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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 congtitute
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.



Abstract

The CO, Capture Project (CCP) is ajoint 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 CO, 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 COs.

Capture Technology, Post Combustion: technologies, which can remove CO, 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 wet high concentrations of CO, for storage.

Capture Technology, Pre-Combustion: in which, natural gas and petroleum coke are converted to
hydrogen and CO, in areformer/gasifier.

Common Economic M odel/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 CO, can be safely
stored in geologic formations over the long term.

Non-Technical: project management, communication of results and areview of current policies and
incentives governing CO> capture and storage.

Technology development work dominated the past six months of the project. Numerous studies have
completed their 2003 stagegate review and are reported here. Some will proceed to the next stagegate
review in 2004. Some technologies are emerging as preferred over others.

Pre-combustion De-carbonization (hydrogen fuel) technologies are showing excellent results and may be
able to meet the CCP' s aggressive cost reduction targets for new-build plants. The workscopes planned
for the next key stagegates are under review before work begins based on the current economic
assessment of their performance. Chemical looping to produce oxygen for oxyfuel combustion shows
rea promise. As expected, post-combustion technologies are emerging as higher cost options but even so
some significant potential reductions in cost have been identified and will continue to be explored.

Storage, measurement, and verification studies are moving rapidly forward and suggest that geologic
sequestration can be a safe form of long-term CO, storage. Hyper-spectral geo-botanical measurements
may be an inexpensive and non-intrusive method for long-term monitoring. Modeling studies suggest
that primary leskage routes from CO; storage sites may be aong old wellbores in areas disturbed by
earlier oil and gas operations. Thisis good news because old wells are usually mapped and can be
repaired during the site preparation process. Wells are also easy to monitor and intervention is possible if
needed. The project will continue to evaluate and bring in novel studies and ideas within the project
scope as requested by the DOE.  The results to date are summarized in the attached report and presented
in detail in the attached appendices.
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Executive Summary

The CO, Capture Project (CCP) is ajoint 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 CO, capture and
geologic storage by:

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

Technologies are to be devel oped 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:

Basdline Design and Cost Estimation. For each of the four applications basdline designs have been

developed. These define the uncontrolled emissions from each facility, developed a design for CO,
abatement using the current best available technology (BAT), and estimated the current cost of

abatement in $/tonne CO,. 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 CO, 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 CO, for storage.

Capture Technology, Pre-Combustion: in which, natural gas and petroleum coke are converted to

hydrogen and CO» in areformer/gasifier. The CO2 is compressed for storage and the hydrogen is
mixed with air for combustion, emitting only nitrogen and water.

Common Economic M ode/Technology Screening: analysis and evauation 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 CO, can be safely
stored in geologic formations over the long term.

Non-Technical: project management, communication of results and areview of current policies and
incentives governing CO> capture and storage.



The two charts (Figures 1 and 2) below illustrate the total project budget, respectively split broken down
by activity areas and by funder spend.

$24 Million Project Budget Forecast - By Technology $24 Million Project Budget Forecast - Direct Funding
SMV
PreComb. 100%CCP
30% cep " CCP Non

33% CoFund

NonTech

O;glf,/iel PostComb. o 12% Klimatek NGCAS  EuGrAC US DOE
12% ° Funds Funds £ Eunds Funds
Baseline Design & Cost Estimation . . ......... $700K USDepartmentof Eneray .. ........ooveeeennn, $4,300K
Capture - Post Combustion ................... $2,800K European Union - GRACE Program . ......... $1,200K
Capture - Oxyfuel Technologies ............... $2,300K European Union - NGCAS Program ... ... .. .. $500K
Capture - Pre Combustion. . .................. $8,000K Klimatek - Norwegian Research Council . ........ $2,600K
Storage Monitoring And Verification. . ....... $7,100K CCP Funding - Matching Co-Funded Programs $9,900K
NonTechnical . ..., $2,900K CCP Funded - 100% CCP Funded Programs. . . . $2,400K
CCP Funded - 100% Non-Technical ............ $2,900K
Total ... $23,800K Total ... $23,800K
Fig 1. CCP Spend By Activity Areas Fig. 2 Program Spending By Funder

During 2001, the project completed a comprehensive review and analysis of existing commercia
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
M odel (CEM) was completed and peer reviewed by industry experts Ed Rubin (Carnegie Méellon
University, Pittsburgh Pennsylvania) and Howard Hertzog (Massachusetts I nstitute of Technology
Boston, Massachusetts.) 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 CO»
avoidance costs (+/-30%) for severa technologies of up to 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 I ncentives team was
formed during 2002 with the objective of producing a comprehensive review of existing policies
governing CO, Capture & Storage. Outr each to stakeholders built on the two successful workshops held
in Europe and the USA in 2000 and 2001. The project website http://www.cocaptureproject.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.




September 2003- February 2004 Progr ess
Post-Combustion Studies

In post-combustion capture, CO; 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 chemica plants of the world. Post-combustion sources of CO» are aso significant
for the U.S. as awhole, with power plants contributing roughly one-third (~1.7 billion tonnes/year) of al

the CO, emitted. Improving the economics of post-combustion capture is therefore a critical goal for the
entire CO, Capture Project (CCP).

The current post-combustion capture practice isto install an amine separation unit at the flue-gas source.
Thisisavery difficult separation, since the gases are hot, dilute in CO, content, near atmospheric
pressure, high in volume, and often contaminated with other impurities (SO,, NO,, and ash). The presence
of oxygen in the flue gas is problematic for conventiona amine plants because of oxidative degradation of
the amine. Callectively, these factors result in enormous amine circulation rates, large equipment, and
large energy requirements. In the case of CO, 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 CO» 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 asmall 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 CO, 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 Sdif-
Assembled Nanoporous Adsorbents).

The CCP funded severa engineering studies and technology development programs in the post-
combustion area. Theindividua programs al 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
Basdline Design and Cost Estimation (Fluor)
Electric Swing Adsorption (Oak Ridge National Laboratories and Kvaerner Process Systems)
Nove Channel adsorption technology ( Norsk Hydro)

Co-funded by DOE
Sdf-Assembled Nanoporous Materials for CO, Capture (SRI)



The CCP has determined that entirely new approaches will be required to reduce the cost of post-
combustion CO» 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, “ Sdlf -
Assembled Nanoporous Materials for CO, Capture,” was a hightrisk program that may be useful in
retrofit and new-build applications as well as pre-combustion CO, capture. There were technical
successes in preparing nanoporous materials but the activity was so low that very large systems would be
required. The estimated implementation costs were about $450/tonne CO, avoided so the study has been
stopped. The planned study on e ectric 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

Significant progress was made in pre-combustion de-carbonization technology and advancement in
several key areas was achieved. Further, new insight of adopting existing technology into the CCP
scenarios was achieved. The key messages from the development work are:

Four new advanced technologies were devel oped to “ proof -of -concept” with significant
advancement in efficiency, cost and CO» capture compared to best available capture technology.

Three of the new advanced technol ogies were designed for three different CCP scenarios by the
technology providers. The design was checked, integrated and cost estimated by an independent
contractor (Fluor) in order to assure quality of the design and consistency when comparing with the
baseline technology, thus enhancing credibility of the conclusions.

Significant advancement in hydrogen membrane material covering a wide temperature range.

Further development is needed to advance the most promising technologies, however it is expected
that new technologies can be developed and demonstrated in 2008-2015 with costs in the range of $
15-40 MM.

Pre-combustion technology can be devel oped to meet stringent requirement on NOx, CO and SOx
formation. The lowest NOx formation was predicted to 5ppm vol. from a combined-cycle gas
turbine. For open-cycle gas turbines, the NOx formation was reduced by 50%. The CO and SOx
formation is virtualy zero.

Pre-combustion technology can be designed as a stand-alone facility for both retrofit and new build
application giving a wide application range and benefits with respect to integration in existing
complex facilities, e.g. refineries

Pre-combustion technology can be used for other application, e.g. GTL, anmonia, hydrogen and
syngas production, thus increasing the economic potentia of the technology and return of
investment.

Significant improvement in energy and CO, capture efficiency was obtained for several
technologies, resulting in an efficiency penalty for combined-cycle gas turbines of less than 5%-
point and close to 100% CO; capture.

15% improvement of gas turbine heat rate can be obtained when switching from natural gasto
hydrogen-rich fuel, making the pre-combustion technology a strong candidate for the large numbers
of open-cycle gas turbines in operation in the US.

Demonstrated very low CO, avoided cost numbers for the Canadian scenario — CO, capture from
pet coke fired IGCC — gpproximately 10-15 $/ton.

Existing Pre-combustion technology can be considered proven for a wide range of CO; capture
applications including the CCP scenarios



Oxyfuel

The principle of CO, capture by oxyfuel combustion is to burn fuel with oxygen rather than air so that the
flue gas consists mainly of CO, and water with little nitrogen. However, oxygen combustion would result
in very high combustion temperatures without the nitrogen diluent from air. Studies, including pilot scae
testing on coal, indicate that oxyfud 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
CO, 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 specia high temperature furnacesis
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 cogt, in order to offset the cost of generating oxygen. One technology, chemical
looping, looks at a novel, potentialy 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
alr 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 severa studies to assess the technical and
economic potential of these technologies applied to CO, capture. A basdline using conventional air
separation for oxygen supply was also established.

When CO, capture is not required, Oxyfiring is inherently more expensive than combustion with air using
current state-of -the-art technologies. Potential advantages of oxyfiring deriving from smaller equipment
size are offset by costs related to cryogenic air separation and flue gas recycle necessary to maintain
acceptable temperature levels in the equipment (boiler/heater/gas turbing). When considering CO2
capture, however, oxyfiring has the unique advantage to generate an effluent stream composed almost
exclusively of CO, and H,O. It isvery cheap and easy to capture CO, of the necessary purity for
sequestration from this stream, simply by water condensation. Another unigue environmenta advantage
of oxyfiring is the complete avoidance of NO, emissions, usually generated by high temperature reaction
between nitrogen and oxygen in conventional air combustion. The potential additional benefit deriving by
the elimination of NO, capture systems has not been quantified in this phase of the CCP, but should be
taken into consideration for future work.

Cryogenic air separation is a mature technology, and only small, incremental improvements in oxygen
cost may be expected over the next years. For this reason alarge R&D effort is ongoing, outside the
CCP, to develop novel technologies able to reduce consistently the cost of air separation. While this
development is not driven by CO» capture considerations, their application to oxyfiring may contribute to
reduce the costs of CO;, capture in oxyfiring systems.

Oxyfuel technologies are basicdly fit both for steam generation scenarios, revamping or replacing
existing heaters or boilers, like the CCP UK refinery scenario, and for gas turbine power generation
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scenarios, like CCP Norwegian or Alaskan scenarios. In the latter case, modifications to current
commercial machines are necessary, at least in the combustion zone, to maintain high thermodynamic
efficiency.

Oxyfuel Conclusions

o Oxyfuel technologies will drastically reduce, or even eliminate, NO, emissions. This additional
advantage has not been quantified in the current Phase of CCP, but should be evaluated in the light
of existing and future environmental legidation.

o] Oxyfiring coupled to conventional cryogenic air separation may be considered as the CCP Basdline
Case, with possible application to revamping of boilers and heaters without any research activities.
Demongtrative operation of oxyfiring with flue gas recycle is the only pre-requisite to commercia
implementation. If a CO avoided cost of 40-45 $/ton, corresponding to a CO, capture cost of 35-40
$/ton may be acceptable, this is a short-term feasible solution.

o] No improvement in existing boilers may result in consistent advantage over this baseline.

0 Oxyfiring application to CCGT systems with conventional air separation would require consistent
and very expensive gas turbine development to maintain high energy efficiency, considering air
compression and flue gas recycle costs. Vendors are not willing to engage in such activity without
clear market opportunities.

o] Novel membrane systems for oxygen production, currently under development and expected for
commercialization by 2008-2009, do not appear to be suitable for retrofitting existing boiler
systems. Application to new-built systems, including power generation in CCGT looks very
promising and should be further investigated.

0 Equipment integrating novel membranes in boilers or gas turbinesis till at an early stage of
development. Potential for reduction of capture costs is strong, but development risk is still high.
Commercidization is not expected before 2009-2010.

o] The Chemical Looping Project has been technically very positive and scale-up risks are reasonable,
due to similarities with existing coal-fired boilers. Furthermore it produces rather pure CO»
compared to the Oxyfuel Baseline. A decision to continue the project should be taken based on the
results of economic evaluations. A continuation should also explore high pressure application to
CCGTsand use of dternative fuels to natura gas (e.g. pulverized coal, maybe mixed with Natural
Gas).

The Oxyfuel Baseline

A detailed technical/economic study for possible revamping of the Grangemouth refinery, using a
conventiona cryogenic system of large capacity to feed al of the existing boilers and heaters, with
subsequent CO» capture, was performed by Air Products, in collaboration with Mitsui Babcock and
Foster Whedler. Air Products studied a base case and two additional options with increasing integration in
the refinery. The base case has also been evaluated by the CEM Team, achieving a good agreement with
the results by Air Products in terms of the “CO, avoided cost” (47 $/ton CEM vs. 43 $/ton AP).
Additional AP cases reduced the CO, avoided cost by afurther 10%. The CO, capture cost isin the 30-35
$/ton range. The Oxyfuel Basdline is consequently technically applicable with consistent saving
compared to any other available option with minor technical risk. A commercia demonstration of
oxyfiring is needed and the necessary air separation unit for Grangemouth is about 20% larger than the
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largest existing unit. Thislevel of cost could make it attractive in countries applying high level of carbon
tax.

This meansthat the Oxyfuel basdlinein the UK Scenario allows a > 40% reduction in the CO»
avoided cost compar ed to the Post-Combustion baseline (77 $/ton).

Boiler modifications

Boilers are more easily modified for oxyfiring than are process heaters. Process heaters often have added
constraints of flux uniformity and peak temperatures that are harder to deal with. The concept of a boiler
operating at higher than atmospheric pressure was studied by Mitsui-Babcock. The basic ideawas that,
since cryogenic air separation works under pressure, and captured CO, must be further compressed for
sequestration, utility consumption and compressor costs might be reduced. It was however found that,
even at the calculated optimal operating pressure of 5 Bara, potential savings were offset by the higher
capital cost of the boiler.

Another approach studied with Mitsui-Babcock was the “Zero or low recycle boiler”. Thishad to be a
boiler of new design, tailored to oxyfue firing, based on the concept of staged combustion. Staging
should allow avoiding or minimizing the recycle of flue gas. Calculations showed that flue gas recycle
cannot be avoided and may only be reduced by 25% in afeasible design, resulting in possible cost saving
of 10%, but double footprint compared to conventiona boilers.

Praxair studied the option of designing a boiler with no flue gas recycle and no temperature mitigation,
smply by using more expensive construction materials. Expected savings came from reduced boiler size
and utility consumption. Again potential savings were offset by increased capital cost.

None of the investigated options supplied results able to justify a continuation of the activities.

Advanced thermodynamic cycles

Pure oxyfiring produces flame temperatures that are well beyond current turbine capabilities. The most
obvious way to moderate combustion temperature is to recycle exhaust gas, which isjust CO; in the case
of oxyfiring. However, between the power required for air separation and for CO» recycle, thereisalarge
reduction in net power output from the turbine system (whether smple power cycle or combined cycle).
To improve the net efficiency of oxyfiring with CO, capture, numerous power cycles proposed in the
literature. With the requirement that a working fluid used to moderate temperature in the combustion
turbine must aso still enable ssimple CO» capture; the studies have generaly looked at CO», water, and
combinations of those two. SINTEF performed a study to evaluate three thermodynamic cycles, applied
to oxyfiring, proposed in the scientific literature: Water cycle, Graz cycle and Matiant cycle. All of the
papers describing these cycles claimed much higher efficiency compared to conventional cycles.
However the results of the study show that these efficiencies may only be reached at operating conditions
that cannot be realized in current commercia equipment such as combustion at 1400°C or turbines
discharging in high vacuum. Also, when the different cycles are compared on a consistent basis, the
efficiencies were comparable.

One unique aspect of work being undertaken by Clean Energy Systems, under funding by US DOE, isan
effort to develop “stoichiometric” combustion for their version of a power cycle which uses water as the
moderating fluid. This addresses the fact that combustion operations generally are operated with excess

air (or oxygen) to ensure complete combustion. The presence of the excess oxygen complicates CO,



capture and sequestration — often requiring additional CO, purification. CESis developing aturbine
combustor that minimizes the excess oxygen.

Direct oxyfired gas turbines are beyond the scope and timeframe of the CCP project and will not be
further studied by the CCP.

Novel technologiesfor air separation

A very promising novel technology for air separation (ionic transport membranes) have been under
development by other consortia over the past five years. These ceramic membranes, operating at high
temperature (> 700°C) allow 100% sdlectivity to oxygen, which is transferred in anionic form using a
difference in oxygen partial pressure between the two sides of the membrane as driving force. Three
consortia are developing these membranes:

led by Air Products (ITM — Oxygen Transport Membranes)
led by Praxair (OTM — lonic Transport Membranes)
led by Alstom/Norsk Hydro (MCM — Mixed Conducting Membranes)

All of these consortia are targeting 2008- 2009 for commercidization but the risks associated with this
type of development (resistance in time to high temperature operation, mechanical problems etc.) should
not be underestimated.

The CCP sponsored an engineering study by Air Products to retrofit the Grangemouth refinery to
oxyfiring using an ITM system rather conventional cryogenic air separation. The particular process
configuration being developed by APCI uses only a pressure differential across the ITM membrane to
provide adriving force for oxygen separation, rather than use of a sweep gas on the permeate side of the
membrane. Asaresult, the membranes may extract only about 40% of the oxygen from the air stream.
Since high temperature is needed to favor oxygen transfer, a considerable export of power (446 Mw in the
Grangemouth case) is necessary to balance the system. This exported power, not available with air firing
could replace the current power station. It isimmediately clear that this technology is not fit for the
revamping of existing boilers unless there is a market for power export, but seemsideally suited for
integration with large CCGT (Combined Cycle Gas Turbine) systems.

Different cases were considered by Air Products (all of them with considerable power export). The CO,
avoided cost for the base case was evauated by the CEM Team at 35.5 $/ton (vs. 37 $/ton by Air
Products) with about 20% saving compared to the Oxyfuel Basdline. The other cases studied by Air

Products alowed reduction of CO, avoided cost to the 20-30 $/ton range.

Themost promising application for the Air Productsionic transport membrane concept that
produce pur e oxygen without a sweep gas seemsto bein systemsallowing consider able export of
power .

I ntegrated equipment

The study described above showed that the smple substitution of an ITM system to acryogenic air
separation, while positive in a new-built perspective, may not aways be applicable to revamping of
existing units, due to the large associated export of power In the new-built perspective, some Technology
Providers are studying the direct integration of ionic transport membranes in boilers or gas turbine
systems. Two studies were commissioned by the CCP to assess the potentia for these devel opments.
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The AZEP (Advanced Zero Emission Power) is a concept under study by Alstom/Norsk Hydro a three-
year EU-funded project started in January 2002 with the aim to integrate the MCM membranes directly
into agas turbine system. A key aspect of the AZEP concept is that it can be used with conventional
power turbines. In the study performed for the CCP, Alstom defined the implementation of AZEP in the
Alaskan Scenario, as replacement of the current gas turbine system, using 45 MW commercial machines.
The technology is also potentially applicable to the Norwegian Scenario, but the developers do not yet
fedl confident in evaluating such alarge scale application.

Three cycles were studied with sub-options of complete or incomplete (80-90%) CO;, capture, that should
minimize capture costs. It must be pointed out that, in addition to the uncertainties on the membrane
devel opment, to maximize the thermodynamic efficiency, the AZEP system includes a “High
Temperature Heat Exchanger” operating at temperatures beyond present exchanger’s capability, whose
development is among the targets of the Project. Alstom calculated a CO, avoided cost in the 25-35
$/tonne range, which is an astounding result in the Alaskan Scenario (best cases evaluated by the CEM
Team up to now are above 50 $/ton).

A similar research effort is carried being out by Praxair to develop a boiler incorporating the OTM
membrane system. A study co-sponsored by the CCP and the DOE was carried out by Praxair to replace
one of the existing boilers in Grangemouth Use of this boiler will be limited to the C, — C; fraction of
Natura Gas, since C;-C, are coke formation precursors. The technology is till at an early stage of
development, so that cost evaluation must be considered as preliminary. According to Praxair, the
Advanced Boiler will be 40% more expensive than a conventiona one, and cost of CO, capturein the 15-
20 $/ton range.

Theseintegrated equipments are promising developments, but still at an early stage with
consider able uncertainties. Commer cialization expected not before 2010.

Chemical Looping

The major R& D Project in the Oxyfuel field was chemical looping, developed by as a consortium formed
by BP (Coordinator), Alstom Boilers, Chalmers University, CSIC, and Vienna University in a 2-year EU-
cofunded project which came to a conclusion in December 2003. Chemical Looping is anew combustion
technology based on oxygen transfer from combustion air to the fuel by means of a metal oxide (MeO)
acting as an oxygen carrier. Central to the technology are a dud fluidized-bed reactor system with
continuous circulation of solids, similar to Circulating Fluidized Boilers (CFB) used for coal combustion.
The reactions are schematically:

Fud reactor: MeO + CH, b Me+ 2H,0 + CO»
Air reactor; Me+ 050, b MeO

This project has been focused on atmospheric pressure applications typical of the CCP UK Scenario, but
the concept is applicable to higher pressure gas turbine systems as proven in another project outside the
CCP frame and funded by the DOE. In this case the trade-off is between thermodynamic efficiency and
percentage of captured CO,, since Chemical Looping Combustion takes place at relatively low
temperatures (800-900°C). An additional uncertainty is the ability of the gas turbine to tolerate dust from
the air separation process.

The main risk in devel oping the technology is the availability of a suitable materia able to undergo

repeated oxidation/reduction cycles maintaining both chemical activity and mechanica resistance. The
“Proof -of -Feasibility” was successfully achieved by operating a pilot unit with NiO/AlLO; for atotal of
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about 300 hours with amost complete methane combustion (99.5% at 800°C), no gas leakage between
the reactors, no significant carbon formation, no significant attrition and no chemical decay.
Preliminary economic evauation performed by the CEM Team in 2002 of replacing a boiler in the
Grangemouth refinery resulted in 43% saving compared to the Post-combustion Basdline. Evaluation of
the CEM Team on investment data supplied by Alstom is now ongoing.

The Chemical Looping Project has been atechnical success. The results of economic evaluations
will drivethe choicesfor continuation.

Storage, M easurement, and Verification Studies

Asacommercia process, carbon dioxide sequestration includes pre-combustion decarbonization or post-
combustion separation (capture), export from the production site (transportation) and long-term
containment (storage). The CO» Capture Project (CCP) includes transportation and geological storage of
COyinits“Storage, Monitor and Verification” (SMV) program. Whereas the principa objective of the
CCP capture program was cost reduction that of the CCP storage program was to identify efficiencies and
reduce uncertainties associated with pipeline transportation and geologic CO; storage. For organizationa
purposes, the SMV program technical studies are grouped into four technical themes:

I ntegrity — competence of natural and engineered systems to contain CO»

Optimization — processes that improve the efficiency and economics of CO, trangportation and
storage

Monitoring — techniques to track CO2 movement within and outside of the target storage reservoir

Risk Assessment — methods to identify and minimize the probability and impact of CO, leakage
from storage sites

I ntegrity of geological systems

Geologica systems are complex and thus vary widdly in their suitability for safe and effective CO,
storage. Basic requirements include depth (pressure and temperature) sufficient to inject and maintain
COzinits supercritical state, reservoir geometry consistent with good storage capacity and structura
closure, reservoir porosity and permeability distributions that permit high injection rates and fluid
conformance, compatible fluids, and top seals with low permeability and high mechanical strength.
There are numerous instances worldwide both of large natura CO; reservoirs that have persisted over
geologic time frames and those that continuously or episodically leak. The study by ARI (Stevens)
documented specific features of three natural “ secure” fields in the US (McEImo Dome, CO; Jackson
Dome, MS; S. Johns, AZ), the former of which are thought to have held CO, up to ~70 Ma). Itis
concluded that reservoir seals should be comprised of thick chemically-precipitated (carbonates,
evaporates) or clastic (shales) rocks. Structural features amenable to CO» containment are characterized
by lack of significant faulting and fracturing or a“self-healing” mechanism that seals those that do
develop. The study by Utah State University (Evans), in contrast, investigated a natural CO,-charged
geyser system in the Western Colorado Plateau of East-Central Utah to explain the “leaky” nature of the
system. A 3-D structura / stratigraphic modd of the study area reveded available paths for migrating
fluids that ultimately erupt or bubble at the surface.

