MMP.  Impurities that are less like the oil will 
increase the MMP.   Figure 16 in Huang et al. gives a good summary of this effect.  See also Johnson and 
Pollin (1981), Whitehead et al. (1980) and Metcalfe (1981).   
 
We now turn, in conclusion, to the more significant MMP correlations. 
 
Yellig and Metcalfe (1980) gave one of the earliest (and most controversial) correlations.  This correlation 
was only for West Texas crudes and was light on composition dependence (item ii above) --which 
accounted for the controversy.   
 
The compositional dependency was addressed by Johnson and Pollin (1981) and, most significantly, by 
Holm and Josendal (1982).  The latter was the culmination of several years of work (Holm and Csaszar, 
1965; Holm and Josendal, 1974) on MMP.  The earliest of these (Holm, 1961) gives some idea of the 
maturity of the CO2 flooding technology.    
 
We regard Holm and Josendal (1982) as the definitive work on MMP because (i) the measure of 
intermediate content in the crude is quantitative and extensive (it extends to C30), (ii) it makes use of a 
lumped measure of solvency that should be useful with impure Holm and Josendal (1982) streams, and 
(iii) the correlations are linear.  This method also requires the most information about the crude.   
 
Correlations dealing with CO2 stream impurity also exist.  Perhaps the best of these is by Sebastian et al. 
(1984) who attempted to combine all of the effects i - iii into the following single correlation of deviations 
away from the CO2 critical temperature. 
 

    

PMM

PMM( )CO2

= 1.0 -  2.13×10-2( )Tpc − Tc( )+ 2.51×10-4( )Tpc − Tc( )2

−  2.35×10-7( )Tpc − Tc( )3

 

 
where 

    PMM  is the MMP  of a solvent against a particular crude 
 

    
PMM( )CO2

 is the MMP of a pure CO2  solvent as from, for example, the Holm and Josendal correlation. 

 

    Tc  is the critical temperature of CO2 , and  
 

    Tpc is the pseudo-critical temperature of an N-component solvent, where 
 

    
Tpc = y i

i=1

i=N
∑ Tci  
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and   y i  is the mole fraction if component i in the solvent.  Both temperatures are in degrees Rankine. 
 
The combination of the Holm and Josendal (1982) and Sebastian et al. correlations gives the combined 
effects i - iii discussed above.  The accuracy is within about 50 psia, which should be sufficient for 
screening purposes.  We will report example calculations in future work.  
 
 
2.2.5.7  Conclusion 
 
The several decades of literature on field and laboratory CO2 flooding provide a reasonably sound 
foundation for estimating the effects of impurities in the CO2 phase on enhanced oil recovery behavior.  
The minimum miscibility pressure (MMP) is a widely used measure of enhanced recovery performance 
for CO2 flooding.  Usually miscibility develops during injection as the CO2 extracts intermediate 
components from the crude into the CO2 - rich phase.  The solvent composition strongly influences the 
extraction process.  MMP should decrease as the solvent becomes more "oil-like."  Thus impurities in a 
CO2 stream that are more like the oil than CO2 will decrease the MMP.    CO2-N2 mixtures are poorer 
extractors than CO2 alone, whereas CO2-H2S mixtures are better extractors.   
 
A number of techniques have been developed in the literature for determining MMP.  The most common 
and most convenient are statistical correlations.  We have identified correlations of MMP with solvent 
composition that should allow fairly accurate estimates of the tradeoff between oil recovery vs. the cost of 
impurity removal. In the next stage of the work we will carry out simple illustrative calculations with 
these correlations.    
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2.3  Integrity 
 

2.3.1  Evaluation of Natural CO2 Charged Systems as 
Analogs for Geologic Sequestration 
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2.3.1.1  Abstract 
 
The study of natural, leaking CO2-rich groundwater systems provides an opportunity to understand why 
some geologic systems cannot reliably contain CO2 for long periods of time, and how the flow of large 
volumes of CO2 gas may occur in a natural system.  Two fault zones in the central Colorado Plateau of 
the western United States crosscut sandstones, shales, and siltstones, which would typically create fault 
seal by the mechanisms of clay-shale smear and cataclasis.  However, these faults leak CO2 to the surface 
through several low-temperature springs and geysers localized in the fault zones.  We characterize the 
sources, flow paths, and chemical evolution of the emanating gases and waters using their isotopic and 
compositional chemistries.  Six springs and geysers associated with the fault zones are very saline, with 
total dissolved solid va lues ranging from 13,848 to 21,228 mg/l, and all fall in the sodium-chloride 
chemical facies.  Solute chemistries indicate that simple calcite and halite dissolution alone are not 
occurring.  Hydrogen and oxygen isotopic compositions of the waters indicate a meteoric source.  Values 
of d13C of total dissolved carbon for three locations are 0.0, 0.7 and 1.2‰.  The gases emanating from all 
springs are CO2 rich (95.66 to 99.41%) with minor amounts of N2, O2, and Ar.  The latter gases probably 
originate from entrainment of slight amounts of atmospheric gases as they bubble or erupt.  The average 
d13C value of the CO2 gases is -6.60‰ ± 0.13‰.  Helium isotopes for two locations have R/Ra values of 
0.302 and 0.310, and CO2/3He values of 1.75E+11 and 2.92E+11.  These values indicate crustal gas with 
a small amount of air.  Comparison of carbon isotopes of gas, water, and calcite carbonate species at the 
surface indicates that the three phases are in isotopic equilibrium.  In this sedimentary basin, processes 
that can generate large amounts of CO2 gas with carbon isotope values in the range mentioned above are 
diagenetic clay-carbonate reactions and/or hydrothermal decarbonation of carbonates.  Since intrusives 
are far from the field area and the CO2/3He values do not indicate magmatic contribution, clay-carbonate 
reactions are probably the most likely source of the CO2 gas.  The thermal burial history of the basin 
indicates impure carbonates have achieved temperatures sufficient to produce CO2 by clay-carbonate 
reactions.  Our conceptual flow model depicts gas from depth (~>1 km) traveling upwards along the 
faults and entering shallower formation waters.  The waters and gases then both discharge to the surface 
into zones compromised by faults. 
 
Geologic mapping and cross section analysis, combined with the geochemical data and regional synthesis 
of water and gas chemistries suggest that CO2 is sourced from diagenetic clay-carbonate reactions, 
perhaps occurring at the same time as hydrocarbon catagenesis.  The CO2 flows appears to flow laterally 
in reservoirs that have a top seal composed of shale -rich rocks.  When the CO2 reaches the faults, it 
vertically for 1- 1.5 km, and deposition rates appear to be relatively fast, indicated by the size of modern 
travertine mounds, and the textures of calcite in veins. 
 
These results demonstrate the importance of maintaining seal rock integrity in any designed storage 
system, and leaking natural systems show that some systems will not be self-sealing.  
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2.3.1.4  Introduction 
 
Effective design and implementation of geologic CO2 sequestration projects require that we understand 
the storage capacity of a candidate site, the trapping mechanisms for gas, and the hydrodynamics of the 
system. The CO2 must be effectively segregated from the atmosphere for periods of thousands of years 
(Rochelle et al. 1999). Natural sources of CO2 include mantle degassing, metamorphism or dissolution of 
carbonates, oxidation or bacterial degradation of organic matter, and thermal maturation of hydrocarbons 
(Selley 1998). Numerous naturally occurring gas fields contain large amounts of CO2, providing 
analogues for the integrity of stored gas systems (e.g. Allis et al. 2001). In some CO2 fields, however, gas 
leaks into the atmosphere, primarily along faults. We can study these active leaks to understand the 
factors that might control the feasibility and safety of future CO2 injection projects and guide the design 
and implementation of such projects. 
 
The hydrology, stratigraphy, structural geology, and geochemistry of naturally degassing CO2 reservoirs 
in the Colorado Plateau of East-Central Utah are examined. The CO2 discharges from the hydrocarbon-
rich Paradox Basin along the Little Grand Wash and Salt Wash faults. These faults crosscut sandstones, 
shales, and siltstones producing zones of clay-rich gouge that should theoretically be a barrier to flow 
(e.g, Freeman et al. 1998). CO2-charged springs and geysers, travertines (both active and ancient), and 
carbonate-filled veins are localised along the fault traces. The faults are presently conducting CO2-rich 
fluids and the fault seal has clearly failed numerous times in the past. Abandoned hydrocarbon boreholes 
are also active conduits for CO2 to the surface (Doelling 1994).   
 
The Colorado Plateau and Four Corners region of the western United States contains at least nine 
producing or abandoned CO2 fields with up to 28 trillion cubic feet of CO2 gas (Allis et al. 2001). Most of 
these fields are fault-bounded anticlines with four-way anticlinal closure or fault seal along one margin of 
the field. We focus on the Little Grand Wash and Salt Wash faults, which are at the northern end of the 
Paradox Basin. This basin contains a number of actively producing oil and methane fields, as well as CO2 
fields including the Lisbon and McElmo Dome fields. Immediately south of the study area is the 
abandoned Salt Wash oil field (Peterson 1973). To the north of the Paradox Basin are the active natural 
gas and CO2 fields of the San Rafael Swell (e.g. Drunkards Wash, Ferron Dome). Many of the natural gas 
fields in the area produce significant amounts of CO2 (Cappa and Rice 1995), much of which is vented to 
the atmosphere. 
 
The Paradox Basin is defined by the extent of organic -rich Pennsylvanian and Permian marine 
limestones, shales and evaporites (Fig. 2.3.1.4(1)). Hydrocarbon source rocks occur in the Ismay-Desert 
Creek and Cane Creek cycles of the Paradox Formation (Nuccio and Condon 1995), a mixed sequence of 
dolostone, black shales, anhydrite, and halite. These are overlain by Triassic and Jurassic fluvial and 
aeolian redbeds. The oldest lithologies that crop out in the study area are red-brown fine-grained 
sandstones of the Middle Jurassic aeolian Entrada and Curtis Formations. The Middle Jurassic 
Summerville Formation forms characteristic low cliffs with thin bedding and seams of gypsum. The 
Upper Jurassic Morrison Formation consists of stacked fluvial channels of the Salt Wash Sandstone 
member, overlain by the bentonite-rich lacustrine shales of the Brushy Basin member. The Lower 
Cretaceous Cedar Mountain Formation and the Upper Cretaceous Dakota Sandstone are conglomeratic 
channel sandstones. The youngest formation exposed in the field area is the Upper Cretaceous Mancos 
Shale, a dark organic-rich marine shale. Approximately 2500 m of Cretaceous and Tertiary rocks have 
been eroded from the area (Nuccio and Condon 1996). 
 
The Little Grand and Salt Wash faults (Fig. 2.3.1.4(1)) affect the present-day flow of CO2 gas and water. 
Carbonate springs, an active CO2-charged geyser, and actively forming travertine deposits are localized 
along the Little Grand Wash fault zone (Baer and Rigby 1978; Campbell and Baer 1978; Doelling 1994). 
Numerous CO2-charged springs occur in the region of the Salt Wash faults (Doelling 1994). The faults 
are part of a WNW trending set of 70 to 80º dipping normal faults in the region. Timing of continued 
movement along these faults is poorly known, though we present arguments below for Early Tertiary and 
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Quaternary slip. The faults cut the Mancos Shale consistent with substantial fault activity having occurred 
at least up to the Middle Cretaceous. The faults also cut a north plunging anticline Figure 2.3.1.4(1), 
which could be related to salt movement in the Paradox Formation at depth. A basin-wide system of salt 
anticlines initiated when the salt was loaded by the Pennsylvanian/Permian clastics shed off the 
Uncompagre uplift to the northeast. Reactivation of the salt-related anticlines and faults occurred during 
Laramide (Eocene) contraction (Chan et al. 2000). 
 

 
 
Figure 2.3.1.4(1)  Regional geologic setting of the study area.   LGW_ Little Grand Wash fault: SW – Salt Wash 
fault.  These faults cut upper Paleozoic through Cretaceous sedimentary rocks.  Carbonate deposits are located 
along the faults, and active springs, seeps, and geysers are indicated by the red dots.  
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2.3.1.5  Executive Summary 
 
Characterization of the mechanisms and magnitude of CO2 leakage through the Little Grand Wash and 
Salt Wash faults requires that the CO2 sources, pathways, volumes, and rates of flow be determined. The 
distribution of the fault-associated rocks and related outcrop-scale structures of travertines and carbonate 
veins are used to characterize the flow paths. The geochemistry of the spring waters, carbonates, and 
travertines identify the potential sources of the fluids in the system. Integration of  these data is used to 
develop a conceptual model for the groundwater/CO2 flow system (source, pathways, reservoir and cap 
rocks).    
 
As our work is approaching the end of its timeframe, we have achieved many of our research objectives.  
To date we have completed the geologic analyses of the area, which includes geologic mapping, analysis 
of subsurface data. We show that the faults in the area sole into salt deposits at ~ 1.5 km depth, and have 
experienced repeated motion over time.  The field relationships and textures of veins and travertines 
associated with the faults indicate repeated and numerous episodes of carbonate charge from some depth, 
and in some cases, their deposition rates were rapid.   
 
Geochemical studies constrain the source of CO2 and indicate a likely flow path.  Based on water and gas 
chemistry and isotopic analyses, it is shown that the CO2 is sourced at depth from a series of clay-
carbonate reactions.  Upward migration of the CO2 – charged waters probably resulted in exsolution of 
the CO2 into the vapor phase.  Further research will examine the rates of flow, rates of carbonate 
deposition, and explore numerical models of the system.  
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2.3.1.6  Experimental 
 
2.3.1.6.1  Introduction 
 
Historically, there are diverse reasons for interest in naturally CO2 - charged systems, the most recent 
being geologic sequestration of CO2.   A voluminous literature resource is therefore available as a guide 
to data collection design and sampling techniques.  Precision and accuracies of sampling approaches 
differ in ways that are not always stated.  Some papers call for standardization of data presentation or at 
least a delineation of problems unique to CO2-rich systems (Lesniak, 1994; Pearson, 1978).  Also, typical 
guidelines for some aspects of the sampling of “average” groundwaters and gases are not suited to 
particular problems found in the CO2-rich environment by such phenomena as CO2 outgassing which can 
substantially alter the chemical and isotopic properties of groundwater and subsurface gases (Pearson et 
al., 1978).   
 
Due to the unstable physicochemical nature of subsurface gases and waters, careful planning of data 
collection procedures is required.  Some properties of subsurface fluids change within only a few minutes 
following sampling and hence require immediate analysis in the field, whereas other properties can be 
preserved in the field and then determined later in a laboratory (Wood, 1981).  Regarding CO2-rich 
environments, even further instability of properties is common.  CO2-rich waters typically degas and CO2  
as they travel to and reach the surface.  This degassing occurs due to the differences in PCO2 of the waters 
and the atmosphere. Degassing can affect both chemical and isotopic properties of the gases and waters 
such as d 13C values and pH (Pearson et al., 1978).   We have developed a detailed description of the 
sampling methods used in this study, and have identified the sources of errors that might result both as a 
function of the sampling protocol and of the natural variability of the systems studied.   
 
2.3.1.6.2  Gas -related data collection 
 
As CO2- or gas-saturated groundwaters travel to the surface, a separate gas phase may develop due to a 
loss of hydrostatic pressure (Pearson et al., 1978; Lesniak, 1998).  The free gas phase can be directly 
sampled at the surface or a water sample can be collected from which dissolved gases are later collected.  
The separate gas phase may not reflect accurately the in situ gas conditions; however, it typically provides 
an approximation of the dissolved gases which is sufficient for isotopic determinations (Clark and Fritz, 
1997).  The concentrations of the chemical species in subsurface gases can help indicate which reactions 
may have produced the gas (Hunt, 1996).  Gases impact redox, isotopic, and geochemical process in 
subsurface systems and are important as data inputted into thermodynamic geochemical models (Clark 
and Fritz, 1997).  
 
2.3.1.6.2.1 Gas sampling for volumetric compositional percentages and isotopes 
 
The same type of sampling can be conducted to provide gas for compositional volumetric ratios and 
isotopic  analysis (13C, 18O, and 2H of CO2 and CH4) (Clark and Fritz, 1997).  Compositional analysis by 
gas chromatography determines the percentages of fixed and hydrocarbon gases including: N2, O2, Ar, 
CO2, CO, H2, He, H2S, CH4, C2H6, C2H4, C3H8, C3H6, iC4H10, nC4H10, iC5H12, nC5H12, and C6+.  Isotopic 
analysis aids in determining the source of the gases (Clark and Fritz, 1997). 
 
At natural springs or artesian wells, the free gas phased can be sampled simply using a well-rinsed glass 
or thick-walled polypropylene bottles; soda pop bottles with screw-on caps can also be used (Clark and 
Fritz, 1997).  Shrum (1993) and Heath (in prep.) used glass bottles with resealable rubber-o-ringed 
porcelain caps (Grolsch Beer bottles).  The following technique works best if a small pool of water has 
formed at the vent of the spring or site being sampled and follows closing instructions given by Clark and 
Fritz (1997).  The bottle is rinsed with the emanating water. The container is filled under water and 
inverted such that the opening of the bottle is pointing downwards.  A funnel is fit into the neck of the 
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bottle without allowing atmosphere to enter under the upside down bottle.  The bottle and funnel are 
placed in the path of the rising bubbles.  Clark and Fritz (1997) recommend that 50% of the water should 
be displaced by the gases before the bottle is sealed under water.  After sealing, the bottle is keep upside 
down to keep the cap wet in order to minimize diffusion.  The bottles are delivered to an analytic 
laboratory.  For the study of CO2-rich systems, the sampled bottles were sent to Isotech Laboratories, Inc., 
located at Champaign, IL for both gas chromatographic and isotopic analysis. 
 
Possible error occurs if bottles are not tightly sealed or the improper sampling allows atmospheric gases 
to enter the bottles.  Quality assurance planning should require careful sampling.  If N2/Ar ratios of the 
sampled gases and atmospheric gases are compared, possible atmospheric contamination can be identifed 
(Shrum, 1993; Heath et al., in prep.).  
 
 
2.3.1.6.2.2  Gas sampling to obtain helium-isotope data 
 
Helium isotope ratios can be useful in determining if subsurface gases are from crustal or mantle / 
magmatic sources.  The mantle is the largest reservoir of 3He.  This primordial helium was incorporated 
in the mantle when the earth was formed.  Radioactive decay processes in the crust have highly enriched 
the crust in 4He relative to 3He (Clark and Fritz, 1997).  Helium isotope data is presented as the ratio 
R/Rair, where R is the 3He/4He ratio of the sample and Rair is 3He/4He ratio of air (1.38E-6).   
 
Crustal fluids typically have R/Rair values of ~0.02, whereas mantle derived gases typically approach the 
MORB (mid-oceanic ridge basalt) of ~8 (Kennedy et al., 1997).  Typical R/Rair values for mantle, crustal, 
and atmospheric sources along with R/Rair values for a sample can be used in a mixing equation to 
determine what proportions of a sample are made up from these sources.  Crustal-sourced He, having 
R/Rair values less than one, makes their distinction from mantle -derived  (Dai et al., 1996).  It should be 
noted, however, that the differing physicochemical properties of He and CO2 and mixing does not 
guarantee that association of these two gases indicates common origin.  
 
2.3.1.6.3  Compositional and isotopic data collection techniques for waters  
 
2.3.1.6.3.1  Collection of pH data 
 
The pH of groundwaters is a fundamental parameter because it is impacted by and reflective of chemical 
equilibrium and kinetics of many reactions.  The value of pH is related to reactions that consume or 
produce hydrogen (Hem, 1985) such as acid and base dissociations, and hydrolysis (Wood, 1981).  The 
weak acid geochemistry of carbon in groundwaters, therefore, influences the pH of CO2-rich 
groundwaters.  Incorrect determination of pH by 0.1 units results in large uncertainties of about 24% in 
geochemical calculations of mineral saturation indices (Pearson et al., 1978).  
 
A major source of potential error is the outgassing of CO2 as groundwaters reach the surface.  This occurs 
due to differences of PCO2 of the ascending groundwater and the PCO2 of the atmospheric.  Also, the loss of 
hydrostatic pressure allows for the formation of a free gas phase (Lesniak, 1998).  Significant CO2 
outgassing increases the pH of waters by the following reaction: 
 

H+ + HCO3
- ?  H2CO3* ?  CO2(g) + H2O 

 
where H2CO3* consists of both CO2(aq) and H2CO3 (Kehew, 2001).  If the sampled waters are exposed to 
the atmosphere and allowed to outgas during measurement, much outgassing may take place before the 
electrode system of the pH meter reaches a steady electronic (emf) signal.  The measured valued may 
therefore be of higher pH than the actual pH of the sampled waters (Pearson et al., 1978).  
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Older instructions such as those given by Wood (1981) allow sampled water to be exposed to the 
atmosphere during measurement.  Wood (1981) realized outgassing can occur and recommend using a 
tightly fitted stopper on the beaker from which the pH reading is made.  More recent sampling 
instructions provided by the U.S. Geological Survey TWRI Book 9 (1998) address the degassing 
problem.  These procedures recommend using downhole or flowthrough-chamber equipment.  Emphasis 
is made that downhole measurements are the most likely to represent actual in situ pH.  Thus, whatever 
sampling method is chosen, the care taken should be commensurate with the data quality needs of the 
project in question.  
 
For very careful geochemical work on springs, a method to correct pH measurement errors due to any 
outgassing is suggested by Pearson et al. (1978).  This method requires pH measurements to be made, but 
these during these measurements, outgassing is allowed to occur.    Solution composition and temperature 
data is also collected.  During the same collection activity, measurement is also made to determine in situ 
partial pressure of dissolved CO2.  This procedure involved the use of a pump (peristaltic, submersible, or 
gravity flow) to supply “uncontaminated, full-column flow of sample water” to a sample flask (Pearson et 
al., 1978).  The sample flask contained a large chamber through which water was allowed to flow to flush 
the flask.  Then the flask was closed and the water was allowed into degas into a previously evacuated 
sidearm.  The gas phases of the sidearm was analyzed by gas chromatography and these, plus the volumes 
of the main and sidearms, were used to calculate PCO2.  Using the previously measured pH and solution 
composition, a geochemical model was used to model the composition of the water if the calculated PCO2 
of the model were to match that of the in situ value.  As this calculation was made, pH was allowed to 
change and hence a corrected pH value was obtained.  The Pearson et al. method, therefore, essentially 
bypasses outgassing errors.  The error associated with the in situ measurement of PCO2 is also very small.  
A PCO2 error of 5% only results in mineral saturation index error of 0.02 units (Pearson et al., 1978).   
 
In conclusion, careful measurement of pH is important for the interpretation of geochemical data, but the 
actual sampling procedure should be influenced by the degree of accuracy needed for a specific project. 
 
 
2.3.1.6.3.2  Determining field alkalinity 
 
Detailed explanation of field alkalinity and sampling procedures is given by the U.S. Geological Survey 
in the “National Field Manual for the Collection of Water-Quality Data” (1997 to present).  Alkalinity is a 
measure of the acid neutralizing capacity of a filtered water sample (Rounds and Wilde, 2001); or in other 
words, the amount of titratable bases by a strong acid (Kehew, 2001).  The U.S.G.S. provides the 
qualification that if a titration is performed on an unfiltered sample, then the measured quantity is called 
acid neutralizing capacity, not alkalinity, which also includes the sum of all titratable bases plus 
particulate matter by a strong acid (Rounds and Wilde, 2001).  Therefore, if water samples do not contain 
particulate matter, then alkalinity and acid neutralizing capacity values would be the same (Rounds and 
Wilde, 2001).  The importance of alkalinity derives from its buffering capacity of groundwater; or rather, 
its regulation of pH which in turn impacts chemical and biological processes (McLean, 2002).  Alkalinity 
can also be used to calculate concentration of carbonate species (Rounds and Wilde, 2001). 
 
 
2.3.1.6.3.3  Sampling for major ions 
 
Solute geochemistry, the chemistry of dissolved constituents, is not generally directly applicable to 
determine the source of a given groundwater.  It basically reflects the “nature and extent of mineral-water 
exchange reactions” (Sheppard, 1986).  Understanding mineral-water reactions can help determine what 
rocks a body of groundwater has traveled through.  For water to have a certain composition, it must have 
been in contact with certain minerals or gases.  Therefore, having a good description of the lithology of 
potential aquifers is important to chemically link a groundwater to that aquifer.   
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Solute geochemistry is also very important to aid and complement in the interpretation of isotopic data 
(Clark and Fritz, 1997).  As an example, work by P.l Lesniak will be briefly reviewed.  In “d13C in low 
temperature, CO2-charged waters: a need for consistency with carbonate chemistry” he mentions that 
some researchers had mistakenly assumed that the d13C value of total dissolved carbonates represents the 
d13C value of the aqueous species HCO3

- (Lesniak, 1994).  This mistaken assumption has lead to 
erroneous interpretations.  Lesniak (1994) determined that the collection of solute chemical data obtained 
at the same time as d13C data of total dissolved carbon allows for the determination of d13CHCO3-.  This 
data transformation will be further covered in the next section which covers the synthesis of chemical and 
isotope data. 
 
Samples are collected to determine major cation (Ca2+, Mg2+, Na+, K+, and SiO2) and anion (Cl-, SO4-, and 
possibly NO3

-, F-, and Br-) concentrations.  Collection is straight forward.  Directions from 
“Environmental Isotopes in Hydrogeology” are summarized here (Clark and Fritz, 1997).  Use thoroughly 
rinsed 50 ml polypropylene bottles for both cations and anions.  Using a 0.45 µm positive pressure 
filtering system, filter water into sample bottles and rinse bottles and cap at least two times.  Fill anion 
bottle completely and cap.  Fill cation bottle leaving 2-ml head space.  Acidify cation bottle with reagent 
grade HNO3 to a pH of 2.  The acidification keeps cations from precipitating out of solution.  Keep 
samples at 4°C and deliver to laboratory. 
 