The key message from these natural analog system assessmentsisthat CO, accumulation and
retention is afunction of general geologic setting and specific local features. Such featuresare
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definable and, given appropriate scenarios and models, predictable with respect to their influence
on long-term CO, storage.

Assessment of the tendency for rock and structural e ement failure begins with estimation of in situ stress
and fault geometry as described in the University of Adelaide (Streit) study. Tools are available to
simulate perturbations to the original system and thus test design limits for CO; injection. The study by
GFZ-Potsdam (Schuett) showed experimentally that injection of CO»- rich fluids into reservoir rocks
releases major and minor elements. The detection of ions from rock-forming minerals suggests the
dissolution of rock-forming minerals which would ultimately reduce rock strength. LLNL (Johnson)
applied reactive transport modeling to simulate competing geochemical and geomechanica responses of
cap rocks to CO; injection. Geochemical processes driven by CO; injection tend to result in dissolution /
precipitation reactions that reduce permeability of the cap rock. This process appears to be independent
of key reservoir (permeability and lateral continuity) and CO, influx (rate, focality and duration)
parameters. In contrast, increase of cap rock permeability due to geomechanical effectsis controlled by
reservoir and COy influx parameters that control the magnitude of the pressure perturbation. These
studies highlight the need to evaluate elements of prospective storage sites at various scales assisted by
experiments and models.

Multiple mechanisms are available for immobilizing injected supercritica CO; in the subsurface.
Principal among these is solubility and relative permesability trapping. The latter mechanism, which was
recently identified and simulated for natural gas reservoirs, has now been adapted to CO flooding in
clastic aquifers and the CO, EOR water-dternating-gas (WAG) process. Other possible mechanisms of
CO, immahilization include buoyant flow, brine density convection and mineralization. The fate of CO;
in afifty year aquifer injection project was smulated for the 1000 year time frame by the University of
Texas (Pope). Given appropriate injection strategy (base of the reservoir) and reservoir characteristics
and conditions, ~95% of the CO; is expected to be immobilized, mostly as residual gas (capillary
trapping) over thistime frame. Indeed, as substantial portion might be immobilized by the end of the
injection period. Minera trapping is predicted to be significant on the 10000 year time frame. A
simulation by SINTEF (aimed at testing well failure scenarios) using CO» dissolution as the principa
trapping mechanism, showed similar results over the 1000 year timeframe. Our understanding of CO;
behavior in the subsurface backed by independent simulations, show that CO, immobilization can be
highly effective given an appropriate reservoir. The solubility of CO, makesit likely; furthermore, that
CO», leaking from the target reservoir will be assmilated or retarded in shallower aquifers.

SMYV studiesrelated to theintegrity of geologic systems show that despite their complexity, diverse
venues suitablefor CO, storage are available. Integrated characterization at multiple scales
should be used to develop 3-D structural / stratigraphic models and hydrogeology should be well
understood. Scenario development and simulations using a broad range of sensitivitiesand
potential failure modes will give credbility to effortsto develop CO, storage facilities. It isof
consider able importance that independently-run simulations using distinct softwar e and favoring
different CO» trapping mechanisms predict immobilization of most of injected CO, in the 1000
year timeframe.

I ntegrity of engineered systems (SINTEF, GTI)
Whereas natura systems, particularly gas reservoirs, have a proven ability to retain fluids for extended
periods, modification of such systems (e.g., well bore penetration of top seal, physical-chemical changes

due to fluid injection) has the potential to reduce their competence for long-term COx retention. Foremost
among the vulnerahilities of CO, storage reservoirs s leakage through old or poorly-constructed wells. A
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major SMV project that addresses this issue entails cement and seal stability experiments and simulations.
Highly relevant is an emerging industria analog to CO» storage, natural gas storage.

SINTEF (Lindeberg) addressed the well integrity issue through experimental testing, at elevated
temperature, standard and newly formulated cements (and cements in contact with steel) and cement
sedlants. The experiments showed that whereas initial contact of cement with CO_-rich fluids may
“carbonate” the cement (reduce permeahility); long-term exposure will deteriorate the cement via
dissolution of calcium hydrogen carbonate. Simulations of the effect of CO; injection on abandoned well
bores at different distances and reservoir conditions suggests that in a worse case scenario (open well bore
created by complete well failure without remediation), ~60% of the CO; injected could be lost to the
atmosphere over 100-200 years.

The natural gas storage industry has operated cumulatively >600 facilities in North America over the past
90 years with very few gas migration incidents. The GTI survey of the natura gas industry experience
identifies principles responsible for its success and those technol ogies and practices applicable to CO»
storage. Site selection criteriarelevant to CO» storage include competent seal and broad structural
closure. The latter is recommended as less faulting and fracturing is expected. The GTI study has
identified siting and technology issues in natural gas storage that will be useful in developing and
maintaining CO, storage facilities.

Theintegrity of engineered systemsused in CO» storage requires continued research. Work should
continue on new materials development, particularly on cements and sealantsin new installations.
Optionsfor remediation of old wells will become an issuein brown field developments (e.g.,
depleted oil and gasfields) and for contingency planning in green field developments (e.g.,
aquifers). Futurewell integrity simulation work might include scenario development such as
progressive well failure and the efficacy of well remediation techniques. Siting and
characterization of natural gas storage facilities has proceeded in the past with lessrigor than that
expected for CO, storage. Successful development of natural gas storage asan engineered system

analog for CO; storage will progressits future application and safety.

Economic Offsets and Operational Efficiencies (NMT, Tie-Line, TTU, INEL, UT-B)

Injection of CO; into depleted ail fields is considered an early opportunity for CO, storage given that the
cost of CO; capture, transportation and storage might be partially offset (or profitable) by revenues from
increased oil production. The Permian Basin of West Texas and adjacent New Mexico is the site of the
bulk of CO, EOR experience in the World over the last 30 years. Storage of CO» in depleted gas field is
atractive given that gas fields are by definition capable of storing gases but also because an appropriate
infrastructure exists. In addition, there are concepts under development for enhanced gas production
using CO,. Deep unmineable coals also present an opportunity as increased methane production is
possible. The ability of the CO, storage reservoir to accommodate impurities (e.g., SOx, NOx) might
reduce CO, capture costs and avoid their emission into the atmosphere.

The University of Texas (Bryant) study simulated the effects of CO, impurities (e.g., SOx, NOx) on
aquifer reservoir injectivity and EOR performance. Increased acidity (sulfuric and nitric) is predicted to
either temporarily enhance injectivity viaminera dissolution or have little effect via the mitigating effect
of multiphase flow. Impurities present in an EOR operation are predicted to be neutral asthereisa
tradeoff between lowering MMP (improvement) and increasing the mobility ratio (worsening). The
minimal performance effects expected by the presence of soluble, acid forming gases in injected CO;

raises the potentia for lowering CO, capture costs.
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Identification of operational efficienciesand economic offsetswill be crucial both to project
development decisions and safe and effective operation of CO; storagefacilities. Simulation aimed
at optimizing operational parameters, using model frameworks developed for site characterization,
arequick and inexpensiveto perform. Although formal economic analysis was not in the scope of
the SMV program, it is evident that development of site specific parameters, tied to local tax and
regulatory regimes, will be decisive factorsin project approval.

New Paradigmsin CO, Transportation (Reinertsen/SINTEF, IFE, BML)

The Norwegian transportation studies coordinated by Reinertsen Engineering (Heggum) and supported
SINTEF and IFE (Seiersten) aimed to reexamine CO; transportation in carbon steel pipelines for a
“northern”, offshore setting (as oppose to the well-known US temperate, onshore setting). At issue was
the maximum hydration of CO, streams permissible before corrosion and hydrates effects become
significant. Using thermodynamic models based on new high pressure CO, solubility in water and
corrosion data (with and without inhibitors), it was found that proposed (50 ppm, Hammerfest LNG)
specifications for water content could be relaxed to the existing (600, Kinder-Morgan in the US)
specifications and perhaps further (1300 ppm). These studies, in addition to adapting CO, transportation
issues to a different geographic setting and operational regime, could enable projects that are
economically prohibitive (i.e., default specification of expensive steel alloys) to proceed and succeed.

The Norwegian transgportation studies comprise a creative attempt to extend the utility of standard,
inexpensive carbon steel into settings wher e gas processing capability islimited or prohibitively
expensive. Integration of capture and transportation process efficiencies recommended by the
study may upgrade the economics of marginal projects.

Diverse Techniques to Assess CO, Flood Performance and Containment (TNO-A, LLNL-P, Stanford,
CalTech-1&2, PSU, U. Addlaide, LBNL-H, LLNL-N)

The SMV “monitoring” studies encompassed multiple technologies (spectroscopic, radar, geophysical,
geochemical) applied from the full range of vantage points (space / aeria, near surface atmosphere,
subsurface).  Two surveys on the state-of -the-art in monitoring technology were conducted early in the
program. The survey of atmospheric monitoring technologies by CalTech (Tang) documented the
applicability and costs of instruments useful over various time, length / area scales and sampling
frequency. Theremaining SMV monitoring studies addressed specific technologies applicable to
selected potential and actual CO, storage venues. TNO (Arts) conducted a broad survey of geophysical
and geochemical monitoring techniques aimed at recommending “optimal” techniques for various CO»
storage venues and potential failure modes. (e.g., FEPs, or features, events and processes). In addition,
the importance of characterizing the effects of CO, injection on rock properties and, therefore, monitoring
resolution was pointed out in the GFZ-Potsdam (Shuett) experimental study and as a means of detecting
effective stress in the University of Addaide (Streit) geomechanical study.

“Hyperspectral geobotanical” surveys, processed to detect CO2 leakage indirectly (effects on ecosystems
and soils), were applied to the Mammoth Lake, CA natura volcanogenic release area (satellite) and to the

Rangely Field, Colorado CO, EOR operation (aerid). Treekills and other plant damage were easily
detected at lushly-vegetated Mammoth Lake. At Rangely Field, pre- and post rain changes in “ habitats’

were noted in this arid landscape, but CO, detection is thought to require long term evaluation of such
changes.

The resolution of the satellite radar inferometry (INSAR) technique to detect ground movement induced
by CO; injection was investigated by Stanford (Zebker). Although the mathematical basis for
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deformation signals and their detection were presented, it is not clear under what atmospheric conditions
and topographica features the method would be applicable. Near-surface and atmospheric monitoring
techniques were investigated for their applicability to detect CO» leakage. Caltech (Shuler) examined the
efficacy of open path detection (laser spectroscopy) on field geometric and leakage rate and mode
parameters under various ambient CO; levels and atmospheric conditions. The near ground techniques
are established technologies whose installation will likely be required for early onshore CO; storage
projects. Optimization of instruments and configuration will alow field scale CO, leakage monitoring at
considerable cost savings.

Geophysical techniques, particularly time lapse 3-D seismic, have proven useful in monitoring subsurface
CO2 movement. Their expense and limitations on detecting CO, saturation levels, however, highlight the
need for better interpretation techniques or aternative technologies. LBNL (Hoversten) evaluates the

resolution of new selsmic interpretation approaches (seismic amplitude and AV O to infer CO» saturation)
and novel non-seismic techniques including gravity, electromagnetics (EM) and streaming potential (SP).

The single SMV geochemical monitoring study by LLNL (Nimz) assessed the utility of noble gases for

detecting CO, movement out of target reservoirs. The development of tracer systems for CO, storage
projects will be important for monitoring performance, leak detection and volume verification.

The SMV assessment of technologies and techniques to monitor CO- reservoir performance and
leakage / seepageisuniquein itsvariety and scope. Remote atmaospher e appr oachesto monitoring
COs leaks are shown to requirefurther development. Existing near-surface atmospheric
approachesto CO, detection are commercially available and adaptable to CO2 storage. Seismic
geophysical monitoring of CO; is available but a better under standing of rock responseto CO,
flooding and new processing and inter pretation strategies requir e development (e.g., amplitude
analysisand AVO). Much less expensive non-seismic geophysical approaches such as gravity, EM
and SP may, under certain circumstances, have the resolution to track CO, movement in the

subsurface. Geochemical techniques such astracer gassurveys are potentially cost effective but
further development isneeded in elucidating and ssmulating subsurface transport mechanisms.

Comprehensive Risk Assessment Frameworks (TNO, INEL)

Risk assessment models, simulations and methodol ogies have been developed for the purpose of
predicting the probability and consequences of natural and industrial hazards. Two comprehensive risk
assessment methodologies for CO, storage were developed for the SMV program. These methodologies
are similar in that they contain the basic elements of scenario development with an inventory of risk
factors, model development and consequence analysis. Although the two methodol ogies were devel oped
and tested using models of distinct geological storage venues, they can be adapted to other venues.

The TNO (Wildenborg) methodology (SAMCARDYS) involved extensive scenario and model
development over multiple Earth compartments. A performance assessment (PA) model involving
numerous simulations over these compartments is capable of statistical analysis that predicts CO»
concentrations and fluxes into the biosphere. In the combined off-/onshore model with two leakage
scenarios (well and fault leakage), it was predicted that seepage of CO; into the biosphere would not
occur in the 10000 year time frame simulated. Thisis despite aworst case scenario (no remediation) and
1000 parameter realizations. Further development of the surface components (atmosphere and
hydrosphere) is needed. Benchmarking of the model will help in assessing the reliability and credibility
of the methodology

The INEL (Wo) risk assessment methodology was applied to the Tiffany Field (Durango, CO), a coal bed
methane development currently under N, flood. The four major elements of the methodology (hazard
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identification, event and failure quantification, predictive modeling, risk characterization) are input into
the six part functionality mathematical model capable of performing scenario and Monte Carlo
simulation. Tested againgt the Tiffany Field coa severa risks for CO; leakage were identified. The
geomechanical study for the Tiffany Field highlights the importance of pressure effects on rock and fault
stability over the entire field history (coa dewatering, methane production, N, injection, COz injection).

Thetwo independent developed risk assessment methodologies are based on the same principals
but differ in detailsand initial application. The significance of testing doneto dateisthat leakage
in atypical clagtic aquifer appears unlikely (TNO) and that natural and engineered elements of the
storage system that present a leakage hazard can be identified and thusredesigned. An important
validation of the SMV and other methodologies will come with the formal benchmarking exer cises
planned under the auspices of IEA GHG.
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Leakage Scenarios and Remediation Strategies (LBNL-B2, LBNL-O, GTI)

Development of leakage scenarios, early detection technologies and remediation strategies will prove
essential in the siting and deployment of CO, storage facilities. The SMV program made progress on
systematically addressing these issues through two LBNL studies (Hepple, Oldenburg) and lessons
learned from the GTI (Perry) review of natural gas storage technologies.

The LBNL (Hepple) study outlines possible leakage scenarios from CO, storage Sites via damaged
injection wells and over-pressured reservoirs and the consequences of leakage, namely ground- and
surface water contamination, vadose zone accumulation and surface releases. Remediation options are
available from the natural gas storage, oil and gas production, groundwater / vadose zone treatment
industries. HSE consequences of leaks are important for large leaks but also for persistent small leaks

that might cause CO2 accumulation in low lying areas and into occupied structures. When CO»
concentrations in the near subsurface are high (either by primary seepage or CO2 infiltration as a

dissolved component of rainwater), surface layer winds act to rapidly disperse the CO, in the flux cases
simulated.

The near surface and atmospher e seepage simulations and contingency planning for remediation
will play an important rolein stakeholder acceptance of CO; storage. The most relevant industrial
analog, natural gas storage, has developed tools (shallow gasrecycling, aquifer pressure control,
cap rock sealing) that arevarioudy applicableto CO» storage but require further development.
Additional remediation approaches should be sought or developed.

Regulator, NGO and Public Acceptance (LBNL-B1, MSCI, GTI)

The early SMV study by LBNL (Benson) examined HSE issues relevant to CO, handling and put into
perspective the experiences of potential industrial analogs to CO, storage (oil production by CO; EOR,
acid gas disposal, nuclear waste repository devel opment, deep well hazardous waste injection). Based on
this work, several SMV program studies were contracted to develop risk assessment methods and more
closely examine industrial analogs.

The HSE lessons learned from industria analogs study by LBNL (Benson) concluded that: 1) thereisan
abundant base of experience to draw on that is relevant and suggests that CO, can be stored safely, 2) the

health effects of exposure to elevated concentrations of CO, are well understood and occupational safety
regulations are in place for safe use, 3) the hazard depends more on the nature of release rather than the

size of release, 4) experience from industrial anal ogs predicts the biggest risks from CO, storage and 5)
regulatory paradigms and approaches vary and none address al of the issues that are important for CO»
storage.

A st of potentialy relevant industrial analogs to CO, storage were examined in the SMV program. In

the CO, EOR experience survey by NMT (Grigg), it is evident that CO, leakage monitoring is not a
perceived need. The nuclear waste disposal anaog study by MSCI (Stenhouse) addresses protocols for

Site characterization and public involvement. Although the public perception of CO, storageislikely to
be much more benign than that of nuclear waste disposal, the general principles arerelevant. The natural

gas storage experience should reflect well on CO; storage as its safety record is excellent. CO, storage
may in several respects be considered a mild analog to natural gas storage as COy is not flammable.

Environmenta issues associated with CO, storage were not extensively studied in the SMV program as

these are generaly well understood. One study conducted by Princeton University (Onstott); however,
address the effect of CO, on subsurface microbia ecosystems. The known distribution of metabolic
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classes of microbes with depth was noted and a forward model was devel oped to predict their relative
activities under CO,-rich conditions. The results demonstrated that growth of various microbial species
(many of which have yet to be identified) will be impacted by CO, injection. More importantly for CO»
storage operations, however, are the potential impact on reservoir quality (e.g., porosity) and
conformance.

The HSE-related studiescomprise the basis for pre-injection characterization of risk, optimal
injection operations and post-project abandonment. By openly communicating with regulators,
NGOs and the public, critical issuesidentified can be addressed to advance the case for CO»
storage.

Communication of Results

Dissemination of CCP results to the broader scientific community and to policy makersis 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
specidist, genera scientific / engineering, government / regulator, NGO and general public levels for the
SMV program. ARI (Thomas) will carry out asimilar program for Capture and Economic modeling
studies.

The CCP has arranged publication of atwo volume set of the CCP s results in book form by Elsevier
Science. The s, to be published by the end of 2004, will include virtualy dl the studies included in the
CCP program as peer-reviewed technical papers, section summaries and analyses, and the economic
modeling results for each of the cases. The set will provide a single source for all segments of the CCP
irregardless of funding source.



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 itstitle. The tasks covered by this agreement
reported here are identified in the following Table 1. Not al the technology areas defined below are
currently under study with DOE funding as noted in the technology devel opment 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 Scenarios
Sequestration 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 1.1 Post Combustion Studies - studies under this heading
Capture
11 Advanced Solvents Not U.S. DOE funded in CCP
12 Advanced Absorbers/Desorber Designs Not U.S. DOE funded in CCP
1.3 Systems Integration and Optimization Not U.S. DOE funded in CCP
14 New and Novel Concepts 1.1.1.1 Radica Post-combustion technologies.
1.1.1.2 Sdf-Assembled Nanoporous Materials.
20 Develop Pre-Combustion De-car bonization 1.2 Pre-combustion De-carbonization (PCDC) Program - studies
Techniques under this heading
2.1 Gas Turbine Fuels 1.2.1.2 Sorption Enhanced Water Gas Shift (SEWGYS)
22 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
30 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
34 New and Novel Concepts Not U.S. DOE funded in CCP
4.0 Establish Key Geologic Sequestration Controls 2. Storage, Monitoring and Verification (SMV) Studies - studies
and Requirements 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 COp 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 M easurement and Verification 2.4 Monitoring - studies under this heading
45 Risk Assessment and Mitigation Options 2.1 Risk Assessment and Analysis- studies under this heading
5.0 Project Management, Reporting, and Technology | 3. Technology Screening
Transfer 4. Economic Modeling
Technology Advisory Board
5.1 Project Management Technology Advisory Board
52 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 al the
operations necessary to:

Capture the carbon dioxide from the combustion process,

Separate it from other stream components (water, particulates, and other gaseous contaminants),
Processit 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 CO, Source | Geologic Sink L ocation
Refinery Hydrocarbon Gas | Heaters & Storage European
& Liquids Boilers Refinery
Very Large Natural Gas Large Electric | Storage Western Europe
Gas Turbines Power
Generation
(CCGT)
Distributed Gas | Natural Gas Smadl Storage Alaska North
Turbines Distributed Sope
turbines
Gasification Solid via Syngas Storage Western Canada
gasification Purification
(petroleum coke) Process

The Geologic Sink to be used is chosen from a reservoir type available near the CO, source and may be:
- Sdine agquifers
Depleted gas reservoir with or without potential for additional gas recovery,
Depleted, or late stage, ail reservoirs usualy with the potentia for additional recovery of ail, 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 potentia 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 De-car bonization Techniques
Task - 3.0 Develop Oxyfud 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 till
in progress. These successful technologies will continue to the next stage in proof of concept
determination.

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 CO; is captured from the exhaust of a
combustion process

Pre-combustion De-Car bonization (PCDC). Where a hydrogen-rich fud is produced and CO»
is captured from the produced syngas

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

The DOE currently funds one PC and nine PCDC studies in the overal CCP Capture program. More
studies are planned in Phase 2 of the program. Table 3 shows the status of each project in January 2004.

Table 3: Capture Studies Status, January 2004

Capture Project Title Principal Co Technology Status
Category Investigator | Funder* | Provider
Post Self-Assembled Nanoporous Malhotra DOE Stanford Research | Complete
Combustion | Materialsfor COp Ripudaman Institute
Capture
PCDC Sorption Enhanced Shift Reaction | Allam, DOE Air Products Inc. Completed
Rodney to 2003
stagegate
review
PCDC Coke Gasification and Gas Reddy, DOE Fluor Completed
Separation Case Study Satish to 2003
stagegate
review
PCDC Copper Palladium Membrane Alptekin, DOE TDA Research Complete
Research Gokhan
PCDC Electro-Ceramic Membrane Mundschau, |DOE Eltron Completed
Research Michael to 2003
stagegate
review

Table3: Capture Studies Status, January 2004 (Cont’d)
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Capture Project Title Principal Co Technology Status
Category Investigator | Funder* | Provider
PCDC Membrane WGS Reactor Reddy, DOE Fluor Completed
Development Study Satish to 2003
stagegate
review
PCDC Develop SilicaMembranes Van Delft, DOE ECN Complete
Yvonne
PCDC Develop Supported Copper Way, Doug |DOE Colorado School of | Complete
Palladium Alloy Mines
PCDC Develop Supported Silicalite Lin, Jerry DOE Univ. of Cincinnati | Complete
Membranes
PCDC Membrane WGS reactor design TBA DOE SOFCo Completed
to 2003
stagegate
review

In addition, four Oxyfuel studies are underway within the CCP program. None are funded directly
through the CCP/ DOE award and are listed here for information. However two of the studies have been
the subject of an economic review by the CCP economics team. The AZEP technology review was co-
funded by NRC, the Advanced Boilers technology was co-funded by the DOE.