Quality control such as trip blanks, field blanks, field duplicates are probably not necessary for the 
collection of major ions.  Trip blanks are typically used if data collection involves volatile organics, 
gasoline range organics, or petroleum volatile organic compounds.  Field blanks are used if contamination 
from sampling equipment may occur.  This may be the case if sampling equipment used is not dedicated 
for well sampling or not disposed after single use.  Field duplicates are also typically used for sensitive 
data collection such as volatile organics.  A simple accuracy check on the quality of major ions is the 
charge balance error (or cation-anion balance) expressed by the following equation (Hem, 1986): 
 

100×
Σ+Σ
Σ−Σ

=
ac

ac

zmzm
zmzm

E  

 
where z is the ionic valence, mc is the molality of cation species, and ma is the molality of anion species 
(Freeze and Cherry, 1979).  If analytical results have already been transformed to milliequilvalents per 
liter, then the valence term in this equation can be omitted.  A balance error of five percent or less is 
typically acceptable (Freeze and Cherry, 1979) and samples of intermediate salinity of 250-1000 mg/L  
usually do not have errors greater than one or two percent (Hem, 1985).  Note, however, that in some 
cases individual errors of cations and anions can cancel each other out (Freeze and Cherry, 1979) thus 
charge balance error is not a definitive check on the accuracy of an analysis.  This check does include the 
anion bicarbonate which is determined by field alkalinity tests.  Field alkalinity may involve uncertainty 
which may impact the error of the charge balance.  Thus charge balance error may have implications in 
the analysis of cations, anions, or field alkalinity.       
 
 
2.3.1.6.3.4  Sampling to obtain dD and d18O data 
 
In a graph of d2H versus d18O, the source and history of a groundwater determines where it plots in 
relation to the mean water line (MWL) as given by Craig’s (1961) equation: 
 

108 18 += OD δδ  
 
Most meteoric wate rs will plot near the MWL (± 1 ‰ d18O of this line).  Shallow groundwaters derived 
from a meteoric source will reflect the isotopic composition of the meteoric precipitation and plot very 
near to the MWL, unless the precipitation had undergone excessive evaporation prior to infiltration 
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(Sheppard, 1986).  Waters that have experienced evaporation typically plot away from the MWL on 
evaporation trajectories with slopes of ~5 (Faure, 1986).  Hydrothermal groundwaters typically show 
oxygen isotope values that have been shifted to the right (toward more positive 18O values) of the MWL.  
In hydrothermal environments, the increased temperature decreases the value of the fractionation factor 
between the oxygen in the water and the oxygen in the silicate or carbonate rocks, allowing the oxygen 
isotope values of the water to become closer to the more enriched oxygen isotope values of the rocks.  
There is no d2H shift in geothermal waters, because silicate and carbonate rocks have low concentrations 
of hydrogen compared to the hydrogen content of water (Faure, 1986).  Other groundwaters that will plot 
away from the MWL are waters that have equilibrated with magmas or rocks experiencing 
metamorphism. 
 
Sampling for δD and δ18O is relatively simple since these parameters are not readily affected by chemical 
or biological processes (Clark and Fritz, 1997).  The only equipment needed is the appropriate container.  
Clark and Fritz (1997) recommended plastic screw cap bottles with a volume of 100 mL (minimum 
volume 10 mL) made from high-density linear polyethylene, linear polyethylene, or polypropylene.  
Stephen Nelson of the isotope laboratory at Brigham Young University (BYU), suggests the use of one 
ounce brown glass bottles with polyseal caps for sampling (personal electronic  email, 13 May 2001).  The 
brown glass impedes biota from growing.    The sample bottle is simply filled with the emanating water 
and capped with no head space.  The samples do not need to be chilled and storage life for a well sealed 
bottle is greater than one year (Clark and Fritz, 1997).     
 
Error from sampling will result if sampling bottles do not tightly seal and evaporation occurs.  The 
researcher collecting data should be aware that although field sampling is relatively straightforward, 
laboratory analysis for δ18O may be somewhat more complicated in that typical waters are not enriched in 
CO2 gas.  At the isotope laboratory at BYU where the Heath (in prep.) analyzed his samples it was found 
that the high content of CO2 causes problems when the samples are run by routine continuous flow 
methods on a Finnigan MAT Deltaplus mass spectrometer.   
 
At BYU, 18O/16O isotopic analysis is completed by placing 0.5 ml of a sample into a 10 mL vial.  The 
water is allowed to equilibrate with a gas mixture that is 99% He and 1% CO2.  The equilibration is 
carefully temperature controlled, because the fractionation of oxygen between H2O and CO2 is 
temperature dependent.  Samples with high levels of CO2, when analyzed in this manner, degas into the 
headspace of the vial, greatly increasing headspace CO2 concentrations.  When the gas is analyzed in the 
mass spectrometer, the gas produces too much signal.  To overcome this problem, the CO2-rich water 
samples can be prepared offline by conventional means so that they can be run in the dual inlet of the 
mass spectrometer, which can accommodate much higher levels of CO2.  This brief digression into the 
laboratory analysis of oxygen isotopes was made to illustrate a potential analytical problem that is not 
typically dealt with during the analysis of waters not rich in CO2 gas.  Thus, even if the researcher is not 
involved with actual laboratory work and only field sampling, he/she should still insure that the 
laboratory completing the analysis can accommodate this extra complication.         
 
In the case of this work, the degassing problem during laboratory analysis was not overcome by 
conventional offline preparation, but by degassing the samples of CO2 before oxygen analysis on the mass 
spectrometer.  This was accomplished by placing 10 mL of sample into 4 ounce bottle with air-tight caps.  
The bottles were then placed into an oven at 50°C for at least 10 hours.  The bottle were then purged for 3 
seconds with N2 gas and then resealed.  A laboratory blank of distilled water was subjected in this process 
and another blank was not degassed.  These blanks were made to determine whether this degassing 
process caused any fractionation of oxygen isotopes.  The results of the laboratory analysis and indicates 
that this process did not cause any more uncertainty than is typically obtained during measurement of 
oxygen isotopes.  Thus, this degassing process can be used in analysis instead of conventional offline 
preparation. 
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2.3.1.7  Results and Discussion 
 
2.3.1.7.1  Geological Interpretation 
 
The Little Grand Wash fault is comprised of an anastomosing series of one to several south-dipping 
arcuate normal faults with a surface trace length of 61 km (Fig. 2.3.1.4(1)).  Total vertical separation on 
the fault near the Green River is 180 to 210 m, most of which is accommodated by the southern fault 
strand. The two strands of the fault were encountered at depth in an abandoned well (Amerada Hess, 
Green River no. 2 drilled in 1949, total depth 1798 m) at 805 m and 970 m. Drilling records state that the 
deeper of the two faults has Cutler Group sediments in the hanging wall and Hermosa Group sediments in 
the footwall. It is therefore unclear what the offset of the fault is at this depth, or whether the fault cuts the 
Paradox Formation (Fig. 2.3.1.7.1(1)).   The fault is cut by several stream channels that provide excellent 
cross-sectional exposures of the fault zone and associated host-rock alteration. Between the two main 
strands of the fault, smaller faults define structural terraces with varying dips. Slickensides on subsidiary 
fault surfaces indicate mostly dip-slip with some oblique left- and right-lateral movement. The fault zone 
contains 70 cm to 3 m of foliated clay gouge with occasionally well-defined, sub-planar slip-surfaces. 
Smaller faults with offsets less than 1 m are decorated with a thin (mm-thick) foliated purple -black, clay-
rich fault gouge and occasional thin calcite veins (1-2 mm thick) with sub-horizontal fibers. The normally 
dark purple-red Summerville Formation is bleached to a pale yellow for up to several meters into the 
footwall. This alteration is localized along the subsidiary faults and within certain beds.  
 
The Salt Wash faults (sometimes termed the Tenmile Graben) are a set of N 70° W striking normal faults. 
The map-scale structure of the faults reveals two normal fault systems that form a shallow graben over 15 
km long (Fig. 2.3.1.4(1)). The faults offset Jurassic Entrada Sandstone in their footwalls against 
Cretaceous and Jurassic Cedar Mountain Formation in the centre of the graben. The Salt Wash faults 
consist of two linked en echelon graben segments (Doelling 2001) and may be structurally linked to the 
Moab fault system to the southeast (Fig. 2.3.1.4(1)), though Quaternary deposits obscure the area where 
this linkage potentially occurs. The depth to which these faults extend is uncertain, but they may sole into 
the Paradox salt sequence, and could be related to salt tectonics in the region. We have studied in detail 
two areas along the northernmost Salt Wash fault - the Tenmile Geyser and Torrey’s spring areas.  
 
The Tenmile Geyser is centred on an abandoned well 200 m into the hanging wall of the northern fault. A 
drill pipe sits within a low mound of flaky travertine with poorly developed rimstone textures. The 
Tenmile Geyser has erupted infrequently in the past with 1 to 1.5 m high eruptions (Doelling 1994). A 
second mineral-charged spring sits on a low mound 100 m into the footwall of the fault. There is 
anecdotal evidence that a set of travertine terraces with rimstone textures used to exist at this locality. 
This has since been excavated into a pit about 2 by 3 m in size and 1.5 m deep. The bottom of this pit 
does not reach the base of the travertine deposit. There is an almost constant stream of CO2 from three 
vents in the base of the pool, but this spring has not been documented to have geyser-style eruptions.  
 
There are extensive inactive travertines up to 4 m thick at elevations up to 30 m above the level of the 
present-day spring, some with well-developed rimstone textures. These travertines are presently being 
quarried. A 2- to 10-m thick zone of fractures, intense alteration, and veining obliterates primary 
sedimentary structures beneath portions of the travertine deposits. Two to five cm -thick bedding parallel 
carbonate veins extend up to 50 m away from the fault zone. In some places mammilated ray-crystal veins 
change from vertical to horizontal orientation within the outcrop. These occasionally contain open vuggy 
deposits with rhombohedral calcite crystals, interpreted as forming in subaerial or spelean pools.  
Fractures up to two metres deep that cut the mounds have been filled with bedded travertine. The 
travertines tend to form resistant caps to a line of small buttes along the fault trace. All the travertines 
along the Salt Wash faults are localised either on the northernmost fault trace or in the footwall of this 
fault. The only activity seen within the graben is the Tenmile Geyser.  The fault gouge is locally well-
exposed, and consists of a zone up to 5 m thick of slices of lithologies separated by clay-rich foliated 
gouge. In the footwall north of the Tenmile Geyser, the Entrada Sandstone (usually red) has been 
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extensively bleached to a light tan to pale yellow. In other places along the fault zone, the Entrada 
Formation is bleached in zones close to the fault and along fractures. Close to the fault, poikilotopic 
aragonite cements occur preferentially in certain horizons of the host rock.  We have used the detailed 
geologic mapping and cross sections based on drillhole data to create a geologic model for the area (Fig. 
2.3.1.7.1(1)). 
 

 
 
Figure 2.3.1.7.1(1)  Detailed geologic map of the Little Grand Wash fault.  Red regions are carbonate deposits.   
 
 
2.3.1.7.1.1  CO2 emissions and springs  
 
Several active CO2-charged springs are localized along the two strands of the Little Grand Wash fault 
zone. The Crystal Geyser erupts to heights of up to 25 m at 4 to 12 hour intervals. This is not a geyser in 
the strict sense of the term; the water in the geyser is cool and the eruptions are powered by CO2-charged 
waters rather than a heat source. The geyser began erupting when the Glen Ruby #1-X well was drilled in 
1935. This abandoned exploration well was completed to the base of the Triassic section (TD 801 m). 
Occasionally the geyser water has a strong sulfidicphur odor, and/or a thin film of hydrocarbons coating 
the water pooled around the drill pipe. The driller’s records document that the well was spudded into a 
travertine mound and that the travertine thickness was 21.5 m before hitting bedrock (Baer and Rigby 
1978). The spring system must have been active prior to the well being drilled.  
 
Three other springs are located on the system of travertine mounds around the geyser. To the northeast a 
water-filled pool and a chocolate-brown, mud-filled pool erupt penecontemporaneously with the geyser. 
These are located on the back of the travertine mound where it has been badly damaged by vehicle traffic. 
To the north, another small water-filled pool is located on the active travertine slope. The close 
correlation of the timing of the geyser and activity of these springs suggest that the latter either reflects 
some escape of the CO2-charged waters from the well bore at shallow levels, or that these pools could be 
the original, pre-well flow paths for the CO2–charged waters to the surface. It is common for 
hydrothermal travertine spring sources to switch locations when the flow paths become cemented 
(Chafetz and Folk 1984). Although in this cool water system, cementation may not be as rapid as in 
hydrothermal systems, it is still likely that the flow paths switch with time when they become sealed by 
calcite precipitation. Further to the east, an oil seep is located on the southernmost fault strand. A shallow 
pit contains fresh oil indicating that there is active flow of petroleum to the surface. The outcrop close to 
this seep (Salt Wash member of the Morrison Formation) contains patches of oil staining.  
 
 
2.3.1.7.1.2  Mineral deposits 
 
Modern travertines at the little Grand Wash fault consist of bedded travertine mounds that were deposited 
from the Crystal Geyser and surrounding springs. The surface of the active geyser mound has a classic 
rimstone texture and lobes of travertine have built out to form sub-metre scale caves with stalactites. An 
ochre color indicates a small component of iron oxide. These travertines successively bury the vegetation 
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that surrounds the geyser. The travertine surface has regions of actively forming and inactive travertines, 
presumably controlled by switching of the source spring location or by lateral migration of flow across 
the surface of the mound.  
 
To the southwest of Crystal Geyser, older carbonate deposits are in the process of being covered by the 
present day mound. These deposits are in the form of two distinct mounds of carbonates and breccias, one 
at the level of the river cutting an older one to the east. From a distance, it appears as though variably 
dipping “veins” are visible within these mounds though these are not veins in the usual structural 
geological sense. They consist of cm-thick to tens of cm-thick sub-horizontal tabular masses of radiating 
acicular calcite and aragonite crystals 6 to 15 cm long with botryoidal or mammilated top surfaces. Fresh 
surfaces are bright white, with occasional pale yellow banding. These veins often have paired banding 
and/or mammilated surfaces, which face toward the centre of the vein. Deposits of this form (described as 
ray-crystal crusts by Folk et al. 1985) have been interpreted to form underwater, with the apex of the 
radiating crystals pointing towards the source of fluids (i.e., in the centre of the veins). Occasionally, the 
centers of these veins contain stalactite-like structures suggesting that sub-horizontal fissures were in-
filled above the water table. Above these deposits lie travertine-cemented breccias that includes clasts of 
ray-crystal calcite and sandstone. The surfaces of the inactive mounds have some rimstone textures 
preserved, though they have been extensively damaged by vehicles. The 1867 Powell expedition 
documented “satin spar” at this location (Powell, 1895), which we interpret to be either the travertine 
terraces or the bright white vein-like structures.  
 
Other ancient travertine deposits along the fault are at higher elevations (up to 37 m, Baer and Rigby 
1978) than the one presently forming. These deposits tend to form resistant caps to small buttes.  The 
hanging wall of the fault in Figure 4a contains a thick ancient travertine deposit, though it is unclear if this 
deposit filled in the space left by faulting or if movement on the fault cut a pre-existing deposit. The 
ancient travertines consist of dense-bedded layers, 1 to 2 mm thick, interbedded with vuggy open 
carbonate 1 to 3 cm thick. Horizontal and vertical carbonate ray-crystal veins up to 30 cm thick cross cut 
these deposits. In an outcrop east of the Geyser, an impressive array of mm- to cm-thick veins with a 
boxwork pattern has completely obliterated the original fabric in the fault gouge (Figure 2.3.1.7.2(2)). 
The veins in this array are not parallel to the original fault gouge fabric. This boxwork is cross cut and 
offset by thicker sub-vertical veins with occasional stalactite textures.  
 
The spatial correlation of the ray-crystal calcite/aragonite veins and the travertines is consistent with the 
latter having been the “plumbing system” to the travertines. The variation in the locations of the inactive 
deposits shows mounds predominantly form between the two strands of the Little Grand Wash fault, or at 
structurally complex areas such as stepovers between the fault strandsthat the loci of active effusion of 
CO2-rich waters have changed in the past.  
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Figure 2.3.1.7.1(2)  Geologic cross section of the study area.  CO2 sources discussed here lie 1 –1.5 km below the 
surface, and suggest that CO2 flows vertically and as it rises, forms a gas bubble.  Periodic eruption of gas at the 
surface suggests that gas release is followed by a pressure buildup phase, and when PCO2 gas > the hydrostatic 
pressure, another eruption occurs.  Near surface, very large veins show this process occurred naturally in the 
past.  
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2.3.1.7.2  Geochemical Results  
 
Seven springs and geysers were found through literature searches, a fly-over the field area, and detailed 
field mapping (Fig. 2.3.1.4(1); Williams, in prep.) of the area encompassing the two fault zones.  Three 
water emanations erupt periodically as geysers.  The other four springs continuously discharge low 
amounts of water (< 1 L/min) and bubble vigorously.  Table 2.3.1.7.2(1) details whether the water 
emanations are springs or geysers, and whether they are natural or flow from abandoned exploration 
wells.      
 
 
2.3.1.7.2.1  Sampling procedures and analysis 
 
Water and gas samples were collected at seven locations along or near both fault zones for chemical and 
isotopic data.  Table 2.3.1.7.2(1) lists sample location sites and the type of data collected at each site.  
Field measurements at the springs included pH, temperature, alkalinity (by titration), redox, and dissolved 
oxygen.  Sample collection for solute chemistries followed procedures detailed by Clark and Fritz (1997) 
and analysis was completed at Utah State University Analytical Laboratories using Inductively Coupled 
Plasma spectrometry for cations and total sulfur, and chloride was analyzed using a Lachat QuickChem 
8000 Series Flow Injection Analyzer.   
 
Water samples for hydrogen and oxygen isotope analysis were collected with no head-space in glass 
bottles with air-tight polyseal caps.  Samples for δ13C of total dissolved carbon were precipitated in the 
field with BaCl2 following Clark and Fritz (1997).  The isotopic analyses of hydrogen, oxygen, and 
carbon were preformed at the Stable Isotope Laboratory at Brigham Young University, Utah, on a 
Finnigan MAT Deltaplus mass spectrometer.  Exsolving gases were collected in glass bottles for molecular 
compositions and d13C of the CO2 gas phase.  The analysis of the gases was completed at Isotech 
Laboratories, Inc., in Champaign, IL.  Samples for 3He/4He analysis were collected with in situ passive 
diffusion samplers.  The samplers were lowered into the Crystal Geyser and the Big Bubbling spring and 
left submersed for at least 12 hours.  The diffusion samplers consist of copper tubing and a semi-
permeable membrane which allowed the gases dissolved in spring or geyser water to equilibrate with the 
gases in the samplers.  The copper tubing was sealed by cold welding.  The helium isotopic ratios and the 
compositional analysis of the gases were completed at the Department of Geology and Geophysics at the 
University of Utah.  
 
Table 2.3.1.7.2(1): Sample location and the type of data collected at each site. The abbreviation “TDC” stands for 
“total dissolved carbon” 

Fault
Zone Water Emanation UTM (Zone 12) Solute Chemi stry _D and _18O

_13C of
TDC _13C of CO2(g) 3He/4He Gas Comp osition

LGW Crystal Geyser 0575001E 4310087N x x x x x x
SW Small Bubbling 0576695E 4302816N x x x x
SW Big Bubbling 0577141E 4302637N x x x x x x
SW Ten-mile Geyser 0578040E 4301728N x x x x
SW Pseudo Ten-mile 0578105E 4302058N x x x x x
SW Torrey's Spring 0580511E 4301303N x x x x x

- Tumb le Weed Geyser 0575817E 4296931N x x   x   x

 
 
 
2.3.1.7.2.2  Water data 
 
Table 2.3.1.7.2(3) presents temperature, pH, solute chemistry, and ionic ratio data of representative waters 
from the sample locations.  All water samples have in situ temperatures <18°C, indicating the geysers in 
the area not geothermal.  CO2 degassing is the mechanism driving the eruptions.  The waters are slightly 
acidic, due to dissolved CO2 gas, with pH values ranging from 6.07 to 6.55.  The waters are very saline, 
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with total dissolved solids (TDS) values ranging from 13,848 to 21,228 mg/l.  Ionic ratios of Cl-/Na+ with 
values less than one indicate halite dissolution alone is not occurring.  Excess sodium input into the 
waters may result from ion-exchange processes.  If only carbonate dissolution were occurring in the 
system, the HCO3

-/Ca2+ ratio would be two.  Since the ratios are all greater than two (except for Torrey’s 
Spring), ranging from 2.14 to 4.21, excess HCO3

- may be due to external CO2 entering the system and 
speciating to HCO3

-, or Ca2+ may have been removed from the system by cation-exchange.  Figure 4 
presents the solute chemistries graphically in a trilinear plot (Piper, 1944), indicating all of the waters fall 
in the sodium-chloride chemical facies.  The close grouping of the data points implies a similar chemical 
evolution history of all the waters.  The d13C values of total dissolved carbon (TDC) from four springs or 
geysers range from 0.03 to 1.16‰ (Table 2.3.1.7.2(3)).      
 

 
 
Figure 2.3.1.7.2(2)  Solute chemistries of sampled waters presented graphically in a trilinear plot (Piper, 1944).  
This figure indicates that all of the waters fall in the sodium choride chemical facies.  The close grouping of data 
points implies a similar chemical evolution history of all the waters. 
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Table 2.3.1.7.2(3)  Temperature, pH, solute chemistry isotope data of total dissolved carbo, and ionic ratios for 
samples waters.  “TDS” stands for “total dissolved solids”. 

    (meq/l)     (mg/l)     (meq/l)

Loca tion °C pH Na+ K+ Ca2+ Mg2+ Cl- HC O3
- SO4

2-   Si TDS _18OTDC _13CTDC Cl-/Na+ HC O3
-/Ca2+

Crystal
Geyser 17.7 6.3 166.0 6.1 17.6 8.8 120.2 72.4 25.9 2.6 14448 22.7 0.0 0.72 4.11
Small

Bubbling 15.0 6.1 139.9 5.5 25.9 15.1 114.0 58.4 43.7 3.3 13848 - - 0.81 2.25
Big

Bubbling 16.4 6.4 196.0 5.8 30.0 13.1 165.0 64.3 49.5 2.8 17662 26.4 0.7 0.84 2.14
Ten Mile
Geyser 14.4 6.6 201.8 5.6 22.1 11.6 199.5 57.6 23.4 2.4 17173 - - 0.99 2.60

Pseudo  Ten
Mile 12.9 6.4 196.0 8.6 19.9 10.9 170.2 60.3 39.2 2.1 16979 25.0 1.2 0.87 3.03

Torrey's
Spring 16.2 6.5 244.6 13.8 39.3 18.2 195.7 70.8 57.8 3.4 21228 - - 0.80 1.80
Tumble
Weed

Geyser 16.7 6.4 191.6 5.3 14.4 7.1 139.5 60.7 24.8   1.5 14832 - - 0.73 4.21

 
 
The waters are supersaturated with respect to calcite, aragonite, dolomite, and hematite, and are 
undersaturated with respect to gypsum and halite (Table 2.3.1.7.2(4)).  These saturation indices are 
confirmed by the carbonate minerals and iron staining (hematite) that are found at the locations of the 
emanating waters (except iron staining is not found at Pseudo Ten-mile).  The carbonate precipitation 
may be a result of degassing effects that bring the waters to supersaturation with respect to the carbonate 
phases.   These values are much higher than typical soil zone gas values of log PCO2 = -3 to -1 (Freeze and 
Cherry, 1979).   
 
Table 2.3.1.7.2(4)  Saturation indices for sample locations.  SI = log IAP/K eq.  Saturation occurs when SI = 0.0 + 
0.1.  A positive number indicates a thermodynamic tendency of a water to precipitate the mineral in question, 
whereas a negative numbe r represents a tendency for a water to dissolved the mineral. 
 

  Saturation Indices

Loca tion Calcite Aragon ite Dolomite Anhydrite Gypsum Halit e Hematite Quartz
Log

PCO2
Crystal
Geyser 0.41 0.26 0.57 -1.36 -1.12 -3.54 4.20 -0.24
Small

Bubbling 0.20 0.05 0.18 -0.97 -0.72 -3.63 3.78 -0.10
Big

Bubbling 0.65 0.50 0.97 -0.93 -0.69 -3.34 4.41 -0.17
Ten Mile
Geyser 0.58 0.43 0.89 -1.35 -1.11 -3.24 4.64 -0.21
Pseudo

Ten Mile 0.35 0.20 0.42 -1.16 -0.92 -3.31 4.35 -0.26
Torrey's
Spring 0.84 0.69 1.37 -0.82 -0.58 -3.18 4.53 -0.08
Tumble
Weed
Geyser 0.29 0.14 0.32 -1.46 -1.22 -3.41 4.30 -0.46 Z

 
 
The δD and δ18O values of the waters are given with reference to the meteoric water line (MWL; Faure, 
1986) in Figure 5.  The waters are meteoric in origin, as indicated by the close proximity of the data 
points with the MWL.  Most meteoric waters plot within ± 1‰ 18O of the line (Sheppard, 1986).  The 
waters do not have a major component of Green River water, given that the Green River isotopic values 
are distinct from this study’s data point (Figure 5).   
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4.2 Gas data  
 
The gases emanating from all the springs are CO2 rich (95.66% to 99.41%) with minor amounts of Ar, O2 
and N2 (Table 2.3.1.7.2(5)).  Comparing the minor gases with atmospheric gases through N2/Ar, O2/Ar, 
and N2/O2 ratios, it is seen that although the emanating gases are almost pure CO2, some atmospheric 
contamination has occurred due to the similarity of atmospheric and sample ratios.  The process 
generating the gas therefore produces mainly CO2.  No H2S gas is present.  This correlates with speciation 
of the waters by PHREEQC (Parkhurst and Appelo, 1999) that indicates the dominant sulfur phase is 
sulfate.  The d13C values of the CO2 gas phase show little spread, ranging from -6.42 to -6.76‰ with a 
standard deviation of 0.13‰.       
 
 
Table 2.3.1.7.2(5) Gas molecular compositions and  13CCO2 values of sampled sites.  Emanating gases were 
collected in glass bottles.  To determine whether atmospheric contamination occurred, normalization was 
performed by equating Ar, O2 and N2  of the samples to 100%.   
 

    (%) Z
per
mil  

Normalized  to
100%      

Loca tion
Sample

date H2S He H2 Ar O2 CO2 N2 CO C1   _13CO2   N2 O2 Ar N2/Ar O2/Ar N2 /O2

Crystal
Geyser 11/29/2002 0.00 0.00 0.00 0.03 0.48 97.85 1.64 0.00 0.00 -6.68 76.5 22.4 1.2 65.6 19.2 3.4
Small

Bubbling 11/30/2002 0.00 0.00 0.00 0.05 0.89 95.66 3.41 0.00 0.00 -6.56 78.5 20.5 1.0 75.8 19.8 3.8
Big

Bubbling 11/30/2002 0.00 0.00 0.00 0.01 0.13 99.41 0.46 0.00 0.00 -6.76 76.9 21.7 1.3 57.5 16.3 3.5
Pseudo  Ten-

mile 11/30/2002 0.00 0.00 0.00 0.02 0.33 98.75 0.90 0.00 0.00 -6.58 72.1 26.4 1.5 47.4 17.4 2.7
Torrey's
Spring 11/30/2002 0.00 0.01 0.00 0.01 0.06 99.16 0.76 0.00 0.00 -6.42 91.5 7.2 1.3 69.1 5.5 12.7
Tumble
Weed 12/1/2002 0.00 0.00 0.00 0.04 0.66 96.45 2.84 0.00 0.00 -6.47 80.3 18.7 1.0 78.9 18.3 4.3

Crystal
Geyser 12/1/2002 0.00 0.00 0.00 0.01 0.21 99.07 0.70 0.00 0.00 -6.72 75.8 22.8 1.4 53.8 16.2 3.3

Atmosphere   - - - 0.93 21 - 78 - -   -   78.2 20.9 0.9 84.0 22.5 3.7
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Figure 2.3.1.7.2(6)  Hydrogen and oxygen isotopic data.  Black squares represent data during a previous study 
from the Green River, at Green River, Utah (Coplen and Kendall, 2000).  Blue diamonds represent data collected 
during this study at various times during 2001 through 2003 for all seven springs and geysers.   
 
 
The molecular compositions of gases collected in copper diffusion samplers indicate some atmospheric 
contamination (Table 2.3.1.7.2(7)).  The CO2 values of 76.6% and 73.9% are much lower then the values 
of the samples collected in glass bottles (95.66% or greater).  At Crystal Geyser, the sampler was 
submersed in the water in the abandoned exploration well for about 12 hours.  Time needed for 
equilibration of dissolved gases through the semi-permeable membrane of the diffusion samplers is 
several weeks for typical waters).  It was assumed that equilibration would occur more quickly in the 
geyser waters due to the high PCO2.  The sampler was removed due to an eruption event.  At the Big 
Bubbling spring, the sampler was also left for about 12 hours.  The sampler was placed near the center of 
the pool of the spring under about 2 feet of water.  The agitation of the bubbling waters and the lack of 
submersion for several weeks resulted in contamination.  Diffusion of helium is assumed to occur more 
quickly than larger gas molecules due to the mobility of helium.  The R/Ra values, where R = 3He/4He 
ratio of a sample and Ra = 3He/4He of the atmosphere, of 0.302 and 0.310 indicate a crustal source for   
He (< 1.0; Dai et al., 1996) and presumably the associated CO2.  Since atmospheric contamination may 
have occurred, the actual R/Ra values may be lower than these values.  Atmospheric contamination would 
bring values closer to one.   
Table 2.3.1.7.2(7)  Helium isotope data and volumetric gas ratios.  R is the ratio of 3He/4He in the collected samples, 
and Ra is the 3He/4He of the atmosphere. 
 

(%) Sample 
Location N2 CO2 40Ar O2 4He R/Ra 

Crystal Geyser 22.9 76.6 0.058 0.44 
1.36E-
03 0.302 

Big Bubbling 14.3 73.9 0.094 11.6 
7.95E-
04 0.31 

 
 
2.3.1.7.2.3  Carbon isotope analysis 
 
To determine whether the waters and gases are in equilibrium with respect to carbon isotopes, 
calculations can be made to generate predicted δ13CCO2(g) values based on total dissolved carbon isotopes, 
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which are then compared with actual measured δ13CCO2(g) values (Lesniak, 1994).  This comparison is 
made to show whether degassing of CO2 at the surface is causing a non-equilibrium fractionation.  Using 
δ13CTDC of water, pH, emergence temperatures, solute chemistries, and a fractionation factor for HCO3

-

(aq) and CO2(g), the predicted values of δ13CCO2(g) are calculated (Lesniak, 1994).  The assumption is 
made that the emergence temperature is the temperature of last equilibration between the emanating gas 
and water (Lesniak, 1994).  To complete the calculations, it is necessary to determine the molality of 
dissolved carbon species using a computer program such as PHREEQC (Parkhurst and Appelo, 1999) that 
determines dissolved species.  The mass balance equation for carbon isotopes at a pH below 8.4 is given 
by: 
 
δ13CTDC = XCO2(aq) δ13CCO2(aq) + XHCO3δ13CHCO3       (1)  
 
where XCO2(aq) is ratio of the molality of CO2(aq) to the molality of total carbon, and XHCO3 is the ratio of 
molality of total HCO3

- to the molality of total carbon.  The fractionation factor is related to values for the 
phases HCO3

- and CO2(g) (Clark and Fritz, 1997) by: 
 
aHCO3-CO2(g) = (d13CHCO3 + 1000)/(d13CCO2(g) + 1000)       (2) 
 
The temperature dependent values of aHCO3-CO2(g) are determined using: 
 
103lna 13CHCO3-CO2(g) = 9.552(103T-1) – 24.10       (3) 
 
(Mook et al., 1974).  Equations 1 and 2 are solved simultaneously to derive predicted values of d13CCO2(g) 
(Lesniak, pers. Comm.).  Total HCO3

- includes the following species: 
 
HCO3

-
T = HCO3

- + NaHCO3
0 + CaHCO3

+ + MgHCO3
+ + FeHCO3

+ + SrHCO3
+ + MnHCO3

+       (4) 
 
We use the relationships of Equations 1 through 4 to determine if the waters and gases are in equilibrium 
with respect to carbon isotopes.  The theoretical d13CCO2(g) derived values are isotopically-heavier than 
measured values (Table 2.3.1.7.2(8)) by about 2‰.  The apparent disequilibrium may be due to 
uncertainties in pH measurement.  An uncertainty of 0.1 pH unit results in a 24% error in calculated 
molalities of dissolved carbon species (Langmuir, 1971).  This uncertainty is likely since degassing can 
affect pH. 
 
 
Table 2.3.1.7.2(8)  Comparison of measured and predicted carbon isotopic values of gas and aqueous phases 
 

Location
Measured

_13CTDC

Measured
_13CCO2(g)

_13CCO2(g)/TDC
(Predicted gas-phase

carbon isotopic
value based on total

dissolved carbon

_13CHCO3-/TCD
(Predicted

bicarbonate carbon
isotopic value
based on total

dissovled carbon)

_13CHCO3-/CO2(g)
(Predicted

bicarbonate carbon
isotopic value based
on carbon isotopes

of gas phase)

Difference
between
measured

and
predicted
d13C of

CO2(gas)

Difference
between
d13C of
HCO3-

based on
TDC and

CO2
Crystal Geyser 0.0 34 -6.72 -4.85 3.89 2.00 -1.87 1.88
Big Bubbling 0.7 02 -6.76 -4.88 4.01 2.11 -1.88 1.90
Pseudo Ten-

mile 1.1 62 -6.58 -4.17 5.13 2.69 -2.41 2.43

 
 
Calculations to determine whether emanating CO2 gas is in equilibrium with carbonate (calcite) 
precipitated at the surface used the following equation (Bottinga, 1968): 
 
103lna13CCO2(g)-CaCO3 = -2.9880 (106T-2) + 7.6663 (103T-1) – 2.4612       (8) 
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Table 2.3.1.7.2(9) shows that values of δ13CCaCO3 predicted from measured δ13CCO2 values are very similar 
to measured δ13CCaCO3 values.  The average of the predicted and measured δ13CCaCO3 values are 5.1‰ and 
5.6‰, respectively.  The measured δ13CCaCO3 values have a standard deviation of 1.2‰.  The closeness of 
the predicted and measured values may indicate isotopic equilibrium of carbon isotopes between gases 
and solid precipitate.  This equilibrium will be contrasted in the discussion with the apparent 
disequilibrium of the gases and waters. 
 
 
Table 2.3.1.7.2(9)  Predicted (based on CO2 gas samples) and measured 14C of Calcite.  Calcite values obtained 
from Shipton et at. (inpress) 

Location
Sampling

date Sample ID
Type o f
sample

_13CCO 2(g)

(‰)
_13CCaCO3-CO2(g)

(‰)
_13CCaCO3

(‰)
Crystal Geyser 11/29/2002 CG-1a-g Ga s -6.68 5.0

12/1/2002 CG2 -1a-g Ga s -6.72 4.7
11/11/2001 C9-2-99 Ve in 5.47
11/11/2001 C9-3-99A Travertine 3.67
11/11/2001 C9-3-99B Travertine 5.66
11/11/2001 C9-4-99 Travertine 5.92
11/11/2001 C9-X-99 Ve in 4.79

Sm all Bubbl ing 11/30/2002 SB-1a-g Ga s
Big Bubb ling 11/30/2002 BB-1a-g Ga s -6.76 4.9

Ten-mile Geyser 11/11/2001 TM100
Ve in and
travertine 5.6

11/11/2001 TM500 Ve in 5.4

11/11/2001 TM900 A
White vein

material 5.7
Pseudo  Ten-mile 11/30/2002 PT-1a-g Ga s -6.58 5.6
Torrey's Spring 11/30/2002 TS-1a-g Ga s -6.42 5.2

11/11/2001 TS200
Modern

travertine 8.22
Tumble Weed

Geyser 12/1/2002 TW-1a-g Ga s -6.47 5.1  

 
 
2.3.1.7.2.4  Carbon History and the Origin of the CO2 gas 
 
Before possible origin of the gas is established, attention is first given to processes that may overwrite the 
original carbon isotopic signature imparted to the CO2 gas at the time of its formation.  Processes that 
may have modified the d13CCO2(g) values in the system we examined include degassing of dissolved CO2 at 
the surface and advective transport and flow of CO2 gas to the surface. 
 
The degassing process that may fractionate carbon isotopes is illustrated by the following equations 
(Poulson et al., 1995; Clark and Fritz, 1997): 
 
HCO3

-(aq) + H+ (aq) ?  CO2 (g) + H2O (l)       (9) 
 
2HCO3

-(aq) + Ca2+ (aq) ?  CaCO3(s) + CO2 (g) + H2O (l)       (10) 
 
These equations describe phase changes of dissolved carbon to CO2 gas and solid calcite.  As the gases 
reach the surface, these processes take place because the partial pressure of dissolved CO2 is much higher 
than PCO2 values at the surface.  The equations show that as CO2 gas exsolves from the water, dissolved 
carbon concentrations will decrease.  No assumption is made that rapid degassing may be an equilibrium 
process as described by these equations.  Removal of carbon and phase changes can both result in isotopic 
fractionation. 
 



929 

Tables 2.3.1.7.2(8) and 2.3.1.7.2(9) present information on the relationships of carbon isotopes among 
gas, liquid, and solid carbon (calcite) phases used to determine if the system is in isotopic equilibrium.  
Isotopic equilibrium would indicate that rapid degassing is not causing a kinetic fractionation or non-
equilibrium fractionation that would overwrite isotopic signatures.  Measured d13CCO2(g) values differ from 
predicted d13CCO2(g) values based on dissolved carbon isotopes and chemical analyses (Table 2.3.1.7.2(8)).  
Thus, the gas and liquid phases seem to be in disequilibrium by about 2‰ (Table 2.3.1.7.2(8)).  This 
departure from equilibrium must be contrasted with the values in Table 2.3.1.7.2(9) presenting measured 
and predicted d13C values of CaCO3(s).  These values are very close to equilibrium with a departure of 
only 0.5‰.  This indicates isotopic equilibrium between CO2 gas and precipitated CaCO3.  The departure 
of the gas and liquid isotopic values is most likely due to inaccuracies in field measurement of pH.  The 
values of pH were used to convert dissolved d13C values to predicted d13CCO2(g) values.  As noted 
previously, a 0.1 uncertainty in pH units results in ~ 24% uncertainty in dissolved carbon ion activities 
(Langmuir, 1971).  Inaccuracies in pH measurement are very likely due to degassing that would change 
pH as shown by Equation 9.  To reach a steady electronic signal (emf) by the pH meter, equilibrium of the 
pH electrode system and the sampled water must be obtained.  Degassing, and hence pH changes, can 
occur before the steady emf value is reached (Pearson et al., 1978).  Therefore, isotopic equilibrium has 
probably been obtained because the comparison of gas and liquid carbon isotopes is within the 
uncertainty range, and carbon isotopes of gas and calcite are affected less by uncertainties and these 
values indicate equilibrium.  It appears degassing is not causing a kinetic, non-equilibrium fractionation.            
 
Next, effects of transport of CO2 on carbon isotopes are considered.  Modeling of one-dimensional 
advective transport and isotope exchange by Lesniak (1998) of CO2 gas to the surface in the West 
Carpathians, Poland, indicates that this type of transport can deplete the gas phase in the heavier isotope.  
Therefore, if advective transport has modified carbon isotopes in the field area, it would have made 
δ13CCO2(g) values more negative.  Lesniak’s (1998) study also mentioned that in low temperature 
environments, no processes can enrich CO2 gas in heavy isotopes except for some bacterially-mediated 
reactions.  As will be shown later, bacterially-mediated processes are not significant in the area.  
Therefore, the δ13CCO2(g) values of the original source gas are likely the same as or more positive than the 
gas measured at the surface.  Hence, the original source gas may have had values of δ13CCO2(g) of -6.60 
(average values of gases measured at the surface) or  higher.  Again, it should be noted that degassing and 
precipitation reactions do not seem to overwrite the carbon isotope values since isotopic equilibrium has 
been achieved. 
 
Possible processes that have may generated the CO2 gas in the field area include: 1) mantle or magmatic 
emanations; 2) the degradation of organic matter; 3) diagenetic reactions involving clay (siliceous) and 
carbonate rocks; and 4) thermal decarbonation of carbonate rocks by metamorphic processes (Cappa and 
Rice, 1995; Mayo and Muller, 1996). 
 
Mantle, magmatic, or volcanic degassing is likely not responsible for generating most of the gas in the 
area.  Values of  δ13CCO2(g) for this source is typically -8‰ and such emanations have R/Ra values of 
helium isotopes of ~ 8.  The R/Ra for samples from both fault zones are close to 0.3.  Typical crustally- 
sourced gases have values close of ~0.02 (Kennedy et al., 1997).  The somewhat higher value of 0.3 is 
probably due to some atmospheric contamination, as explained in the Results section.   
 
The generation of CO2 gas as a result of hydrocarbon formation was investigated because a surface oil 
seep is located within a kilometer of Crystal Geyser.  Carbon isotopes of the oil with respect to saturated 
and aromatic hydrocarbons are -28.47‰ and -29.26‰, respectively (Lillis et al., 2002).  Values of 
δ13CCO2(g) generated from oils typically have values close to that of the polar constituents of the source 
kerogen (Cappa and Rice 1995).  Hunt (1996) states that the thermal degradation of organic matter can 
result in a range of δ13CCO2(g) from -12 to -8‰.  The d13C values from the oil seep are much more depleted 
than the d13C of the CO2 gas (~ - 6.60‰) emanating at the surface in both fault zones.  This difference, 
therefore, easily disqualifies oil formation reactions  as the source of CO2 in the gas.  
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A potential candidate for the generation of large amounts of CO2 gas is clay-carbonate diagenetic 
reactions that may occur during deep burial of impure carbonate sedimentary rocks.  Many of these 
reactions may take place at temperatures between about 100 and 200°C (Hutcheon and Abercrombie, 
1990; Hutcheon et al., 1980; Mayo and Muller, 1996; Hunt 1996).  One of the possible reactions is given 
by the following equation (Mayo and Muller, 1996; Hutcheon et al., 1980): 
 
5 dolomite + kaolinite + quartz + 2H2O = Mg-chlorite + 5 calcite + 5 CO2       (11) 
 
Another possible reaction pathway to produce CO2 involves reaction of kaolinite with calcite to form a 
Ca-smectite with a concomitant dissolution reaction of calcite (Gunter and Bird, 1988).  To emphasize the 
capability of clay-carbonate reactions to produce large amounts of CO2, at 25°C and 1 atm, 25,800 L of 
CO2 could be produced from one cubic meter of a rock, if 10% of it is composed of dolomite, kaolinite, 
and quartz in the same ratios as given in Equation 11 (Hutcheon et al., 1980).  Other studies show that 
significant amounts of CO2 are released from impure limestones heated to a temperature of 98°C.  The 
impurities were small amounts of magnesium, iron, manganese, silica and a trace of alumina.  There are 
field examples that indicate large quantities of CO2 are produced at a subsurface temperature of about 
150°C (Farmer, 1965; Hunt, 1979).  Although identifying specific reaction pathways for the formation of 
the CO2 gas is not possible in this study, it is emphasized that clay-carbonate reactions can produce 
significant amounts of CO2.   
 
Studies by Hutcheon and Abercrombie (1989) and Hutcheon et al. (1990) indicate that CO2 gas produced 
in basins by clay-carbonate reactions is in equilibrium or close to equilibrium with respect to carbon 
isotopes of the emanating gases and carbonate material from which the gas is sourced.  They used calcite 
and CO2 gas fractionation equations to determine equilibrium, and Hutcheon et al. (1990) specifically 
mentioned that they used the equations of Bottinga (1968) and Mook et al. (1974).  Therefore, the clay-
carbonate reactions may involve silicate hydrolysis and carbonate dissolution to produce CO2 gas that is 
in or is close to being in, equilibrium with respect to carbon isotopes as described by the typically used 
fractionation equations which describe calcite in equilibrium with CO2 gas.  With this assumption, we can 
predict the original isotopic value of the carbonate material from which the gas may be sourced. 
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2.3.1.8  Conclusion 
 
We have integrated geological and geochemical analyses of a naturally-charged CO2 system in order to 
examine how CO2 may flow in a series of low permeability rocks.  We have identified the likely source of 
the CO2 and infer that it migrates vertically from a subsurface reservoir to the surface, probably at 
relatively rapid rates.  We have compiled a description of sampling strategies and sources of error in 
sampling and analyzing CO2 - charged systems, and have also developed a set of relationships that allows  
use of isotopic systematic to infer the sources and fate of CO2 in any system.  
 
There are several implications of this work that are relevant to geologic carbon sequestration.  We show 
that careful analysis of seal integrity is critical in designing a geologic sequestration program, as fractures 
and faults can provide easy pathways for gas migration.  In addition, this flow can result in transport of 
CO2 in the gas phase for some distance before mineral precipitation occurs, suggesting that such systems 
may not be “self-sealing”.   We have also completed a characterization study that can be used by 
numerical modelers to benchmark or validate their models.  As a three-dimensional geologic model, 
including flow paths, is being constructed, there will be an opportunity to history match the system with 
numerical modeling.  This will be a valuable tool in predicting future behavior of similar systems.   
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2.3.2  Long Term Sealing Capacity of Cemented Petroleum 
Well 
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2.3.3  Geomechanical Effects of CO2 Storage 
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2.3.3.1  Abstract 
 
The aim of the study is to evaluate techniques for measuring the flux of CO2 from the earth’s surface, 
focusing on the eddy-covariance technique and its potential application to monitoring underground CO2 
reservoirs.   
 
A report will be written based on a review of existing experimental and theoretical studies.  The report 
shall include: the basic principles of the eddy-covariance technique for measuring turbulent fluxes in a 
micrometeorological environment; sensor-design criteria for application to CO2 fluxes and mixing ratios 
measured in the atmosphere near the earth’s surface; discussion of the merits of commercially available 
sensors and eddy-covariance system components; the use of the technique in horizontally homogeneous 
applications, such as over crop fields and forest canopies; the application of the eddy-covariance 
technique to isolated sources via the source “footprint” concept; discussion of our recent experience with 
the footprint technique in geothermal regions;  possible complications of extending this technique to 
complex terrain; expected measurement precision and detection limits. 
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2.3.3.4  Introduction 
 
The goal of the project is to produce a report that documents the predicted stress effects on, and responses 
by, both reservoirs and seals resulting from storage of CO2 in geological formations.· 
 
In particular, to study the expected geomechanical responses of both reservoirs and seals, and the 
optimum technologies for verification of geomechanical responses, and in particular technologies for 
early leak detection. 
 
 
2.3.3.5  Experimental 
 
No experimental methods are being used for the research.   
 
 
2.3.3.6  Results and Discussion 
 
Deliverables will be: 
 
1. Brief discussion of CO2 storage processes, concentrating on the likely changes in stress fields in 

the reservoir and the seal. 
 
2. Discussion of seal characterisation especially relating to seal capacity measurement 
 
3. Discussion of the factors controlling geomechanical changes which are predicted to occur, with a 

focus on likelihood of induced seismicity, fault reactivation and fault or fracture initiation, and 
measures to be taken to reduce likelihood. 

 
4. Discussion of Monitoring technologies available and the underlying changes in physical/chemical 

properties being measured, concentrating on those that appear most suitable to detect changes in 
stress in both the reservoir and seal, again with a focus on induced seismicity.  

 
5. Review of technologies that appear suitable for early leak detection. 
 
2.3.3.7  Conclusion 
 
This report was contracted in July 2003 and work is underway, but no conclusions have been drawn at 
this time. 
 
 
2.3.3.8  References 
 
Not applicable.  
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2.4  Monitoring 
 

2.4.1  Monitoring Systems for Small Leakage Rates 
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2.4.1.1  Abstract 
 
This project just has begun in mid-July 2003, following the recent execution of a contract agreement with 
BP.  The project plans calls for completion by October 31, 2003. 
 
The objective of this project is to perform calculations that will estimate the capability of various ground-
level analytical instruments to monitor for leakages of carbon dioxide associated with a subsurface 
injection sequestration project.  In particular, our focus will be to assess the ability of ground-level 
instruments to detect successfully the leakage of as little as 1% of the total carbon dioxide injected into 
the subsurface.  This new project is a follow-up to a previous desk study for the CCP Consortium in 
which Tang Associates provided a survey of current and potential carbon dioxide monitoring 
technologies.  
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2.4.1.3  Introduction 
 
One of the greatest challenges in a subsurface carbon dioxide sequestration project is to verify that this 
greenhouse gas is injected successfully and remains in fact below ground and does not leak back into the 
atmosphere.  Such subsurface injection projects typically occupy several or more square miles and have 
many potential sources of leaks, such as in the surface facilities, from the wellbores, and via migration 
through the strata back to the surface.  Another important consideration is that the monitoring program 
must be planned to be reliable over a time frame of many years.        
 
Tang Associates provided a paper study to the CCP Consortium in 2002 concerning various instruments 
capable of measuring atmospheric carbon dioxide concentrations.  A number of commercially available 
instruments were identified, as well as some potential new technologies for monitoring for leakages of 
carbon dioxide associated with a sequestration project (Reference 1).   
 
The CCP Consortium has agreed to sponsor Tang Associates to conduct a follow-up desk study to assess 
the capability of existing ground-level instruments (and also analytical instruments that could become 
available based on new technology) to monitor successfully leakages of carbon dioxide associated with a 
subsurface disposal project.  In particular, CCP has the objective of being able to detect a leakage of 1% 
or less of the total carbon dioxide sequestered back into the atmosphere.  We will perform a series of 
calculations to answer the question that with the sensitivities of the instruments identified in our previous 
report to CCP, what level of carbon dioxide leakage could be detected.  Several anticipated scenarios for 
carbon dioxide leaks and design of monitoring programs will be considered and evaluated in this study.  
The calculations will be organized into an Excel spreadsheet file.  This computer software will be a user-
friendly tool that others may use to study the anticipated sensitivity of their particular carbon dioxide 
monitoring program subsequent to the completion of this project  
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2.4.1.4  Executive Summary 
 
This project just has begun in mid-July 2003, following the recent execution of a contract agreement with 
BP.  The work plan has project completion slated by October 31, 2003.  
 
The objective of this project is to perform calculations that will estimate the capability of various ground-
level analytical instruments to monitor for leakages of carbon dioxide back into the atmosphere.  Loss of 
injected carbon dioxide is a long-term risk associated with any subsurface injection sequestration project.  
In particular, our focus will be to assess the ability of a package of ground-level instruments to detect 
successfully the leakage of as little as 1% of the total amount of carbon dioxide injected into the 
subsurface back into the atmosphere.   
 