1

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

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 abasis
consistent with other CCP projects.

Advanced Boilers (Praxair and Alstom). Thisis 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.

Boilersand 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 aso 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 aimsto
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
asthe diluent. Work started at the end of 2002.

26



1.1 Post Combustion Studies

Task - 1.0 - Develop Post Combustion Separ ation and Capture Scenarios

General

In post-combustion capture, CO; 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 CO» are aso significant
for the U.S. as awhole, with power plants contributing roughly one-third (~1.7 billion tonnes/year) of al
the CO, emitted. Improving the economics of post-combustion capture is therefore a critical goa for the
entire CO, Capture Project (CCP).

The current post-combustion capture practice isto install an amine separation unit at the flue-gas source.
Thisisavery difficult separation, since the gases are hot, dilute in CO, content, near atmospheric
pressure, high in volume, and often contaminated with other impurities (SO, NOy, ash). The presence of
oxygen in the flue gas is problematic for conventional amine plants because of oxidative degradation of
theamine. Collectively, these factors result in enormous amine circulation rates, large equipment, and
large energy requirements. In the case of CO, 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 CO; 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 fdt 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 CO, 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 Sdif-
Assembled Nanoporous Adsorbents).

The CCP has funded severa engineering studies and technology development programs in the post-
combustion area. The individual programs all vary in degrees of maturity, technica 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
Basdline Design and Cost Estimation (Fluor)
Electric Swing Adsorption (Oak Ridge Nationa Laboratories and Kvaerner Process Systems)
Nove Channel adsorption technology ( Norsk Hydro)
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Co-funded by DOE
Sdf-Assembled Nanoporous Materials for CO, 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 CO, 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, “ Sdlf-Assembled Nanoporous Materials for CO, Capture,” is ahigh-risk
program that may be applicable for both retrofit and new-build, as well as pre-combustion CO» 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/KS1 Amine solvent system - MHI/Kvaerner (Klimatek funded)
Electrical Swing Adsorption — Oak Ridge National Laboratory (CCP funded)
Cost Efficient Design — Nexant (Klimatek funded)

Sdf-Assembled Nanoporous Materials for CO, 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 CO» 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 |oss across the membrane system into the CO; lean flue gas stream. For
commercia designs, awater wash stage will be required to minimize the impact of solvert loss on the
environment. For theinitial design and cost estimate (Case 1) a conventional wash column was assumed
downstream of the membrane unit. Additiona 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 conventiona equipment performing the
same duty (1.6% capex reduction), despite overall weight and space reductions for the membrane unit.
Capita cost reductions are not significant because the water wash tower is still required due to amine loss
through the membrane. Case 2 capita cost shows a further small reduction, but thisis not fully leveraged
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in the NORCAP case since there is no weight or space premium for the scenario. An overal capita cost
reduction of only 8.2% isrealized for this case when compared with a conventional unit.

Operating Cost
There is asignificant 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 vaue 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, CO»
compression and the Heat Recovery/Steam Generator facilities. All of these are essentia
regardless of the capture e ements employed.

The capture facility represents less than 30% the total capita cost.

Trandating 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 studying this technology any further.
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 Nationa 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) materia, 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 CO; (dry) onto the CFCMS material was limited to 0.7 wt% (expected to extend to 1.0
wit% at best) due to the low partial pressure of CO» 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 CO, 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 CO» partia
pressures during the desorption step. This approach cannot be used in area processing situation since it
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reverses the separation achieved by the process. A vacuum desorption system was assumed for the
process scheme and associated cost assessment.

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
Anin-house BP assessment was made for the likely capital cost for a unit sized to capture 200,000

tonnes/annum of CO» from two LM 2500 gas turbine exhausts. This basis was taken from an earlier BP
study based on an Alaska scenario (not the CCP basdline).

Comparison of the key elements of the BP amine based route with the ESA route concluded that, like the
CCP Alaska basdline, 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 CO, 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
CFCM S 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,

Thelow CFCMS CO; loading

The ‘Electrical Swing Effect’ —isit red?

The impact of other gas components (water, NOx, SOXx 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 thistime.

Cost Efficient Design — Nexant — K limatek funded

Thiswork 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;
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Phase 1 Cost reduction ideas generation and review of current codes, standards, and amine plant

practice.

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 alow-cost capture plant based on a number of non-refinery, yet technicaly viable
process design ideas. The plant performance and cost were estimated by commercial process smulators
or by vendors with speciaized know-how. However, it is recommended that the more radical cost-saving
ideas be 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 asingle-train CO, compressor instead of two smaller trains

Reduce overal reboiler sseam demand by using lean solution flash and steam gjector
Relax flue gas blower metallurgy from stainless steel to carbon stedl

Capital Cost
The low-cost plant, with al of the above modifications, is expected to have atotal capital savings of 42%

over the Base Case Amine Plant using traditiona 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,. additional cost-savings may
result from integrating the low-cost plant with the power plant. The technical team recommends extension
of the current program to include this review early in 2004.
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Self-Assembled Nanopor ous Materials for CO, Capture— SRl — DOE funded

Thiswork is investigating the ‘design’ of adsorbent materials for improved adsorption of CO, from low-
pressure flue gas streams. SRI Internationa 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 materias including the development of a preliminary

process design to adsorb CO, 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 materia 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 nt/g. SRI has also received 300-g of similar material from Dr. Seki of Osaka
Gas, which only has 600 nf/g. Both adsorbents will be sent to Adsorption Research, Inc. (ARI) for
performance testing and PSA process design.

Initial l1aboratory results show that the adsorbents exhibit a linear adsorption isotherm for CO2 and N,
which isidea for PSA. The adsorbent reaches its equilibrium CO; loading in a matter of minutes, which

issimilar to commercia zeolites such as 13X and 5A. One key critical issue is whether the CO; loading
is sufficiently high for a PSA process to by economically viable for flue-gas capture.

Capital Cost
A capita cost estimate of a PSA processing utilizing the SRI materia 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 CO; partia
pressure) and pre-combustion (high CO, partia pressure) of CO,. Although the initia 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 CO, in areversible manner based on the isotherm measurements.
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1.1.1 Adsorption Technology

1.1.1.1 Radical Post-Combustion Technology I nvestigations
Task - 1.4 - New and Novel Concepts

The CCP Post Combustion Team was to screen many new technology ideas for novel ways to capture

CO, 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.

Given the time available and the need for funds in higher potential areas, this work was stopped.



1.1.1.2 Sdf-Assembled Nanoporous Materialsfor CO, Capture
Task - 1.4 - “New and Novel” Concepts
Principal Investigator: Ripudaman Malhotra
Technology provider: Stanford Research Institute (SRI)

Highlights

Copper terephthalate 3-D complexes were synthesized, based on literature data by Seki (Osaka Gas).
Surface area of prepared materials ranged from 20 to 1200 nf/g. Reproducibility and scale-up
problems were encountered. A 450 /g surface area sample showed over 90% of the areaiin pores
less than 20 A°. Surface morphology analysis by SEM showed a multi-lamellar structure.

The samples showed high capacity for CO, adsorption with a selectivity 8 times greater than for N,
adsorption. High adsorption capacity was demonstrated by CO. isotherm measurements that did not
level off at 1 atm CO2, corresponding to 25 atm flue gas containing 4% CO,. The copper
terephthalate material performed best at CO; pressures above latm or above 25 atm total pressure
with a4 % COz flue gas. The highest CO; purity obtained in the experiments was 67.9% CO> with
34.1% recovery.

A smulated 400MW gas-fired power plant with a atmospheric pressure adsorption and vacuum
desorption system was evaluated because a high pressure system would have had a prohibitively high
parasitic load (260 MW).

Process cost estimates showed that the best material would have prohibitively high capture costs of $

406,51/tonne of captured CO, and a parasitic power load of about 1 GW. Work was halted on this
project because other processes were more attractive in CCP's timeframe.

Summary

SRI International, Chemical Science and Technology Laboratory, proposed and executed the title study to
produce sorbent materials for CO, capture in pressure swing adsorption (PSA) processes. The overall
objective of this fundamenta research was to develop new nanoporous materials that will effectively
capture CO, 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. Solidswith 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 CO; by relatively weak van der Waals forces and that would have a high adsorption capacity
for COp.

Structures that could accommodate multiple CO, molecules at each site may exhibit cooperative binding

of CO,. Binding is considered cooperative when subsequent molecules of CO, adsorb onto the materia
with dightly greater heats of adsorption. In such a case, the PSA system would require less work to

capture an equivalent amount of CO, than a non-cooperative system. The project objectives were:

Phase 1 - Demonstrate the thermodynamic validity of the proposed concept and aso to demonstrate
the computational tools necessary for designing these materias,

Phase 2 - Synthesize and characterize the new materials, to test them as CO» sorbents under PSA
conditions, and to perform a cost analysis of a process based on the new materials.

A



The thermodynamic validation of the proposed concepts and the ability of molecular modeling to describe
the adsorption behavior were reported in the February 2003 Semiannua Report. It was determined that
the optimal heat of adsorption should be only 27kJmole to alow 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 CO, from the material. Molecular structure cal culations showed that a
copper oxalate structure would hold one molecule of CO, while the larger copper terephthalate lattice
would accommodate four molecules of CO;, inasingle cell.

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 complexes
obtained had BET surface area measurements between 20 nt/g and 1200 n/g. The pore size distribution
of a450 nt/g surface area sample was found to have over 90% of its pores lessthan 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 anaysis. SEM studies included a comparison of a high surface area SRI materia 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 2q = 9° pesk intensity that is an indicator of
nanoporosity was intermediate between Seki’ s published data and that measured in our |aboratory for
Seki’s sample. These results give us confidence that our laboratory procedures are capable of producing
nanoporous copper phthalate materials.

SRI prepared and reference samples from Osaka Gas were tested by a subcontractor, Adsorption
Research Inc. CO, and N, adsorption isotherms for the SRI sample showed that the CO» isotherm did not
level off at the highest pressurestested (1 atm. CO, which corresponds to 25 atm. flue gas containing 4%
COy). Theresult is consistent with a high capacity of the material to adsorb CO,. The selectivity of the
materia for CO, over N, was estimated to be about 8. The advantage of copper terephthal ate manifests
itself only at CO» pressures greater than 15 psia. Copper terephthalate is a fine powder so pellets were
prepared by pressing the powder into discs followed by grinding and sieving. The procedure gave a
granular material that worked well in the laboratory tests but showed significantly dower intra-particle
diffusion. The laboratory measurements used a two-bed pressure swing adsorption (PSA) system.
Powdered and granulated materials and a commercial silicalite, UOP Hisiv 3000 as a reference were tests.

The project goa was to design a process to capture the CO, from a 400 MW gas-fired power plant that
would meet the specifications of 90% capture and 96% CO, purity. Because pressurizing the total plant
exhaust (1586.1 MM SCFD (million std. cubic feet per day)) would generate a very high parasitic load
(about 260 MW), SRI/ARI opted for adesign in which the beds are charged at the pressure of the exhaust,
and the CO» product is recovered by pulling a vacuum on the adsorbent. The highest purity obtained in
the experiments was 67.9% CO; with 34.1% recovery.

A rough economic analysis using both experimental and modeling results from the study was performed
Simulations were run using the conditions specified by the CCP to simulate operation of a full-scale
400MW system(78,912 kgmole/hr at a CO, mole fraction of 0.04.) The required adsorption beds were
found to be 2,880,996 kg/bed, for the powdered copper terephthal ate adsorbent and 5,548,676 kg/bed for
the granulated material. In contrast, a design based on the reference UOP silicalite required 1,440,498
kg/bed.

The estimated costs per tonne of CO, captured were: $406.51 for the powdered copper terephthalate
adsorbent, $494.88 for the granulated material, and $393.12 for the UOP silicalite. These costs included
the adsorbers, vacuum pumps (which would be exceedingly large), valves, controls, other vessels,
electrical power, labor, installation, and a modest profit margin. The resulting power requirements for
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CO; capture were likewise enormous - about 1 GW or twice the output of the power plant which this
capture system was being designed.

The reported results indicate that the copper terephthalate material under examination is not competitive
for application to carbon dioxide capture in alow-pressure, low CO; partial pressure, system.

Reports and Publications
SRI has produced two interna presentations (August 2002 and July 2003).
See Appendices for the project fina report under the same heading as this report.



1.2 Pre-Combustion Technology

Task - 2.0 Develop Pre-Combustion De-car bonization Techniques

Significant progress was made in pre-combustion de-carbonization technology and advancement in
several key areas was achieved. Further, new insight of adopting existing technology into the CCP
scenarios was achieved. The key messages from the development work are:

o

(0]

Four new advanced technol ogies was devel oped to “proof -of -concept” with significant
advancement in efficiency, cost and CO, capture compared to best available capture technology.
Three of the new advanced technologies were designed for three different CCP scenario by the
technology providers. The design was checked, integrated and cost estimated by an independent
contractor (Fluor) in order to assure quaity of the design and consistency when comparing with
the baseline technology, thus enhancing credibility of the conclusions.

Significant advancement in hydrogen membrane material covering a wide temperature range.
Further development is needed to advance the most promising technologies, however it is
expected that new technologies can be developed and demonstrated in 2010-2015 with costsin
the range of $ 15-40 MM.

Pre-combustion technology can be developed to meet stringent requirement on NOx, CO and
SOx formation. The lowest NOx formation was predicted to 5 ppm vol. from a combined-cycle
gas turbine. For opencycle gas turbines, the NOx formation was reduced by 50%. The CO and
SOx formation is virtualy zero.

Pre-combustion technology can be designed as a stand-alone facility for both retrofit and new
build application giving a wide application range and benefits with respect to integration in
existing complex fecilities, e.g. refineries

Pre-combustion technology can be used for other application, e.g. GTL, ammonia, hydrogen and
syngas production, thus increasing the economic potentia of the technology and return of
investment.

Significant improvement in energy and CO, capture efficiency was obtained for several
technologies, resulting in an efficiency penalty for combined-cycle gas turbines of less than 5%-
point and close to 100% CO, capture.

15% improvement of gas turbine hesat rate can be obtained when switching from natura to
hydrogen-rich fuel, making the pre-combustion technology a strong candidate for the large
numbers of open-cycle gas turbines in operation in the US.

Demonstrated very low CO;, avoided cost numbers for the Canadian scenario — CO; capture from
pet coke fired IGCC — gpproximately 10-15 $/ton.

Existing Pre-combustion technology can be considered proven for a wide range of CO, capture
applications including the CCP scenarios

I ntroduction

The CCP Pre-combustion Technology program is the largest capture program in the CCP. It is based on
13 individua projects including about 20 different technology suppliers. The studies are divided into 6
main categories as listed below:

1.2.1 Membrane studies

1.2.2 Coke Gasification

1.2.3 Integration and Scale-up Studies
1.2.4 Integrated Report and Communication
1.2.5 Generation of H2 Fuels

1.2.6 Sorption Enhanced Technology
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Table 4 acomplete list of al sub-projectsis given including, technology suppliers involved, co-funders

and status per January 2004.
Table 4- Pre-combustion Technology Studies
Status: Jan 2004
DOE Project Title Co Technology Status
Ref. Funder* Provider
Number
1.2.1.1 | Sulfur Tolerant Membrane Study | DoE Fluor, SOFCo, Did not pass compl ete stage
Eltron, TDA gate review in April03
Research, CSM, | Entered into phase Il with
ECN, University | reduced and revised scope.
of Cincinnati Eltron, Fluor and SOFCo were
remaining technology providers.
Project completed
1.2.1.2 |Hydrogen Membrane Reactor EU BP, Norsk Passed stage gate review end
Hydro, KTH, 2003. “proof-of-concept” tests
Sintef, University | completed. Further work
of Twente, planned
Institute for
membrane
technology,
University of
Zaragoza
1.2.1.3 [ Compact Reformer with Advanced | DoE Air Products & | 2003 Stage gate review
Pressure Swing Adsorption System Chemicals, Inc. | completed. Further work
for Hydrogen Fuel Production planned.
1.21.4 |Hydrogen Membrane Reformer Klimatek |Norsk Hydro Passed stage gate
Project completed with
successful “proof-of-concept”
test. Further work planned
1.2.1.5 [ Pre-combustion Membrane CCP Haldor Topsoe | Completed in Feb 2001
Reactor Study
1.2.2.1 [Advanced Technology for DoE Fluor Federal 2003 Stage gate review
Separation and Capture of COp completed, further work
from Gasifier Process Producing planned to clarify 2004.
Electrical Power, Steam and
Hydrogen
1.2.3.1 | Study of Gas Turbine Retrofit DoE General Electric | Completed Dec 2003
Requirements to Burn
Decarbonized Fuel (Hydrogen)
1232 Standardized PCDC Klimatek |Jacobs Completed Dec 2003
1.2.3.3 [Very Large Scale Autothermal CCP Jacobs Completed in May 2003
Reforming
1.2.3.4 [ Advanced Syngas Study CcCP Foster-Wheeler | Completed in Feb 2001




1.2.3.5 |[Compact Reformer with Advanced | DoE Davy/APCI Compact reformer dropped for

Pressure Swing Adsorption System the time being
for Hydrogen Fuel Production Advanced PSA study completed
Dec 2003
1.2.4.1 | Capture Study Integrated Reports | DoE ARI Completed
1.25.1 Generation of H, Fuels Klimatek |IFE Completed Feb 2002

1.2.6.1 | Production of Hydrogen Fuel by DoE Air Products and | Passed phase 11 stage gate
Sorbent Enhanced Water Gas Shift Chemicals review. Phase 111 completed
Reaction with “proof-of -concept” test
Phase IV scale up work 2004

All the technologies have been developed to fit into real life scenarios as this gives the most insight into
the economical potential and technical performance of the particular technology.

The overall pre-combustion program could, in principle, be divided into two phases:

1. Review and Evauation. Where the CCP partners shared experience and know-how on both what
could be considered best available technology and new development. Gaps in knowledge were
closed by executing studies in particular aress.

2. Technology Development. Develop most promising technology to “proof -of -concept”, a stage
where the technology could with further work to reduce uncertainties on scale —up and
performance go on to pilot testing in the 2008 time frame.

Review and Evaluation

Pre-combustion technology is based on well known technology that isin commercia operation for
different application such as hydrogen, ammonia and syngas production. The technology comprisestwo
main steps. reforming/conversion of fossil fuel to a mixture containing hydrogen, CO, and CO cadlled
syngas and separation of CO, and hydrogen to produce a hydrogertrich stream.

Conversion of fossil fud to syngas dates back severa centuries to when coa was the primary energy
source. Thefirst to convert fossil fuel to syngas was the Scottish engineer William Murdoch who in 1792
used the gas to light his house. The gas was later called town gas or city gas and was widely spread over
the world between 1800 and 1920. The technology developed from gasification of coa to reforming of
natura gas through the use of catalysts. Steam reforming technology was introduced in the late 1930's
and remains the primary method to convert natura gas into syngas. More than 90% of current hydrogen
production — 500 billion NnT*/year according to the IEA — is based on reforming of fossil fuel. This
indicates that about 500 reformers with an average capacity of 100,000NnT/h hydrogen are in operation
worldwide.

The development of reforming technologies for natural gas and ssimilar went in two directions; 1) steam
methane reforming, an endothermic process (requires heat) converting a mixture of steam and natural gas
to syngas at high temperature and 2) autothermal reforming, which is an exothermic (generates hest)
process converting a mixture of steam, natural gas and oxygen into syngas. The improvement of steam
methane reforming from its introduction in the 1930’ s has been through increasing operating pressure and
temperature by development of new catalyst and reactor materials.
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Combining the two steps of syngas production and separation of hydrogen and CO; isawell established
technology mainly used in production of syngas for ammonia production. The first system dates back to
the 1940’ s where low pressure steam reforming followed by compression to 15 barg and separation by
20% MEA. In the mid-1950's, a technology using hot potassium carbonate was introduced and in the late
1970's, activated MDEA solvent was introduced leading to a significant improvement in energy
efficiency. The largest ammonia plants produce about 2000- 2200 tonne/day, which is equal to a
hydrogen production of about 150,000-200,000 Nm¥/h or 450-600 MW (LHV). Approximately 1,000,000
tonnelyear of COy is capture from the largest plants and compressed to 160 barg and used for Urea
production.

Pre-combustion technology is a very complex process involving a number of catalytic steps, heating to
high temperatures, and cooling to low temperatures. A step that improves one part of the process might be
a disadvantage for another part. As an example, reforming is favored by low pressure, but separation of
CO,isfavored by high pressure. Also energy efficiency is favored by low steam addition but hydrogen
production is favored by high steam addition.

Basically two approaches were identified to be feasible for improving pre-combustion technology.

1. System optimization of well known technologies
2. New technologies based on advanced separation combining both reaction and separation.

This above forms the basis of some important key messages.

0 Pre-combustion technology is the only CO» capture technology, which is demonstrated in alarge
scale application at similar conditions as the CCP scenarios. Leading to credibility with respect to
efficiency, lifetime, CO, capture, cost and operation.

0 A large commercia market exist today for core pieces of pre-combustion technology and
therefore cost advantages can be obtained in real life projects due to competition, between both
technology licensors and main contractors.

o0 Pre-combustion technology generates a hydrogentrich fuel, which can be used for other purposes,
thus creating positive synergies.

0 Theincreased focus on hydrogen and fuel cellsin Europe, North-America and Japan have and
will create a platform for new developments of reforming technology.

Commercial Value - Present and Future

Pre-combustion Technology for CO» capture accommodates a broader potentia than any of the three
capture technologies. The technology iswidely applicable within syngas production for methanol,
synfuel, anmonia and hydrogen etc. Thus technology improvements made by the CCP can be adopted as
well in these areas. A large gas-to-liquids plant may cost about $ 1 billion with 60% of the cost being
related to syngas technology.

Further, significant improvement in some of the technologies could form a basis for future low cost

hydrogen for hydrogen fuel cell vehicles. Hydrogen production with capture and storage of CO, will
“bridge-the-gap” towards the renewable hydrogen economy and make a more economical viable
trangition.

CCP Scenarios
One key advantage of pre-combustion technology is its ability to convert al types of fossil fuelsinto

syngas. That makes this technology the only applicable capture technology in all of the CCP scenarios. In
addition, some of the scenarios aso contained aretrofit case and there were some concerns as to whether
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or not pre-combustion technology could be used for retrofitting gas turbines — in particular large
combined-cycle gas turbines as for the Norwegian scenario. This issue was addressed in two studies: 1)
GE study and 2) Standardized PCDC (see later). Another advantage is that production of the hydrogen
fuel and capture of the CO, takes place a one place — that means significant economy of scale can be
obtained compared to the other capture technologies. This also makes retrofit in complex plants like the
EU refinery much easier.

Three of the most promising technologies were integrated into different scenarios by Fluor based on the
technology provider information:

0 Hydrogen Membrane Reformer for NorCap scenario
0 Membrane water gas shift reactor for the UK refinery
0 Sorption Enhanced water gas shift reactor for the Alaska scenario

Fluor work included integrated design, quality assurance and cost estimation. The work created a unique
platform for comparison against the baseline technol ogies thus giving new insight on how the
technologies performed in the given scenario and credibility to the cost reduction potential estimated by
the CEM team.