This new project is a follow-up to a previous desk study for the CCP Consortium completed in February, 
2002, in which Tang Associates provided a survey of current and potential atmospheric carbon dioxide 
measurement technologies (Reference 1).  This survey included a description of various instruments, and 
their detection limits and sensitivities.  This information is some of the input data required for this new 
study which is now just started. 
 
The project plan includes writing software code (Excel, spreadsheet program) that will calculate the 
detection limit for carbon dioxide leakage into the atmosphere at ground level for a given instrument 
monitoring program and gas leakage scenario.  The final report will include several worked examples.   
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2.4.1.5  Experimental / Planned Methodology 
 
2.4.1.5.1  Work Plan 
 
Our previous report to the CCP Consortium (Reference 1) includes a description of a number of ground-
level commercial instruments for the detection of carbon dioxide concentrations in air.  Vendors of these 
instruments that are designed for point detection of carbon dioxide concentration provide specifications 
for instrument accuracy, lower limit of detection, and precision.  Based on these instrument specifications 
and making a series of assumptions concerning the sequestration project operation (such as the source of 
leak, detector location, weather conditions, etc.), one can estimate at what level of carbon dioxide leakage 
these instruments could successfully identify a problem.  We will consider only an analysis of subsurface 
injection sequestration projects under several different operating/leakage scenarios.  The target the CCP 
Consortium has set for a ground-level monitoring system is that it be able to identify reliably as little as 
leakage of 1% of the entire volume of injected carbon dioxide. 
 
This same mathematical analysis will be performed for experimental/developmental instruments such as 
the laser-based detection system proposed in our previous report (Reference 1).  For these instruments 
where the detection characteristics are not yet established; we will use estimated lower and upper ranges 
of instrument performance in the analysis of its capability for detection of carbon dioxide leakages in a 
field project.    
 
The required calculations should lend themselves to being organized into an Excel spreadsheet program.  
The software will be made fairly simple with sufficient documentation so that other users may be able to 
calculate conveniently the capability of a carbon dioxide detection program with their own input 
parameters for instrument specifications and sequestration project leakage scenarios.      
 
2.4.1.5.2  Deliverables 
 
1. A spreadsheet program that performs calculations for the capability of leakage detection of 

carbon dioxide, given an instruments performance specifications and the assumed operating 
conditions of a subsurface sequestration project. 

 
2. Several worked examples that illustrate the use of the spreadsheet program.  Calculate in these 

examples the capability of different instruments to detect a 1% leakage of carbon dioxide for 
several different sequestration project scenarios.         

 
3. A written report documenting this work.    
 
 
2.4.1.6  Results and Discussion 
 
None at this time. 
 
 
2.4.1.7  Conclusion 
 
None at this time. 
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2.4.2  Investigation of Novel Geophysical Techniques for 
Monitoring of CO2 Migration 
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2.4.2.1  Abstract 
 
A number of different geophysical techniques are considered in this project.  Seismic, gravity, 
electromagnetic and streaming potential (SP) geophysical techniques are being considered as CO2 
monitoring tools in this study.  To date, seismic, gravity and SP have been modeled and will be 
considered in this report.  Numerical modeling has been done on flow simulations based on a proposed 
CO2 sequestration project on the North Slope of Alaska as well as a project in South Texas (to be begun 
in fall 2003).  The SP modeling done for the project is more limited that the other geophysical techniques 
because the SP modeling codes are restricted to steady state injection in 2D whereas all other geophysical 
modeling is three-dimensional.  The SP part of the project has also involved laboratory measurements of 
fundamental properties of SP for CO2 injection into sedimentary rocks.  
 
In order to compare spatial resolution of seismic, gravity and electromagnetic techniques being 
considered for CO2 sequestration monitoring we have used three-dimensional flow simulation models of 
reservoirs in conjunction with rock-properties relations developed from log data to produce geophysical 
models from the flow simulations.  The model used in this report is based on the proposed Schrader Bluff 
CO2 sequestration project on the North Slope of Alaska.  The Schrader Bluff reservoir is 30 m thick oil 
saturated sandstone unit at the depth of 1100 – 1200 m.   
 
The magnitude of the surface gravity response calculated for Schrader Bluff is approximately an order of 
magnitude above the gravimeter sensitivity, and therefore measurable in the field.  However, the 
difference caused by CO2 injection over a 5-year period is only about 0.5 µGal, which is in the noise level 
of the field survey (Hare, 1999).  The decrease in the gravitational attraction of the reservoir is caused by 
increased CO2 saturations reducing the bulk density of the reservoir.  The spatial pattern of the change in 
the vertical gradient of gravity has a strong correlation with the change in reservoir pressure.  Just as with 
the vertical component of gravity, the magnitude of the gradient signal measured in the field is above the 
gradiometer accuracy, but the difference between initial conditions and 5 years into CO2 injection is very 
small.  If the changes in dGz/dz could be measured, due to advances in technology, it offers a potential 
tool for monitoring.  In addition to surface gravity measurements, we have also modeled borehole gravity 
measurements.  The difference in both the borehole vertical component of gravity and the borehole 
vertical gravity gradient (dGz/dz) identifies the position of the reservoir.  The sign of the change reflects 
the changes in the local densities caused by either water or CO2 saturation changes. 
 
The seismic amplitude associated with the reservoir interval in the Schrader Bluff model shows a large 
response to changes is water and CO2 saturation produced by the simulated CO2 sequestration.  In 
addition, the AVO response of the reservoir reflections shows a significant change as sequestration 
proceeds.  Both amplitude and AVO can be exploited to make quantitative estimates of saturation 
changes.  Forward calculations using Zoeppritz equation for both 2005 and 2020 models support this 
argument.  We have developed an AVO inversion technique for estimating saturations from AVO data 
that will be applied to the synthetic data set by the end of the project.   
 
The SP method has the potential to be a low-cost low-resolution method of large scale reservoir 
monitoring.  Compared to other geophysical techniques relatively little quantitative work has been done 
on the SP technique.  To quantify the magnitude of the SP response caused by CO2 injection considerable 
effort has gone into laboratory measurements of the SP as function of CO2 injection into sandstone.  
These studies have shown that the coupling coefficients for CO2 are large enough to cause an SP signal 
that could be measured in the field depending on the injection rate, depth of the reservoir and geologic 
setting.  As the CO2 displaces the water the coupling coefficient decreases.  On average, the coupling 
coefficients observed for CO2 flow is about 10 times lower than for water flow in the same sample.  
However, the maximum SP signal comes from the flood front where CO2-water mixing is occurring.  This 
provides a benefit in that the signal source region is spatially confined to the advancing front, allowing 
higher spatial resolution.  
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2.4.2.4  Introduction 
 
Cost effective monitoring of reservoir fluid movement during CO2 sequestration is a necessary part of a 
practical geologic sequestration strategy.  Current petroleum industry seismic techniques are well 
developed for monitoring production in petroleum reservoirs.  The cost of time-lapse seismic monitoring 
can be born because the cost to benefit ratio is small in the production of profit making hydrocarbon.  
However, the cost of seismic monitoring techniques is more difficult to justify in an environment of 
sequestration where the process produces no direct profit.  For this reasons other geophysical techniques, 
which might provide sufficient monitoring resolution at a significantly lower cost, need to be considered.   
 
In order to evaluate alternative geophysical monitoring techniques we have undertaken a series of 
numerical simulations of CO2 sequestration scenarios.  These scenarios have included existing projects 
(Sleipner in the North Sea), future planned projects (GeoSeq Liberty test in South Texas) as well as 
hypothetical models base on generic geologic settings potentially attractive for CO2 sequestration.  In 
addition, we have done considerable work on geophysical monitoring of CO2 injection into existing oil 
and gas fields, including a model study of the Weyburn CO2 project in Canada and the Chevron Lost Hills 
CO2 pilot in Southern California.  A paper to be published in September 2003 in Geophysics on the 
quantitative estimation of CO2 saturations is included as Appendix A. 
 
Work in 2003 has concentrated in 2 areas; 1) developing a detailed three dimensional numerical model of 
the proposed Schrader Bluff CO2 pilot on the North Slope of Alaska and 2) laboratory measurements of 
the streaming potentials produced by CO2 injection into brine saturated sedimentary rocks.   
 
Although we are specifically interested in considering “novel” geophysical techniques for monitoring we 
have chosen to include more traditional seismic techniques as a bench mark so that any quantitative 
results derived for non-seismic techniques can be directly compared to the industry standard seismic 
results.  This approach will put all of our finding for “novel” techniques in the context of the seismic 
method and allow a quantitative analysis of the cost/benefit ratios of the newly considered methods 
compared to the traditional, more expensive, seismic technique. 
 
The Schrader Bluff model was chosen as a numerical test bed for quantitative comparison of the spatial 
resolution of various geophysical techniques being considered for CO2 sequestration monitoring.  We 
began with a three dimensional flow simulation model provided by BP Alaska of the reservoir and 
developed a detailed rock-properties model from log data that provides the link between the reservoir 
parameters (porosity, pressure, saturations, etc.) and the geophysical parameters (velocity, density, 
electrical resistivity).  The rock properties model was used to produce geophysical models from the flow 
simulations.   
 
So far we have results from gravity and seismic modeling and laboratory measurements of CO2 induced 
streaming potentials in sandstone.  Laboratory studies have shown that the streaming potential signal 
caused by CO2 injection should be measurable in the field for certain scenarios.  This is an interim report, 
with work on surface seismic, AVO analysis and electromagnetic modeling on-going.   
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2.4.2.5 Executive Summary 
 
Work in 2003 has concentrated in 2 areas; 1) developing a detailed three dimensional numerical model of 
the proposed Schrader Bluff CO2 pilot on the North Slope of Alaska and 2) laboratory measurements of 
the streaming potentials produced by CO2 injection into brine saturated sedimentary rocks.   
 
Although we are specifically interested in considering “novel” geophysical techniques for monitoring we 
have chosen to include more traditional seismic techniques as a bench mark so that any quantitative 
results derived for non-seismic techniques can be directly compared to the industry standard seismic 
results.  This approach will put all of our finding for “novel” techniques in the context of the seismic 
method and allow a quantitative analysis of the cost/benefit ratios of the newly considered methods 
compared to the traditional, more expensive, seismic technique. 
 
The Schrader Bluff model was chosen as a numerical test bed for quantitative comparison of the spatial 
resolution of various geophysical techniques being considered for CO2 sequestration monitoring.  We 
began with a three dimensional flow simulation model provided by BP Alaska of the reservoir and 
developed a detailed rock-properties model from log data that provides the link between the reservoir 
parameters (porosity, pressure, saturations, etc.) and the geophysical parameters (velocity, density, 
electrical resistivity).  The rock properties model was used to produce geophysical models from the flow 
simulations.   
 
So far we have results from gravity and seismic modeling and laboratory measurements of CO2 induced 
streaming potentials in sandstone.  Laboratory studies have shown that the streaming potential signal 
caused by CO2 injection should be measurable in the field for certain scenarios.  This is an interim report, 
with work on surface seismic, AVO analysis and electromagnetic modeling on-going.   
 
The magnitude of the surface gravity response over the Schrader Bluff model (3 mGal) is about an order 
of magnitude above the gravimeter sensitivity, and therefore measurable in the field, the difference caused 
by CO2 injection for a period of five years is only about 0.5 µGal, which is in the noise level of the field 
survey (Hare, 1999).  The reduction in the vertical component of gravity is caused by increased CO2 
saturations reducing the bulk density of the reservoir.  The change in the vertical gradient of gravity has a 
strong correlation with the change in pressure within the reservoir.  Again, the magnitude of the signal 
which would be measurable in the field (2–10 EU) is above the gradiometer accuracy (0.5–1 EU), but the 
difference between initial conditions and 5 years into CO2 injection is very small (~0.005 EU).  This 
change in vertical gradient would be considered undetectable given current estimates of gradiometer 
accuracy.  However, if the changes in dGz/dz could be measured, due to advances in technology, 
measurement procedures and background noise reduction, the model results show a high degree of spatial 
correlation between changes in dGz/dz and the pressure changes, offering a potential low cost monitoring 
tool.  
 
The time-lapse changes in the borehole gravity response and in the vertical gravity gradient (dGz/dz) 
clearly identifies the position of the reservoir.  The sign of the change reflects the changes in the local 
densities caused by either water or CO2.   
 
There is a significant change in seismic amplitude associated with the reservoir caused by the changes is 
water and CO2 saturation as sequestration proceeds.  In addition, there is a large change in the AVO 
response from the reservoir interval.  Both seismic amplitude and AVO can be exploited to make 
quantitative estimates of saturation changes.  Forward calculations using Zoeppritz equation for both five 
and twenty years into injection support this argument.  We have developed an AVO inversion technique 
for estimating saturations from AVO data that will be applied to the synthetic data set in by the end of the 
project.   
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Laboratory studies showed that the coupling coefficients for CO2 are large enough to cause SP signal 
measurable in the field.  As the CO2 displaces the water the coupling coefficient decreases.  On average, 
the coupling coefficients observed for CO2 flow is about 10 times lower than for fresh water flow in the 
same sample.  The most effective way to spatially monitor injected CO2 flow is to monitor the 
progressing CO2/water front, where the coupling coefficient is largest.   
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2.4.2.6  Experimental 
 
In order to compare spatial resolution of various geophysical techniques being considered for CO2 
sequestration monitoring we have used a three-dimensional flow simulation model of reservoirs in 
conjunction with rock-properties relations developed from log data to produce geophysical models from 
the flow simulations.  Work in this report is done for the model based on the proposed Schrader Bluff 
CO2 sequestration project on the North Slope of Alaska.  The Schrader Bluff reservoir is 30 m thick 
sandstone unit at the depth of 1100 – 1200 m.  .  Figure 1 shows a 3-D view of the portion of the reservoir 
under consideration for a CO2 sequestration test.   
 

 
Figure 1:  Three-dimensional view of the portion of the reservoir under consideration for CO2 sequestration test at 
Schrader Bluff.  Depths range between 3800 and 4400 feet true vertical depth. 

 
Rock properties models were developed from log data for the reservoir.  These models relate reservoir 
parameters to geophysical parameters and are used to convert the flow simulation models to geophysical 
models (Vp, Vs, density and electrical resistivity).  A detailed description of the rock-properties modeling 
process is given by Hoversten et al. 2003.  Time-lapse snap shots of the reservoir at initial conditions and 
5-year increments out to 2035 were used.  The injection strategy is to inject alternating slugs of water and 
CO2 (WAG).  This produces complicated spatial variations in both CO2 and water saturation within the 
reservoir over time. 
 
2.4.2.6.1  Gravity modeling  
 
A snapshot of the model at initial conditions, before CO2 injection begins, is shown in Figure 2.  Figure 
2a is a cross-section of bulk density as a function of depth and distance in the x-direction between a pair 
of injection wells.  The reservoir interval is outlined in white on Figure 2a.  Figure 2b is a plan view of 
the density at initial conditions at a depth of 1200 m.  The positions of the gravimeters are indicated by 
black squares.  In this case, Figure 2a shows gravimeters located in two wells roughly 8 km apart.  
Spacing between the gravimeters in depth (z) is 10 m outside of the reservoir and 5 m inside of the 
reservoir.  The plan view of the reservoir (Figure 2b) shows positions of 23 injecting wells taken from the 
reservoir simulation.   
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Figure 2a: Cross-section of a density field (kg/m3) as a function of depth and distance in x-direction. 

 

 
Figure 2b: Plan view of a density (kg/m 3) field at a depth z = 1200 m. 

 
Figure 3 shows a plan view of differences in the model density, CO2 saturation, and reservoir pore 
pressure, respectively, between initial conditions and 5 years into CO2 injection.   
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Figure 3a: Plan view of a difference in model density (kg/m 3) between initial condition and 5 years into CO2 
injection (density at 5 years – initial density). 
 

 
Figure 3b: Plan view of a difference in model CO2 saturation between initial condition and 5 years into CO2 
injection. 
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Figure 3c: Plan view of a difference in reservoir pore pressure (MPa) between initial condition and 5 years into CO2 
injection. 

 
Surface and borehole gravity responses have been calculated for this model.  The surface gravity response 
was calculated for a grid of stations with 1 km spacing from 2000 m to 22000 m in x and from 2000 m to 
16000 m in y direction.  Figure 4a shows a difference in the surface gravity response between initial 
conditions and 5 years into CO2 injection.  Although the magnitude of the surface vertical component of 
gravity (3 mGal) is about an order of magnitude above the gravimeter sensitivity, and therefore 
measurable in the field, the difference caused by CO2 injection is only about 0.5 µGal, which is in the 
noise level of the field survey (Hare, 1999).  The decrease in the vertical component of gravity is caused 
by increased CO2 saturations reducing the bulk density of the reservoir.   

 
Figure 4a: Difference in the surface gravity response (µGal) between initial conditions and 5 years into CO2 
injection.  
 

The change in the vertical gradient of gravity (Figure 4b) has a strong correlation with the 
change in the reservoir pressure.  Again, the magnitude of the signal measured in the field (2–10 EU) is 
above the gradiometer accuracy (0.5–1 EU), but the difference between initial conditions and 5 years into 
CO2 injection is very small (~0.005 EU).  If the relationship between pressure changes in the reservoir 
and the changes in dGz/dz could be measured by future technology, it offers an obvious tool for 
monitoring.  These results suggest future analysis to determine the maximum sensitivity of dGz/dz that 
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could be obtained by permanent emplacement of sensors with continuous monitoring coupled with real-
time data reduction to reduce noise levels. 

 
Figure 4b: Difference in the vertical gradie nt dGz/dz response (EU) between initial conditions and 5 years CO2 
injection. 
 
Similar plots done for initial condition and 20 years into CO2 injection at the depth of 1200 m are shown 
in Figure 5.  Figure 5a is a difference in the gravity response, while Figure 5b is a difference in the 
vertical gradient response.  The magnitude of the differences in both plots increased, although only the 
difference in the gravity response would be measurable in the field.   

 
Figure 5a: Difference in the gravity response (µGal) at the depth of 1200 m between initial conditions and 20 years 
into CO2 injection. 
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Figure 5b: Difference in the vertical gradient dGz/dz response (EU) at the depth of 1200 m between initial conditions 
and 20 years CO2 injection. 

 
In addition to surface gravity and gravity gradient responses we have analyzed borehole gravity as well.  
Figure 6 is the difference in the water saturation between 2020 and initial conditions along a vertical slice 
through the reservoir at an injection well.  Figure 7 is the difference in the CO2 saturation between 2020 
and initial conditions.  At the top of the reservoir near the injection well, the water saturation decreases 
while the CO2 saturation increases.  At the bottom of the reservoir, there is no CO2 while the water 
saturation increases due to migration of water away from the injected CO2.  The vertical component of 
gravity measured in the borehole, shown in Figure 8, reflects this change by a decrease in the response at 
the top of the reservoir, and an increase in the response at the bottom of the reservoir.  The change in the 
response is ± 8 µGal.  The reservoir is between 1325 and 1350 m.  The difference in gravity response 
between 2020 and initial conditions (Figure 9) identifies the position of the reservoir.  The sign of the 
change reflects the changes in the local densities caused by either water or CO2.  In both figures, Figure 8 
and 9, the reservoir is outlined by the blue area.   
 

     
Figure 6: Difference in water saturation between 2020 and initial conditions. Greens and blues are an increase in 
water saturation, yellows and reds are a decrease. 
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Figure 7: Difference in CO2 saturation between 2020 and initial conditions. Greens and blues are an increase in CO2 
saturation, yellows and reds are a decrease. 

 
 

 
Figure 8: Borehole gravity response for initial conditions (blue) and 2020 (red). 
 

 
Figure 9: Difference between gravity response in 2020 and initial conditions. 
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The vertical gradient response (dGz/dz) is shown in Figure 10, and the difference between 2020 and initial 
conditions is shown in Figure 11.  The change in the response is about 10 EU, which is easily measured.  
The reservoir is between 1325 and 1350 m outlined in blue.   

 
Figure 10:  Borehole vertical gradient response (dGz/dz) for initial conditions (blue) and 2020 (red). 

 

 
Figure 11:  Difference between vertical gradient response (dGz/dz) in 2020 and initial conditions. 
 
Popta et al. (1990) showed that a geological structure with a sufficient density contrast can be detected by 
borehole gravity measurements if the observation well is not further away than one or two times the 
thickness of the anomalous zone.  This means that borehole gravity could be used to detect CO2-water 
saturation changes up to 60m away from the borehole in this case. 
 
If the amount of water or CO2 injected into the formation is significant enough to cause a change in the 
density, gravity measurements will respond.  The gravity response due to water flood will increase, while 
if CO2 is injected the gravity response will decrease.  In the case of Schrader Bluff, where there is a 
combination of water and CO2 injection the final response will depend on the relative position in the 
reservoir of these two component.   
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2.4.2.6.2  Seismic modeling: 
 
We have an on-going effort in seismic modeling for Schrader Bluff.  The flow simulation models have 
been converted to acoustic and shear velocity (in addition to density).  A simulated seismic line has been 
calculated running approximately N45E across the reservoir.  The elastic response to a 50 Hz Ricker 
wavelet has been calculated.   The increase in CO2 saturation produces approximately a 20% decrease in 
seismic velocity as shown in Figure 12 (a difference in P-wave velocity between 2005 and 2020).  The 
CO2 saturation and water saturation changes are shown in Figures 13 and 14 respectively.  The seismic 
responses, for a single shot located at 7500 m (covering the area of the reservoir with maximum CO2 
saturation change) on the 2D profile, for 2005 and 2020 are shown in Figure 15 with the difference shown 
in Figure 16. 

 
Figure 12: Difference in the acoustic velocity (Vp) between 2020 and 2005 along a 2D profile extracted form the 3D 
model volume. The profile runs N45E across the 3D model. Note the significant decrease in acous tic velocity 
associated with the increase in CO2 saturation (Figure 13). 
 

 
Figure 13: Difference in the CO2 saturation between 2020 and 2005. 
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Figure 14: Difference in the water saturation between 2020 and 2005. 

 

 
Figure 15: Seismic response (shot gather) for 2005 and 2020. 

 

 
Figure 16: Difference in seismic response (shot gather) between 2020 and 2005. Note amplitude change and AVO 
effects associated with water and CO2 saturation changes in the reservoir. 
 
Figure 17a and 17b show the P-wave velocity (Vp) field as a function of distance along the profile (m) 
and time (ms) for a time-snap at 2005 and 2020, respectively.  Blue colors represent low velocities, while 
red colors represent high velocities.  At 2005 time-snap there are only patchy areas where the velocity 
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decreases due to the presence of CO2, while at 2020, we can see that the velocity decrease is continuous at 
the top part of the reservoir (~970 ms).   
 
 

 
Figure 17a:  Velocity field as a function of x along the profile (m) and time (ms) for 2005. 

 

 
Figure 17b:  Velocity field as a function of x along the profile (m) and time (ms) for 2020. 

 
Stacked sections for both years (2005 and 2020) are shown in Figure 18.  The profile in the stack section 
for 2020 is shorter than 2005, however they both cover the area of interest between 8,000 and 16,000 m, 
where the major change in the response due to CO2 occurs. 
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Figure 18a:  Stacked time section for 2005. 
 

 
 

Figure 18b: Stacked time section for 2020. 
 

For our analysis we focused on the middle part of the profile, which is indicated by a white ellipse.  Angle 
stacked sections for these two years are shown in Figure 19. The red line indicates the place where 
changes due to CO2 presence occur.  
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Figure 19: Angle stacked section for 2005 and 2020. 
 
The difference in stack section between 2005 and 2002 is shown in Figure 20.  There is a very little 
change on the left side of the profile and in area around x = 13,000, where there was no CO2 present in 
either time. The main difference in the response is between x = 9,500 and 13,000.   
 

 
Figure 20: Difference in stack section between 2020 and 2005 (2020-2005).  
 
There is a clear change in stacked trace amplitude associated with the reservoir caused by the changes is 
water and CO2 saturation.  In addition, there is a change in the AVO effects.  Both amplitude and AVO 
can be exploited to make quantitative estimates of saturation changes.  We have developed an AVO 
inversion technique for estimating saturations from AVO data that will be applied to the synthetic data by 
the completion of the project.  Forward calculations using Zoeppritz equation for both 2005 and 2020 
model have been done to understand the AVO dependence on the parameters of the model.  The forward 
modeling creates a synthetic seismic gather from a given set of elastic parameters Vp, Vs and density in 
depth as summarized in Figure 21. 
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Figure 21:  Workflow for seismic synthetic modeling 
 
The full Zoeppritz equation is used to compute the reflection coefficient Rpp(θ) for each angle and at 
each layer boundary.  Synthetic offset seismic gathers are calculated by convolving the reflection 
coefficients with predetermined wavelets.  A 50Hz Ricker wavelet was used in this study.  The 
convolution model assumes plane-wave propagation across the boundaries of horizontally homogeneous 
layers, and takes no account of the effects of geometrical divergence, inelastic absorption, wavelet 
dispersion, transmission losses, mode conversions and multiple reflections.  In addition to the plane-wave 
approximations we can model the full 3D anisotropic -elastic effects over the Schrader Bluff model 
(currently on-going) and will compare these to the 1D approximations. 
 
The difference in Vp, Vs, and density is shown in Figure 22.  The reservoir is between 1250 m and 1275 
m.   

 

 
 

Figure 22:  Difference in Vp, Vs, and density profiles between 2005 and 2020 for the Schrader Bluff model at the 
center of maximum CO2 saturation increase.   
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The synthetic gather as a function of angle for 2005 is shown in Figure 23 while the gather for 2020 is 
shown in Figure 24.  Because the gathers are scaled to the peak amplitude, it is very hard to compare 
these two figures. Instead, the difference between these two times, shown in Figure 25, shows a strong 
positive AVO response associated with the change in CO2 and water saturations.  In the final stages of the 
project these AVO responses will be inverted to predict the saturations as a way of quantifying how 
accurately one could expect saturation predictions to be. 

 

 
 

Figure 23:  Synthetic gather for 2005 (scaled to peak maximum). 
 
 

 
 

Figure 24:  Synthetic gather for 2020 (scaled to peak maximum).  
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Figure 25:  Difference between 2020 and 2005 gathers. 
 
 

 
2.4.6.3  Laboratory studies 

 
We have continued our laboratory studies on the streaming potential due to CO2 injection in Berea 
sandstone (Lang Stone, Columbus, Ohio).  These are the first such measurements for CO2 to our 
knowledge, and will be the subject of a separate paper now in preparation.  The testing device holds a 127 
mm long core of 25 mm diameter (Figure 26).  Tests were run on two different rock samples.  Each 
sample was saturated prior to testing under vacuum for a period no less than 1 day.  The pore fluid for 
initial saturation was normal tap wate r, tested to have a resistivity of 125 Ohm-m.  The coupling 
coefficient for the rock/water case was determined both before and after each CO2 flood of two samples 
using a low-pressure static head method.  Next, liquid CO2 was allowed to flow over each sample.  Test 1 
allowed liquid CO2 to flow through the sample for 1½ hour, while test 2 lasted 1 hour.   

 

 
Figure 26:  Testing device containing Berea sandstone core.  Sample is 127 mm long and 25 mm diameter. 
 
Figure 27 illustrates that the observed potentia ls and applied pressure drop correlated well throughout the 
testing.   
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Figure 27: Streaming potential and pressure drop as a function of time as CO2 is injected into the core sample. 
 
Prior to each CO2 injection, coupling coefficient information was determined for the Berea sandstone 
sample saturated with 125 Ohm-m tap water.  For these low-pressure tests, results indicate linear 
correlation of applied pressure and observed potential, as illustrated in Figure 28.   
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Figure 28: Results for static head testing to determine water-only coupling coefficient both prior to and following 
CO2 injection test 2.  Resistivity of pore fluid was 125 Ohm-m.  Slope of line indicates coupling coefficients of 20 
mV/0.1MPa (Pre) and 30 mV/0.1MPa (Post). 
 
When liquid CO2 was applied to the sample, the water in the sample pore space was displaced, while 
reacting with the CO2 to form carbonic acid.  The coupling coefficient evolved over time in response to 
the mixing and displacing of the pore water.  Figure 29 shows the coupling coefficient evolution of both 
tests for the 20 minutes following CO2 injection.   
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Figure 29: Coupling coefficients as a function of time for the first 20 minutes of CO2 injection for samples 1 and 2.  
Coupling coefficient values were steady for tim es greater than 700 seconds, and remained steady throughout the 
remaining testing time.   
 
The results of the test are summarized in Table 1.  As the CO2 displaced the water the coupling coefficient 
decreased.  On average, the coupling coefficients observed for CO2 flow is about 10 times lower than for 
water flow in the same sample.  Since the liquid CO2 coupling coefficient is smaller than that of water, 
the most effective way to spatially monitor injected CO2 flow is to monitor the progressing CO2/water 
front, where the coupling coefficient is largest.   
 
 
Table 1:  Summary of coupling coefficient results.  All units are in mV/0.1MPa. 

 

 Pre-Test 
(water) 

During      
(CO2) 

Post-Test 
(water) 

Sample 1 45 2.5 15 
Sample 2 20 3.5 30 
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2.4.2.7  Results and Discussion 
 
Although the magnitude of the surface gravity response (3 mGal) is about an order of magnitude above 
the gravimeter sensitivity, and therefore measurable in the field, the difference caused by CO2 injection is 
only about 0.5 µGal, which is in the noise level of the field survey (Hare, 1999).  The negative change in 
the response is caused by increased CO2 saturations reducing the bulk density of the reservoir.  The 
change in the vertical gradient of gravity has a strong correlation with the gradient of the change in 
pressure in the reservoir.  Again, the magnitude of the signal measured in the field (2–10 EU) is above the 
gradiometer accuracy (0.5–1 EU), but the difference between initial conditions and 5 years into CO2 
injection is very small (~0.005 EU).  If the noise levels of measurements of the changes in dGz/dz could 
be reduced by permanent sensor emplacement and continuous monitoring gravity and gradient 
measurements may offer a tool for monitoring.   
The difference in both borehole gravity response and vertical gravity gradient (dGz/dz) identifies the 
position of the reservoir.  The sign of the change reflects the changes in the local densities caused by 
either water or CO2.   
There is a clear change in seismic amplitude associated with the reservoir caused by the changes is water 
and CO2 saturation.  In addition, there is a change in the seismic AVO effects.  Both seismic amplitude 
and AVO can be exploited to make quantitative estimates of saturation changes.  Forward calculations 
using Zoeppr itz equation for both 2005 and 2020 models support this argument.  We have developed an 
AVO inversion technique for estimating saturations from AVO data that will be applied to the synthetic 
data set in future work.   
 Laboratory studies showed that the coupling coefficients for CO2 are large enough to cause SP 
signal measurable in the field.  As the CO2 displaces the water the coupling coefficient decreases.  On 
average, the coupling coefficients observed for CO2 flow is about 10 times lower than for water flow in 
the same sample.  Since the liquid CO2 coupling coefficient is smaller than that of water, the most 
effective way to spatially monitor injectate flow is to monitor the progressing CO2/water front, where the 
coupling coefficient is largest.   
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2.4.2.8  Conclusion 
 
Although the magnitude of the surface gravity response (3 mGal) is about an order of magnitude above 
the gravimeter sensitivity, and therefore measurable in the field, the difference caused by CO2 injection is 
only about 0.5 µGal, which is in the noise level of the field survey (Hare, 1999).  The negative change in 
the response is caused by increased CO2 saturations reducing the bulk density of the reservoir.  The 
change in the vertical gradient of gravity has a strong correlation with the gradient of the change in 
pressure in the reservoir.  Again, the magnitude of the signal measured in the field (2–10 EU) is above the 
gradiometer accuracy (0.5–1 EU), but the difference between initial conditions and 5 years into CO2 
injection is very small (~0.005 EU).  If the relationship between pressure changes in the reservoir and the 
changes in dGz/dz are validated, it offers an obvious tool for monitoring if dGz/dz sensitivities can be 
increased.   
The difference in both borehole gravity response and vertical gravity gradient (dGz/dz) identifies the 
position of the reservoir.  The sign of the change reflects the changes in the local densities caused by 
either water or CO2.   
There is a clear change in the seismic amplitude associated with the reservoir caused by the changes is 
water and CO2 saturation.  In addition, there is a change in the AVO effects.  Both amplitude and AVO 
can be exploited to make quantitative estimates of saturation changes.  Forward calculations using 
Zoeppritz equation for both 2005 and 2020 models support this argument.  We have developed an AVO 
inversion technique for estimating saturations from AVO data that will be applied to the synthetic data set 
by the conclusion of the project.   
 Laboratory studies showed that the coupling coefficients for CO2 are large enough to cause SP 
signal measurable in the field.  As the CO2 displaces the water the coupling coefficient decreases.  On 
average, the coupling coefficients observed for CO2 flow is about 10 times lower than for water flow in 
the same sample.  Since the liquid CO2 coupling coefficient is smaller than that of water, the most 
effective way to spatially monitor injectate flow is to monitor the progressing CO2/water front, where the 
coupling coefficient is largest.   
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ABSTRACT 
This paper presents a method for combining seismic and electromagnetic measurements to predict 

changes in water saturation, pressure, and CO2 gas/oil ratio in a reservoir undergoing CO2 flood.  

Crosswell seismic and electromagnetic data sets taken before and during CO2 flooding of an oil reservoir 

are inverted to produce crosswell images of the change in compressional velocity, shear velocity, and 

electrical conductivity during a CO2 injection pilot study.  A rock properties model is developed using 

measured log porosity, fluid saturations, pressure, temperature, bulk density, sonic velocity, and 

electrical conductivity. The parameters of the rock properties model are found by an L1-norm simplex 

minimization of predicted and observed differences in compressional velocity and density.  A separate 

minimization, using Archie’s law, provides parameters for modeling the relations between water 

saturation, porosity, and the electrical conductivity.  The rock-properties model is used to generate 

relationships between changes in geophysical parameters and changes in reservoir parameters.  

Electrical conductivity changes are directly mapped to changes in water saturation;  estimated changes 

in water saturation are used along with the observed changes in shear wave velocity to predict changes in 

reservoir pressure.  The estimation of the spatial extent and amount of CO2 relies on first removing the 

effects of the water saturation and pressure changes from the observed compressional velocity changes, 

producing a residual compressional velocity change.  This velocity change is then interpreted in terms of 

increases in the CO2 /oil ratio.  Resulting images of the CO2/oil ratio show CO2-rich zones that are well 

correlated to the location of injection perforations, with the size of these zones also correlating to the 

amount of injected CO2.  The images produced by this process are better correlated to the location and 

amount of injected CO2 than are any of the individual images of change in geophysical parameters. 

 

INTRODUCTION 
Crosswell seismic and electromagnetic technology has developed over the past two 

decades to provide high spatial resolution images of the seismic velocities (P and S) and 

electrical conductivity of the interwell region.  The majority of effort, as measured by the 

topics of published and presented work, has concentrated on developing and improving 
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algorithms for estimating the geophysical parameters themselves (Newman, 1995; 

Lazaratos et al., 1995; Wilt et al., 1995; Nemeth et al., 1997; Goudswaard et al. 1998 to list 

but a few).  In most applications where nongeophysical parameters, such as temperature 

during a steam flood (Lee et al., 1995) or CO2 saturations during CO2 flood (Harris et al., 

1995; Wang et al., 1998) are the object of the crosswell survey, correlations between the 

geophysical parameters, e.g., velocity or electrical conductivity, and the desired reservoir 

parameter are derived and used to infer the distribution of reservo ir parameters from the 

distribution of the geophysical parameters.  The output from the survey is still most 

commonly a cross section of velocity, electrical conductivity or the time- lapse change of 

these parameters, which is then interpreted in terms of its implications for the distribution 

and/or change of the parameter of interest (temperature, CO2 saturation, etc.).   

 

The simple extension of interpreting the geophysical parameters themselves is to use 

relationships between geophysical and reservoir parameters (e.g., a regression fit between 

velocity and temperature) to convert a geophysical parameter to a reservoir parameter 

image.  This approach can be used successfully in relatively simple reservoir systems with 

a minimum of fluid components and/or spatial variations in other controlling parameters 

(such as porosity, pressure, and temperature).  However, in many settings the geophysical 

parameters depend on a number of reservoir parameters that are variable in both space and 

time.  In particular, porosity, pressure, water, and gas saturation strongly influence seismic 

velocity.  Electrical conductivity can generally be described as a function of porosity, water 

saturation, and fluid conductivity (Archie, 1942), although clay content may also need to be 

considered.  As we will show, in a complex reservoir fluid system, the spatial distribution 

of the time- lapse change in geophysical parameters, such as velocity, can vary significantly 

from the spatial distribution of the time- lapse change in a desired reservoir parameter, such 
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as CO2 saturation in oil.  This difference results from the dependence of the geophysical 

parameters on more than one reservoir parameter (such as pressure and water saturation).  

These multiple dependencies must be sorted out before a picture of any single reservoir 

parameter can be obtained.  

 

It has become common practice to use time- lapse changes in compressional and shear 

impedance mapped at the top of a reservoir.  These changes are used to calculate time- lapse 

changes in effective pressure and water saturation within a reservoir without significant gas 

saturation (Landro, 2001).  However, in systems where natural gas is present in significant 

concentrations or where gas in the form of CO2 is introduced, quantitative prediction of 

pressure and fluid saturation changes becomes problematic because of trade-offs in the 

effects of the multiple reservoir parameters on the mapped geophysical parameters.  The 

situation is further complicated if the objective is to monitor CO2 injection into a reservoir 

already containing natural gas (in addition to oil and water). 

 

The objective of the work described in this paper is to demonstrate a methodology of 

combining time- lapse changes in electric conductivity and compressional- and shear-wave 

velocity with a detailed rock-properties model, to produce quantitative estimates of the 

change in reservoir pressure, water saturation, and CO2/oil ratio.  

 

THE FIELD EXPERIMENT 
Crosswell seismic tomography and electromagnetic imaging have been demonstrated in 

separate applications over the last decade.  The SEG special issue ‘Crosswell Methods’ 

(Rector, 1995) contains several papers on the application of crosswell seismic tomography 

specifically for thermal process monitoring and several others on crosswell EM monitoring 
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of water floods.  Wilt et al. (1995) report on the application of crosswell EM in water flood 

monitoring.   

 

In the fall of 2000 and spring of 2001 we conducted crosswell seismic and electromagnetic (EM) 

measurements in the Lost Hills oil field in southern California during a CO2 injection pilot study 

by Chevron Petroleum Co.  The objective of the pilot study was to demonstrate enhanced oil 

recovery resulting from CO2 injection.  We used this opportunity to study geophysical imaging of 

the reservoir during CO2 injection.   

The portion of the Lost Hills field where this experiment took place has been undergoing 

water flood since 1995.  The CO2 pilot covers four injection wells and surrounding producers.  

Figure 1 shows the well placement in the affected portion of the  

 

Figure 1.  Area of the Lost Hills field affected by CO2 injection.  Four water injectors (shown in 

green) were converted to CO2 injection in September 2000.  The crosswell experiments took 
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place between observation wells OB-C1 and OB-C2 (shown in red).  A flow simulation 

production history match was done on the portion of the field covered by this figure. 

 

field.  Observation wells, OB-C1 and OB-C2, were drilled for the pilot and were fiberglass-

cased to enable the use of crosswell EM.  The nearby CO2 injector (11-8WR) is located 20 feet 

out of the crosswell-imaging plane.  These injection wells were hydraulically fractured to 

increase injectivity into the low-permeability diatomite reservoir.  In some cases, downhole 

pressures were increased above the lithostatic pressure, which may have induced fracturing 

above the desired injection interval.  If the fracture did indeed extend above the desired interval, 

much of the injected CO2 would likely not sweep its intended target, but rather move into the 

higher section. 

The baseline crosswell seismic and EM surveys were conducted in September 2000, just prior to the 

beginning of CO2 injection.  A second EM survey was conducted in mid April 2001, and a second seismic 

survey was conducted in  May 2001.  In addition to the crosswell surveys, the two observation wells OB-

C1 and OB-C2 were relogged for electrical resistivity in January 2001. 

 

A ROCK-PROPERTIES MODEL 
The reservoir parameters that have a dominant affect on geophysical parameters are 

porosity, pore pressure, effective pressure (lithostatic-pressure minus pore-pressure), fluid 

saturation, and the amount of dissolved hydrocarbon gas or CO2 in oil.  Pressure has a 

significant effect at Lost Hills because it is a shallow reservoir in soft rock.  Converting 

geophysical images of the interwell region to reservoir parameters requires a rock-properties 

model relating the geophysical parameters to the reservoir parameters.  We sought a model that 

would be able to predict observed velocity, density and electrical conductivity from observed 

pressure, porosity, and fluid saturations.  Table 1 gives all the symbol definitions used in this 
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paper.  Laboratory measurements of the dry-frame moduli and grain density of the diatomite 

reservoir rock were unavailable, so to compute the seismic velocity we used the Hertz-Mindlin 

contact theory for the effective bulk ( dryK ) and shear ( dryG ) moduli of a dry, dense, random 

pack of spherical grains given by the following expressions: 
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where φ0 is the critical porosity (the porosity above which the grains become a liquid 

suspension), Peff is the effective pressure, ν is the grain Poisson’s ratio, Ggrain is the grain shear 

modulus and l is the average number of other grains each grain contacts.  Equations (1) and (2) 

describe the effective dry-frame moduli at the critical porosity 0φ .  The modified Hashin-

Shtrikman lower bounds (Hashin and Shtrikman, 1963) given by Dvorkin and Nur (1996), 
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are used to model the dry frame moduli ( effK and effG ) at porosity φ , where Kgrain is the 

grain bulk modulus. 

 

The bulk modulus of the fluid saturated rock ( satK ) is modeled by Gassmann's equation 

(Gassmann, 1951) : 
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where fluidK  is the aggregate bulk modulus of the fluids filling the pore space.   The bulk 

shear modulus of the fluid saturated rock is assumed to equal that of the dry rock. 

 

The possible fluids filling the pore space are oil, brine, hydrocarbon gas, and CO2.  A 

common approach for calculating fluidK  is to use Wood’s mixing formula (Wood, 1955): 

 

2 21/ / / / /fluid w brine oil oil hcg hcg co coK S K S K S K S K= + + +  , (6) 
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where the water saturation ( wS ), oil saturation ( oilS ), hydrocarbon gas saturation ( hcgS ) 

and CO2 saturation ( 2coS ) sum to 1.0. The bulk moduli of brine, oil, hydrocarbon gas, and CO2 

are Kbrine, Koil, Khcg, and KCO2, respectively. We will discuss this method of calculating fluidK  at 

the end of this section.    

 

The bulk density is given by a simple mixing law 

 

( ) ( )
2

2 20 0

1 1bulk grain hcg w CO oil

w brine hcg hcg C C

S S S

S S S

ρ φ ρ φ ρ

φ ρ φ ρ φ ρ

= − + − − − +

+ +
  ,   (7)  

 

where grainρ , oilρ , brineρ , hcgρ , and 
02C

ρ  are the grain, oil, brine, hydrocarbon gas, and 

CO2 densities, respectively, as a function of pressure and temperature. 

 

The fluid bulk moduli , ,brine oil hcgK K K  and densities brineρ , oilρ , hcgρ  of the brine, oil, and 

hydrocarbon gas respectively are computed using relations from Betzel and Wang (1992).   The 

bulk modulus and density of CO2, 
2COK and

2COρ , respectively, as well as the bulk moduli and 

densities of CO2-hydrocarbon gas mixtures, are modeled using relations from Magee and 

Howley (1994). 

 

The bulk electrical conductivity ( bulkσ ) of the reservoir rock is modeled using Archie’s 

(1942) relationship  

n

w
m

brinebulk S⋅⋅= φσσ  ,     (8) 
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where brineσ  is the fluid conductivity, and m and n are numbers usually between 1 and 3. 

 

The model parameters in Equations (1) through (7) were found by using a simplex algorithm 

to minimize L1 given by Equation (9). 

 

( ) ( )1
1 1

N N
obs calc obs calc
p pL V V ρ ρ= − + −∑ ∑ ,   (9) 

 

where , , ,obs calc obs calc
p pV V andρ ρ  are the sonic log compressional velocity, model calculated 

sonic compressional velocity, log density, and model calculated density, respectively.  The units 

used in defining L1 were m/s and Kg/m3, so that the velocity and density had approximately equal 

numerical magnitude, and hence equal weight in the value of L1.  Because the observation wells 

used in the crosswell surveys did not have full logging suites (no sonic logs), the nearest well 

(1,000 ft away) with a full suite of logs was used. Electrical parameters in Equation (8) were 

determined by a regression using the OB-C1 σ, φ , and Sw logs.  Predicted Vp, ρ, and 

1/σ compared to the observed logs are shown in Figure 2, with the model parameters determined 

from the regressions listed in Table 2.  

 

Parameters listed in bold type in Table 2 (critical porosity, oil API gravity, brine salinity, and 

temperature) were held fixed in the regression.  These values, with the exception of critical 

porosity, came from direct measurement.  Although we are not interested in the model 

parameters per se (we are only interested in the model’s ability to predict Vp, Vs, and ρ, given 

reservoir parameters), note that their values are quite realistic.  The gas density G is very close 

to that of methane.  Estimated shear modulus and grain density of the diatomite grains is very 
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close to the values of 18 (GPa) and 2.3 (g/cc) estimated by Wang (2001).   Bilodeau (1995) 

measured an average grain density of 2.37 g/cc from another location in the diatomite at Lost 

Hills; he also measured -1.84, -1.95, and 0.21 (S/m) for Archie’s Law porosity exponent, 

saturation exponent and fluid conductivity, respectively, on the same samples.  A value of critical 

porosity was determined by a set of minimizations of Equation (9) where φ0 was varied between 

0.5 and 0.7, all of which reached essentially the same value of L1.   The value of φ0 was chosen 

that resulted in values of Ggrain and ρgrain  that were closes to those estimated by Wang (2001).   

 

Figure 2. Rock properties model uses logged porosity (black), water saturation (green) and gas 

saturation (light blue) as inputs in a multi-parameter regression to predict the velocity (left 

panel), density (second from left panel) and electrical resistivity (right panel). Measured velocity,  

density, and resistivity are shown in blue; model predicted values are shown in red. 
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In Table 1, only one parameter, “gas correction”, is listed under the Gassmann fluid 

substitution column.  In addition, the Gassmann formula uses the dry-frame modulus as well as 

the fluid bulk moduli derived from the Batzle and Wang (1992) relations.  However, we found 

that to fit the observed velocity in areas where the gas saturation was non-zero, the gas effect 

had to be reduced.  The overestimation of the gas effect on fluid bulk modulus by the Wood’s 

mixing law, Equation (6), has been observed by Brie et al. (1995).  A better match between 

predicted and observed velocity could be achieved by a simple correction to the gas term in 

Equation (6), yielding a modified equation 

 

02 2 2
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c hcg hcg w brine

fluid
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       (10) 

 

where cG  is the gas correction listed in Table 1. 

 

The pressure prediction capability of the model was validated by comparison to 

measurements made by Wang (2001) on core samples of diatomite from Lost Hills.  Figure 3 

shows the measured compressional velocity for vertical and horizontal propagation.  These 

measurements show a horizontal-to-vertical velocity anisotropy of 1.047 that varies slightly as a 

function of pressure.  We will come back to the velocity anisotropy when we consider the velocity 

inversion of the crosswell data.  
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.  

Figure 3 Vertical and horizontal compressional velocity as a function of effective pressure 

measured on Lost Hills Diatomite core by Wang (2001).  Core was saturated with 19 API oil and 

200,000 ppm brine (50-50 ratio) at 22.7 C. 

 

 

Figure 4. Predicted velocity change as a function of change in effective pressure compared to 

laboratory measurements on Lost Hills diatomite core samples. 

Figure 4 presents the data from Figure 3 recast as velocity changes as a function of pressure 

changes at a reference pressure of 4.7 MPa, the average effective pressure in the reservoir at the 

start of CO2 injection.  For expected decreases in effective pressure (increases in pore pressure) 
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in the range 0 to 3 MPa from the reference pressure, the rock properties model predictions are 

within a few percent of the lab measurements vertical velocity.   The rock-properties model is 

derived from log sonic measurements dominated by vertical propagation along the borehole, so 

the correspondence to the vertical core measurements is expected.  For changes in effective 

pressure above the reference pressure, the lab measurements show a change in the slope of the 

curve, with the quality of the fit between model and lab data decreasing.  The difference in this 

region is probably associated with pore crushing in the lab samples not accounted for in the 

rock-properties model.   

The estimates of the time-lapse changes in geophysical parameters derived from inversion of 

the observed geophysical data, as described in the following sections, are used with the rock-

properties model described by Equations (1)–(5), (7), (8), and (10), with constants listed in Table 

2, to calculate time-lapse changes in reservoir parameters. 

INTEGRATED TIME-LAPSE GEOPHYSICAL IMAGES 

The algorithms, assumptions, starting models, and amount of incorporated a priori 

information all greatly affect the velocity and conductivity models resulting from inversion.  

Inversions of the individual data sets done separately, without any mechanism for linking the 

models, produces images of Vp, Vs, and σ with little spatial correlation.  Since we assume that 

the changes in reservoir parameters affect all of the geophysical parameters (albeit in different 

ways), we expect a certain degree of spatial correlation between changes in the different 

geophysical parameters.  This assumption acts as a constraint on the possible solutions.  In this 

experiment, sonic logs were not run in OB-C1 or OB-C2, but conductivity logs were run in both 

wells.  The strategy we adopted to maximize the spatial correlation between velocity and 

conductivity images was to begin with the EM data, where the greatest amount of a priori 

information existed, and then use the conductivity image to produce a starting Vp model, 
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followed by producing a starting Vs model from the final Vp model.  Conductivity logs were used 

to build the starting conductivity model for the EM inversion.  The EM inversion algorithm is 

described by Newman (1995).  We chose to use the conjugate gradient algorithm of Jackson and 

Tweeton (1996) for the travel-time tomography because the final model is sensitive to the initial 

model and is perturbed from the starting model only as much as needed to fit the observed data.   

Both EM and seismic inversions models were parameterized by 3 m cells. 

EM inversion for the data at initial conditions (late August 2000 before CO2 injection) was 

started from a model built by laterally interpolating the conductivity logs between the OB-C1 

and OB-C2 wells.  The final inversion model from this data was then used as the starting model 

for the inversion of the April 2001 data.  The difference of the two inversions provides the time-

lapse change in conductivity shown in Figure 5c.  A high degree of correlation exists between 

the permeability log from the injector and the areas where the largest decrease in conductivity 

occurs.  The correlation between high permeability and large changes in conductivity (water 

saturation) is expected.    
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Figure 5. Time-lapse changes in (a) shear velocity, (b) compressional velocity and (c) 

electrical conductivity.  The EM images were used to construct starting models for the Vp 

inversions; the resulting Vp images were used to construct starting models for the Vs inversions.  

Major unit boundaries are shown as black sub-horizontal lines, estimated location of previous 

water injection fracture is shown as a vertical blue line, estimated location of the CO2 injection 

fracture is shown as a vertical green line, perforation intervals for CO2 injection are shown as 

magenta dots, and the mapped location of a fault zone is shown as the red diagonal line.  The 

permeability log in the out-of-plane CO2 injection well (11-8WR) is shown in black on panel (c). 