Results and Conclusions

1.2.1.1 - Sulphur Tolerant Membrane Study

The study objective was to develop a sulphur-tolerant membrane operating at water-gas-shift conditions.
Four membrane developers were given one year to develop a membrane with significant flux and
selectivity for a sour syngas. After one year none had reached the target however a promising membrane
for sweet syngas conditions was identified. The pre-combustion team agreed to re-direct the program and
continue the devel opment based on sweet syngas application. The program continued with Eltron as the
membrane developer, SOFCo as commercia reactor designer and Fluor as responsible for process
integration. The development of a nove low-cost compact design for a membrane water gas shift reactor
and improved membrane for awater gas shift reactor with sdlectivity and flux was achieved. Thiswill
lead to reduced reactor and membrane costs in the US DOE refinery scenario and the technology shows a
potential of 30-35% reduction in CO, avoided cost when using refinery off-gas. It should be noted that a
concept based on gasification of heavy fud oil also was developed, but the CO,-avoided cost was higher
than the amine post combustion baseline technology and was not pursued further. The team considered
this a promising technology with medium potential with medium risk. They recommended that work be
continued to explore the possibility to identify a sulphur tolerant hydrogen membrane that would improve
the concept in a future CCP program

An dternative approach to the separation of CO, from sweet syngas was explored in the EU program. A
consortium of European membrane devel opers was created with a common task of developing anovel
hydrogen membrane that could be used in pre-combustion applications — the real life scenario being the
EU refinery. The membrane types were ultra-thin Pd-membranes, silica based ceramic membranes, and

Pd coated zealites. The most promising membrane was the dense Pd/Ag membrane wherea 1 pmfilm
was manufactured by a method developed by SINTEF. The film is then transferred to a porous stainless
steel support tube. Significant advancement was aso achieved in the silica-based ceramic membrane area
where a selectivity of 1000 was obtained.

A reactor concept incorporating the Pd-membrane was developed with an associated process scheme for
production of a hydrogen fuel mix for heater and boilers. The technology demonstrates high energy and
CO», capture efficiency and low cost CO;, separation cost with areduction of 25-30% for refinery off-gas
was achieved. The team recommended continuing the work on Pd-membranes with afocus on long term
testing of stability and performance.
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1.2.1.2 - Production of Hydrogen Fuel by Sorbent Enhanced Water Gas Shift Reaction

The leading adsorbent material ADS1-2 has a CO, removal capacity of up to 1.1% in PDU cyclic testing.
However, anew materia has been identified which the potential for significantly higher CO, capacities
than the other adsorbents has tested. This could lead to significant improvement of the sorption enhanced
water gas shift reactor scheme for gas turbine applications like the US DOE scenario for Alaska or the
Norwegian Scenario. The technology demonstrated significant cost reduction — in the range 30-35% -
compared to the basgline technology. The technology is considered to be at a more mature stage than the
membrane technologies and with the high potential. The team has recommended continuing work on this
technology.

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

The scope of the work was reduced to only review the advanced pressure swing adsorption system since
agreement with Davy could not be settled. Results showed that cycles that couple the hydrogen
purification with the carbon dioxide recovery system offer higher hydrogen recovery with the same
number of adsorbent columns. It was determined that a single-train adsorption system can provide
800,000 tonnes/year of carbon dioxide at up to 99.7% purity with a carbon dioxide recovery of up to 93%.
The economics of the technology and integrating into a complete pre-combustion scheme is the next step.

1.2.1.4 - Hydrogen Membrane Reformer

In NorCap, Norsk Hydro was selected to develop atechnology based on high temperature ceramic
hydrogen membranes for combined-cycle gas turbines. The principle of the technology is similar to some
of the concepts in the oxyfuel team for oxygen-conducting ceramic membranes, an area where Hydro has
significant experience. The first phase of the project aimed at devel oping a membrane that could achieve
significant flux to meet CCP targets. This work was done in collaboration with the University of Odo and
SINTEF. A membrane with sufficient flux was synthesized. The membrane reformer system showed
untouchable performance in the NorCap Norwegian scenario with very high energy efficiency,
approximately 90-91% (LHV), low NOx formation — 5 ppm vol and a potential CO» avoided cost
reduction of 50-55%. Proof -of -concept test confirmed that the hydrogen flux was above expectations. The
team recommended continued work on the technology in the extended Klimatek program for 2004.

1.2.1.5 - Pre-combustion Membrane Reactor Study

A small study was conducted in the review and evaluation phase to assess the potentia of hydrogen
membranes for pre-combustion applications. The Haldor Topsoe study established important targets for
hydrogen membranes and has been a valuable tool for benchmarking the performance of hydrogen
transport membranes.

1.2.2.1 - Advanced Technology for Separation and Capture of CO, from Gasification, Producing
Electrica Power, Steam and Hydrogen

Fluor made a complete study of pre-combustion technologies for a petroleum coke fired IGCC with
production of steam, electricity and hydrogen. Un-controlled and baseline cases were established, several
pre-combustion technol ogies were screened, and one technology was selected for detailed design and
costing. The results showed that with conventional technology, a CO, avoided cost of approximately 15
$/ton could be obtained. This again gives very little room for improvement. The screening of different
pre-combustion options was based on different criteria, e.g. CO, recovery above 85%, delivering
hydrogen at gas turbine pressure, sulphur tolerance, sulphur content in CO, stream etc. Based on these
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criteria the CO,L DSEP was seen as the most suitable option. Due to confidentiality issues the capital cost
was assessed by a sengitivity analysis — showing that the CO, avoided cost for the technology was in the
range of 10-20 $'ton.

Results indicated that very low CO, avoided cost can be obtained in US DOE Canadian scenario by
adopting pre-combustion technology — in the range 10-15 $/ton COs».

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

A critical success factor for pre-combustion technology is that hydrogenrich fuels can be used in
conventional combustion processes. The use of hydrogen-fuel in gas turbines combustorsis an area that
requires specia attention in terms of performance, lifetime, and cost. The leading gas turbine supplier
(General Electric) for syngas fuel combustors was selected to conduct the study. The study results were
very encouraging and the potential of gas turbine retrofit was confirmed. Improved heat rate of 15% was
estimated which will reduce the size of the pre-combustion plant and increase overal energy efficiency.
NOx formation is another issue and by changing from natural gas to hydrogen-rich fuel, GE estimated
that a 50% NOx reduction could be achieved and for some hydrogen fuel mixtures single-digit NOx ppm
levels can be obtained.

1.2.3.2 - Standardized PCDC

The pre-combustion team initiated a study to evaluate cost reducing options for the pre-combustion
baseline technology. The focus was on cost savings from repeat design, modul arization, mechanical
codes, pre fabrication etc. The result was somewhat disappointing only demonstrating cost savings in the
order to 15-20%. Further work in this area should focus on rotating equipment, which contributed 60% to
the total installed cost.

1.2.3.3 - Very Large Scale Autotherma Reforming

One of the key features of pre-combustion technology is the potential of designing large capture plantsin
a single plant thus obtaining benefits from economy-of-scale. The study confirmed that a pre-combustion
technology can be built as a single plant for the Alaska scenario — capturing over 2 million tonnefyear of
CO» and producing more than 750 MW of fudl. The team felt, however, that the proposed process design
was not optimal for the Alaska scenario and further work should look into other aternatives. The
estimates from the economic modeling showed that the CO, reduction potential was less than 15%.
However, looking at the option at a similar maturity as the post combustion baseline technology — one
conclusion from the work could be that pre-combustion is preferred over post combustion technology.

1.2.3.4 - Advanced Syngas Study

Severa technologies that are commercia or close to commercialization were studied for Integrated
Reforming Combined-cycle — the pre-combustion baseline technology for the Norwegian scenario. The
study result demonstrated limited potential when adopting new technology or optimizing the concept.
However, the study also showed that a pre-combustion baseline was lower cost technology than post
combustion bust with higher energy consumption.

1.2.5.1 - Generation of H, Fuds

A process scheme was developed for the Norwegian and EU refinery scenario using CaO as an oxidant to
drive the reforming reaction. The aim was to estimate CO, capture and energy efficiency for the
technology. The results showed unsatisfactory energy efficiency (40% LHV) for combined-cycle gas
turbines. An efficiency of approximately 83% HLV was estimated for the heaters and boilers option if an
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electricity credit was included. Finally, 90% CO» capture efficiency could be obtained for both
applications. Since Ca0 is converted into CaCO; and must be calcined back to CaO for recycle to the
reforming reactor, the key challenge is to develop reactor systems that recycle solid materias efficiently.
This risk associated to the development of the technology must be considered high and fundamental
studies and lab testing must be conducted before pilot testing can be redized. The recommendation from
the team is to study the refinery case in more detail and establish a cost estimate for the process before
considering actua development work.



1.2.1 Membrane Studies

Task - 2.2 Fuel-Grade Hydrogen Generation
Technology Providers. Fluor Federal
M cDer mott Technology (SOFCo)
Colorado School of Mines (CSM)
TDA Inc,
Eltron Inc
Energy Resear ch Center of the Netherlands (ECN),
Univer sity of Cincinnati

The Membrane Studies of the CCP Pre-combustion De-carbonization Technology Program consist of
three main projects and one screening study with contributions from 15 different technology providers.
The membranes studies are divided into four sub-projects as listed below:

1.2.1.1 Sulfur Tolerant Membrane Study (DOE)

1214 Hydrogen Membrane Reformer (NorCap)
1.2.1.511 Hydrogen Membrane Reactor (EU Grace)

12112  Pre-combustion Membrane Reactor Study (Topsoe)

Membrane Studies are the dominating activity in the CCP Pre-combustion De-carbonization Technology
Program with major activitiesin DOE, EU and Klimatek. This is the consegquence of the very promising
results achieved by the hydrogen membrane technologies in the analysis work performed during 2000 and
2001. During this phase the hydrogen membrane technol ogies were identified to have the best potential to
achieve the CCP cost reduction target. Recently, these results were confirmed by the work of the
Common Economic Model team.

All membrane devel opment work has focused on applications that combine chemical reaction and
hydrogen separation in asingle step. Two fundamentally different approaches have been assumed:

A sngle-step process for producing a hydrogen rich fuel stream and a separate CO, stream. Such
asystem is generally referred to as Hydrogen Membrane Reformer.

A two-step approach using conventional technology such as autothermal reforming, partial
oxidation or steam methane reforming to produce synthesis gas as afirst step. Conventiona
processes would use a shift section downstream of the reformer, followed by a physical and/or

chemica CO, remova system. Membrane based systems use technology that converts the

remaining CO in the syngas and simultaneoudly separates the product gases hydrogen and COs..
Such systems are generdly referred to as Membrane Water Gas Shift (MWGS) Reactors.

The mgjor advantages of hydrogen membrane technologies are:
Smaller equipment by combining reaction and separation in a single unit
Above equilibrium conversion due to selective remova of hydrogen product from reactor
Reduced compression cost due to production of CO; at elevated pressure

Major challenges related to membrane technologies are:

Membrane manufacturing costs and reliability
Membrane long-term stability and performance

Key results, highlights and future plans for the individual membrane projects are discussed below.
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1.2.1.1 Sulfur Tolerant Membrane Study

The conclusions from Phase | of the project were:

The project started with four membrane developer teams focusing on different types of hydrogen
transmitting membranes (Eltron Research: ceramic-metal composites, Colorado School of
Mines/TDA: paladium aloy, University of Cincinnati: zeolite, Energy Centre of the Netherlands
(ECN) - microporous silica).

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

Only ameta aloy membrane developed by Eltron demonstrated sufficient selectivity and
potentially represents a significant improvement of the state-of-the art. Eltron was selected to
continue their development work during phase 11 of the project.

Process simulations have led to the conclusion that obtaining an adequate selectivity between
hydrogen and carbon dioxide is as important as obtaining adequate hydrogen permesation
performance. H,:CO, permselectivities of over 50 are required to obtain adequate carbon
recovery.

H,S can severely reduce the performance of palladium alloy and cermet membranes. None of the
membranes developed during phase | performed satisfactorily under sour gas conditions. This led
to the decision to modify the process flow scheme for phase Il such that H2S is removed
upstream of the water gas shift section of the plant. Consequently, Eltron could focus on
developing a membrane for a MWGS reactor under H,S-free conditions in phase 11.

Process simulation work and preliminary cost analysis indicate that the concept of the membrane
water gas shift reactor still has potential to reduce the CO, avoided capture cogsts.

The main achievements from Phase || to date were;

The metal aloy membranes developed by Eltron have ten times the hydrogen permeability of
state-of -the-art (25 um) Pd membranes at a fraction of the cost. The 127 um thick membranes
have been tested in preliminary tests for over 300 hours under a hydrogen partia pressure of 13
bar at 673 K (400°C), and an absolute pressure on the H, feed side of the membrane of 32 bar,
with a differential pressure of 31 bar across the membrane. Membranes have successfully resisted
the differentia pressure without leak and have shown a steady hydrogen flux of

220 Nml-min™*-cm® corresponding to a permeance of 0.6 mol-mi”-s*-bar®®

Extremely high hydrogen flux of 346 Nml-min™-cm*was achieved using a 90% H,/He mixture at
elevated hydrogen partial pressure of 29 bar with a 127 um meta aloy membrane.

High- pressure reactors have been designed, built and tested to operate at an absol ute pressure of
32 bar with adifferential pressure of 31 bar across the membranes in the water-gas shift
temperature range from 593-713 K. Reactors were designed to operate with gas mixture
consisting of steam, CO,, and CO to simulate conditions in industrial water-gas shift reactors.

A conceptua innovative reactor design with a corrugated support and a multi-pass cross-flow
configuration has been developed and cost estimated by SOFCo. The design was based on the
results of systematic screening exercise during which alarge number of possible combinations of
support structure and flow configurations were assessed. Structural analysis of severa different
support structure alternatives was conducted, which involved consideration of pressure, gravity,
and differential expansion loading. A design that satisfies stress and instability constraints for
severa permegate gap heights was found.

A cost estimate of the commercial scale reactor was devel oped for the multi-pass cross-flow
design. The estimate was partially based on information supplied by foil manufacturers, pressure
vessal suppliers, and brazing technology experts. Based on a determination of the areas of high
cost, four aternative designs were proposed and cost estimated. Cost reductions in the order of
40% were achieved.
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An AspenPlus process simulation model of the entire capture plant was developed by Fluor.
Based on the conclusions from phase | of the project the flowsheet was based on aH,S-free feed
to the MWGS reactor designed for the Eltron membrane. The thermal efficiency based on the
production of hydrogen fuel was 61.4%. This was based on sequestrating 2 million tonnes per
year of CO,. The efficiency does not include 37 MW of exported power.

It was readily apparent that there were severe capex and opex penaltiesinvolved in removing
sulfur from the syngas. It was therefore decided to evaluate this type of MWGS reactor in an
aternative scenario. Instead of starting with a sulfur-containing fuel oil, this aternative utilizes
sweet natural gas asafeed. Since no sulfur removal is required, the economics are significantly
improved.

1.2.1.4 Hydrogen Membrane Reformer

The aim of this project was to develop dense hydrogen mixed conducting membranes (HMCM) with
sufficient H, transport rates and stability under normal steam reforming conditions, and further develop a
techno-economically viable Pre-combustion De-Carbonization process applying said materials.

A total number of 40 candidate membrane materials have been synthesized and characterized and
more than 35 hydrogen permeability measurements have been performed. Based on the
measurements and theoretical evaluations, a main candidate materials system was selected
October 2002.

Several process aternatives have been evaluated and one process configuration was selected for
the fina cost evaluation. In the novel natura gas to hydrogen process the membrane reformer
system replaces the traditional hydrogen production train. The hydrogen processisin this study
integrated with a 390 MW gas fired combined cycle power plant.

Thermodynamic analyses indicate that the membranes will be stable above 750°C under process
conditions. Mechanica strength and creep resistance measurements reveal poor properties, which
are results of inadequate sintering. It is expected that a significant improvement in these
properties will be obtained when the processing is optimized.

A method for manufacturing supported membrane tubes has been devel oped. The tubes consist of
a porous tubular support (wall thickness 2 mm) with a thin membrane coating (50 pm). Two such
membrane tubes were produced and one was tested under conditions similar to reformer
operating conditions.

The measured H, flux in the test rig was 18 Nml-min™-cm?, which compares favorably with
model predictions and exceeds the flux target set to 5 Nml-min™*-cm® H, flux at 1000 °C with a
total pressure of 20 bar. Although the measurement is characterized by arelatively large
uncertainty due to the fact that the tested membrane was not totally gas impervious, the goa of
verifying target flux is considered reached.

A conceptual monolithic membrane reformer design was devel oped for the materia selected. The
entire reactor comprises three discrete sections performing different tasks: reforming, shift
conversion, and retentate combustion. The entire membrane reactor is operated at temperatures
above 750°C to assure efficient H, transport through the ceramic membranes and maintain
thermo-chemical stability of the membrane.

A process scheme incorporating the membrane reformer was developed and optimized using an
ASPEN flowsheet smulation model. The process simulations indicate high electric efficiency
(53.1%) with a CO; capture efficiency close to 100% for the Norwegian scenario. The NOx
formation was predicted to be approximately 5 ppm vol.

1.2.1.5-11 Hydrogen Membrane Reactor

The main goal of the hydrogen membrane reactor project was to develop membranes for integration into a
Pre-combustion De-carbonization process for H,S-free fuel gasin a heater and boiler scheme.
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Four membrane devel oper teams had been selected to develop and test various types of hydrogen
transmitting membranes:
- SINTEF: Dense palladium (Pd) alloy membranes
University of Twente: Silica based microporous ceramic membranes
University of Zaragoza: palladium coated zeolite membranes
KTH: Pd nanoparticle preparation and membrane coating

The main achievements and conclusions from this project are:

- The SINTEF membrane consists of avery thin (1-5 um) dense Pd/Ag film that is supported by a
porous stainless steel tube. This membrane type clearly exhibited the most promising results
within this project with virtually perfect selectivity and high hydrogen permeance: H, fluxesup to
30 Nml-min™-cm® have been achieved at alow differential hydrogen partial pressure of 0.34 bar,
which corresponds to a permeance of 0.68 mol-s™-m”-bar™* assuming linear pressure dependence
or 1.45 mol-s*-m*.bar® assuming Sievert’s law. The novelty of the membrane is the low
thickness of the dense layer, which results in reduced requirement for expensive palladium and
high hydrogen fluxes corresponding to compact apparatuses.

Twente produced silica membranes with very promising performance data towards the end of the
project (H,/CH, selectivity up to 1000 at a reasonable permeance of 0.2 mol/stbar at 250°C).
Due to time constraints these could not be considered in the reactor design or reactor testing.
Pd coated zeolite were improved during the course of the project but fell behind the other
membranes both with respect to selectivity and permeability.
SINTEF was the only membrane developer to reproducibly produce tubular membranes with
sufficient permeability and selectivity at the time when the process and reactor design was
developed. Long term stability and cost efficiency has not been proven.
Pd-aloy membranes developed by SINTEF and silica based membrane developed by Twente
achieved higher than equilibrium CO conversion at temperatures above 250°C (up to 95% CO
conversion at 280°C) in water gas shift reactor tests performed by ITM. Unfortunately, ITM did
not succeed in operating the membrane reactor at a pressure redistic for industrial applications
(typically >25 bar) due to limitations in the reactor design and limited strength of the support
tubes used by the membrane developer teams.
Reactor tests focused on water gas shift reaction as it offers less severe operating conditions to the
membranes, resulting in a higher chance of success. No attempts have been made to test the
membranes developed during the project in a membrane reformer.
Based on a mathematical membrane reactor model provided by SINTEF and experimental data
measured by SINTEF and ITM a process scheme was developed and optimized using HY SY S
software. From initially six different process options one option has been identified as most suited
and selected for further optimization. The selected process is based on an oxygen-blown ATR and
incorporates the use of discrete reaction and membrane stages rather than a single membrane
reactor unit, which was found to give flexibility in the membrane arrangement, permitting tubular
or planar schemes and allowing high surface areas per unit volume. To reduce the membrane area
required, a nitrogen sweep stream is added on the permeate side. The key performance parameters
of the selected process are:

0 Overal energy efficiency on LHV basis: 75.6%

0 Power balance closed

0 99% CO, capture efficiency (79% if natural gas consumption for power generation is

considered)

0 91% purity in CO, capture stream (+ 9% N2)
A tubular reactor design using the SINTEF membranes has been developed. The design builds on
commercia experience with tubular sintered membrane supports for liquid applications. The
process design selected requires atotal of nine identical membrane units distributed over three
discrete stages. The total surface areais 8000 n for a plant sequestering 2 million tonnes per
year of CO;
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1.2.1.12 Pre-combustion Membrane Reactor Study

The study was designed to assess the potential of membrane reactors for use in producing alow pressure
hydrogen fuel gas for use in boilers or fired heaters on atypical refinery or petrochemicals site. The target

was to capture 90% of the carbon in the feed, with CO, compressed to 80 bar.

The aim was to evaluate current membrane reactor technology and to determine performance and cost
characteristics of future novel membranes, which would be required to enable membrane reactors to be
deployed at lower cost than conventional technology. This threshold constitutes a target for membrane
development for use in membrane reactor pre-combustion de-carbonization plants. The aim was
production of a nomina 230,000 Nm*/h of hydrogen as pure H,, for fuel use at 1.5 bar pressure.

Two alternate base cases, steam reforming of natural gas and the gasification of coal using conventional
flowsheet designs, these formed the basis for comparison with the membrane reactor schemes.

The cases developed were as follows
Natural gas fed cases.

1. Base case steam reforming (primary reformer)
2. Alternate base case (primary and secondary reformer)
3. Membrane reformer

Coal gasifier syngas fed cases:

4. Base case shift reactor and amine acid gas removal
5. Membrane shift reactor with sulphur tolerant membrane and catalyst, H,S disposed of

together with the COso.
6. Membrane shift reactor with sulphur removal upstream

Equipment sizes for balance of plant were determined from the ssmulation and capital cost estimates
made for these equipment items using I carus, Questimate software together with Haldor Topsoe's
experience with hydrogen and syngas processes. In al cases, the process was heat integrated to maximize
process efficiency.

The main conclusions from the study are listed here:

Pd/Ag membranes offer cost savings compared to conventional technology at a thickness below
25 um. (NB: membrane costs are based on very high Pd costs. 1100 $/0zt)

Close to 100% CO», captured and an efficiency of 75% (LHV) for the natural gas case was
obtained in study

Pd/Ag membranes at prices below $1000/nt will be attractive, similarly a membrane with 200
Nm®-h*-m®.bar®® (or 2.5 mol-s™-m*-bar®®) would be attractive at costs up to $10,000/nt, or
three times that of the 25 um Pd/Ag type.

Risk Elements
The high potentia of the technology should be balanced against the probability of success or the risk
elements associated to the technologies. Thisis crucial when setting up a balanced technology

development portfolio. The CCP pre-combustion team looked into three types of membrane and
membrane system, which differ with respect to both economic potential and risk.
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The membrane water gas shift system is considered to be a lower risk option than a membrane reformer
system for different reasons:

(0]

(0]

Lower temperature. Water-gas-shift reaction operates at 350-450°C whereas the ceramic
membrane reformers need to operate at very high temperatures, i.e. 800-1000°C.

The membrane water gas shift system can be developed without integrating the reaction and
membrane, thus making a very smple system compared to membrane reformer system where
reactor and membrane is fully integrated.

Development of a sulphur tolerant membrane was not successful and it is questionable if the
development of a sulphur tolerant membrane can be obtained.

A simple ranking of the different options is given below — the first being the option containing lowest
risk:

Sweet syngas non-integrated hydrogen membrane

Sweset syngas integrated water-gas-shift reactor and hydrogen membrane
Integrated ceramic membrane reformer system

Sulphur tolerant hydrogen membrane

AW E

It should be noted that the risk between options 2 to 3 is significantly larger than between 1 to 2.