Next, the conductivity models from the two inversions were converted to compressional 

velocity.  Values of φ, Peff, Ppore, and Shcg, based on averages from the log data, were used with 
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regression derived parameters (Table 2) to calculate Vp and σ as a function of Sw, using 

Equations (1)-(5), (7), (8), and (10).   A linear regression between the calculated Vp and σ was 

done to provide a function for converting σ to Vp.  The converted σ models were then used as 

initial models in the inversion of the Vp travel-time data to produce the change in Vp shown in 

Figure 5b.  In addition to a decrease in Vp in the region around the estimated locations of the old 

water and new CO2 injection fracture locations, there are decreases in Vp that align with the 

upper section of the mapped fault, implying that Ppore increases along the upper section of the 

fault.  Since there are few conductivity changes associated with the fault, these results indicate 

that pressure changes occur along the fault zone without significant changes in water saturation 

at the time of the experiment.   

The largest σ, Vp, and Vs changes occur in a region bordered by the old water injection 

fracture and the new CO2-injection fracture.  The water injection was ongoing for more than six 

years and likely produced a high-permeability damage zone that has been intersected by the 

newer CO2 fracture. We speculate that this has produced a relatively high permeability zone in 

the region between and surrounding the two ideal fracture locations.  Both the conductivity and 

Vp change sections (Figure 5c and 5b) show an increase in conductivity and Vp near the OB-C1 

and OB-C2 wells. This is caused by an increase in water saturation, as shown in the relogging of 

the wells in January 2001.  Water moving outward and away from the high permeability 

injection zone as CO2 is injected causes a “rind” of increased Sw surrounding the volume 

affected by CO2.  The volume of rock affected by CO2 injection will have reduced water content 

as either CO2 fills the pore space or oil absorbs CO2 and swells, expelling water.  This volume 

will have a surrounding “rind” of increased water saturation. 
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Figure 6.  Travel time residual (observed – calculated) vs. ray angle from horizontal.  Panel (a):  

homogeneous halfspace starting model with no anisotropy or dip of the velocity field.  Panel (b): 

homogeneous halfspace starting model with Vhorizontal/Vvertical = 1.05 and symmetry axis 7 degrees from 

vertical. 

The algorithm (Jackson and Tweeton, 1996) used to produce the velocity tomograms shown 

in Figure 5 allows setting a constant velocity anisotropy and a constant dip of the anisotropy 

symmetry axis for the entire cross section.  In a series of tomographic inversions, values of the 

horizontal/vertical velocity and the dip of the symmetry axis were varied between 0.9 and 1.1 

and –10 to +10 degrees, respectively.  The final values of 1.05 and 7 degrees from vertical 

(respectively) used in Figure 5 produced the flattesttravel-time misfit-versus-ray angle scatter 

plot with the minimum RMS data misfit.  Figure 6a shows the travel-time residual plot for a Vp 

model without anisotropy, and Figure 6b shows the residual for the final Vp model shown in 

Figure 5b.  The horizontal-to-vertical velocity ratio of 1.05 from the crosswell seismic 

tomograms compares remarkably well with the value of 1.047 from core measurements shown 
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earlier in Figure 3.  In addition, the structural dip of the reservoir units in the plane of the 

crosswell experiment is 7 degrees. 

The starting models for the Vs inversions were converted from the final Vp sections using a 

Vp/Vs ratio derived from the rock properties model.  The final Vs models were differenced to 

produce the change in Vs section shown in Figure 5a.  The Vs change section is much smoother 

than either the conductivity or Vp change sections.  This results partially from the lower 

frequency content in the shear-wave data.  Shear-wave data were acquired using an orbital 

vibrator source with a center frequency of 500 Hz, whereas the compressional wave data were 

acquired using a piezoelectric source with a center frequency of 2,000 Hz. The Vs change section 

is also smoother because Vs is relatively insensitive to changes in water saturation (which have 

high spatial variability) and more sensitive to pressure changes (which have much lower spatial 

variability).  Even with the smoother spatial changes in Vs we see a correlation with Vp and 

conductivity changes.  In particular, the zone along the fault shows a decrease in Vs, lending 

support to our interpretation that pore pressure is increasing along the fault zone. 

 
THE EFFECTS OF GAS ON SEISMIC VELOCITY AND DENSITY 

The goal is to predict changes (∆?) in reservoir pressure, fluid saturations, and the amount of 
absorbed CO2 in the oil as the CO2 flood proceeds.  We assume that the porosity remains 
constant over the time of the experiment.  To use the rock-properties model to predict changes in 
reservoir parameters from changes in geophysical parameters, we must define certain values for 
reference parameters with respect to which the changes will be computed.  In particular, 
reference water saturation (Sw) and porosity (φ) of 0.5 and 0.52, respectively, are taken from the 
averages in the OB-C1 well over the reservoir interval prior to CO2 injection.  The reference pore 
pressure (Ppore) is taken from a history-matched flow simulation model at the beginning of CO2 
injection.  The reference effective pressure (Peff) on the rock frame for seismic velocity 
calculations is calculated from the integrated density log minus Ppore.  We will consider the 
sensitivity of our predictions to values of the reference parameters below. 
 

Both hydrocarbon gas and CO2 in the reservoir affect the seismic velocities through three 
possible mechanisms:   

(1) by directly changing the bulk modulus of the composite fluid in the pore space as gas 
saturation changes (Equation 10). 
(2) By changing the bulk modulus of the oil as the amount of dissolved gas changes.   
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(3) By changing the bulk density of the rock.  
  
Equation (11), from Batzle and Wang (1992), gives the maximum amount of gas that can 

dissolve in oil expressed as a gas/oil ratio ( max
GR ) as a function of pore pressure (Ppore), 

temperature in degrees Celsius (T), oil API gravity (API), and gas gravity (Ggrav):  
 

1.205max 2.03 exp(0.02878 0.00377G grav poreR G P API T = −   (11)   

 
The gas/oil ratio is the volume ratio of liberated gas to remaining oil at atmospheric pressure and 
15.6o C.  Batzle and Wang (1992) also provide formulas for computing the velocity and density 
of oils with dissolved gas, which we have used in our calculations.   

 

 
Figure 7. Change in velocity (m/s) as a function of change in effective pressure and water 

saturation at reference values of Sw=0.5, Shcg=0.0, φ = 0.52 and Peff=4.7MPa.  Panel (a) ∆Vp  (Shcg 

= 0.0) (b) ∆Vp  (Shcg = 0.02) (c) ∆Vs  (Shcg=0.0).  The oil contains the maximum amount of dissolved 

hydrocarbon gas as a function of pressure for the parameters of the rock properties model given in 

Table 1. 

 
An increase in the amount of dissolved gas in the oil, as measured by RG, decreases both 

the bulk modulus and density of the oil. The bulk modulus is reduced more than the density, 
resulting in a decrease in the compressional velocity of the oil.   Figures 7a and 7c show the 
calculated ∆Vp and ∆Vs using oil with the maximum amount of dissolved hydrocarbon gas as 
functions of ∆P and ∆Sw, at a reference point (reservoir just prior to CO2 injection) where Sw, 
Shcg,  φ, and? Peff are equal to 0.5, 0.0, 0.52, and 4.7 (MPa), respectively.   When Shcg is non-zero 
and free gas exists, the behavior of ∆Vp with ∆P and ∆Sw changes markedly.  Figure 7b shows 
∆Vp for the same reference values as Figure 7a, but with Shcg = 0.02.  Equation (11) is used to 
compute the maximum amount of dissolved gas as a function of pressure.  As Ppore increases 
above the reference pressure, max

GR  increases, and we assume that in situ gas will dissolve into 

the oil up to max
GR .  As the pressure decreases below the reference pore pressure, max

GR  decreases, 
and gas will come out of solution, thereby increasing Shcg above its reference value.  This 
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behavior is shown in Figure 8.  At the reference pressure Shcg = 0.02, as Ppore increases (-∆Peff), 
gas dissolves in the oil and Shcg decreases until ∆Peff reaches -0.6 MPa, when all of the gas has 
dissolved in the oil.  If Ppore decreases (+∆Peff), gas comes out of the oil and Shcg increases.  This 
increase in Shcg with +∆Peff accounts for the sharp gradients in ∆Vp seen in the upper portion of 
Figure 7a and 7b. 
 

7b  
Figure 8. Change in Shcg as a function of change in effective pressure for the model calculations 
shown in Figure 12.  Reference Sw=0.5, Shcg=0.02, φ = 0.52? and P=4.7MPa. 

Although developed for hydrocarbon gas in oil, Equation (11) can be used to predict max
GR for 

CO2 if the appropriate gas gravity is used.  Chung et al. (1988) present experimental results for 
CO2 solubility in 22 API gravity oil at 66.7o C over a range of pressures.  The predicted values 
of max

GR from Equation (11), using Ggrav=1.51 for CO2, are within 1% of the measured values over 
the range of Ppore found in the Lost Hills reservoir, between 800 and 1,500 psi.  Based on this 
comparison, Equation (11) is appropriate for both hydrocarbon gas and CO2.  Data from Chung 
et al. (1988) also show that the amount of CO2 that will dissolve in oil, at the relatively low 
temperatures and pressures in our experiment, is independent of the amount of hydrocarbon gas 
already dissolved in the oil. We will make use of this fact later in our interpretation of the 
observed velocity changes. 

 
The dissolution of gas into oil as Ppore increases produces two opposite effects on the 

composite fluid bulk modulus (Equation (10)) and hence the bulk velocity of the rock.   An 
increase in Ppore causes max

GR to increase, allowing more gas to dissolve in the oil, lowering Koil 
while at the same time reducing Shcg.  From Equation (10), we see that a decrease in Koil and in 
Shcg acts in opposition on Kfluid.  In addition, an increase in Ppore (decrease in Peff) reduces Kdry 
and Gdry, which reduces the bulk velocity of the rock.  When Shcg is small, decreasing Shcg to zero 
increases the bulk velocity of the rock more than lowering Koil (by dissolving gas) decreases it.  
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In contrast, decreasing Ppore increases Kdry which, by itself, would increase Vp.  However, this 
effect is outweighed by the decrease in Vp caused by the increase in Shcg as hydrocarbon gas 
comes out of solution from the oil.  The net effect on Vp is seen in the upper halves of Figure 7a 
and 7b, where Vp decreases as Peff increases (Ppore decreases).  

 
PREDICTING TIME-LAPSE CHANGES IN RESERVOIR PARAMETERS 

Before describing the process we have followed to estimate changes in fluid saturations, 
including in situ fluids and introduced CO2, we acknowledge that the multitude of possible 
interactions between changes in pressure, hydrocarbon gas, and CO2, as well as the effects on the 
oil from dissolved gas components, is too large to be uniquely determined from our geophysical 
measurements.  We propose a procedure that makes use of a number of (what we consider to be) 
reasonable and most probable assumptions to estimate the change in CO2 gas/oil ratio, ∆RCO2, 
and CO2 saturation,  ∆SCO2.  The most critical assumption, supported by field reservoir engineers 
and operations staff (Perri, 2001), is that introduced CO2 will dissolve in oil almost immediately 
after injection.  Thus, we treat changes in the CO2 gas/oil ratio as the primary mechanism for 
velocity reduction after changes in Sw and P have been accounted for. 

 
EM data provide an independent estimate of ∆Sw.  Electrical conductivity (σ) is a much 

simpler function of reservoir parameters than is ve locity and can be described by Archie’s law 
(Archie, 1942). Assuming φ is constant, ∆σ is only a function of ∆Sw and ∆σbrine.  Because a 
water flood had been in effect for over 6 years at the start of CO2 injection, we assume σbrine has 
reached equilibrium between injected and native water and does not change.  Therefore, 
conductivity changes are interpreted solely in terms of water saturation changes.  

 
The process of converting the geophysical ∆ images to ∆ reservoir parameters begins with 
predicting ∆Sw between the wells from the ∆σ? image, assuming that φ and σbrine are constant.  
The predicted ∆Sw is used with the observed ∆Vs and the relation illustrated in Figure 7(c) to 
predict ∆Peff.  The process is illustrated schematically in Figure 9.  At 

 
Figure 9:  Schematic diagram of process of estimating ∆Sw from inverse ∆σ and then using the 
estimated ∆Sw with the observed ∆Vs  to estimate ∆Peff 
 
this point, the predicted ∆Sw and ∆Peff sections have required only the assumption that ∆σbrine 
does not change appreciably.  Going beyond this point to use the observed ∆Vp with the 
predicted ∆Sw and ∆P to predict changes in CO2 saturation, along with changes in absorbed 
gases, requires more assumptions and becomes riskier. 

The predicted ∆Sw and ∆Peff are used to calculate the ∆Vp that results from ∆Sw and ∆Peff 
alone, assuming Shcg=0.  Over the majority of the image plane, ∆Sw is negative, with the 
exception of small zones in the rind of water saturation which increase (as noted earlier).  
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Predicted ∆Peff is negative over the entire interwell section, thus producing a -∆Vp.  The residual 
change in velocity (∆VR) is defined by Equation (12): 

obs calc
R p pV V V∆ = ∆ − ∆  ,      (12) 

where obs
pV∆  is the observed change in Vp and calc

pV∆  is the calculated change in Vp.  We 

expect the injected CO2 to decrease Vp in excess of the effects of ∆Sw and ∆Peff by dissolving 
CO2 in oil and possibly producing Sco2 > 0.  Figure 10 schematically represents the process of 
calculating ∆VR and using this with the rock properties model to estimate ∆RCO2. 

 
Figure 10: Schematic representation of combination of ∆VR and rock properties model to predict 
∆RCO2. 
 
On the other hand, a +∆VR can result if the assumption of no in situ hydrocarbon gas, Shcg=0, is 
incorrect.  This effect can be seen by comparing Figure 7a to 7b, where the presence of 
hydrocarbon gas reduces the change in Vp associated with a given ∆Sw and ∆P.  As a 
consequence, a calculated ∆Vp, assuming Shcg = 0 when Shcg > 0, yields a calcula ted ∆Vp that is 
too large and hence a +∆VR.   However, if in situ hydrocarbon gas is present and has been 
accounted for in the calculation of ∆VR, +∆VR can result if a Ppore increase causes hydrocarbon 
gas to dissolve in the oil , in which case Shcg is reduced. 

 
The OB-C1 log shows the presence of hydrocarbon gas over certain intervals within the 

reservoir.  We noted a strong correlation between depth intervals with a non-zero Shcg and +∆VR.   
Therefore, a two-step process was used to calculate ∆VR.  The first pass used Shcg= 0 as 
described.  Next, sections of the image with +∆VR were recalculated assuming Shcg = 0.02 (the 
average non-zero Shcg in the reservoir interval).  After the second pass calculation of ∆VR, many 

of the areas that had +∆VR after the first pass calculations became negative, as calc
pV∆ became 

less negative. 
 
There are thus three regions of the ∆VR section between the wells to interpret: (1) Shcg = 0 

and ∆VR < 0, (2) Shcg > 0 and ∆VR < 0, and (3) Shcg > 0 and ∆VR > 0.  Regions of the crosswell 
section corresponding to Shcg = 0 and ∆VR < 0 require an assumption about the partitioning of 
effects of free CO2 and CO2 dissolved in oil on -∆VR.  We chose to allow the maximum increase 
in RCO2, as given by Equation (11), for the given ∆Ppore and ∆Sw.  If the +∆RCO2 does not 
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completely account for the -∆VR, then ∆SCO2 was calculated to account for the rest.  For regions 
where Shcg > 0 and ∆VR < 0, we assumed that the +∆Ppore caused by injection would drive as 
much of the initial Shcg into the oil as possible, followed by the same assumption about the 
partitioning of the -∆VR between +∆RCO2 and ∆SCO2 as above.  Regions where Shcg > 0 and ∆VR > 
0 were converted to –∆Shcg. 

 
Analysis shows that the oil is fully saturated with hydrocarbon gas at the ambient reservoir 

pressure.  Therefore, we assume that the starting point for CO2 absorption is oil with Rhcg at its 
maximum value for the given Ppore and T.  As noted earlier, RCO2 and Rhcg are essentially 
independent, so that the oil can absorb the amount of hydrocarbon gas and CO2 up to their 
respective max

GR , indicated by Equation (11).  Because we lack an equation for calculating Koil 
with two separate dissolved gases, we have assumed that Equation (13) is an adequate 
approximation of the bulk modulus of the oil: 

 
hcg
oil

co
oil

dead
oil

hcgco
oil KKKK ∆+∆+=+ 22      (13) 

 
dead
oilK  is the oil bulk modulus without any gas, 2co

oilK∆  is the difference between dead
oilK  and the 

oil bulk modulus with CO2 dissolved, and hcg
oilK∆  is the difference between dead

oilK and the oil 
bulk modulus with hydrocarbon gas dissolved. 

 
Calculating +∆RCO2 for regions where ∆VR < 0 is a simple linear interpolation between 

observed -∆VR and calculated -∆VR for a range of +∆RCO2.  If RCO2 reaches the maximum given 
by Equation (11), then the remaining observed -∆VR is used in a linear interpolation between 
calculated -∆VR over a range of +∆SCO2 to calculate SCO2. 

 
The linear relation between ∆VR and RCO2 is shown by the dotted line (Shcg = 0) in Figure 11.  

In Figure 11, RCO2 increases from 0 to
max

2COR  from test number 1 to 34.  From test number 34 to 
41, SCO2 increases from 0 to 0.02, simulating the effect of progressively adding CO2 that first 

dissolves in oil.  After 
max

2COR  is reached, CO2 goes into the gas phase.  Figure 9 also illustrates the 
effects of incorrectly assigning in situ hydrocarbon gas saturation.  If Shcg > 0 when Shcg=0.0 is 
assumed, the estimated RCO2 will be low.   On the other hand, if Shcg=0.0 when Shcg > 0 is 
assumed, the estimated RCO2 will be high.   The error introduced by an incorrect Shcg of 0.02 is 
approximately 15%. 
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Figure 11. ∆VR as a function of RCO2 with and without hydrocarbon gas saturation, solid line is 
Shcg=0.02, dotted line is Shcg=0.0. The presence of Shcg causes ∆VR to be less negative than if 
Shcg=0.0. 
 

Using this model, we have assessed the errors caused by incorrect values of the reference 
parameters Sw, φ, and Pref.  The error expressed as a percent of the true value is plotted in Figure 
12 for the same RCO2 values used in Figure 11.  A 15% perturbation of the true reference values 
were used, which we feel covers the expected variation in these 
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Figure 12.  Error in predicted RCO2 as a percentage of the true value. Reference values of 
porosity (φ), water saturation (Sw) and effective pressure (Pref) are in error by +-15%. The 15% 
range covers the expected variation in these parameters over the inter-well section. 
 
parameters over the interwell section.  The error response as a function of RCO2 is approximately 
symmetric for positive and negative perturbations in the reference parameters used.  The 
assumed Sw has the largest effect, followed by the assumed effective pressure, with the assumed 
porosity having the smallest effect.  Overall, the estimated RCO2 is most sensitive to Shcg, since an 
error of 0.02 in Shcg causes a comparable error of 15% in Sw, but Shcg may vary by more that 0.02. 

 

Figure 13 shows the calculated absolute RCO2 (left side) and RCO2 expressed as a percent of 
max

2COR  
(right side) generated from the geophysical parameter changes shown in Figure 5, using the two-
step process described above.  Effective pressure fr 
om a history-matched flow simulation model and integrated density log at the beginning of CO2 

injection was used as the reference pressure.   The predicted RCO2 never reached
max

2COR , so no SCO2 
was needed to account for remaining -∆VR.  The predicted RCO2 shows a strong correlation with 
the location of perforation intervals (shown as black dots on the green CO2 hydro-fracture line) 
that account for the majority of the injected CO2.  The percentage of injected CO2 going into 
each perforation in the 11-8WR well (Figure 1) is plotted in the center of Figure 13 and shows 
that the upper four perforations account for 95% of all the CO2.  Almost 50% of the CO2 goes 
into the uppermost perforation.  The location of this perforation corresponds to the large +RCO2 
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associated with the fault zone and region above, indicating loss of substantial CO2 into the upper 
portions of the reservoir.  The second, third, and fourth perforations from the top account for 
roughly another 45% of injected CO2, with each perforation aligning with a laminar zone of 
+RCO2.  The only poor correlation between injected CO2 and predicted +RCO2 occurs at the 
perforation at a depth of 1,850 ft. At this depth, a laminar +RCO2 zone aligns with a perforation, 
but the injectivity log indicates little injected CO2.  A possible explanation for this zone of 
increased CO2 is the down-dip CO2 injector 12-7W.  This injector lies along the same hydraulic 
fracture azimuth as the 11-8WR (Figure 1) and shows considerable CO2 injection into the 
geologic unit that intersects our image plane at 1,850 ft depth. 

 
Figure 13. Predicted CO2/oil ratio (RCO2). Left side shows absolute RCO2, right side shows RCO2 
as a percent of the maximum value for the given pressure and temperature. Major unit 
boundaries are shown as black sub-horizontal lines, estimated location of the previous water 
injection fracture is shown as a vertical black line, estimated location of the CO2 injection 
fracture is shown as a vertical green line, perforation intervals for CO2 injection are shown as 
black dots on top of the CO2 injection fracture, and the mapped location of a fault zone is shown 
as a red diagonal line. 

 
The upper section of the fault (left side), where geologic-unit boundaries are offset, correlates 

with an increase in RCO2, whereas the lower section (right side), where no displacements are 
mapped, does not.  This is consistent with an increased permeability along portions of the fault 
that have significant movement compared to portions that do not.  We interpret this image as 
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indicating that CO2 from the uppermost perforation is moving up dip along the fault zone and 
leaking into the high-permeability units above. 

 
The image of RCO2 shown in Figure 13 has apparent higher vertical resolution of increased CO2 zones 

compared to the geophysical anomalies shown in Figure 5.  While there are zones of -∆Vp associated with 
the same perforation intervals correlated with +RCO2, there are additional areas of -∆Vp above and below 
that do not correspond to +RCO2.  Because Vs is insensitive to the fluid substitutions (Figure 7c), we do not 
expect to see a correlation between ∆Vs and CO2, either in the gas phase or dissolved in oil.  Electrical 
conductivity changes will be related to changes in oil saturation through the change in Sw; these 
conductivity changes would also show a correlation to the displacement of water by oil, which may or 
may not be oil with dissolved CO2 in it. Thus, although the ∆σ image (Figure 5) is correlated with the 
∆Vp image, it also does not correlate with the injection intervals nearly as well as the derived RCO2 image 
of Figure 13.  Overall, the RCO2 image has higher correlation with the injection intervals than the 
geophysical-change images and is also more horizontally stratified, as is the permeability structure of the 
formation.  
CONCLUSIONS 

We have used a rock-properties model, based on a close packing of spherical grains in 
conjunction with Gassmann’s equation, to simulate the relationships between reservoir 
parameters of the Lost Hills diatomite and seismic compressional and shear velocities.   A 
volumetric mixing law models bulk density.  Parameters of the rock-properties model are derived 
by a simultaneous fitting of compressional velocity and density logs, using a simplex L1-norm 
minimization, given the observed porosity and fluid-saturation logs as well as measured pressure, 
temperature, and oil properties.  Although the spherical grain model may not ideally represent 
the microscopic structure of the diatomite, the model accurately predicts the bulk seismic 
velocities and densities as a function of the fluid saturations, pressure, and porosity, as measured 
by log data and measurements made on core samples.   

 
Calculations using the derived rock-properties model show that the rock bulk shear velocity 

primarily depends on pressure changes, with the effects of water saturation changes on shear 
velocity being of second order.  Calculations also show that the presence of even a small amount 
of hydrocarbon gas strongly affects the relationships between Vp and the reservoir parameters.  
The influence of gas on compressional velocity makes it impossible to separate the effects of 
changes in hydrocarbon gas saturation, CO2 gas saturation, and the effects on the oil caused by 
dissolved CO2 on Vp without additional independent information.  Crosswell EM data was used 
to provide estimates of changes in electrical conductivity that are directly related to changes in 
water saturation, thus providing an estimate of the change in water saturation that is independent 
from the seismic data.  

 
To predict quantitatively the location and amount of CO2 in the crosswell image plane, the 

change of P-wave velocity is decomposed into the part that can be predicted by the estimated 
changes in water saturation and pressure and the part predictable by a change in CO2 content.  
The process relies on the assumption that the CO2 will first dissolve in the oil and will only enter 
the gas phase after the oil has absorbed the maximum amount of CO2 possible for the in situ 
pressure and temperature conditions.  Using this procedure, we have demonstrated that by 
combining seismically derived changes in compressional and shear velocity with EM-derived 
changes in electrical conductivity, estimates of pressure change, water saturation change, and 
CO2 gas/oil ratio can be made in a complex reservoir containing oil, water, hydrocarbon gas, and 
injected CO2.   The resulting predicted CO2 /oil ratio, RCO2, is better correlated with logged unit 
boundaries than are any of the images of changes in geophysical parameters.  The size of the 
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predicted CO2-rich zones correlate with the amount of CO2 that enters the formation through 
each perforation.  The predicted ∆RCO2 images indicate that a significant portion of the injected 
CO2 is filling the upper portions of the section above the intended injection interval.  These 
conclusions are validated by CO2 injectivity measurements made in the 11-8WR Well. 

 
While we have tried to produce quantitative estimates of the CO2 in place by estimating the 

CO2/oil ratio, the values of this ratio depend on our assumptions about the partitioning of CO2 
between oil and gas phases.  In addition, the assumed values of in situ hydrocarbon gas affect the 
estimates of the CO2/oil ratio, so that the absolute values of our estimates may be in error.  The 
main advantage of the approach described in this paper is the decoupling of the effects of 
pressure and water saturation changes from those caused by CO2.  This produces the improved 
spatial correlation between the estimated CO2/oil ratio and the CO2 injectivity logs when 
compared to the geophysical change images. 

 
This analysis relies on many assumptions that were required because the project was not 

originally designed to use this methodology.  In future applications, the number of assumptions 
could be substantially reduced by design.  In particular, considerable benefit could be drawn 
from repeat logging of the wells with a full suite of logs.  This would provide control points for 
the ∆P, ∆Sw, ∆Sg, ∆Vp, ∆Vs, and ∆σ,? all of which would serve to greatly constrain the problem.  
Log measurements of the geophysical parameters would provide information for better starting 
models, with constraints on the velocity, density, and electrical conductivity at the well locations.  
Additionally, measurements of SCO2 and the amount of CO2 dissolved in the oil would provide a 
basis for determining the partitioning of the residual velocity between the two, as well as 
eliminate the need to assume that all of the CO2 dissolves in the oil before CO2 gas is evoked as a 
mechanism of velocity change.   
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TABLES 
 

Table 1: Definition of symbols. 

Parameter Name Symbol Parameter Name Symbol 

Dry frame bulk modulus Kdry CO2 bulk modulus KCO2 

Dry frame shear modulus Gdry Composite fluid bulk modulus Kfluid 

Effective dry frame bulk modulus Keff Rock bulk density ρbulk 

Effective dry frame shear modulus Geff Grain density ρgrain 

Saturated rock bulk modulus Ksat  Oil density ρoil 

Saturated rock shear modulus Gsat Brine density ρbrine 

Grain bulk modulus Kgrain CO2 density ρCO2 

Grain shear modulus Ggrain Gas correction Gc 

Grain Poisson ratio ν Hydrocarbon gas density ρhcl 

Critical porosity φ0 Rock bulk electrical conductivity σbulk 

Rock porosity φ Brine electrical conductivity σbrine 
Number of grain contacts l Archie porosity exponent m 

Water (brine) saturation Sw Archie saturation exponent n 

Oil saturation So Pore pressure Ppore 

Hydrocarbon gas saturation  Shcg Effective Pressure Peff 

CO2 saturation SCO2 Compressional velocity Vp 

Brine bulk modulus Kbrine Shear velocity Vs 

Oil bulk modulus Koil Gas/Oil ratio Rg 

Hydrocarbon gas bulk modulus Khcg Gas gravity Ggrav 

 

 

 

 

 

 

 

Table 2: Rock-properties model parameters by model constituent.  Model parameters fixed in the 

regression of well log data are shown in bold type. Asterisk (*) indicates that lithostatic pressure 
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was calculated as a function of depth using the integrated density log, and pore pressure was 

taken as hydrostatic.  Effective Pressure = Lithostatic – Hydrostatic Pressure. 

Parameter Name Symbol 

Dry 
Frame 

Modulus 

Gassmann's 
Fluid 

Substitution Fluids 
Electrical 

Conductivity 
Regression 

Values 

Grain Shear 
Modulus Ggrain x       17.84 (Gpa) 
Grain Poisson 
Ratio ν x       0.107 

Grain Density ρgrain x Dry Rock     2.358 (g/cc) 

# of contacts/grain l x K     3.68 

Effective Pressure Peff x       * 

Critical Porosity φ0 x       0.55 

Pore Pressure Ppore     x   * 
Oil API gravity API     x   21.7 

Gas gravity Ggrav    Fluid K x   0.585 

Brine Salinity S     x   
0.023 

(PPM/106) 
Temperature T     x   42 (C) 

Fluid conductivity σbrine       x 0.23 (S/m) 
Porosity exponent m       x -1.66 
Saturation 
exponent n       x -1.85 

Gas correction Gc   x     0.0068943 
              

*  Litostatic pressure from integrated density logs, Peff = Litho - Hydro static 



1044 

2.4.4  Hyperspectral Geobotanical Remote Sensing for CO2 
Storage Monitoring 
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2.4.4.1  Abstract 
 
This project has the goal of providing a method of mapping for Co2 leaks by the effects on the plants the 
excess soil CO2 concentrations and for mapping hidden fault pathways for potential CO2 leaks, over the 
entire region above an underground formation being injected with CO2.  The method we are developing 
uses airborne hyperspectral high-resolution imagery.  We have collaborated with a commercial 
hyperspectral imagery provider in developing these techniques so that eventually the ongoing surveillance 
of a field can be contracted for commercially.  This project is research collaboration between two 
University of California campuses, Lawrence Livermore National Laboratory (LLNL) and UC Santa Cruz 
(UCSC). The collaboration is large and involves the newly created Center for Remote Sensing at UC 
Santa Cruz.  Two UCSC Professors, three graduate students, and a Senior Scientist at LLNL are working 
on this CO2 monitoring and surveillance project.   



1047 

2.4.4.2  Table of Contents 
 
2.4.4.1  Abstract........................................................................................................................... 1046 
2.4.4.2  Table of Contents ............................................................................................................. 1047 
2.4.4.4  Executive Summary.......................................................................................................... 1049 
2.4.4.5  Experimental.................................................................................................................... 1050 
2.4.4.6  Results and Discussion...................................................................................................... 1053 
2.4.4.7  Conclusion....................................................................................................................... 1063 
2.4.4.8  References ....................................................................................................................... 1064 
2.4.4.9  Publications...................................................................................................................... 1065 
2.4.4.10  Bibliography................................................................................................................... 1066 
2.4.4.11  List of Acronyms and Abbreviations ................................................................................ 1067 
 



1048 

2.4.4.3  Introduction 
 
The hyperspectral geobotanical remote sensing techniques that we are developing use advanced 
commercial airborne imaging spectrometer systems now available in the USA and worldwide.  The 
system that we normally contract for in our overhead imaging missions produces visible and near IR 
reflected light images with spatial resolution of 1 to 3 meters in 128 wavelength bands.  The spatial 
resolution allows us to detect and discriminate individual species of plants as well as the complexities of 
the geological and man made objects in the images.  We then can interpret the observed plant species 
distributions and their relative health along with a detailed understanding of the local geology, soil types, 
water and water conditions, and human activities.  We are able to distinguish terrestrial and aquatic plant 
species, all types of geological formations and soil types, and many different types of human activities.  
We can then look for biological impacts of CO2 leaks or seepages in large complicated areas such as 
estuaries, ports, rivers, deserts, forests, grasslands, farmlands, cities, industrial areas, etc.  These 
techniques do not require before and after imagery because they use the spatial patterns of plant species 
and health variations present in the one image to distinguish slow leaks.   
 
These techniques should allow us to distinguish the effects of small leaks from the damage caused to the 
biosphere by the other local human activities such as pipeline construction and natural factors such as 
storm run off.  The plants in an area can accumulate small doses of leaked materials.  The plant health and 
species modification spatial patterns do record time-integrated effects of small quantities of leaked CO2.  
This can be important in finding leaks that would other wise are hard or impossible to detect by direct 
observation. 
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2.4.4.4  Executive Summary 
 
During the last six months our hyperspectral imaging project for CO2 leakage monitoring has focused on 
using the extensive hyperspectral imagery set that we acquired of the Rangely CO enhanced oil recovery 
field in August 2002.  We have accomplished extensive analysis of this imagery. We have created highly 
detailed maps of soil types, plant species, plant health, water conditions, and human activities.  The 
results will be verified in a field trip to Rangely CO in August 2003.  These maps establish an 
environmental and ecological baseline against which any future CO2 leakage effects on the plants soils 
and water conditions can be detected and verified.  We have also seen signatures that may be subtle 
hidden faults.  If confirmed these faults might provide pathways for upward CO2 migration if that 
occurred at any time during the future. 
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2.4.4.5  Experimental 
 
The experimental method we are creating can be summarized as: 
Determine the area above the formation to be monitored including some surrounding areas that are 
thought to be outside the influence of any CO2 that might percolate to the surface. 
Work with the image acquisition contractor to develop a set of flight lines along which the images will be 
acquired. 
If possible make a group trip to the area to start to become familiar with the special characteristics of the 
region at the time planned for the airborne overhead image acquisition. 
Using GPS (Garmin 76 handheld with mapping) and digital cameras (Canon G2) visually record the soils, 
plants, minerals, waters, and manmade objects in the area. 
Remain on location to be available to the pilots and image sensor operator while the imagery is being 
acquired.  This is usually one day between 10:00 and 14:00.  But it can be two days. We normally all 
meet at the aircraft before and after the day’s flight to go over the plans and check results. 
The sensor characteristics and a discussion of overhead hyperspectral imagery acquisition can best be 
seen at the web site of our imagery acquisition contractor.   http://www.hyvista.com/ 
 

 
 
Figure 1. The hyperspectral sensor is shown in the aircraft used by our acquisition contractor for image 
acquisitions. 
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Figure 2 Ashley Hill is the acquisition contractor’s sensor operator and flight commander. He is shown 
with the onboard computer system that controls the sensor systems and records the image, and the exact 
geolocation of each pixel in the image as it is acquired. The aircraft is the B300 Twin Otter. 
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Figure 3.  Morning preparations of the B 300 Twin Otter aircraft, sensor, georectification system, and 
computer system for our hyperspectral image acquisitions. Note the absolutely clear skies which is ideal. 
 
After the acquisition is completed our team reviews the imagery and georectification.  Our acquisition 
contractor then sends it to their main facility Sydney Australia for final post processing. 
The imagery set of all flight lines is returned to us on DVD’s as three products; Raw, corrected to 
reflectance including atmospheric absorptions, and georectification control files.  This usually takes less 
than a few weeks.   
The imagery on the DVD’s is analyzed using the ENVI commercial computer software on Windows and 
or UNIX platforms, by our researchers at UCSC, LLNL, and HyVista Corp, working as team.  Please see 
the Research Systems Inc web site at http://www.rsinc.com/envi/index.asp for information about the 
ENVI program.  Joe Board man and Fred Kruse wrote the ENVI program.  Their website is at  
http://www.aigllc.com/  and is considered the standard for the hyperspectral image analysis community 
worldwide. 
The imagery is analyzed to produce “maps” of plant species types, plant health within species types, soil 
types, soil conditions, water bodies, water contents such as algae or sediments, mineralogy of exposed 
formations, and manmade objects such as roads, buildings, playgrounds, etc.  These “maps” are actually 
collections of individual georectified pixels. 
The maps derived from the imagery analysis are the studied to look for species of plants where they 
would normally not be found, relative plant health patterns, altered mineral distributions, soil type 
distributions soil moisture distributions, water and water contents, and other categories. 
We then return to the field with our analysis available in our laptop computers running ENVI to verify the 
results.  Based on the verification results the analysis can be “fine-tuned” in the field to produce more 
accurate maps.  Since the maps are georectified and the pixel size is 3 meters individual objects such as 
trees, outcropping minerals, jeep trails, well heads and pads can all be located using the maps and 
handheld a GPS.  So the verified maps are extremely accurate.   
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2.4.4.6  Results and Discussion 
 
We have done many analysis of the Rangely hyperspectral imagery using ENVI. We have combined these 
with the photos, topographic maps, and digital elevation models we have of the Rangely Oil field, town 
and surrounding areas. 
 
Some of the highlights of this analysis work done to date are shown in the figures below. 
 

 
 
Figure 4  This is a digital elevation model of the Rangely Oil Field basin and surrounding formations.  The 
White river basin is shown running from the center right to the lower left corner. The Rangel Oil field 
basin is in the center of the figure.  The 18 flightlines that were flown to acquire the 18 strip images are 
shown in red. They are exactly due north and south by design.  They are labeled 1 through 18.  The town 
of Rangely CO is located in the White River Basin close to line 14.  The folded formations whose motion 
created the oil field are easily seen running from southeast to northwest on either side of the basin and 
east west across the top.  Mellen Hill and the Mellen Hill fault can be easily seen at the north west end of 
the oil field basin. (Done by Brigette Martini) 
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Figure 5 All the flight lines have been processed to produce and RGB almost true color image of the whole 
Rangely Oil Field basin, The surrounding formations and the town of Rangely.  The individual flightlines 
are all georectified and there fore they can be mosiaced together to produce an image of the whole region.   
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Figure 6  This is a Landsat image that has been draped over the Digital elevation model to produce a 3D 
image of the whole region. 
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Figure 7 The USGS topographic map of Rangely with an overlaid RGB pseudo color image produced by 
analyzing flight line 16  (Peter Cocks, HyVista) 
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Figure 8 View of the Rangely oil field from on top of Mellen Hill.  This is the area that was imaged in the 
top part of flightline 3. Our examples of detailed mapping in the oil field using the hyperspectral image 
analysis presented in the following Figures includes this area. Note well pads, roads, vegetation, and 
various soils. 
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Figure 9   Flight line 3 hyperspectral image analyzed using ENVI 
to produce a “true color” image shown on the left. The area 
includes the Rangely Oil Field shown in the photo previous 
figure.  On the right there is a composite image of a map of what 
appears to be a mixture of Montmorillonite and Kaolinite mineral 
soils overlaid on a color infrared RGB produced from the 
hyperspectral image.  Wendy Cover using the commercia l image 
analysis program ENVI did this analysis.  Wendy is a first year 
PH. D. graduate student at UC Santa Cruz in our remote sensing 
program.  The procedure she used is complex and is referred to in 
the literature as the ENVI “hourglass” in the literature.  If anyone 
is interested in finding out more about the procedure contact 
Wendy Cover or Bill Pickles.  In our previous experience, these 
maps are extremely accurate in arid regions, which this is.  The 
Montmorillonite Kaolinite soil mixture is shown in orange.  The 
red color at the bottom of the image is the lush vegetation along 
the White River banks.  It is red because the underlying image is a 
pseudo “color infrared” made from the hyperspectral image using 
the bands 27, 16, and 7 as red, green, and blue respectively.  The 
true color image on the left was similarly made using the bands 
15, 9, and 2 as RGB. 
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Figure 10  This is an “unsupervised classification” performed by Wendy Cover using 
ENVI in a different way.  In this analysis, an algorithm separate s the pixels in the image 
into some number of groups, in this case 35 groups.  They are grouped so that the spectral 
signatures and brightness are most similar for the pixels in each group.  I like to think of 
this process as what you would do if I asked you to sort a pile of multicolored “Indian 
corn” kernels into smaller piles where the kernels in the new piles were most like each 
other in size, colors, and patterns.  As you went thru the process you would create more 
and more separate piles. Then if I asked you to limit the number of pile you would be 
forced to recombine piles.  In recombining two piles you might decide to resort the piles 
along with several other piles to reduce the overall number of piles.  This could iterate for 
a long time so at some point we would call halt to the process unless you had decided that 
the piles were not changing much between iterations.  This is exactly what the 
unsupervised classification algorithm does using the brightness and spectral shapes in 
each pixel.  This process is “blind” in that there is absolutely no information about what 
is causing the brightness or spectral shape in the pixels involved.  This is always a wise 
step to take at the beginning of analyzing imagery of a new area, because it alerts you to 
the complexities of the region.  This result is georectified as are all the analysis products 
after they are created. Therefore it can be used as very effective tool to sort out different 
types of soils, plants, etc, during a subsequent field trip to the site.   
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Figure 11  Spectral Angle Mapping (SAM) is another type of ENVI analysis and the 
result of applying this procedure to flightline 3 is shown at the left. Each one of the 
colors is a category produced by the SAM analysis. SAM analysis compares the 
spectral shapes in each pixel to the spectral libraries stored in ENVI.  In this case 
we used USGS standard spectral libraries.  We could use our own user generated 
spectral libraries which can be created from the image itself and or from spectra 
measured in the field at Rangely on our trip this coming August.  Note that this 
analysis image is presented in georectified format. 
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Figure 12 Analysis of the flight line 3 hyperspectral imagery using the 
ENVI Minimum Noise Fraction  (MNF) procedure.  In this 
procedure the original 128 bands of spectral information in each 
pixel are transformed into a new smaller set of objects that are 
referred to as MNF “pseudo bands”.  They are not spectra any more, 
but they are “pseudo bands” that contain the most noise free 
information that was in the original hyperspectral image. MNF “ 
pseudo bands” 1,2,3 are presented as R,G,B in the image on the left.  
MNF pseudo bands 4,5,6 are presented on the right.  Using these 
objects is where some real creativity on the part of the researcher is 
required.  We will be using these analyses during our field trip to 
Rangely in August. 
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There are many analysis products such as these presented above, on the hyperspectral imagery of many of 
the Rangely flight lines.  They are much to numerous to present here. The next step in our program is to 
return to Rangely with all the analyses in our laptops and start the verification process.  
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2.4.4.7  Conclusion 
 
In Conclusion, we have had a very successful hyperspectral image acquisition at the Rangely Co Oil field.  
The imagery has been extensively analyzed.  The results show incredible detail and complexity and detail 
in the mapping of soil types, plant species, plant health, water conditions, and human use features.  This is 
very rich data set.  Our new PH. D. Graduate student, who has been working on this analysis this year, is 
actually an environmental ecologist.  We will be using the analysis to begin to develop a detailed 
understanding of the ecologies found at Rangely.  This will provide a “snap shot” of the entire area as of 
August 2002.  We are not certain if there is any evidence in the imagery analysis so far of plant life 
responses to CO2 leakage.  However our field trip to Rangely this August will help use determine that 
more clearly.  We do see evidence of what might be subtle hidden faults that could provide pathways for 
CO2 upward migration in the future.  These need to be studied further and mapped over the whole field 
before commenting further on this matter. 
 



1064 

2.4.4.8  References 
 
We have many references that relate all our hyperspectral remote sensing programs with other 
hyperspectral programs worldwide.  It is best to visit our website where many of these can be viewed and 
or downloaded for your use. 
 
Our site is  http://emerald.ucsc.edu/~hyperwww/instruments.html   
 
There is also a remote sensing tutorial developed for and funded by Dr. Lucinda Jackson at 
ChevronTexaco, Richmond CA.  Please visit this website, which is a version that is open to the public.  
http://es.ucsc.edu/~hyperwww/chevron/ 
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2.4.4.9  Publications 
 
We have many publications and presentations about all our hyperspectral remote sensing programs.  It is 
best to visit our website where many of these can be viewed an or downloaded for your use. 
Our site is  http://emerald.ucsc.edu/~hyperwww/pubs.html 
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2.4.5  Noble Gas Isotopes for Tracing CO2 Migration 
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2.4.5.1  Abstract 
 
Noble gases can be dissolved into CO2 being injected into geological formations for long-term storage 
and be used as tracers when monitoring for CO2 leakage or subsurface migration. Stored CO2 will be a 
supercritical liquid and the noble gases will remain dissolved in that liquid. Using them as tracers in this 
form is similar to using any common type of chemical tracer. However, leaking CO2 migrating to the 
Earth’s surface will become a gas and it is here that the noble gases become unique and highly valuable 
tracers. When the CO2 becomes a gas, the noble gases will also be in the gas state and will migrate along 
with the CO2 to the Earth’s surface. They thereby become tracers of CO2 gas migration. Because 
detection of certain noble gas isotopes is much more sensitive than CO2 detection itself, the noble gases 
become an early warning of CO2 leakage – long before there is enough surface CO2 to cause vegetation 
distress, and long before elevated CO2 levels would be noticed by surface CO2 monitoring. There is even 
evidence to suggest that released noble gases would reach ground surface before released CO2, enhancing 
the early warning capability. The objective of this project is to develop the technological foundation for 
utilizing noble gas isotopes to: 1) create a mechanism for long-term monitoring of CO2 storage sites; 2) 
screen depleted oil fields, brine aquifers or similar formations for suitability for CO2 storage (i.e., for their 
potential for leakage); and 3) provide a mechanism for fingerprinting injected CO2 so that the source and 
ownership of leaking or subsurface migrating CO2 can be identified. We have already successfully 
employed noble gas isotopic tracing in shallow groundwater systems (<1000' depth), and the 
developmental process of this project is an attempt to extend these techniques to CO2 injection. The 
challenge involves characterization of noble gas behavior in a multiphase system (supercritical CO2, CO2 
(gas), multiple hydrocarbon phases, and formation brines) under lithostatic pressures found at depths 
exceeding 5000 feet. 
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2.4.5.4  Introduction 
 
The noble gases (helium, neon, argon, krypton, xenon) all have multiple isotopes (atoms of the same 
element with different numbers of neutrons) that occur naturally on Earth. While the atomic ratios of the 
various noble gas isotopes to one another are generally very similar throughout the planet and 
atmosphere, there are regions or “compartments” that have unusual isotopic ratios. These unusual ratios 
“fingerprint” the noble gases as having originated in those compartments. Importantly, the CO2 currently 
used for Enhanced Oil Recovery (EOR) injection (e.g., from Sheep Mountain or McElmo Dome) has 
natural characteristic noble gas isotopic fingerprints that are distinct from those found elsewhere in the 
Earth’s crust. Should an anomalous isotopic signature be detected adjacent to an EOR reservoir, it would 
be a clear indication that injected gases are leaking. Noble gases therefore present a mechanism for 
monitoring presently used EOR reservoirs where caprock integrity is questionable due to production-
related changes in their geologic formations. 
 
A similar circumstance can be artificially created for injected (stored) industrial CO2 by adding (spiking) 
noble gas isotopes of distinctive isotopic composition to the CO2 prior to injection. We have been using 
artificial noble  gas isotope tracers for the past 7-8 years in 3 separate, multi-kilometer scale groundwater 
recharge investigations tracking water volumes on the order of 108 m3. LLNL is the only facility in the 
world currently doing noble gas isotope tracing. Only small amounts of spike are needed. For example, 
we can detect 124Xe spike at concentrations as low as 1 part in 1015 by volume in CO2. For injection 
quantities at the Rangely site (~1200 Bcf), only 35 cm3-STP (standard temperature and pressure: 25ºC, 1 
atm) of 124Xe spike would be required at a cost of about $10000. For this reason, the tracers are practical 
to use; in our previous use of tracers in groundwater, the cost per tracer has been about $1 per million 
liters of water. As a means of confirmation during monitoring, or examining multiple pathways, multiple 
isotopes can be used. We have used 22Ne, 78Kr, 86Kr, 124Xe, 129Xe and 136Xe routinely. We have also used 
126Xe and 131Xe (about 3 times the cost). 
 
Since they are not radioactive and are chemically inert, noble gas tracers are persistent and stable in any 
environment. After injection (storage) of CO2 spiked with noble gas isotopes, the region surrounding and 
above the storage site could be monitored to detect the distinctive noble gas isotopic signatures for 
decades to millennia. Because CO2 will always be detected within the Earth’s crust, the question for 
monitoring purposes will be whether its origin is natural or from injection. The isotopic signature of the 
noble gases measured with the CO2 will indicate whether or not the gases originated within the storage 
site.  
 
The project is divided into three components. The first utilizes the unique isotopic compositions of the 
noble gases dissolved in CO2 currently being injected for EOR purposes in the Permian Basin as an initial 
test of the feasibility of CO2-noble gas tracing.  The second component designs a proof-of-principle field 
test in which noble gas tracers are added to injected CO2 and the site is monitored for tracer breakthrough 
and/or CO2 leakage.  The third component addresses the question of how monitoring for leaking noble 
gases at the Earth surface would most effectively be accomplished; a series of numerical model 
simulations are being created for this purpose. These components are discussed in the following. 
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2.4.5.5  Executive Summary 
 
2.4.5.5.1  Project Component I: Noble gas analysis of CO2 floods from an Enhanced Oil Recovery 
field 
 
The CO2 currently being used for EOR flooding in the Permian Basin is primarily derived from a small 
number of naturally-occurring CO2 deposits in northern New Mexico and southern Colorado (e.g., Bravo 
Dome, McElmo Dome, and Sheep Mountain). The isotopic compositions of the noble gases dissolved in 
the CO2 from these sites is very unique, and unlike common noble gas compositions encountered in the 
Earth's crust and atmosphere. This is evident in neon and xenon isotopes (Figure 1; data from Caffee et 
al., 1999, and Phinney et al., 1978). 
 
Figure 1.  Neon and Xenon isotopic compositions from CO2 used in the Permian Basin. 
 

 
 
Because the compositions are unique, we can use active EOR fields as analogues to CO2 storage sites. 
The noble gas “tracer” has already been added to the CO2 being injected to enhance oil recovery.  The 
CO2 coming back to ground surface in the oil production wells can be tested and analyzed as though it 
were escaped CO2 that has migrated to the surface. This allows us to address several questions:  What is 
the concentration of noble gases in the returned CO2?  What percentage of noble gases injected with the 
CO2 makes it back to the surface?  Are the distinctive isotopic compositions retained in the returned CO2?  
Which noble gases show the strongest signal (i.e., make the best tracer)?  The tests also help us determine 
the quantities of noble  gas tracer required for storage. In contrast to the natural CO2 used in the Permian 
Basin, industrial CO2 will contain little or no dissolved noble gas.  Thus determining the amounts of noble 
gas to be added as tracer is important. 
 
As a test location we have chosen the Mabee EOR field in west Texas, a few miles north of Midland. The 
Mabee field is owned and operated entirely by ChevronTexaco, who have kindly provided access to the 
field and help with logistical matters (Figure 2).  
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Figure 2.  Location of the Mabee EOR field, Permain Basin, west Texas. The vast pipeline delivering natural CO2 
from the New Mexico and Colorado CO2 domes is shown. 
 

 
Eleven production wells were sampled, along with CO2 from the feeder pipeline and CO2 from a return 
pipeline of captured CO2 that is to be reinjected. The results, discussed in Section 2.4.5.7 below, show 
that noble gas isotopic tracers will work extremely well as monitors of CO2 leakage and subsurface 
migration.  The isotopic compositions are easily detected and the gases retain the signal of the injected 
CO2.  The Mabee EOR test was very successful in providing the answers to the questions we targeted in 
this component of the project. 
 