1.2.1.1 Sulfur Tolerant Membrane Study

Conclusions from Phase | of the project was:

The 12-month time frame for Phase | 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. H,:CO, permselectivities of over 50 are
required to obtain adequate carbon recovery.

H,S can severely reduce the performance of paladium 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 CO, avoided capture costs.

Based on the Phase | results, the Phase |1 tasks were modified to:

The process flow scheme will be modified so that H,S is removed upstream of the water gas shift
section of the plant. This change will provide H,S-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 ddliverables. Thiswork will be transmitted to a
CCP cogt estimator, who will determine the cost of the capture plant and determine the cost of

CO2 capture with MWGS technol ogy.

The effort to develop a laboratory-scal e, 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 acommercial scale MWGS reactor will be based on the Phase
| results from the cermet membrane.



1.2.1.1.6 Hydrogen Membrane Reactor
Conclusions from Phase | are;

Significant efforts have been made to improve existing and devel op 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 g- alumina support with
lanthanum and coating the support with mono-aluminum phosphate.

The work in phase Il is focusing on further improving the membranes, reactor testing and development of
aprocess concept.
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1.2.1.1 Sulfur Tolerant Membrane Water Gas Shift Reactor System

Background

Four teams were selected to work on developing hydrogen membranes for a membrane water gas shift
reactor fed with sour synthesis gas. The Phase | work plan involved screening potential membrane
materials, conducting preliminary permeance performance tests with pure or binary gases, and, finaly,
conducting permeance tests on a prescribed sour syngas composition.

The four membrane developer teams were:

Eltron - Proton-conducting ceramic-metal composites
Colorado School of MinesTDA — palladium dloy

University of Cincinnati — zeolite

Energy Centre of the Netherlands (ECN) - microporous silica

Phase | aso involved devel oping a membrane simulation program, which was used to compare the
performance of the various membranes. The membrane program was developed by ECN. The membrane
simulator was aso integrated into an overal program (by Fluor, Inc.), which simulated the entire pre-
combustion decarbonization facilities. The facilities were based on the Grangemouth refinery scenario
with the feed streams consisting of fud oil and fud gas.

In Phase 11, Eltron was selected to conduct further membrane devel opment work and proof -of -concept
testing. SOFCo was engaged to develop a preliminary design of acommercial scale MWGS reactor.
Fluor was asked to provide a sized equipment list for the PCDC plant.

Phase Il began on March 1, 2003 and the latest stagegate review was completed on December 31, 2003.
Separate TPC summaries are also available for each technical provider.

Phase 1 Summary

Eltron

The Eltron membrane is clearly the most novel. It has evolved into a metal aloy membrane 130 microns
thick. The metd is considered dense and therefore, leaks are eliminated. On the both sides of the
membrane, athin layer (< 0.5 micron) of palladium catalyst is coated. This catalyst layer serves two
purposes, it provides for hydrogen dissociation and reassociation, and it may protect the membrane from
hydrogen embrittlement.

There are two advantages of this membrane.

The permselectivity between H, and CO2 is infinite because it is considered a dense membrane.
L eaks through the membrane are eliminated. The catalyst coating does not have to be leak-free.

The requirement for expensive palladium has 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 hydrogen membrane feasibility study. It isimportant to note
that the Eltron performance is based on tests conducted with a hydrogen/nitrogen/helium mixture and thus
represents a“ best case” performance. Vaues such as driving force, hydrogen flux, and palladium unit
costs were kept the same as in the Haldor Topsoe study.

Itisclearly apparent that the Eltron potentially represents a significant improvement over the “state of the
art” assumptions made in the Haldor Topsoe report. Although the permeanceis not as high aswhat HT
assumed, the low paladium 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.
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Unfortunately, later tests conducted with sour syngas showed a drastic reduction in permeance. It was
surmised that the H,S affected the hydrogen disassociation at the catalyst surface. These results are dso
shown in Table 6.

CSM/TDA

Prior to the start of Phase |, this program was rated as having the highest chance of success. Severa
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 aloys on both alumina and stainless steel porous supports.
Initial aloy film layers were around 4 microns thick. Unfortunately, defects in the film and/or the seals
resulted in very poor H,:CO, selectivities of around 10. (Previous evaluation work by Fluor showed that
aminimum H,:CO» sdlectivity 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 | meeting in October of 2002). CSM/TDA suspects that diffusion through the defectsis
following a mechanism other than Knudsen diffusion.

CSM/TDA had problems in producing thicker films (~15 microns) to reduce or €liminate 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 H,:CO» selectivity of zeolite
membranes by eliminating intercrystalline micropores. Performance tests on the initial set of zeolite

membranes showed very poor H,:CO, selectivities in the range of 3-4. Later membranes showed a dight
improvement in H,:CO, selectivity to the 6-8 range.

ECN

The focus of the ECN program was to improve the hydrothermal stability of silica membranes by
modifying the silica structure. They aso proposed to examine aternative materials such as zirconia or
titania.

Unfortunately, ECN was not able to investigate these avenues. Only standard silica membranes were
tested. H,:CO, selectivities of around 18 were reported with dry syngas. Adding water reduced the
H,:CO, sdlectivity to around 9.  Tests with sour syngas resulted H,:CO, selectivities in the 3-5 range.

M embrane comparison

Each of the membrane devel opers were requested to provide permeance equations for each of the major
components of the entering syngas (H,, CO,, CO, H,0). Thisinformation was fed into the membrane
model and the results are summarized in Table 5.

The CCP established performance targets for all membranes were:

The concentration of the CO, 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 H,:CO» sdlectivity target of 50 was determined by using the membrane model
and adjusting the H,:CO, selectivity until the above two targets were met.



It was clear that only the Eltron membrane has demonstrated sufficient H,:CO, sdlectivity to meet the
purity targets. Unfortunately, the Eltron membrane demonstrated a significant reduction in performance
when subjected to a sour syngas feed gas.

Phase| General Conclusions

The four membrane devel opers were not successful in devel oping sulfur tolerant hydrogen
membranes.

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

More reasonabl e 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 devel opers 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 (and theoretically reducing the membrane
arearequired) did not improve the convergence time.

The failure of the membrane devel opers 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 H,S-free
Syngas

Phase Il work program to date
Eltron

Eltron was able to achieve significant improvements over results reported in Phase |. The key highlights
are shown below.
Based on Phase | results, it was decided that the Phase 1 work would concentrate on meta alloy
dense membranes. The metal aloy foil (~130 microns thick) is coated on both sides with a 1-2
micron thick layer of palladium.

Membrane tests were conducted with syngas compositions at differential pressures of over 30 bars.
Hydrogen selectivity was essentialy 100%.

Hydrogen permeation were increased ten-fold over Phase | results. Permeance values ranged from
1.9E-3 to 2.6E-3 mol-mi*-s*-Pa’®*® for hydrogen-helium mixtures and approached published
theoretical values for the subject metal. Rates were lower for syngas mixtures.

Numerous tests confirmed that early flux tests were limited by gas phase diffusion. The equipment
test rigs were modified to reduce or eliminate this effect.

H,S from the shift catalyst bed contaminated the membrane and reduced performance. A guard bed
of Cu/ZnO was ingtalled upstream of the membrane unit and was successful in capturing the sulfur.

Wall contaminants also were contained by guard beds.

Proof of concept testing showed that the use of hydrogen membranes does allow for increased
conversion of CO.



Techniques were developed to avoid hydrogen embrittlement.
An invention disclosure was filed covering various aspects of this work.

The Eltron metal alloy membrane has severa attributes.
Very high hydrogen fluxes were achieved.

Asthe meta alloy layer is dense, the thin layer of palladium does not have to be |eak-free to obtain
adequate H,:CO, selectivity. The H,:CO, sdectivity was infinite for al of the testing.

The membrane can be configured in a planar or tubular design.
The minimal use of palladium reduces materias costs.
A porous support is not required. There are no membrane support interface issues.

Concerns about the Eltron membrane are in the following areas Gas phase diffusion — Although this
was determined to be the source of the inconsistency in much of the data, Eltron feels that it has been
resolved through a reconfiguration of the test rigs. It isironic that the problem arose because the flux
of the membrane was significantly higher than expected. Care should be taken in the design of the
commercia reactor to avoid gas phase diffusion problems.

Contaminants — H,S and pipe wall contaminants reduced the membrane performance significantly.
Proper material selection along with the use of guard beds should adequately deal with thisissue.

Long term technology development — Eltron is a very small research and development company. The
concern isthat they do not have the capability (project management, financial backing, and company
focus) to undertake the long term development of this MWGS concept. Eltron claims that they could
undertake the overall development of the concept.

SOFCo

SOFCo provided a very impressive effort in the design of a commercial MWGS reactor. The effort
involved stress analysis, computational fluid dynamics and membrane modeling. In addition, outside
metal foil suppliers, pressure vessel vendors, and welding and brazing experts were contacting to improve
the accuracy of the cost estimate.

The initial design involved installing multiple stacks of planar membrane wafersinside of alarge
cylindrical pressure vessel. Cost center analysis showed that the pressure vessel added significant costs.

A redesign of the reactor concept eliminated the pressure vessel requirement and reduced costs from 19
MM$to 12 MM$.

Further aternative design work showed that tubular designs could also be utilized. Three different
concepts resulted in costs in the 11-12 MM$ range.

Fluor

Fluor was asked to modify the Phase | process design of the gasification system to include sulfur removal
upstream of the MWGS reactor. Thermd efficiency of the plant was 62% and carbon recovery was 84%.
Approximately 42 MW of power is exported.

Phase Il General Conclusionsto Date

Overall, Phase |1 has beenvery successful. Eltron was able to demonstrate significant improvementsin
membrane performance. They were also able to identify severa performance problems and to provide
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means for dealing with these problems. SOFCo developed a commercia scale MWGS reactor concept
with no significant design concerns.

Because this technology was placed in a scenario where fuel oil is the feed and sulfur removal is required,
the economic analysis will probably show that process concept has no advantage over the baseline case.
However, if this MWGS concept is evaluated where natural gasis used as the feed and no sulfur removal

is required, then the concept should show reduced avoided CO» capture costs.

Recommendations for Future Work in 2004

Eltron has provided a three task work program for the 2004 timeframe.
Complete the performance test matrix by conducting testing with wet, syngas at high pressures

Conduct long-term testing with syngas to verify membrane stability
Examine aternative methods for applying the thin palladium coatings
It is also recommended that the CCP should ask Eltron to develop and file a patent covering therr work.



Table 5 — Comparison of Eltron Membrane to Haldor Topsoe's “ State of the Art” Membrane

Haldor Topsoe | Eltron— Best Eltron — with
study | Case, ho H2S H2S
Thickness, microns 25 0.5 0.5
Temperature, C ? 400 400
Permeance, mol/sm2Pa0.5 3.35E-04 2.61E-06
Permeance, Nm3/hm2bar~0.5 20 8.6 0.07
Driving force, bar"0.5 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, $/0z 1,100 1,100 1,100
Palladium density, g/cc 11.97 11.97 11.97
Palladium volume req., m3 041 0.02 247
Palladium weight reg., g 4,916,250 229,946 29,572,962
Palladium weight req., oz 173,396 8,110 1,043,038
Palladium cost, MM$ 191 9 1147
Membrane cost, $/m2 11610 232 232

Table 6 — Comparison of Membrane Performance

Eltron Eltron UCinn
ECN- | (Sweet (Sour CSM/TDA -
Membrane Vendor/Type Silica | Syngas) | Syngas) | - Pd-Alloy | Zeolite
Overall Gagfication Plant Performance
Gasifier feed (41% fuel 0il/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), MM Btwhr 716.5 716.5 716.5 7165| 7165
Tota feed plus fue, MMBtu/hr (LHV) 4321.7 4321.7 4321.7 4321.7| 43217
Hydrogen fuel (return to existing boilers),

MMBtu/hr (LHV) 2753.8 2654.6 2652.4 27435| 27764
Overall thermal efficiency 64% 61% 61% 63% 64%
COz to sequestration, MMtonnes/yr* 0.70 2.02 201 0.92 0.25
Expansion factor 186% -1% 0% 117% | 700%
Non-sequestered CO,, MMtonnes/yr** na na na na na
Power required, MW na na na na na
HP steam produced, Klbs/hr na na na na na
I P steam produced, Klbs/hr na na na na na
L P steam produced, Klbs/hr na na na na na

* Based on 90% on-stream factor

** Includes COy in hydrogen stream and gas turbine exhaust

Table 6 Continued
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Eltron Eltron uCinn
ECN- | (Sweet (Sour CSM/TDA -
Membrane Vendor/Type Silica | Syngas) | Syngas) | - Pd-Alloy | Zedlite
Water Gas Shift M embrane Performance

Syngas feed temperature, C 315 315 450 350 315

Syngas feed pressure, barg A A A A A

Sweep gas pressure, barg 2 2 2 2 2

Carbon recovery,% 35.1 100.0 100.0 45.6 12.4

COz 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, Btw/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| 115829 115824 11883.7 | 12023.3

H2 flux, mol/m2-sec 0.22 0.19 0.08 0.15 0.17

1.77E- 3.27E-

H2 permeance, mol/n*2-sec-Pascal 07 na na 2.38E-07 07

1.966E- | 2.650E-

H2 permeance, mol/m"2-sec-Pascal~0.5 na 04 05 na n‘a

1.46E-

H2 pre-exponentia factor, mol/m"2-sec- 4.93E- 07

Pascal 07 na na 2.38E-07 | (Note3)
H2 pre-exponentia factor, mol/m"2-sec-

Pasca™0.5 na| 2.87E-02 | 7.14E+08 na na

H2 Activation Energy, Jmol 5007 24896 | 186000 0 -3941

26

(Note

H,:CO, permselectivity at feed conditions 4.7 | infinite infinite 55 3

Membrane area required, nt 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

Notes:

(2) Cooling of fud to 95 F was required to meet LHV requirement

(2) H2 Purity after water condensation
(3) Permeance at 10 bar.
(4) n/fa=not available




1.2.1.1.1 Development of Sulfur Poisoning Resistant Palladium/Copper Alloy

Membranesfor 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:

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

For the first time, Pd-Cu aloy membranes were tested under Water Gas Shift (WGS) reaction
conditions with high sulfur concentrations.

The binary gas experiments with H,/CO, H,/CO, and H,/H,O 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 dloy films do not catalyze any undesirable
Side reactions to any significant extent.

Membranes exposed to the H,S-free WGS stream performed reasonably well, achieving H,/CO,

H,/CO; and H,/H,O sdlectivity of 20, 12 and 18, respectively. We observed that the separation factor
decreased with the addition of the mixture gases.

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

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

Summary

The project objective was to develop dense palladium/copper alloy membranes for use in awater gas shift
membrane reactor. Thisinitiative by CSM/TDA represented the most promising membrane in terms of
both permeance and selectivity. Being a dense membrane, it was expected that the H,:CO, selectivity
would beinfinite. The key question was whether the palladium aloy layer could be fabricated thin
enough so that permeance was satisfactory and the raw material costs were acceptable. Unfortunately,
defectsin the film and/or in the seal's reduced the performance considerably. The expected H,:CO»
permselectivity at MWGS reactor feed conditions of 5.5 resulted in a carbon recovery of 46% versusa
target of 90%. The target permselectivity was 50. The presence of H,S reduced the permeance by 50-60
percent.

The failure of CSM/TDA to produce a lesk-free membrane was very disappointing. The short project
time period (12 months) was probably insufficient to alow the team to rectify the leskage problem.

Reportsand Publications
The fina project report was presented in Appendix A of an earlier report.
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1.2.1.1.2 Development of SilicaMembranesfor Hydrogen Fuel Production
and Development of A Mathematical Modd of the Membrane Reactor
Technology Provider: Energy Resource Centre of the Netherlands (ECN)

Project objectives were to develop microporous silica membranes for use in awater 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 | of the Membrane Water Gas
Shift study.

Highlights

ECN noted the following achievements:

The maximum H,/CO, permsel ectivity measured at 350°C for standard silica membranes calcined at
400°C was 39 against atarget of 50. At aH,/CO, permsdlectivity of 50, the hydrogen permeanceis
expected to be between 1 and 0.5* 10" mol/nfsPa (= 0.01-0.02 cc (stp)/sec/cnt at dP= 1 bar).
Selectivity improvement focused on higher sintering temperatures. 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 the membranes treated at600°C 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 was well above 0.1 mol/s.nfbar, which is the target permeance for the
application.

Three days testing with H,S showed no detrimental effects on a standard silica membrane with a
H./H,S sdlectivity of 400. Exposure of a standard silica membrane to steam at 350°C showed, as
expected, a decline in permeance and selectivity. In 15 days the H,/CO, selectivity decreased from
29.7 to 20.9 and the hydrogen permeance by afactor of 3. Thermodynamic calculations at ECN with
FactSage™ show that the hydrothermal stability of zirconia and titania is not expected to be
significantly better than standard silica. ECN focused on modified silica membranes for improved
hydrothermal stability. A modified silica membrane has been under test 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 Q, (permeance) and E. (activation energy) to be used asinput in the
software model have been obtained for the different components in the feed mixture (H,O, H,, COp,
CO and H,S) through silica membranes.

Thefina version of the water gas shift membrane reactor model program was delivered in November
2002. The modd is running successfully at Fluor. It includes models for Pd alloy and proton-
conducting membrane. Temperature dependent hydrogen permeance and flux equations in the dense
membrane model were extensively tested. A CD-ROM with the installation and sample files and the
installation and operation manual of the fina version of the water gas shift membrane reactor model
were submitted in November 2002.

Summary

Prior to the start of the project, there were two concerns over the use of silica-based membranes in awater
gas shift reactor. The first concern was over the stability of the membrane in a high moisture
environment. The second concern was over the ahility of porous membranes, in general, to achieve the

target H,:CO, permselectivity.



The hydrogen permeance, derived from the hydrogen partia pressure driving force during gas separation
testing with a dry gas mixture, was well above the target permeance of 0.1mol/s.nbar. The maximum
H,/CO, permsdlectivity measured at 350°C for standard silica membranes calcined at 400°C was 39. At a
H,/CO, permselectivity of 50 the hydrogen permeance is expected to be between 1 and 0.5* 107
mol/nfsPa (= 0.01-0.02 cc (stp)/sec/cn at dP= 1 bar). H.,/H,S sdectivity is 400. Three days testing with
H,S had no detrimental effect on a standard silica membrane.

Selectivity improvement research is focused on higher sintering temperatures. Increase of the H,/CO;
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 mgjority of these membranes cracked and further
testing was not possible.

Exposure of standard silica membranes to steam at 350°C showed, as expected, a decline in permeance
and sdlectivity. In 15 days the H,/CO, sdlectivity decreased from 29.7 to 20.9 and the hydrogen
permeance with a factor of 3. Thermodynamic calculations at ECN with FactSage™ 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 adry 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 Q, (permeance) and E, (activation energy) to be used as input in the software model

have been obtained for the different components in the feed mixture (H,O, H,, CO,, CO and H,S) 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
aloy 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 aternative 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 H,S did not affect
performance. Literature research indicated that using aternative 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 H,:CO»

permselectivity of 50. Permeance equations supplied by ECN showed that the expected H,:CO»
permsel ectivity was only 4.7 at feed conditions. This poor selectivity resulted in an unacceptable carbon
recovery of 23% against atarget carbon recovery of 90%. The failure of ECN’s microporous silica

membrane to achieve the target H,:CO, permselectivity was not unexpected.
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Membrane water gas shift reactor model

The mode supplied by ECN fulfilled the minimum requirements stated by the CCP. However, the model
suffered from alack 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 aleviate the problem.

Reports and Publications
The project final report was presented in Appendix A of an earlier report.
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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.

Eltron was one of four membrane devel opers asked to develop sulfur-tolerant hydrogen membranes for a
membrane water gas shift (MWGS) reactor in Phase | (March, 2002 to March, 2003. None were
successful in developing highly selective, sulfur tolerant membranes. Eltron was the only devel oper who
demonstrated membranes having sufficient hydrogen/CO» sdlectivity and high hydrogen flux. For this
reason, Eltron was chosen to continue developing their membrane in Phase |1 (March 2003 to December
2003. The objective of Phase Il was to further develop dense metal-alloy membranes for use in a water
gas shift membrane reactor. The focus was changed to a sulfur-free synthesis gas.

Highlights
Eltron noted the following achievements in Phase |:

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™*-cm® (STP) corresponding to permesbilities for hydrogen of up to 6.4 x 10° mol-m-m-
s*-Pa® 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 hydrogernthelium test mixtures.

A membrane of a select element was run continuoudly for over three months at 400°C in a hydroger+
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 Il to date:
An invention disclosure was filed to protect various aspects of this research.
Membranes were successfully tested with syngas compositions at differential pressures of over 30
bars. Hydrogen selectivity was essentially 100%. Hydrogen permeation were increased ten-fold over

Phase | results. The metd aloy membrane foil (~130 microns thick) was coated on both sides with a
1-2 micron palladium layer.

Proof of concept testing showed that the use of hydrogen membranes does allow for increased
conversion of CO viathe water gas shift reaction.

Numerous tests confirmed that early flux tests were limited by gas phase diffusion. Laboratory
equipment was modified to reduce or eliminate this effect.

A guard bed of Cu/ZnO installed upstream from the membrane unit was successful in capturing sulfur
from the H,S from the shift catalyst bed that contaminated the membrane and reduced performance.
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Wall contaminants also were contained by guard beds.

Techniques were developed to avoid hydrogen embrittlement.

Summary

Phase |, 3/02 — 2/03

This initiative, focused on ceramic membranes was considered along range, high-risk, alternative to
palladium alloy membranes.

Initialy, Eltron focused on two membrane configurations. The first type consisted of a cermet that isa
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
integrity 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 initidly considered was aceramic-metal composite. In
this case, the ceramic served as a porous support for a dense layer of paladium. 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 aternative metals that have hydrogen permeance qualities much higher than
palladium at much lower costs. The key concern was atendency of these metasto swell and be
embrittled by hydrogen. A very thin coating of palladium is required on both sides of the meta 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. H,:CO, selectivity was
essentidly infinite. No stability problems were observed.  Unfortunately, when subjected to H,S
containing syngas, performance deteriorated significantly. For this reason, it was decided to modify the
flowsheet to provide H,S-free syngas feed to the MWGS reactor.

Phase |1, 4/03 — present

Eltron was chosen to continue membrane development in Phase |1 because they were the only membrane
developer that could demonstrate adequate H,:CO, permsdlectivity. Since this membrane is significantly
impaired by H,S, the flowsheet was modified to eliminate H,S. Eltron has demongtrated significantly
higher permeabilities than achievable with pure paladium. In addition, the metal alloy they developed is
significantly less expensive than palladium.

Eltron conducted a wide variety of tests during Phase I1.

Disassociation catalysts as aternatives to palladium as the disassociation and association catalyst were
tested. Membranes coated with palladium had 2-3 orders of magnitude higher permeances than other
materials tested. .
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Gas phase diffusion tests showed that, at low hydrogen concentrations, the permeance results did not
follow the expected Sievert’s law and early tests showed that the hydrogen flux was independent of the
metd aloy thickness. Both of these curious results were later found to be indicative of gas phase
diffusion limitations. Insufficient hydrogen was reaching the palladium catalyst surface. The problems
were especially acute in the high pressure reactor. These problems were eliminated by increasing the feed
flow and by bringing the feed nozzle closer to the membrane.

Temperatureeffects — Bulk diffusion through the membrane should be inversely proportiona to the
temperature. Membranes thicknesses greater than 250 microns showed the expected inverse
proportionality relationship while thinner membranes did not. The result indicated that surface effects or
diffusion through the palladium was the limiting step.