2.4.5.5.2  Project Component II: Design of a proof-of-principle tracer injection demonstration 
 
Most greenhouse gas CO2 is derived from industrial sources that do not contain dissolved noble gases 
with unique isotopic compositions. For these, a noble gas isotopic tracer will have to be added to the CO2 
during injection. The tracer will give the CO2 a unique noble gas isotopic composition. One of the goals 
of this project, and one of the primary reasons to measure the noble gases at the Mabee field, is to 
determine the quantities of noble gas tracers that will have to be injected, and to design an injection 
methodology. The Mabee results allow us to decide which noble gas tracers will be the most useful, and 
to calculate the quantities required for surface monitoring. With these calculations, we can design a proof-
of-principle tracer injection demonstration that will allow us to demonstrate the usefulness of noble gas 
tracers for CO2 storage. This tracer demonstration could occur at either a prospective CO2 storage site, or 
at an EOR field such as Mabee. 
 
We have completed the calculations for tracer amounts and monitoring expectation, and these will be 
discussed in Section 2.4.5.7 below. The planning for a field demonstration will also be discussed in a 
document to be submitted to the CO2 Capture Project at the end of this project.  However, due to the 
budget reduction for this project, as developed during the Santa Cruz program meeting and communicated 
to us during the beginning of this reporting period, we will not be able to attempt an actual field 
demonstration. This change in work scope was agreed to by the CCP in March of this reporting period. 
 
2.4.5.5.3  Project Component III: Numerical model simulations of CO2/noble gas migration to the 
Earth surface 
 
CO2 that begins to leak from an underground storage site may initially still be supercritical (liquid), but 
will eventually become gas as it rises to the Earth surface and lithostatic pressures drop. During this 
process, there is potential for separation of the noble gases from the CO2. How the noble gases and CO2 
will behave during migration to the Earth surface is not scientifically well known at present. The process 
is very complex, involving such questions as the mode of transport (e.g., by porous diffusion vs. fracture 
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flow) and interaction with materials during transit (aquifer waters, hydrocarbons, rock). There are reasons 
to believe the noble gases may actually arrive at the surface before the escaped CO2, in which case they 
would provide a precursory warning. One of the goals of this project is to investigate possible noble gas 
Earth surface monitoring strategies. Only by knowing how we will want to monitor can we make final 
decisions concerning which noble gas tracers to use, and how much tracer will have to be injected. 
 
The behavior of the noble gases relative to CO2 in the crust can be investigated using numerical 
simulation of fluid flow. A component of this project was to create a series of simulations that will help 
us design monitoring strategies at the Earth surface. As a starting point, a series of simulations could be 
used that were done at LLNL a few years ago for a study that examined noble gas flow from a release 600 
feet below Earth surface. The simulations used the NUFT fluid transport code developed at LLNL. The 
code was able to accurately reproduce the arrival times of both SF6 and 3He (Figure 3; red circles 
represent gas detection, open circles represent no detection). We regard this study to be an analogue to 
CO2 leakage from a subsurface storage site, and are using the NUFT code for our transport simulations. 
The SF6-3He study was published in the journal Nature (Carrigan et al., 1996). 
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Figure 3.  Ground surface detection of 3He and SF6 from a release 600 feet deep, relative to release date. 
 

 
 
As a context for modeling, we have chosen the geological and hydrologic setting of the Permian Basin, as 
exemplified particularly by the Mabee EOR field. This was chosen obviously to dovetail with the results 
from Component I of this project. We have designed a two-dimensional model grid with nodes 
representing geological and hydrological features pervasive in the Permian Basin. Several model 
sensitivity actualizations have been completed. Our plan has been to enhance this model through addition 
of site-specific and high resolution subsurface data supplied to us ChevronTexaco, the operators of the 
field. For this, a nondisclosure agreement had to be executed, a process which has taken almost a year. An 
agreement signed by both LLNL and ChevronTexaco was completed on July 8th, 2003. 
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2.4.5.6  Experimental 
 
The noble gas lab consists of two VG5400 noble gas mass spectrometers. The first spectrometer is set up 
to analyze xenon isotope ratios with very high precision. Major isotope ratios (129Xe, 131Xe, 132Xe, 134Xe 
and 136Xe) are reproducible in air and water standards at 0.01%. This instrument is also used for precise 
3He/4He measurements and the determination of tritium by the 3He in-growth method. The second 
spectrometer is dedicated to measuring large variations in isotope ratios and samples with high 3He, 4He 
and high tritium. This instrument also performs isotope dilution measurements of He, Ne, Ar, Kr and Xe 
abundances and is a general-purpose system. Both spectrometer systems have automated, multi-port, 
sample processing systems able to handle gas and water samples. High temperature vacuum furnaces are 
available for the analysis of noble gases trapped in solids. 
 
In addition to these traditional instruments, we have two membrane-inlet mass spectrometers (MIMS) 
dedicated to making continuous, real-time measurements of dissolved gases in water. The primary focus 
is to measure O2, N2 and Ar with high precision. We also measure dissolved H2, CH4, CO2, He and Kr. 
One of the MIMS is portable and can be used in the field to assess sampling procedures and make 
determinations of the degree of gas saturation and measure radiogenic 4He concentrations. 
 
For health and safety reasons, as well as logistical simplicity, we have used a contractor laboratory in 
Midland, Texas to collect the CO2 samples at the Mabee EOR field. 
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2.4.5.7  Results and Discussion 
 
As anticipated, the isotopic compositions of the noble gases dissolved in the CO2 sampled from the 
Mabee productions wells (derived mostly from McElmo Dome in this case), reflects the unique isotopic 
compositions of the injected pipeline CO2. This is true of all the noble gases analyzed (we have made 
isotopic analyses for He, Ar, Ne, and Xe), and can be demonstrated here using argon (Figure 4). 
 
Figure 4.  Argon isotopic analyses of CO2 from production wells at the Mabee EOR field. “KMCO2” is the analysis 
of pipeline CO2 prior to injection; “Blend CO2” is CO2 that was produced from all of the wells and combined for 
reinjection. 
 

 
 
The argon isotopic systematics show that two other noble gas components are present. These are 
compartments of noble gases that occur in the subsurface in addition to the injected CO2 compartment. 
The first is composed of the natural ambient noble gases - those within the formation prior to oil 
production (low 40Ar and moderate 36Ar - near the left end of the green line in the diagram). It is 
interesting that after years of oil production, including years of EOR flooding, this component can still be 
observed in the gases drawn from the production wells. The second compartment has the isotopic 
compositions characteristic of the Earth's atmosphere ("air" - high 40Ar and 36Ar, in the upward direction 
indicated by the magenta line in the diagram). We did not anticipate this component to be as evident as it 
is in the data set. This component is derived from the water that is injected in alternate sequences with the 
CO2. The water helps to "guide" the CO2 and further enhances oil recovery. This water is apparently 
derived from near-surface aquifers and contains dissolved atmospheric noble gases. The CO2 from the 
combined, recycle pipeline (to be reinjected) has noble gas isotopic compositions that reflect an "average" 
of the three isotopic components ("Blend CO2" on the diagram). 
 
The results of the Mabee isotopic analyses demonstrate that although subsurface changes can occur in the 
isotopic compositions, the signal from the injected CO2 will be clearly in evidence. In a CO2 storage 
setting, this signal in fact will be enhanced because the water component will not be present (water will 
not be injected along with the CO2). 
 
The Mabee results also allow us to design a proof-of-principle tracer test, to be conducted at a future date, 
through calculations of the test conditions. We believe helium and xenon isotopes would be best for the 
demonstration, because sensitivity is best for these and smaller amounts of tracer will be required. An 
example of these calculations is informative. Assuming: (1) the stored CO2 is injected at 1140 MCFPD, 
equivalent to Mabee well 361AW; (2) the tracer is injected over a 24 hour period; and (3) the signal being 
monitored at the surface represent a soil CO2-to-leaked CO2 ratio of 100:1, then the amount of 3He to be 
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added is 34 liters, and the amount of 124Xe to be added is 0.03 liters. Both very small and inexpensive 
amounts.  We are taking into consideration the monitoring ratio of 100:1 because the tracer test should be 
applicable to surface monitoring. Here we are assuming that at the Earth’s surface, we will want to detect 
leaking CO2 that is at a level that represents only about one percent of the natural soil CO2 present. As 
discussed below, this is a very conservative assumption. Also, as presently conceived, the tracer test 
would at least initially be a well-to-well test of liquid CO2-noble gas migration, and the stated 3He and 
124Xe concentrations are far higher than would be needed for such a test. 
 
The Mabee results also allow us to design a surface monitoring strategy for actual-case CO2 storage. Here 
we could use as an example the Rangely, Colorado experimental CO2 storage site. For this the 
assumptions are: (1) final storage volume ~3x1010 m3 of CO2; (2) background xenon concentrations in the 
CO2 are similar to the Mabee wells; (3) atmospheric xenon concentrations are ~9x10-11 (volume fraction, 
STP); (4) the detectable 124Xe isotopic shift due to the tracer is 0.1% (this easily obtained by LLNL mass 
spectrometers); (5) the ratio of soil CO2:leaked CO2 is 1:1. The total amount of xenon tracer that would 
have to be added during over the course of storage injection would be 5 liters. Relative to the amounts of 
commercially available xenon tracer, this amount is small. The xenon cost would be approximately 
$10,000. It should be noted that our strategy is designed to detect leaked CO2 that represents half of the 
soil CO2 present (i.e., 50% of the CO2 present came from the leaking reservoir). An increase of this 
magnitude is far below levels that would affect vegetation, so is below the levels detectable through 
remote sensing. An increase of this magnitude is also well within the range of natural variations in soil 
CO2 contents (Figure 5), and so would not be detectable by CO2 monitoring alone. 
 
Figure 5.  Soil CO2 concentrations through a 1000 foot soil profile. It may be desirable to monitor the noble gases 
for leaking CO2 in wells drilled to these depths. 
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2.4.5.8  Conclusion 
 
There are several results of this project relevant to the use of noble gas isotopes as monitoring tracers in 
CO2 storage: 
 
(1) The Mabee test results clearly show that the noble gas isotopic fingerprints dissolved in injected 
supercritical CO2 can be recognized in CO2 gas being released from the formation. In our case the release 
was of course due to the oil production well, but CO2 gas evolved from leakage of stored CO2 would 
provide a similar signature. 
 
(2) The ability to detect the noble gas isotopic fingerprints in released CO2 is easily within the analytical 
capabilities of current mass spectrometric methods. With appropriate tracer amounts added to stored CO2, 
ground surface monitoring for noble gases can be achieved.  
 
(3) The noble gas concentrations observed in the Mabee wells provides a guide for the amounts of noble 
gas tracer that will have to be added to CO2 streams for the purposes of ground surface monitoring. The 
amounts are small relative to available supplies, and would be inexpensive relative to total costs of CO2 
storage. It is economical to add sufficient tracer that the noble gases would be detectable long before the 
increase in CO2 was detected at the surface. The noble gases would thereby become an early warning 
system for CO2 leakage. 
 
(4) The Mabee results permit the development of a proof-of-principle field demonstration of noble gas 
monitoring methods. This demonstration could be designed such that short-term results can be obtained 
through well-to-well tracing, followed by long-term monitoring at ground surface. 
 
(5) In order to design a truly effective surface monitoring system and avoid over-engineering such a 
system, numerical simulations - computer models - of the migration behavior of the noble gases relative 
to CO2 will be required. Such models will be site specific for each storage site, taking into account local 
geology and hydrology. However, monitoring in regions of broadly similar geology and hydrology, such 
as the Permian Basin, may require only one general model. 
 
(6) An examination of previous results of monitoring noble gas migration reveals that small-ion noble 
gases (here, 3He) migrate less rapidly than large-ion gaseous complexes (here, SF6). This raises the 
possibility that large-ion noble gases (e.g., Xe) may migrate to ground surface more rapidly than CO2. If 
so, xenon isotopic tracers may be detection precursors to leaked CO2, and thereby enhance their early 
warning capability (as in point 3 above). The 3He and SF6 migration has been accurately modeled using 
the NUFT modeling code employed in this project. Future modeling efforts will be directed at this early 
warning concept. 
 
In summary, the results of this project have demonstrated that noble gas isotopic tracing presents a viable, 
inexpensive, and effective means of monitoring CO2 migration. Further work could provide a proof-of-
principle field demonstration, and could assess the possibility that noble gas tracers would provide an 
enhanced early warning system for CO2 leakage. 
 
This project received a very unexpected 40% reduction in total project funding during FY03. No funds 
have been received from the DOE to this point in FY03. CCP funding (through British Petroleum – 
America) was terminated in March, 2003. The project has been without funding during most of the 
reporting period of this Technical Report. Due to this, Project Components II and III were suspended 
during this reporting period. 
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2.4.5.10  List of Acronyms and Abbreviations 
 
atm Atmospheres (of pressure) 
Bcf Billion cubic feet 
CCP CO2 Capture Project 
EOR Enhanced Oil Recovery 
LLNL Lawrence Livermore National Laboratory 
MCFPD Million cubic feet per day 
STP Standard temperature and pressure 
He Helium 
Ne Neon 
Ar Argon 
Xe Xenon 
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2.5  Integration and Communication 
 

2.5.1  SMV Study Integration and Reporting 
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1.2.1..1  Abstract 
 
The purpose of this task is to develop a book (edited volume) and several overview articles based on 
results from the SMV team of the CO2 Capture Project.  We will develop a series of reports and 
publications that will be used to communicate the results of the SMV team’s work to a variety of 
audiences that would benefit from this information. Target audiences include the staff of the member 
companies of the CCP JIP, technical specialists interested in geologic sequestration, NGO’s, regulators, 
government officials, opinion makers, and the general public.  The overview publications will be 
submitted between by November 30, 2003 with publication expected by mid-2004. The edited volume 
will be submitted by March 31, 200 and published before October 2004.  This effort is being coordinated 
with the overall CCP integration and communications plan. 
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2.5.1.3  Introduction 
 
The CCP SMV team has contracted Lawrence Berkeley National Laboratory to implement a publication 
strategy that will disseminate the results of the ~30 SMV studies to diverse audiences ranging from 
technical specialists to the public.  Table 1 matches the audience to the type of publication. 
 

Audiences Product Description 
• Technical staff 

from the member 
companies of the 
JIP 

• Technical 
specialists 
interested in 
geologic 
sequestration 

Publication #1. Large compilation of 
technical papers (20-30 pages each) from 
all of the projects in the SMV; prefaced 
by an executive summary. 

Peer reviewed, high quality technical 
document. Suitable for citation by the 
IPCC special study. Published as a 
book from a widely respected scientific 
society. 

• Scientists and 
engineers being 
introduced to 
geologic 
sequestration, 
regulators 

Publication #2. Technical review article, 
20-30 pages long. Focused on major areas 
of the SMV, risk assessment, storage 
optimization, storage integrity and 
monitoring and verification. 

Technical article to be published in 
widely distributed technical journal 
(e.g. JPT, Oil and Gas Journal). 

• NGOs, regulators, 
government 
officials, public 
with an interest in 
science and 
technology, press 

Publication #3. Technical review article, 
20-30 pages long. Introduction to 
geologic storage followed by a 
description of the major areas of the SMV 
project, risk asses sment, storage 
optimization, storage integrity and 
monitoring and verification 

Article for a broad audience published 
in a widely read journal such as 
Scientific American or the equivalent. 

• Government 
officials, scientific 
opinion makers, 
NGOs, scientific 
press 

Publication #4. Short “State of the 
Technology Article” (3-5 pages) for 
highly influential scientific audience and 
government leaders. 

Short article for high impact scientific 
journal (e.g. Science or Nature). 

• General public, 
NGOs, press, 
educators, 
regulators being 
introduced to the 
technology 

Publication #5. Brochure or pamphlet on 
geologic storage that highlights the 
contributions of the CCP JIP. 

Hard copy and web-based description 
of geologic storage targeted to a non-
technical audience.  Emphasis on 
contributions of the CCP to geologic 
storage.  Emphasize benefits of 
technology. 

 
Table 1. Suggested products from the SMV Team for dissemination of results. 
 
The following outlines the deliverables for the project: 
 
1. Publication #1. Prepare an executive summary, introduction and conclusions that would introduce 

and summarize a compilation of all of the papers for each of the SMV projects. Organize and 
oversee a peer review for all of the final papers delivered to the SMV team. 

2. Publication #2. In consultation with the SMV team, prepare a review article (approximately 30 
pages) of the results from the SMV teams work. Submit to a widely available journal for technical 
specialists interested in geologic sequestration (e.g. JPT, Oil and Gas Journal, or others at the 
suggestion of the SMV team). 

3. Publication #3. In consultation with the SMV team and the SMV team’s communications 
consultant, prepare a review article (approximately 30 pages) of the results from the SMV teams 
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work. Submit to a widely available journal for broad audience (e.g. Scientific American or others at 
the suggestion of the SMV team). 

4. Publication #4. In consultation with the SMV team, prepare a short “State of the Technology” paper 
(approximately 3-5 pages) based on the results of the SMV teams work. Submit to a highly 
prestigious journal (e.g. Science or Nature). 

5. Publication #5. Provide technical assistance to the SMV team’s communications consultant to 
prepare a brochure or short pamphlet for the general public about Geologic Sequestration and the 
SMV team’s projects. 
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1.2.1..4  Executive Summary 
 
The storage, monitoring and verification portion of the CCP is comprised of ~30 projects in varying 
stages of completion.  The scope of these projects cover several aspects of CO2 sequestration including  
integrity (suitability of natural and engineered systems),optimization (taking advantages of economic 
byproducts such as EOR and ECBM or improving efficiency), monitoring (assessing the performance) 
and risk assessment (quantifying potential hazards).  For these studies to be useful in advancing CO2 
geologic sequestration technology and decision making, a coordinated and timely rollout of results is 
needed.  Of particular concern is the IPCC (Intergovernmental Panel on Climate Change) meeting in 
December 2004 which will consider the merits of geological sequestration technology for carbon 
mitigation.  For consideration, the review panel will require peer-reviewed articles such as those 
envisioned for the technical volume.  Other review articles will assist policy makers in understanding 
geological CO2 sequestration and help engage NGOs and the general public (see Table 1 in introduction). 
 
The following excerpt is taken from the book proposal (for the technical volume) to the American 
Geophysical Union (AGU): 
 
Geologic storage of CO2 is quickly emerging as a leading candidate for deep reduction of atmospheric  
CO2 emissions. This book will provide a comprehensive set of new research papers on this topic based 
primarily on a three-year international industry/government sponsored project called the CO2 Capture 
Project (CCP). This book would provide the most comprehensive anthology of research papers on this 
topic to date. The CCP sponsored 30 research projects to develop new information on five topics that are 
critical to the success of geologic storage of CO2: 1) storage integrity, 2) optimization of CO2 storage, 3) 
monitoring technology and approaches, 4) health, safety and environmental risk assessment, and 5) 
socioeconomic considerations.  
   
An addit ional excerpt is aimed at justifying the size of the potential audience:  
 
There is a rapidly growing research community that is interested in this subject. Conferences, technical 
sessions at AGU, and workshops typically attract several hundred researchers.  Active participants in the 
field are likely to want this “benchmark” book for their libraries. Faculty members and students wishing 
to quickly get familiar with this topic are likely to be interested in this book. It may also serve as a text 
book for research seminars or graduate classes.  In addition, regulators, companies and NGO’s are also 
likely to be interested in the book. In addition, university libraries are also likely to be interested in this 
book. 
 
To date, a provisional table of contents has been submitted with editors form Lawrence Berkeley 
Laboratory (Benson, Oldenburg and Hoversten), Shell (Mass) and ChevronTexaco (Imbus)(see Results 
and Discussion).  Selected outside contributors from other JIPs and government agencies (e.g., NR 
Canada) may be invited to contribute.     
 
 
1.2.1..5  Experimental 
 
There were no experiments conducted for this study. 
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1.2.1..6  Results and Discussion 
 
To date, results are available for the AGU technical volume only.  Reproduced below is the proposed 
provisional table of contents for this volume submitted:    
 
Proposed Table of Contents  
 
Preface (Benson, Lawrence Berkeley National Laboratory) 
 
Introductory Chapters  
 
Preface (Imbus, ChevronTexaco) 
 
Chapter 1.  Introduction to Sequestration of CO2 in Geologic Formations  (Benson, Lawrence 

Berkeley National Laboratory)   
Chapter 2.  Carbon Capture and Storage Technology: State of the Art (Imbus, ChevronTexaco and 

Maas, Shell) 
Chapter 3.  Classification of Storage Media & Capacity (TBD) 
 
Storage Integrity  
 
Preface (Oldenburg, Lawrence Berkeley National Laboratory) 
 
Chapter 4.  Basin Fluid Dynamics & Modeling (GEUS/IFP) 
Chapter 5.  Natural CO2 Reservoir Analogs: Competent Systems (Stevens, Advanced resources 

International) 
Chapter 6.  Natural CO2 Reservoir Analogs: Incompetent Systems (Evans, Utah State University) 
Chapter 7. Natural Gas Storage Industry Experience: Analog to CO2 Storage (Perry, Gas 

Technology Institute) 
Chapter 8.  Influence of CO2 Injection on Physical Properties of Reservoirs and Caprocks (Borm, 

GeoForschungsZentrum Potsdam) 
Chapter 9.  Reactive Transport Modeling of Long-Term Caprock Integrity with CO2 Storage 

(Johnson, Lawrence Livermore National Laboratory) 
Chapter 10.  Induced Seismicity from CO2 Injection (TBD)  
Chapter 11.  Long-Term Sealing Capacity of Well Cement /Casing with CO2 Storage (Lindeberg, The 

Norwegian Foundation for Scientific and Industrial Research)  
 
Storage Optimization  
 
Preface (Maas, Shell) 
 
Chapter 12.  Storage Potential of CO2 in Oil EOR Operations (Grigg, New Mexico Tech) 
Chapter 13.  Use of Depleted Gas and Gas-Condensate Reservoirs for CO2 Storage (Frailey, Texas 

Tech University) 
Chapter 14.  Acid Gas Disposal Experience (Bachu, Alberta Geological Survey) 
Chapter 15.  Enhanced Coal Bed Methane Production and CO2 Storage in Coals (Liang, Idaho 

National Laboratory)  
Chapter 16.  CO2 Transportation to Storage Sites (Heggum, Reinertsen) 
Chapter 17.  Materials Selection for CO2 Injection Operations (Seiersten, Norwegian Institute for 

Energy technology) 
Chapter 18.  CO2 Purity Tradeoffs (TBD)     
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Monitoring and Verification 
 
Preface (Hoversten, LBNL) 
 
Chapter 19.  Atmospheric CO2 Monitoring Systems (Tang, CalTech) 
Chapter 20.  Infrared Monitoring of CO2 Leakage (Davis, Penn State)  
Chapter 21.  Geobotanical Hyperspectral Monitoring (Pickles, Lawrence Livermore National 

Laboratory) 
Chapter 22.  Satellite Radar Interferometry Detection of Ground Movement (Zebkar, Stanford) 
Chapter 23.  Seismic Geophysical Approaches to Monitoring (Arts, Netherlands Organization for 

Applied Scientific Research) 
Chapter 24.  Non-Seismic Geophysical Approaches to Monitoring (Hoversten, Lawrence Berkeley 

National Laboratory) 
Chapter 25.  Geochemical Approaches to Monitoring Using Noble Gases (Nimz, Lawrence Livermore 

National Laboratory)  
 
Human Health and Environmental Risk Assessment 
 
Preface (Benson, Lawrence Berkeley National Laboratory) 
 
Chapter 26.  Lessons Learned From Natural and Industrial Analogues (Benson, Lawrence Berkeley 

National Laboratory) 
Chapter 27.   Human Health, Ecological and Industrial Risk Assessment of CO2 Exposure 

(Hepple,Lawrence Berkeley National Laboratory) 
Chapter 28.  Natural Analogues for Risk Assessment (Hepple, Lawrence Berkeley National 

Laboratory) 
Chapter 29.  Risk Assessment for Industrial Liquid Waste in Deep geologic Formations (Apps, 

Lawrence Berkeley National Laboratory) 
Chapter 30.  Risk Assessment for Natural Gas Storage (Lippmann, Lawrence Berkeley National 

Laboratory) 
Chapter 31.  Risk Assessment Methodology for Sequestration in Off-Shore Gas Fields (Wildeborg, , 

Netherlands Organization for Applied Scientific Research) 
Chapter 32.  Vadose Zone Transport and Surface Releases From CO2 Storage Sites (Oldenberg, 

Lawrence Berkeley National Laboratory) 
Chapter 33.  Risk Assessment Methodology for CO2 Storage in Coal and Enhanced Coal Bed Methane 

Projects (Liang, Idaho National Laboratory) 
Chapter 34.  A Features-Events-Processes Approach to Risk Assessment for CO2 Sequestration 

Projects (Wickens, ECLT) 
Chapter 35.  Early Warning and Remediation Approaches for Leaking CO2 Sequestration Projects 

(Benson/Hepple, Lawrence Berkeley National Laboratory) 
 
The table of contents represents all of the major categories of the CCP-SMV program.  Additional 
chapters might include policy considerations. 
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1.2.1..7  Conclusion 
 
The integration and communications plan is aimed at dissemination the findings of SMV researchers to a 
broad audience, ranging from technical specialists to policy makers, NGOs and the general public.  To 
date, a book proposal has been submitted to the AGU.  The provisional table of contents covers the 
principal focus areas of SMV (integrity, optimization, monitoring and risk assessment).   This technical 
volume and the other planned publications are relevant to promoting CO2 geological sequestration 
stakeholders. At present, such integrated information is not available in the literature. 
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