Contamination | ssues— Tests showed that steam contaminated the membrane with S, Si, Ca, Mg, Na,
and Fe. This contamination from the stainless stedl reactor system walls was eliminated by adding a
guard bed upstream of the test reactor. When wet syngas was passed over aWGS catalyst and then to the
membrane, there was an immediate degradation in membrane performance. It was found that residua
sulfur leaving the shift catalyst poisoned the palladium catalyst. A guard bed of Cu/ZnO eliminated that
contaminant issue.

High pressuretesting was found to be helpful in dealing with embrittlement, gas diffusion and
contamination issues. The testing also showed that the membrane could withstand differential pressures
of over 30 bars. Hydrogen flux rates of 340 mL-min™-cm? (STP) were reported

Proof of concept test — One Phase I goa was to prove that integrating a hydrogen membrane into a
water gas shift reactor. Eltron fabricated a system consisting of a series of water gas shift reactors and
hydrogen membranes. The results shown in the following table confirm that a hydrogen membrane
increases the conversion of CO beyond that expected from thermodynamic equilibrium Calculations.

Gas Compositions (Observed and Calculated) of the WGS Mixture at Each Stage of the Integrated WGS-CMR

Apparatus.
CO Content CO, Content H, Content
(vol%) (vol%) (vol%)
Initial dry feed 522 28.15 66.31
Type of Guard bed AlLO; Cu/ZnO AlLO; CuzZnO AlLO; Cu/ZnO
After ¥ WGS, 2.2 2.0 31.0 31.2 66.3 66.0
(expected value) (2.08) (30.30) (67.32)
After ¥ CMR 24 21 34.3 384 62.9 58.9
(expected value) (2.29) (33.50) (63.87)
After 2 WGS 1.8 1.6 34.8 38.4 63.4 59.2
(expected value) (2.00) (33.69) (63.97)
After 2° CMR 2.0 1.1 38.0 435 59.9 55.3
(expected value) (2.17) (36.41) (61.05)

Key findings from Phase || were:

Eltron has significantly improved the performance of their metal alloy membrane in Phase 1.
Membrane permeance increased ten-fold over Phase | testing.

Infinite H,:CO, selectivity was achieved.

Gas phase diffusion could be rate limiting with this high flux membrane.

Contaminants such as sulfur, carbon, iron, and nickel significantly decrease membrane performance.
The membrane operated under full differentia pressure for over 300 hours.

A proof of concept test demonstrated the benefit of hydrogen removal via membranes.
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An invention disclosure was filed covering various aspects of this work.

Reports and Publications

The final project report isin Appendix A under the same heading as this summary.



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 awater
gas shift membrane reactor. Improvementsin H,:CO, 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 | 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. XRD analysis indicated that
slicalite can grow well without an organic template on the surface of the silicalite seeded a-Al,Os
supports. SEM showed a thickness of the silicalite membrane of about 5 mm. The membranes were
further characterized by pervaporation experiments with 1,3,5-triisopropylbenzene and xylene and
the results indicated good quality silicalite membranes.

H,:CO», sdlectivities as high as 12 were achieved at low pressures. However, at elevated pressures,
the H,:CO, selectivity decreased significantly. Based on results from the MWGS reactor model,
the expected H,:CO, permselectivity at feed conditions would be only 2.6. Thisisfar below the
target permsel ectivity of 50.

For the smple gas mixture under dry conditions, the ideal separation factors of H,/CO and H,/CO;
are as high as 6 at 500°C with hydrogen permeance of 1.2x10° mol/nt.s.Pa. The ideal separation
factor of H,/CO and H,/CO; for the silicalite membranes under wet conditions are as high as 9.4
and 8.8, respectively with a hydrogen permeance around 10 'mol/nf.s.Pa.  Using the protocol
syngas as the feed, separation factors for H,/CO and H,/CO;, as high as 11.6 and 12, respectively,
were obtained using the silicalite membrane.  The separation factor decreases at the higher feed
side pressure, especialy for H,/COo.

The silicalite membranes are chemically very stable. Temperature dependency for the permeability
for the linear flux equation was obtained for H,, CO and CO: for the silicalite membrane prepared
in this project.

Summary

Prior to the start of the project, the main concern was the H,:CO» sdlectivity of microporous zeolite
membranes. The goal of the development work was to determine if the reduction in intercrystalline pores
would improve selectivity significantly.

Silicalite membranes were prepared by the template-free secondary growth method. XRD analysis
indicates that silicaite can grow well without an organic template on the surface of silicalite-seeded a -
Al,O; supports. SEM showed that the silicalite membranes were about 5 mm thick. The membranes were
further characterized by pervaporation experiments with 1,3,5-triisopropylbenzene and xylene and the
resultsindicated good quality with few intercrystalline pores. 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.
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Under dry conditions, the ideal separation factors of H,/CO and H,/CO, were as high as 6 at 500°C with
hydrogen permeance of 1.2x10° mol/nt.s.Pa. At lower temperatures the separation factors of H,/CO and

H,/CO; are not so high. Theided separation factors of H,/CO and H,/CO; 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"mol/nf.sPa.  With the proposed syngas as the feed in the separation experiments, separation factors
for H,/CO and H./CO; as high as 11.6 and 12, respectively, were obtained for the silicalite membrane.
The separation factor decreases at the higher feed side pressure, especialy for H,/CO,. H,:CO2
selectivities as high as 12 were achieved at low pressures. However, at elevated pressures, the H,:CO;
selectivity decreased significantly. Results from the MWGS reactor model yield an expected H,:CO»
permselectivity at feed conditions of 2.6. Thisisfar below the target permselectivity of 50.

The silicalite membranes are chemically very stable. Temperature dependency for the permeability for the
linear flux equation was obtained for H,, CO and CO; for the silicalite membrane prepared in this project.

Reports and Publications
The project final report was presented in Appendix A of an earlier report.



1.2.1.1.6 Design, Scale Up and Cost Assessment of M embrane Shift Reactor

for Usein Gasification Processfor Decarbonizing Fossil Fuel
Technology Provider: SOFCo-EFS

The objective of this project was to design and estimate the cost of a commercial-scale water gas shift
membrane reactor. This Phase Il work period started in April, 2003 and extended through November of
2003. SOFCo did not participate in Phase |

Highlights

A spreadsheet based model of the membrane reactor was created to study aternative reactor
configurations. The ECN model was restricted to a counter-current configuration.

Four different reactor configurations were evaluated: counter-flow, baffled counter-flow, cross-
flow, and multi-pass cross-flow

Four different membrane/support designs were evaluated

The proposed membrane/support design was evaluated for the effect of pressure loading, thermal
loading, gravity loading, elastic instability, and natural frequency

Deflection tests by Eltron were used to confirm that a conservative stress value was being used in
the design.

A preliminary, detail design was developed for the multi-pass cross-flow configuration.

A cost estimate of the commercial scale reactor was devel oped for the multi-pass cross-flow design.
The estimate was partialy based on information supplied by foil manufacturers, pressure vessel
suppliers, and brazing technology experts.

Based on a determination of the areas of high cost, four aternative designs were proposed and cost
estimated. Cost reductionsin the order of 40% were achieved.

Summary of results

Structural analysis

Structual analysis of severa different support structure alternatives was conducted. The analysisinvolve
consideration of pressure, gravity, and differential expansion loading. Designs that satisfy stress and
instability constraints for severa permesate gap heights were found.

Concept Ease of Easeof Easeof Stability | Membrane
Membrane Support Assembly Utilization
Manufacture | Manufacture (Fluxing/
Total Area)
Flat Membrane
Straight Support Good Good Poor Poor Good
Corrugated Support Good Poor Good Good Good
Curved Membrane
Straight Support Far Good Poor Poor Good
Corrugated Support Far Far Good Good Fair

The above table summarizes an early analysis of severa support and membrane configurations.
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Based on this investigation, the curved membrane with corrugated support option was chosen for detailed
analysis.

Two dimensional, plane-stress (i.e., no out-of -plane stress) finite element analyses of the membranes and
support structure were accomplished. Two different models were considered: 1) a detailed model of a
repeat unit and 2) a coarse model of an entire wafer (multiple repeat units).

The repeat unit model was utilized for the detailed pressure and differential thermal expansion loading
analysis. The wafer model was utilized for gravity loading, stability, and natural frequency analyses.
A design was achieved that satisfied previoudy selected stress limits.

Membrane performance estimation

A 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 | results
Catalyst kinetics for acommercialy 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 | of the program. The results, summarized in the following table, show the
agreement is adequate for design purposes.

Baseline 315°C 400°C Case 1 400°C Case 2
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, m/m°|  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 H, Flux (moI/mZ-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%

CO:z2 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, °C 347.5 346.5 0.3% 419.9 417.3 0.6% 421.9 420.4 0.4%
Retentate Outlet Temp, °C 327.7 329.0 -0.4% 421.8 422.7 -0.2% 418.0 418.9 -0.2%

Reactor configuration selection

The reactor model was used to estimate membrane area, catalyst volume, total volume for four different
flowpath configurations

Counter-flow

Baffled counter-flow
Cross-flow
Multi-pass cross-flow

Based on the perceived advantages and disadvantages of each configuration.shown in the following table,
the multi- pass cross-flow configuration was chosen for further development.
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Option Advantages Disadvantages
: Minimum membrane required - Largewafer plates difficult to braze
Counter-How Catalyst packing between plates
Baffled - Minimum membrane required - Large wafer plates difficult to braze
Counter-Flow - Baffle plates
Cross Flow Assembly of manifolds - 22% more membrane than counter-
Smallest wafer package flow option
Multi-Pass | - Assembly of manifolds - 8% more membrane than counter-
CrossHow flow option

Fina reactor design

Computationa fluid dynamics analysis was used to estimate retentate side and permeate side pressure
drops and to design the inlet gas diffuser. Further structural analysis was used to design the stack
assemblies, including the spacer bars, stay bars, and stiffeners.

Overview
The reactor is a horizontally oriented steel pressure vessel resting on four saddle supports, asillustrated in
the drawing below. Characteristics of the vessel are asfollows:

Length is approximately 88 feet

Inside diameter is 18 feet

Welded construction

Designed according to Section V111, Division 1 of the ASME Boiler and Pressure Vessel Code.
The vessdl isdesigned for an internal pressure of 600 psig at a vessel metal temperature of 850°F.
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The 600 psig design condition provides for a safety margin above the nominal operating process pressure
of 450 psi. The external surface of the vessel isinsulated to maintain the 440°C process operating
temperature, thus establishing the 850°F metal temperature design condition for the vessdl.

The vessal houses 40 stacks of planar (corrugated) membrane panels. Each stack is comprised of 159
membrane panels which are aligned and spaced vertically apart to permit syngas to flow over the outer
surfaces of the membrane panels dong the longitudinal axis of the vessal. The 40 stacks are arranged in
line along the longitudinal axis of the vessdl, and are each separated by a 6 inch thick bed of catalyst.
Flow manifolds attached to the sides of the 40 stacks direct sweep gas through the inside of the membrane
panels in a cross-flow direction, norma to the axial direction of syngas flowing over the panels. Divider
plates inside the flow plenums are located such that sweep gas passes through the panels of a group of
eight stacks at atime in five aternating cross-flow paths across the 40-stack membrane panel assembly.

Reactor cost estimate

The estimated cost to fabricate the reactor vessdl is approximately $19 million. The estimate is based on
input from various suppliers of materials and services, as well as manufacturers speciaizing in the
fabrication of components specified for the reactor. In part, the estimates developed by these vendors
were based on detail information provided to them, such as drawings or written processes and
specifications. In many cases, where detail information is not yet developed, rough cost estimates were
provided by vendors based on similar work and standard cost models. As such, the $19 million estimate
represents an order-of -magnitude cost to fabricate the reactor.

The reactor fabrication cost estimate is broken down into four major cost categories:
1) Membrane panel stack assemblies, $4.3 million
2 Assembly of the reactor internals, $6.0 million

3 Reactor pressure vessel, $7.7 million
4) Catalyst beds and vessel external insulation, $1.0 million

Alternative reactor designs

Two aternative designs were considered after completion of the initia basdline design and estimate:

An externaly stayed rectangular pressure vessel in which the internals of the vessel are designed to
be the primary pressure boundary and the cylindrical pressure vessel is eliminated.

A tubular membrane vessel in which the high pressure syngas is contained within thin membrane
tubes which are sized accordingly to meet the pressure requirements. The tubes are packaged in a
pressure vessdl in a U-tube arrangement which resembles standard shell-and-tube construction.

Rectangular vessdl arrangement

This design is based on the same functiona concept and arrangement of in-line membrane pandl stacks
and catalyst beds as the baseline horizontal planar membrane reactor presented above. The principa
difference is that the 40 membrane pand stack assemblies and the syngasinlet and outlet flow diffusers
are designed to contain the full syngas pressure, thus eliminating the need for an outer vessdl to serve as
the primary syngas pressure boundary. To contain the full syngas internal pressure, the top and bottom
cover plates aong the membrane panel stacks are thicker than the cover plates in the basdline design.
Likewise, the thicknesses of the syngas inlet and outlet flow diffusers are increased. In addition, 3-inch
thick reinforcing plates (externa stay plates) are welded to the stack top and bottom cover plates at
regular intervals along the row of membrane panel stacks to stiffen the rectangular cross-section of the
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membrane panel stack assemblies. The top and bottom edges of these C-shaped reinforcing plates are
welded to continuous 1-inch thick tie plates along the length of the vessdl to provide latera stability and
further stiffen the rectangular pressure boundary. Other design aspects of the panel stack assemblies
remain the same as the basgline concept, i.e., the membrane panel geometry, materials, and method of
construction, the number of membrane panels in each stack and the vertical spacing between panels.
Likewise, asin the basdline concept, the 40 stacks are arranged in line to form the longitudinal axis of the
rectangular vessel, and are each separated by a 6 inch thick bed of catalyst.

The estimated cost to fabricate the externdly-stayed, rectangular reactor vessel is approximately $12
million. This represents a reduction in cost of about $7 million compared to the cost of the baseline
reactor concept. The reduced cost is primarily attributed to eliminating the conventional outer pressure
vessal required for the baseline design. The estimate does not include the cost for process piping and
connections to the vessel, nor does it include fabrication development functions, such as for forming of
corrugated membrane panels, brazing and other joining processes, tooling, building prototypes and
assembly trials.

Tubular (U-tube) vessal arrangement

This design is fashioned after a standard U-tube type shell and tube heat exchanger, in which the
membranes are of atubular form and are an integral part of U-tube assemblies. The ends of the U-tube
assemblies are joined to a single tubesheet with syngas flowing inside the tubes (high pressure tube-side
of the reactor). Sweep gas flows across the outside of the membrane tubes in the lower pressure shell side
of the reactor.

Four membrane reactors are required to achieve the hydrogen separation capacities of the program.
However, unlike the basdline concept in which syngas catalyst beds are an integral part of the reactor, the
U-tube membrane reactor concept does not include a provision for containing catalyst. As such, the
catalyst beds are contained in four separate catalyst reactor vessels external to the membrane reactors.
These catalyst reactor vessels are interstaged with the membrane reactor vesseals.

The estimated cost to fabricate and assemble four single U-tube membrane reactors and four catalyst
reactors required for the tubular membrane plant concept is approximately $12 million. This estimate
does not include the cost for interconnecting piping between the eight vessels, nor does it include
fabrication development functions, such as for membrane tube forming, brazing and other joining
processes, tooling, building prototypes and assembly trials.

Conclusions

Three feasible MWGS reactor designs have been developed which use either a planar or a tubular
hydrogen separation membrane. Two reactor designs use a planar membrane composed of a curved
membrane supported by a corrugated Type 430 stainless steel sheet Finite element anaysis which
considered the pressure, gravity, and differential thermal expansion loadings indicates that it is
structurally adequate for 41.1 bar (600 psid) pressure loading at 450°C (842°F). A third MWGS reactor
concept is based on atubular membrane sized appropriately to contain high pressure inside the tubes.

The following additional investigations are recommended for the membrane design:

1 Re-evduation of the membrane stress (or allowable tube diameter) when mechanica properties of
the membrane materia aloy are available and fina membrane thickness is selected.

2 Acceptability of Type 430 stainless steel considering operating environment and interaction with
membrane material.
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3 Vibration testing of the wafer panel assembly or tube bundle.
An analysis tool was developed to permit examination of different arrangements for the MWGS reactor
and bench-marked against the model developed in Phase 1. This analysis tool determined the membrane

arearequired for the planar and tubular reactor concepts. Four different flow arrangement options were
examined and sized to meet the performance and pressure drop requirements.

Reports and Publications

The final project report isin Appendix A under the same heading as this summary.
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1.2.1.1.7 Development of Gasification Process I ncor porating Membrane

Water Gas Shift Reactor for Producing Hydrogen Fud With CO, Capture”
Technology Provider: Fluor Federal

The project objective was to develop a process flowsheet incorporating a based on gasification and
incorporating a membrane water gas shift reactor into a gasification process. .

Highlights

Phase | —March 2002 through February 2003:

Fluor developed an AspenPlus process smulation modd of the entire capture plant, including the
following units.
Air Separation Unit
Gasification Iand
Preheating and Bulk Shift Catalyst Unit
Membrane WGS Reactor
Permeate Cooling Unit
Retentate Cooling Unit
Condensate (Ammonia) Stripper Unit
Sulfur Recovery (Sulferox) Unit
CO, 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 smulation model into the
flowsheet. The plant model was used to determine the overdl plant efficiency, to determine the feed
composition to the MWGS reactor, and to provide the basis for equipment sizing in Phase II. Using the
WGS membrane simulation modedl developed by ECN, Fluor provided feedback to the membrane
technical providers on the performance of their membranes.

The original work plan called for Fluor to create a simulation model for each of the four types of
membranes that were being evaluated in Phase |. Because of the inability of three of the membrane

developers to reach the target H,:CO, selectivity, it was decided that only one flowsheet (for the Eltron
membrane) was required. The savings were used for various sensitivity studies.

The calculated thermal efficiency based on the production of hydrogen fuel was 61.4% with sequestration
of 2 million tonnes per year of CO,. The efficiency does not include 37 MW of exported power.

Phase |1

Fluor modified the Phase | flowsheet to provide a H,S-free feed to the MWGS reactor and developed a
equipment specifications list for cost estimation purposes. Flowsheet development and equipment sizing
was completed on schedule. A summary of the overall performance of the gasification plant is shown
below.
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Gasification Plant Performance
Metal Alloy Membrane

Gasifier feed 3802.8 GJ/hr (LHV)
(41% fuel 0il/59% refinery fud gas)
Natura gasfor power generation 755.8 GJhr (LHV)
Total fuel to plant 4558.6 GJhr (LHV)
Hydrogen fuel return to existing boilers 2812.3 GJhr (LHV)
Overall thermal efficiency for hydrogen fuel 62%
Pure carbon dioxide to sequestration 1.98 million tonnes/yr
Total carbon recovery (including power generation) 84%
Power Generation MWe

Combustion Turbine 72

Steam Turbine 45

Aucxiliary Power Consumption 76
Net Power Export 42

Reports and Publications
Thefina project report isin Appendix A under the same heading as this summary.
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1.2.1.2 Sorption Enhanced Water Gas Shift (SEWGYS)

Task - 2.1 Gas Turbine Fuels
Technology Provider: Air Products and ChemicalsInc (APCI)

Highlights

The Phase 2 adsorption development program has been essentially completed and the leading
adsorbent materia 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 CO, capture from
gas turbines, and the Phase 3 work has therefore been extended to cover both these cases.

A novel adsorbent has been identified which has potentia 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. Thiswork is expected to feed into
any future development of the SEWGS concept.

Summary

The project isinvestigating a process to produce hydrogen for use as a decarbonized gas turbine fuel with
integral CO» capture for geologic sequestration. A combined shift reaction and CO, removal pracessis
being developed that could be applied to fired heaters and boilers aswell. The initial development
program focuses on swest 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 smulate the operation of a
multi-bed system. Modeling studies of the combined reaction/adsorption process are underway.

Characterization tests have been conducted on severa 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 severa different classes of adsorbent and different formulations of each materia 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 °C), thisis believed to be due to desorption rate increase
with temperature compensating for the reduction in equilibrium CO, 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 materia has been identified which has the potentia for significantly higher CO- 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 materia 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 unusua 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 closaly approach those of the operating plant and this data used as the basis for the sizing
caculations. 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 trandating this data to the rea
plant.

An additional experimental investigation was to establish whether the ADS1-2 materia exhibited any
water gas shift reaction catalytic activity under the high operating temperatures of the sorption enhanced
water gas shift (SEWGS) process. Thiswork 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 materia (e.g. iron/copper) onto the ADS1-2 materid,
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 severa vendorsto
make technical and pricing proposals.

The Phase 3 design study has been initiated, with scope extended to include designs for CO;, capture from
two of the CCP scenarios.

i. Alaska Prudhoe Bay oil production facility gas turbines
il. 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 soenario, the design information for which will be fed into the CCP cost
estimating process to give direct cost comparison with the basdline (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. Thiswill 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 al of
which influence performance in terms of efficiency, peak power output and NOy 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, thiswill complete the picture of costs of CO, 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 isin Appendix A under the same heading as this
summary.
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1.2.1.3 Compact Reformer with Advanced Pressure Swing Adsor ption

System for Hydrogen Production

Task 2.3 Systems I ntegration and Optimization
Technology Provider: Davy Process Technology
Air Products, Ltd.

Highlights

The work scope was reduced to only evaluate Air Products Gemini advanced pressure swing
adsorption system since agreement with Davy could not be settled.

Results showed that cycles that couple the hydrogen purification with the carbon dioxide
recovery system offer higher hydrogen recovery with the same number of adsorbent columns.
A sngle-train adsorption system can provide 0.8 million tonnes per annum of carbon dioxide at
up to 99.7% purity with a carbon dioxide recovery of up to 93%.

Summary

Pre-Combustion De-carbonization (PCDC) technology for the direct and simultaneous production of CO,,
suitable for sequestration, and hydrogen, for chemical and fuel applications, is a key technology area of
interest to the CCP. The CCP requested Air Products and Davy Technology to undertake a study
combining, in an optimal way, two established technologies that could (in combination) considerably
reduce the cost of CO, capture.

The aim of the study was 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 CO,within scenario 3 (Refinery heaters and boilers). The study was to be set within the
Grangemouth Refinery and Petrochemical plant scenario established by the CCP to facilitate easy
comparison with competing technologies. The god is to capture 2.0 million tonnes/year of CO, 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 CO», captured asa
pressurized product from the Gemini PSA unit, would be further compressed for export for usein an
offshore enhanced oil recovery scheme.

This study Compact Reformer study was to incorporate the following two distinctive technologies:
Compact Reforming — Davy Process Technology

Gemini Pressure Swing Adsorption (PSA) — Air Products Limited

Compact Reforming is licensed by Davy Process Technology and has been used by BP at its Nikiski Gas-
to-Liquids demonstration plant. The technology achieves high thermal performance by avoiding the
requirement for large-scale steam production normally associated with traditional reforming units.

Gemini PSA (Pressure Swing Adsorption) technology was developed in the 1970’ s and operating plants
have been running since the 1980’sin the U.S.A. The technology utilises traditional PSA cycles for high
purity Hydrogen production, and compliments this with additional cycle stages for the production of a

high purity CO, product.
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The overadl schematic for the combination is as follows;

High Purity Hydrogen

for fuel
I Davy Technology 1 | :
Steam : : J I
—+» Compact Isyngas| :
Fued : iy : ) : H2 sep —» CO2sep 4:002
— 1y ormer | | ; To
! | 1 | | Compression
1 1 | and storage
, ; | APCI — GEMINI Technology £ !
Recycle to Fuel
<

Due to difficulties with Davy accepting the terms of the DOE/CCP contract the Compact Reformer
element of the work was not undertaken. Davy’s Compact Reforming technology is being actively
licensed and they had concerns about the transfer of key data and other background information that may
have been implicit under the standard DOE terms. APCI carried out the GEMINI part of the program that
focused on building an understanding of the potentia trade-offs between the number of beds (a surrogate
for capex) and the purity of the CO» product. They used an estimated reformer effluent composition and
recycled the residual gas stream for unit feed/fuel. This was not optimized in any way due to the absence
of actual compact ceformer effluent composition data.

Although this study reached no firm conclusion about the potentia for the proposed technology
combination, it did develop ideas around the shape and size of the GEMINI process unit and will provide
avauable lead-in to future work (under CCP2), where we hope to circumvent the previous contract
difficulties by offering a separate CCP contract to Davy to execute the compact reformer work, and then
to optimize the combination by sing only the output of that study to alow APCI to complete the GEMINI
integration.

Using this approach we hope to clearly be able to ‘Black Box’ the Davy Technology input, which will
then enable the result to be shared by all parties (CCP, DOE, APCI and Davy).

Reports and Publications
Thefina project report isin Appendix A under the same heading as this summary.



1.2.2 Coke Gasfication

1.2.2.1 Advanced CO, Separation Technologiesfor Integrated Gasification

Combined-cycle (IGCC) Processes

Task - 2.3 Systems I ntegration and Optimization
Technology Provider: Fluor Daniel

Highlights

Basdline cost estimates for the Canadian Petroleum Coke Scenario were completed and the fina
non-confidential report was delivered to the CCP

A reliable CO,avoidance cost can be calculated for aworld-scale Integrated Gasification
Combined-cycle (IGCC) facility designed to capture CO, using today’s commercialy 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 aresult of this rigorous
process design and cost estimating work done by a credible third party (Fluor).

Tota Installed Costs for a Fort McMurray, Alberta plant are;
- No CO; capture, uncontrolled release, case: $870million USD
- 90% CO; 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 CO, with less than 30 ppmv of H2S

- Ability to produce CO; at greater than 97 mol %
- H2 produced at pressure to minimize compression costs
- Sulfur tolerant process

Qualitative screening exercise identified CO,LDSep as the most promising advanced technology
for reducing CO» capture costs as compared to the controlled baseline

Summary

Thiswork evauates advanced (i.e. not yet commercially available or commercially demonstrated) CO»
separation technologies for integration into a pre-combustion IGCC process scheme. The objectiveisto

identify those technologies that can deliver a 50% to 75% cost reduction in the capture costs of CO» over
today’s IGCC technologies.

The conceptua 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 CO, capture work.

Basdline costs were defined for an IGCC process using commercially available technologies. Two
baseline cost estimates were prepared; an uncontrolled case without no CO, capture and a controlled case

in which where 90% of the CO; is captured by commercially available technology. Both baselines
consgist of an IGCC plant that gasifies petroleum coke using high purity oxygen in a high pressure total
guench gasifier based on ChevronTexaco technology.
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The base cases produce the same amount of steam (1,300,000 Ibs’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 CO, capture and the Controlled
Basaline Case represents currently available commercia technologies to capture CO;, these base cases

represents the reasonable estimates of the costs industry would incur if they were required to capture CO>
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:
() learn how best to integrate these new technologies into a practical IGCC design,

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

(i)  eucidate process performance and cost goals the advanced technol ogies 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 addition to those technol ogies 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 by
Fluor Danidl.
Reportsand Publications

“CCP Basdline Costs for Four Real-Life Scenarios’, presentation given by lain Wright of the CCP
at the 2" Annual DOE NETL Conference on Carbon Sequestration, May 5-8, 2003.

The final project report isin Appendix A under the same heading as this summary.
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1.2.3 Integration and Scale-up Studies
Task 2.3 Systems Integration and Optimization

The CCP Pre-combustion Technology Integration and Scale-up Study program is based on 5 individua
studies:

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

1.2.3.3 Very Large Scale Autothermal Reforming

1.2.3.4 Advanced Syngas Technology

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

The objective in the integration and scale-up studies is to apply commercia or close to commercia
available Pre-combustion technology into the CCP scenarios. By system integration, optimization and
value engineering it is expected that a significant cost reduction can be obtained at very low risk.

The results, highlights and future plans for different activities are given below:

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

This study contracted with GE and cc-funded by the US Department of Energy was designed to establish
that the use of hydrogen fuelsis afeasible option for these gas turbines, that satisfactory performanceis
retained and to that the conversion is economic, not adding an unacceptable cost to that of the capture
process. Three hydrogen fuel mixtures based on composition derived from different pre-combustion
technologies developed or assessed in the CCP. The key result was:

The feasibility of retrofitting Alaska Case Study Frame 5 and 6 Gas Turbines to fire decarbonized
(hydrogen rich) fuels was confirmed

Machine output is increased by decarbonization and retrofit by around 16% at typical operating
conditions

The fud firing rate per MWH output for decarbonized fud istypically around 9-18% lower on a
LHV basis than for natural gas

NOy emission can be reduced to between 42 and 20ppm by firing the selected fuel, a 50-80%
reduction on current operation.

Costs of retrofits estimated at $3.3 million for first machine of each type and $2.5-3.0 million for
subsequent machines, this will not significantly increase the cost of capture for this case study

GE Frame 5-2C or Frame 6B industrial gas turbines are good candidates for retrofit for
demongtration of CO» capture by fuel decarbonization.

1.2.3.2 Standardized PCDC

The study by Jacobs Consulting was carried out in collaboration with IEA GHG program under
the Annex 16 subtask A. Thefocuswas pre-combustion technology for large natural gas fed 400
MW combined cycle power plants, i.e. the Norwegian CCP scenario. The objective was to assess if
further cost reduction of a PCDC technology could be obtained by standar dization and
modularization.



Some of the highlights from the study were:

0 Screening of previous studies shows that efficiency varies from 43 to 49% (LHV) and cost for the
PCDC technology is ranging from 250 $/kW to 500 $/kW.
0 The benefits from standardization showed the following potential
0 Repeat design (10 per year): 15-20% saving on capital cost
0 Modularization: Only minor savings< $2 MM
0 Theoptimization study indicated that the following items would improve the concept by 10 $/t CO,
avoided
0 Air extraction from gas turbine
0 Fue gas heating and saturation
0 Single shaft air compressor/steam turbine drive rather than electrical motor and steam driven
generator

For future work emphasize should be put on bringing cost down for rotating egquipment. According to the
Jacobs study 50-60% of the capital cost for the PCDC originates from compressors and steam turbines.

1.2.3.3 Very Large Scale Autothermal Reforming

This study by Jacobs Consulting evaluated the use of pre-combustion decarboni zation technology based
on the relatively conventional approach of autothermal reforming (ATR) of the gas followed by shift
reaction and wet scrubbing for CO, removal for the BP' s Prudhoe Bay central gasfacility in Alaska. A
particular focus for the study was an evaluation of the potential to decarbonize all the fuel gasin asingle
process, generating economies of scale. This necessitated consideration of individual unit operations with
respect to maximum throughput and issues with the construction and transportation of these systems to
the Alaskan North sope.

The conclusion from the study was.

Singletrain VLS ATR isfeasible for the Alaska case study.

This approach isareatively low risk capture route as al the technologies are proven, the only design
issues are those of scaling up to world-scale plants and design for the challenging environment.

A smple ATR without gas-heated reformer is likely to be a more cost effective solution, but the ability to
design asingle train plant using this technology would require evaluation.

In the event that the VLS ATR route appears to be a leading contender for capture from the Alaska case
study, thereislikely to be some merit in evaluation of the aternative arrangements discussed above, i.e.
conventional ATR and oxygen blown ATR

1.2.3.4 Advanced Syngas Technology

This study by Foster-Wheeler compared severa pre-combustion decarbonization (PCDC) schemes
producing a fuel mixture, comprising mainly hydrogen and nitrogen, for a 350 - 400 MW combined cycle
power plant, based on the GE Frame 9351FA machine with a carbon capture of 90%. A conventional
autothermal reforming plant with shift, followed by CO, removal and compression was defined as the
base case. Then several further advanced syngas generation concepts were derived, including gas heated
reforming, gas-gas exchangers and high pressure operation. For each the capital cost and net power output
was compared against the base. In all cases the carbon capture from the overall PCDC/power system was
greater than 90%.
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Not surprising one of the clearest conclusionsis that the level and quality of CO» capture directly affects
the efficiency of the scheme. Thisis mainly due to the energy intensive nature of CO, removal processes.

Of the schemes which comply to the base case definition of CO, remova and purity the Gas/Gas
Exchange case is the best performer. Thisisnot surprising as this scheme is arguably the best heat
integrated of the cases under consideration. Similar comments apply to the Gas Heated reformer case

Power recovery from hot syngas is shown to have some potentia, but the cost of this scheme shows that
thisis of interest only when the feed gasis of sufficient pressure.

Perhaps the most interesting conclusion is that high pressure operation appears to offer no benefit, even
when the feed gasis at sufficient pressure to enable this (i.e. no compression required).

The results showed no significant improvement over the base case thus no further work was
recommended in this area.

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

The scope of the work was reduced to only look into the advanced pressure swing adsorption system
since agreement with Davy could not be settled.

In the 1980’'s Air Products developed Geminia pressure swing adsorption process for the separation of
syngas streams into two products: carbon dioxide and hydrogen. In thiswork, Air Products’ in-house
dynamic adsorption simulation program was used to determine the capabilities, evaluate new adsorbents,
and identify preferred operating conditions of Geminia processes in the recovery of carbon dioxide from
high-pressure syngas. Results showed that Cycles that couple the hydrogen purification with the carbon
dioxide recovery system offer higher hydrogen recovery with the same number of adsorbent columns. It
was determined that a single-train adsorption system can provide 0.8 million tonnes per annum of carbon
dioxide at up to 99.7% purity with a carbon dioxide recovery of up to 93%.



1.2.3.1 GasTurbine Retrofit Requirementsto Burn Decarbonized Fue (H,)

Task 2.3 Systems Integration and Optimization
Technology Provider: General Electric

The CCP Alaska Scenario is intended to evaluate CO, capture processes is a gas compression facility in
Alaska s North Slope ailfields. The facility 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 afuel without adversely affecting the key
performance characteristics such as power output, turndown, emissions and reliability. This study
evauated retrofit of these generic GE Frame-5 and GE Frame-6 Gas turbines to burn a range of hydrogen
fuel mixtures. Fuel compositions will be selected to cover the composition range anticipated from PCDC
capture technologies.

The study covered issues of hydrogen firing feasibility and its effects on the performance and emissions
expected from the turbines. Key system design considerations of the overall capture scheme such as fuel
temperature and steam content were studied.

Highlights
- Thefeashility of retrofitting Alaska Case Study Frame 5 and 6 Gas Turbines to fire decarbonized
(hydrogen rich) fuels was confirmed

Machine output is increased by de-carbonization and retrofit by around 16% at typical operating
conditions

The fud firing rate per MWH output for decarbonized fuel istypicaly around 9-18% lower on a
LHV basis than for natural gas

NOy emission can be reduced to between 42 and 20ppm by firing the selected fuel, a 50-80%
reduction on current operation.

Costs of retrofits estimated at $3.3 million for first machine of each type and $2.5-3.0 million for
subsequent machines, this will not significantly increase the cost of capture for this case study

GE Frame 5-2C or Frame 6B industrial gas turbines are good candidates for retrofit for
demonstration of CO, capture by fuel de-carbonization.

Summary

The CCP elected to study the feasibility and cost of CO, capture using arange of technologies from four
different cases studies, one of which was BP Prudhoe Bay Central gas compression facility in Alaska.

This study centered on the capture of CO, from 11 gas turbines driving gas compressors on the Alaskan
North Slope, which together emit 2.2 million tonnes of CO, per year.

Pre-combustion de-carbonization (PCDC) was identified as an attractive option to capture CO, from the
gas turbines, benefiting from the possibility of using a central de-carbonization facility to supply fud to

all the machines, gaining economy of scale. Severa technologies have been devel oped by the CCP,
which are suited to the de-carbonization of gas turbine fuels and the costs of these processes have been
evaluated in the Alaskan and other case studies. A key requirement for the application of these systemsto
existing gas turbines is that the machines can be adapted to accept the fuel without adversely affecting the
critical performance characteristics such as power output, efficiency, emissions, reliability or flexibility.

This study contracted with GE and co-funded by the US Department of Energy was designed to establish
that the use of hydrogen fuelsis afeasible option for these gas turbines, that satisfactory performanceis
retained and to that the conversion is economic, not adding an unacceptable cost to that of the capture
process. The study was conducted in two phases.



Phase 1. A performance evauation of fuels produced by three different de-carbonization processes was
made. Three fuels were selected as representing the range of decarbonized fuel types likely to be
considered for gas turbine firing, listed in Table 7. The gasifier case is not likely to be directly applicable
to Alaska, there are however opportunities to retrofit existing IGCC processes from coa or oil feedstock
for COp removal, hence the results provide a valuable insight into these options. The Phase 1 work-scope
included requirements definition, condition assessment, combustion assessment and performance
predictions.

Table 7
Composition Mol %
Fuel Process Hydrogen | Nitrogen | Water | Other
A | Sorption Enhanced WGS | 53 37 7 3
B | Gagfication basdine 66 <1 29 4
C | Hydrogen Membrane 42 37 20 0
Reformer

Phase 2: A single fuel was selected for as the basis for design of the modifications and equipment changes
required to burn the selected fuel. The phase 2 work-scope comprised conversion requirements, i.e. bill of
materials and budgetary estimate for the conversion work. The fuel selection was made on the basis
performance data generated in phase 1 and applicability to the Alaska case study.

Study M ethodology and Findings

The requirements definition and condition assessment was undertaken using data provided by BP
including study definition, fuel compositions, machine-identification and key performance requirements,
combined with GE’s data on the gas turbines.

GE undertook performance andysis for the individual machines using in-house computer simulations to
predict combustor conditions, which indicates combustion stability, turndown capability, combustor life
and emissions. These parameters were evauated at arange of ambient temperatures representing the
extreme conditions experienced on the Alaskan North Slope.  Key results are summarized in Table 8 for
the three fuels at the ambient temperature of 32 °F.

Table 8

Modd 6B Modd 5-2C
Parameter Fuel A|Fud B [Fud C | Fued A| Fued B | Fud C
Change in Maximum Output % +157 | +175 | +158 |+173 | +135 | +253
relative to current
Changein Fuel Rate per KW (LHV) | -13.8 | -9.1 -13.8 -12.7 | -8.6 -18.2
_N_OX _Emission without steam 44 79 7 45 79 <10
injection
NOy Emission with steam blend 24 22 NA 23 25 NA
Injected Steam/Gas mass ratio 0.1 0.5 NA 0.1 0.5 NA
Cosdt for first unit retrofit $3.32 million $3.39 million
Cost for subsequent units $3.02 million $2.49 million
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These results indicate a significant increase in maximum power output relative to natural gas firing and a
reduction in fuel firing rate for al the decarbonized fuels. A significant reduction of NOy emission is
possible from current typical operation for fuels A and C. Fuel C offers exceptionaly low values of
<10ppm. Fue A could achieve the CCP proposed target of 25ppm with a small steam injection of 10%
by mass.

The maximum turndown load for the Frame 5-2C model for fuel A was estimated at 90% corresponding
to afiring temperature of 1500 °F, thisis an improvement on natural gas operation where the unit is fixed
at full load. The CO emission from very low carbon syngas fuels on this combustor has not been studied
and the turndown limitation may be further relaxed subject to experimental measurement of CO dip.
The model 6B machine can be turned down to 60% of maximum load and remain in CO compliance.

The scope of retrofit work was determined by the study, with regard to operability, safety, reliability and
other issues addressed.

Conclusions
0 Firing of fuels A, B and C can be readily accomplished on Frame 5-2C and Frame 6B machines.

0 FudsA & C give significant performance and emission improvements over current operation.

0 Maximum output is higher on decarbonized fuels except at the lowest operating temperatures of
minus 40 °F. For most of the year the machine capacities would be increased by use of
decarbonized fuel.

Fuel A gives a NOy emission of 42ppm falling to 25ppm with steam addition of 10% by weight.

o O

Fuel C can give exceptionally low NOx emissions of <10 ppm with no additions

Costs for retrofitting these machine is $3.3 million for the first of each model falling to $2.5-3
million for subsequent units.

(@)

Recommendations for Further Work

No additional technical of development work is considered necessary in thisfield. The next logical step
will be to demonstrate CO; free power generation by firing of decarbonized fuel gas on an industrial gas
turbine such as the GE Frame 5 or 6B. This study provides data, which will be invaluable in assessing
demonstration options including retrofit of existing machines possibly using existing sources of hydrogen
such as refinery hydrogen sources, ammonia plants and IGCC plants.

Reportsand Publications
Wotzak et Al, “Study of Gas Turbine Retrofit Requirements to burn decarbonized Fuel (Hydrogen):
Conversion Evaluation for Gas Turbines at BP Prudhoe Bay Facility”, Dec 2003



1.24 Capture StudiesIntegration and Reporting
1.2.4.1 Capture Study Integrated Reports

Technology Provider: Advanced Resources International.

Elsevier Science has agreed to publish atwo volume set of results from the full CCP program. The
coordinated volumes on capture, separation, storage, monitoring, and verification are being edited now.
Approximately 70 papers comprising the key results from the full study are being written, peer-reviewed,
and edited with a target publication date of 1 November 2004.
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1.3 Oxyfuel Technology

I ntroduction

Investigating the potential savings that combustion using pure oxygen (oxyfiring) may give in CO,
capture, compared to conventional combustion with air, is the mission of the CCP Oxyfuel Team. This
involved monitoring and sponsoring R& D activities whose results may contribute to further reduction of

CO2 capture costs by the year 2010.

When CO; capture is not required, Oxyfiring is inherently more expensive than combustion with air
using current state-of-the-art technologies. Potential advantages of oxyfiring deriving from smaller
equipment size are offset by costs related to cryogenic air separation and flue gas recycle necessary to
maintain acceptable temperature levels in the equipment (boiler/heater/gas turbine).

When considering CO; capture, however, oxyfiring has the unique advantage to generate an effluent

stream composed amost exclusively of CO; and H;O. It isvery cheap and easy to capture CO, of the
necessary purity for sequestration from this stream, simply by water condensation.

Another unique environmental advantage of oxyfiring is the complete avoidance of NO, emissions,
usually generated by high temperature reaction between nitrogen and oxygen in conventiona air
combustion. The potential additional benefit deriving by the elimination of NO, capture systems has not
been quantified in this phase of the CCP, but should be taken into consideration for future work.

For fuel combustion using pure oxygen, the temperature is much higher than with air.  In many
applications, it is advantageous to utilize this high quaity heat, which resultsin increased thermal
efficiency. However, advanced materials have not yet been discovered to enable such applications. Asa
result, nearer term efforts have focused in use of various diluents to moderate the combustion
temperature, while still enabling ease of CO, capture. Depending on the diluent, and the degree of
temperature moderation, it is possible to retrofit combustion equipment for oxyfiring. Previous studies
have concluded that the major cost center for oxyfiring is the production of pure oxygen.

Cryogenic air separation is a mature technology, and only small, incremental improvements in oxygen
cost may be expected over the next years. For this reason alarge R&D effort is ongoing, outside the
CCP, to develop novel technologies able to reduce consistently the cost of air separation. While this
development is not driven by CO; capture considerations, their application to oxyfiring may contribute to

reduce the costs of CO, capture in oxyfiring systems.

Oxyfuel technologies are basically fit both for steam generation scenarios, revamping or replacing
existing heaters or boilers, likethe CCP UK refinery scenario, and for gas turbine power generation
scenarios, like CCP Norwegian or Alaskan scenarios. In the latter case, modifications to current
commercial machines are necessary, at least in the combustion zone, to maintain high thermodynamic
efficiency..

The Oxyfuel Team performed its work according to the following guidelines:

1. Definition of an Oxyfuel baseline, potentially applicable “today”: CO» capture with state-of -the-
art air separation technology and flue gas recycle to moderate temperature increase, applied to the
UK Scenario (revamping of existing boilers and heaters in the Grangemouth refinery).

2. Investigation of novel technological solutions for boiler revamping or new-building, maintaining
conventional air separation.



3. Investigation of advanced thermodynamic cycles for power generation systems, involving turbine
modification.

4. Investigation of novel air separation technologies (e.g. ionic transport membranes for oxygen) for
application to conventional boilers/heaters.

5. Investigation of novel technologies integrating steam or power generation system and novel
techniques for oxygen supply (e.g. Chemical Looping , AZEP).

The Oxyfud Basdine

A detailed technical/economic study for possible revamping of the Grangemouth refinery, using a
conventional cryogenic system of large capacity to feed al of the existing boilers and heaters, with
subsequent CO; capture, was performed by Air Products, in collaboration with Mitsui Babcock and
Foster Whedler.

Air Products studied a base case and two additiona options with increasing integration in the refinery.
The base case has aso been evaluated by the CEM Team, achieving a good agreement with the results by
Air Products in terms of the “CO, avoided cost” (47 $/ton CEM vs. 43 $/ton AP). Additional AP cases
reduced the CO, avoided cost by a further 10%. The CO; capture cost isin the 30-35 $/ton range.

Thismeansthat the Oxyfuel baselinein the UK Scenario allows a > 40% reduction in the CO,
avoided cost compared to the Post-Combustion baseline (77 $/ton).

The Oxyfud Basdline is consequently technically applicable with consistent saving compared to any
other available option with minor technical risk. A commercia demonstration of oxyfiring is needed and
the necessary air separation unit for Grangemouth is about 20% larger than the largest existing unit. This
level of cost could make it attractive in countries applying high level of carbon tax.

Boiler modifications

A few studies were commissioned to different Technology Providers to investigate potential savings
deriving by optimization of the boilers for oxyfiring. According to equipment vendors, boilers are more
easily modified for oxyfiring than are process heaters. Process heaters often have added constraints of
flux uniformity and peak temperatures that are harder to dea with.

The concept of a boiler operating at higher than atmospheric pressure was studied by Mitsui-Babcock.
The basic idea was that, since cryogenic air separation works under pressure, and captured CO, must be
further compressed for sequestration, utility consumption and compressor costs might be reduced. It was
however found that, even at the calculated optimal operating pressure of 5 bara, potential savings were
offset by the higher capital cost of the boiler.

Another approach studied with Mitsui-Babcock was the “ Zero or low recycle boiler”. This had to be a
boiler of new design, tailored to oxyfuel firing, based on the concept of staged combustion. Staging
should alow avoiding or minimizing the recycle of flue gas. Calculations showed that flue gas recycle
cannot be avoided and may only be reduced by 25% in afeasible design, resulting in possible cost saving
of 10%, but double footprint compared to conventional boilers.

Praxair studied the option of designing a boiler with no flue gas recycle and no temperature mitigation,
simply by using more expensive construction materials. Expected savings came from reduced boiler size
and utility consumption. Again potential savings were offset by increased capital cost.

None of the investigated options supplied results able to justify a continuation of the activities.

Advanced thermodynamic cycles

91



As noted in the Introduction, pure oxyfiring produces flame temperatures that are well beyond current
turbine capabilities. The most obvious way to moderate combustion temperature is to recycle exhaust
gas, which is just CO; in the case of oxyfiring. However, between the power required for air separation
and for CO, recycle, there is alarge reduction in net power output from the turbine system (whether
smple power cycle or combined cycle). To improve the net efficiency of oxyfiring with CO; capture,
there have been numerous power cycles proposed in the literature. With the requirement that a working
fluid used to moderate temperature in the combustion turbine must also still enable ssimple CO» capture,
the studies have generally looked at CO,, water, and combinations of those two.

SINTEF performed a study to evaluate three thermodynamic cycles, applied to oxyfiring, proposed in the
scientific literature: Water cycle, Graz cycle and Matiant cycle. All of the papers describing these cycles
claimed much higher efficiency compared to conventional cycles. However the results of the study show
that these efficiencies may only be reached at operating conditions that cannot be realized in current
commercial equipment such as combustion at 1400°C or turbines discharging in high vacuum. Also,
when the different cycles are compared on a consistent basis, the efficiencies were comparable.

One unique aspect of work being undertaken by Clean Energy Systems, under funding by US DOE, isan
effort to develop “stoichiometric” combustion for their version of a power cycle which uses water as the
moderating fluid. This addresses the fact that combustion operations generally are operated with excess
ar (or oxygen) to ensure complete combustion. The presence of the excess oxygen complicates CO,
capture and sequestration — often requiring additional CO» purification. CES is developing aturbine
combustor that minimizes the excess oxygen.

Some turbine vendors were contacted to evaluate their willingness to work in the development of turbines
able to operate in the conditions described by the SINTEF report. No positive answers were received
since turbine development is a very expensive and time consuming activity. It was estimated that the
development costs for an oxyfiring gas turbine would be in the range of tens of millions of US Dollars.
Thistype of development cannot be carried out in the CCP frame.

Novel technologiesfor air separation

A very promising novel technology for air separation (ionic transport membranes) have been under
development by other consortia over the past five years. These ceramic membranes, operating at high
temperature (> 700°C) allow 100% selectivity to oxygen, which is transferred in anionic form using a
difference in oxygen partial pressure between the two sides of the membrane as driving force.

Three consortia are devel oping these membranes:

- led by Air Products (ITM — Oxygen Transport Membranes)
- led by Praxair (OTM — lonic Transport Membranes)
- led by Alstom/Norsk Hydro ( MCM — Mixed Conducting Membranes)

All of these consortia are targeting 2008-2009 for commercialization but the risks associated with this
type of development (resistance in time to high temperature operation, mechanical problems etc.) should
not be underestimated.

The CCP sponsored a study by Air Products to revamp the Grangemouth refinery to oxyfiring using an
ITM system rather conventional cryogenic. The particular process configuration being developed by
APCI uses only a pressure differential across the ITM membrane to provide a driving force for oxygen
separation, rather than use of a sweep gas on the permeate side of the membrane. Asaresult, the
membranes may extract only about 40% of the oxygen from the air stream. Since high temperature is
needed to favor oxygen transfer, a considerable export of power (446 Mw in the Grangemouth case) is
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necessary to balance the system. This exported power, not available with air firing could replace the
current power station. It isimmediately clear that this technology is not fit for the revamping of existing
boilers unless there is a market for power export, but seems ideally suited for integration with large
CCGT (Combined Cycle Gas Turbine) systems.

Different cases were considered by Air Products (all of them with considerable power export). The CO,
avoided cost for the base case was evauated by the CEM Team at 35.5 $/ton (vs. 37 $/ton by Air
Products) with about 20% saving compared to the Oxyfuel Basdline. The other cases studied by Air

Products allowed reduction of CO, avoided cost to the 20-30 $/ton range.

Most promising application of the Air Productsimplementation of ionic transport membranes that
produce pur e oxygen without a sweep gasto CO; capture seemsto bein systemsallowing
consider able export of power.

Integrated equi pment

The study described above showed that the smple substitution of an ITM system to acryogenic air
separation, while positive in a new-built perspective, may not always be applicable to revamping of
existing units, due to the large associated export of power In the new-built perspective, some Technology
Providers are studying the direct integration of ionic transport membranes in boilers or gas turbine
systems. Two studies were commissioned by the CCP to assess the potential for these devel opments.
The AZEP (Advanced Zero Emission Power) is a concept under study by Alstom/Norsk Hydro a three-
year EU-funded project started in January 2002 with the aim to integrate the MCM membranes directly
into agas turbine system. A key aspect of the AZEP concept is that it can be used with conventional
power turbines. In the study performed for the CCP, Alstom defined the implementation of AZEP in the
Alaskan Scenario, as replacement of the current gas turbine system, using 45 MW commercial machines.
The technology is aso potentialy applicable to the Norwegian Scenario, but the developers do not yet
fed confident in evaluating such alarge scale application.

Three cycles were studied with sub-options of complete or incomplete (80-90%) CO, capture, that should
minimize capture costs. It must be pointed out that, in addition to the uncertainties on the membrane
devel opment, to maximize the thermodynamic efficiency, the AZEP system includes a“High
Temperature Heat Exchanger” operating at temperatures beyond present exchanger’s capability, whose
development is among the targets of the Project. Alstom calculated a CO, avoided cost in the 25-35
$/tonne range, which is an astounding result in the Alaskan Scenario (best cases evaluated by the CEM
Team up to now are above 50 $/ton).

A similar research effort is carried being out by Praxair to develop a boiler incorporating the OTM
membrane system. A study co-sponsored by the CCP and the DOE was carried out by Praxair to replace
one of the existing boilersin Grangemouth Use of this boiler will be limited to the C, — C, fraction of
Natural Gas, since C;-C, are coke formation precursors. The technology is still a an early stage of
development, so that cost evaluation must be considered as preliminary. According to Praxair, the
Advanced Boiler will be 40% more expensive than a conventiona one, and cost of CO, capturein the 15-
20 $/ton range.

Theseintegrated equipments are promising developments, but still at an early stage with
consider able uncertainties. Commer cialization expected not befor e 2010.

Chemical Looping

The mgjor R& D Project (actually the only one directly funded) in the Oxyfuel field has been the
Chemical Looping, developed by as a consortium formed by BP (Coordinator), Alstom Boilers, Chamers
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University, CSIC, and Vienna University in a 2-year EU-cofunded project coming to a conclusion by
December 2003.

Chemica Looping isanew combustion technology based on oxygen transfer from combustion air to the
fuel by means of ametal oxide (MeO) acting as an oxygen carrier. Central to the technology are a dual
fluidized-bed reactor system with continuous circulation of solids, smilar to Circulating Fluidized Boilers
(CFB) used for coal combustion. The reactions are schematically:

Fud reactor: MeO + CH, P Me+ 2H,0 + CO»
Air reactor; Me+ 050, b MeO

This project has been focused on atmospheric pressure applications, typical of the CCP UK Scenario, but
the concept is also applicable to higher pressure gas turbine systems as proven in another project outside
the CCP frame and funded by the DOE. In this case the trade-off is between thermodynamic efficiency
and percentage of captured CO,, since Chemical Looping Combustion takes place at relatively low
temperatures (800-900°C). An additional uncertainty is the ability of the gas turbine to tolerate dust from
the air separation process.

The main risk in developing the technology is the availability of a suitable material able to undergo
repeated oxidation/reduction cycles maintaining both chemical activity and mechanica resistance. The
screening activity performed during the first year of the project identified a restricted number of materias
for further development. In the meantime, with the support of hydrodynamic testing on cold units, a pilot
unit was designed and built to achieve “ Proof -of -Feasibility” of the technology - the main target of this
Project. The pilot unit at Chalmersis composed by two fluid bed reactors (bubbling fuel reactor and fast
riser air reactor) with continuous circulation of solids maintaining the solid flux foreseen for larger units.
The “Proof -of -Feasibility” was successfully achieved by operating the pilot unit with NiO/Al,O; for a
total of about 300 hours with almost complete methane combustion (99.5% at 800°C), no gas leakage
between the reactors, no significant carbon formation, no significant attrition and no chemical decay.
Preliminary economic evaluation performed by the CEM Team in 2002 of replacing a boiler in the
Grangemouth refinery resulted in 43% saving compared to the Post-combustion Basdline. Evaluation of
the CEM Team on investment data supplied by Alstom is now ongoing.

In case of positive results of the economic evaluations, the CCP should consider co-funding a subsequent
phase of the Project, which could achieve Demonstration of the Technology by the end of 2006, in the
perspective of acommercialization by 2008. Inclusion of a catalyst manufacturer in the Partnership to
drive the scale-up of the solid materia production is necessary.

The Chemical L ooping Project has been atechnical success. The results of economic evaluations
will drivethe choicesfor continuation.

Conclusions

- Oxyfuel technologies will drastically reduce, or even eliminate, NO, emissions. This additional
advantage has not been quantified in the current Phase of CCP, but should be evaluated in the light of
existing and future environmental legidation.

- Oxyfiring coupled to conventional cryogenic air separation may be considered as the CCP Basdline
Case, with possible application to revamping of boilers and heaters without any research activities.
Demongtrative operation of oxyfiring with flue gas recycle is the only pre-requisite to commercial
implementation. If a CO» avoided cost of 40-45 $/ton, corresponding to a CO» capture cost of 35-40 $/ton
may be acceptable, thisis a short-term feasible solution.

- No improvement in existing boilers may result in consistent advantage over this baseline.
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- Oxyfiring application to CCGT systems with conventiona air separation would require consistent and
very expensive gas turbine development to maintain high energy efficiency, considering air compression
and flue gasrecycle costs.  Vendors are not willing to engage in such activity without clear market
opportunities.

- Novel membrane systems for oxygen production, currently under development and expected for
commerciaization by 2008-2009, do not appear to be suitable for retrofitting existing boiler systems.
Application to new-built systems, including power generation in CCGT looks very promising and should
be further investigated.

- Equipment integrating novel membranes in boilers or gas turbines is till at an early stage of
development. Potential for reduction of capture costsis strong, but development risk is still high.
Commerciaization is not expected before 2009-2010.

- The Chemical Looping Project has been technically very positive and scale-up risks are reasonable, due
to similarities with existing coal-fired boilers. Furthermore it produces rather pure CO, compared to the
Oxyfuel Basdline. A decision to continue the project should be taken based on the results of economic
evaluations. A continuation should also explore high pressure application to CCGTs and use of aternative
fuels to natural gas (e.g. pulverized coa, maybe mixed with Natura Gas).

Team Recommendations for Future Studies:

- Based on the economic analysis results of the Oxyfuel Baseline evaluation, the CCP should evauate the
option of funding revamping and operation of a small boiler for a demonstration of oxyfiring with a goa
to remove the remaining concerns to commercial application.

- In case of positive evaluation of Chemical Looping, the Team recommends that a second phase be
funded. The Partnership should be including a commercia catalyst manufacturer to handle scale-up of the
production methodology. Two options may be considered:

1. Aggressive development: A 3-year project targeting a demonstration unit operating by the
beginning of 2006 (revamping an existing Demo-CFB unit, as suggested by Alstom). Thefirst
half of the project should be devoted to optimization of the solid material and definition of the
scae-up.

2. Paced development: A 2-year project focused on the solid material issues and exploration of the
whole range of possible applications that leaves demonstration to a third phase starting in 2006.

- Low-cost oxygen production is a powerful driver independently from greenhouse gas issues. Oxyfuel
capture may benefit from any advance in the various technologies under study. The Team recommends
periodic monitoring and reevauation of these technologies. A study on application of ITM to a new-built
CCGT could be funded as part of the 2004 CCP activities.

- The Team recommends funding a project to quantify the advantages derived from reduction of NO
emissions by oxyfuel combustion as compared air combustion.

- The Team recommends investigation of the synergism between Oxyfuel and PCDC technologies such as
integration of oxyfiring and steam reforming.
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1.3.1 Advanced Boiler Study

Task 3.1 Advanced New/Retrofit Boiler Designs
Technology Provider: Praxair

Highlights

A cost and feasibility study of the Praxair Advanced Boiler applied to the CCP Refinery Scenario was
completed.

Capital cost savings are estimated to be greater than 60%, and the CO, capture energy cost savings
are approximately 80% when compared to the baseline case.

Summary

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 essentialy of CO, and water from which the CO, can easily be
separated. The technology promises to reduce the cost of capturing CO, from new boilers and possibly
process heaters.

Praxair has produced an outline design and feasibility study and provided conceptual capital and
operating cost estimates for a plant incorporating a Praxair Advanced Boiler designed to:
(i) match the performance of a specified boiler in the CCP's Refinery Scenario (Grangemouith,
Scotland) and
(i) to capture the CO, emissions, ddivering them with a specified product quality for storage.

The study provided cost and performance data for a new conventional boiler with the same output and air
as oxidant, without CO, capture as a baseline so that a net capture cost per ton of CO2 can be calcul ated.

Results

One effective approach to produce a CO» rich flue gas from a combustion process is to use pure oxygen
rather than air as the oxidant stream. Oxygen-fuel fired combustion systems offer a number of
advantages over air fired systems. Praxair has demonstrated that oxy-fuel fired processes offer

() increased fuel efficiency,

(i) reduced pollutant emissions (e.g., NO,), and

(iii) improved productivity/throughput.

These advantages coupled with the fact that the exhaust products contain high concentrations of CO»
make oxy-fuel fired systems ideal candidates for high efficiency boilers with CO, sequestration. To date,
the primary issue limiting the application of oxy-fuel fired systemsto a greater market is the cost of
producing oxygen (separating O, from other gases present in air). Systems with high thermal efficiencies
have typically not been candidates for oxy-fuel conversion as the incremental improvementsin thermal
efficiency are typicaly not enough to offset the cost of oxygen production.

Praxair is currently developing a new method of oxygen production that is expected to significantly
improve the cost of oxygen production. This technology utilizes an oxygen transport membrane (OTM)
that selectively transports O, across a ceramic membrane. The driving force for transport is a
concentration gradient across the membrane. Development work at Praxair has identified a target
operating temperature of the membranes of approximately 800-1000 °C (1500-2000 °F). Inlow
temperature processes, or standalone systems, the energy required to maintain this operating temperature
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must be supplied for an external source. However, in high temperature exothermic systems the
integration of the OTM components with the heat generation system can offer many advantages.
Combustion systems, in particular boilers, are ideal candidates for thisintegration. Integration of the
OTM materials into the firebox of a boiler offers several inherent advantages. The flux of O, through the
OTM materid is driven by the gradient of the O, partia pressure across the membrane. Supporting the
combustion process on the surface of the OTM tube effectively creates asink for O, on the process side
of the tube, thereby alowing significant O, fluxes to be achieved. Hesat generated by the combustion
process can be utilized to maintain the OTM materials at the desired operating temperature. Steam tubes
placed among the OTM materials capture the balance of the heat generated by the combustion process.

Integration of OTM technology into a boiler represents a method that will allow the benefits of axy-fuel
combustion to be extended to fired processes that have to date not been suitable candidates for conversion
to oxy-fuel. More importantly, this will facilitate the integration of CO» sequestration in atechnically
compelling and economically competitive manner. Figures (a) and (b) illustrate the basic configuration of
an OTM boiler system with CO, capture and a conventional air-fired system with CO, capture. Because
of the low concentration of CO, in the exhaust of the air-fired system, a chemical absorption processis
required to remove the COa, thus adding to the cost and complexity of the system.

The Praxair Advanced Boiler design consists of afurnace in which the fuel and exhaust gas products pass
over oxygen transport membranes (OTMs) arranged perpendicular to the flow direction. The OTMsare
supported on tubes and manifold together so that each tube is fed from a common air source. Steam tubes
run parallel to the OTM tubes and are placed so that the OTM tube surfaces are maintained at a constant
tube temperature down the length of the furnace. The exhaust then moves on to a heat recovery system to
preheat the incoming air and feed water. Finally, the exhaust gases are purified and compressed through a

series of compressors and coolersto produce a purified CO, product.

The current Advanced Boiler design requires approximately 13 MW (43 MMBTU/hr) less fuel than the
equivalent conventiona air-fired boiler. Maintaining the pressure drop across the OTM manifold requires
alarge blower to feed air to the Advanced Boiler. Even though the blower requires about 4 MW (14
MMBTU/hr) of additional energy, the Advanced Boiler still shows an advantage in efficiency over the
conventiona boiler. The addition of the CO, capture system requires another 4.2 MW (14 MMBTU/hr)
of energy and 0.3 n1*/s (5000 gpm) of cooling water. This case requires significant amounts of added
cooling water due to the incoming temperatures of the air and water feed to the boiler. The addition of

the CO;, capture system to the Advanced Boiler also shows an energy efficiency gain over the
conventiona boiler.

The economic analysis prepared for this study showed that a boiler with integrated ceramic membranes
has the potentia for substantial capital and operating cost savings when CO» capture isrequired. The
capital cost savings are estimated to be greater than 60%, and the CO2 capture energy cost savings are
approximately 80%. In the case of a more conventional boiler without CO, capture, the energy savings
can potentially pay for the incremental cost of the OTM boailer in ~ two years.

Reports and Publications

Thefina project report isin Appendix A under the same heading as this summary.
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2. Storage Monitoring And Verification (SMV) Studies

Task - 4.0 - Establish Key Geologic Controls& Requirements

Introduction

Asacommercia process, carbon dioxide sequestration includes pre-combustion decarbonization or post-
combustion separation (capture), export from the production site (transportation) and long-term
containment (storage). The CO, Capture Project (CCP) includes transportation and geological storage of
COyinits“Storage, Monitor and Verification” (SMV) program. Whereas the principa objective of the
CCP capture program was cost reduction that of the CCP storage program was to identify efficiencies and
reduce uncertainties associated with pipeline transportation and geologic CO; storage. For organizationa
purposes, the SMV program technical studies are grouped into four technical themes:

I ntegrity — competence of natural and engineered systems to contain CO,

Optimization — processes that improve the efficiency and economics of CO, transportation and

storage

Monitoring — techniques to track CO2 movement within and outside of the target storage

reservoir

Risk Assessment — methods to identify and minimize the probability and impact of CO, leskage

from storage sites

Summaries of the objectives, results and CCP assessment of some 30 projects distributed over the four
technical themes appear elsewhere in the SMV section. In the present section, the findings of these
studies will be presented in précis form with key messages identified. From this, an assessment is made
on the present status of and further science and technology needs for safe and effective geological CO»
storage.

I ntegrity of geological systems (ARI, USU, UT-P, SINTEF, INEL)

Geologica systems are complex and thus vary widely in their suitability for safe and effective CO,
storage. Basic requirements include depth (pressure and temperature) sufficient to inject and maintain
COz in its supercritical state, reservoir geometry consistent with good storage capacity and structural
closure, reservoir porosity and permeability distributions that permit high injection rates and fluid
conformance, compatible fluids, and top seals with low permeability and high mechanical strength. The
SMV program included two studies that directly address the competence of natural systems (natural
anaogs) to retain CO,.  Additional studies addressed the need for characterization of prospective CO2
storage sites for long-term suitability at the sub-basinal, field and reservoir / cap rock scales. Reservoir
simulations of the physical-chemical behavior of CO, aso show that CO, is amenable to retention in
natural systems by multiple mechanisms.

There are numerous instances worldwide both of large natural CO» reservoirs that have persisted over
geologic time frames and those that continuoudly or episodically leak. The study by ARI (Stevens)
documented specific features of three natural “secure” fields in the US (McEImo Dome, CO; Jackson
Dome, MS; St. Johns, AZ), the former of which are thought to have held CO, up to ~70 Ma). Itis
concluded that reservoir seals should be comprised of thick chemically-precipitated (carbonates,
evaporates) or clastic (shales) rocks. Structural features amenable to CO» containment are characterized
by lack of significant faulting and fracturing or a*“sdlf-healing” mechanism that seals those that do
develop. The study by Utah State University (Evans), in contrast, investigated a natural CO,-charged
geyser system in the Western Colorado Plateau of East-Central Utah to explain the “leaky” nature of the
system. A 3-D structura / stratigraphic model of the study area revealed available paths for migrating
fluids that ultimately erupt or bubble at the surface. Geochemical sampling and analysis was used to
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describe in time and space the origin (clay-carbonate reactions at 1-1.5 km), subsurface movement (up
faults conduits to atemporary reservoir at 300-500m) and leakage to the surface (phase change pressure-
induced migration through minor faults and fractures). Storage of CO, in the system as travertines and
porosity / vein fillsis estimated to be a maximum of ~10%. The key message from these natural
analog system assessmentsisthat CO, accumulation and retention isa function of general geologic
setting and specific local features. Such features are definable and, given appropriate scenarios and
models, predictable with respect to their influence on long-term CO; stor age.

Assessment of the tendency for rock and structural element failure begins with estimation of in situ stress
and fault geometry as described in the University of Adelaide (Streit) study. Tools are available to
simulate perturbations to the origina system and thus test design limits for COz injection. The study by
GFZ-Potsdam (Schuett) showed experimentally that injection of CO»- rich fluids into reservoir rocks
releases major and minor elements. The detection of ions from rock-forming minerals suggests the
dissolution of rock-forming minerals which would ultimately reduce rock strength. LLNL (Johnson)
applied reactive transport modeling to simulate competing geochemical and geomechanica responses of
cap rocks to COy, injection. Geochemical processes driven by CO, injection tend to result in dissolution /
precipitation reactions that reduce permeability of the cap rock. This process appears to be independent
of key reservoir (permeability and lateral continuity) and CO, influx (rate, focality and duration)
parameters. In contrast, increase of cap rock permeability due to geomechanical effectsis controlled by
reservoir and COy influx parameters that control the magnitude of the pressure perturbation. These
studies highlight the need to evaluate elements of prospective storage Sites at various scales assisted by
experiments and models.

Multiple mechanisms are available for immobilizing injected supercritica CO» in the subsurface.
Principal among these is solubility and relative permeability trapping. The latter mechanism, which was
recently identified and ssmulated for natural gas reservoirs, has now been adapted to CO flooding in
clastic aquifers and the CO, EOR water-dternating-gas (WAG) process. Other possible mechanisms of
COz immohilization include buoyant flow, brine density convection and mineralization. The fate of CO,
in afifty year aguifer injection project was simulated for the 1000 year time frame by the University of
Texas (Pope). Given appropriate injection strategy (base of the reservoir) and reservoir characteristics
and conditions, ~95% of the CO; is expected to be immobilized, mostly as residua gas (capillary
trapping) over thistime frame. Indeed, as substantial portion might be immobilized by the end of the
injection period. Mineral trapping is predicted to be significant on the 10000 year time frame. A
simulation by SINTEF (aimed at testing well failure scenarios) using CO» dissolution as the principa
trapping mechanism, showed similar results over the 1000 year timeframe. Our understanding of CO,
behavior in the subsurface, backed by independent simulations, show that CO, immobilization can be
highly effective given an appropriate reservoir. The solubility of CO, makesit likely; furthermore, that
CO» leaking from the target reservoir will be assimilated or retarded in shallower aquifers.

SMV studiesrelated to the integrity of geologic systems show that despitetheir complexity, diver se
venues suitablefor CO, storage are available. Integrated characterization at multiple scales
should be used to develop 3-D structural / stratigraphic models and hydrogeology should be well
understood. Scenario development and simulations using a broad range of sensitivitiesand
potential failure modeswill give credibility to effortsto develop CO2 storage facilities. It isof
consider able importance that independently-run simulations using distinct softwar e and favoring
different CO trapping mechanisms predict immaobilization of most of injected CO, in the 1000
year time frame.

I ntegrity of engineered systems ( SINTEF, GTI)



Whereas natural systems, particularly gas reservoirs, have a proven ability to retain fluids for extended
periods, modification of such systems (e.g., well bore penetration of top seal, physical-chemical changes
due to fluid injection) has the potential to reduce their competence for long-term COs retention. Foremost
among the vulnerabilities of CO, storage reservoirsis leakage through old or poorly-constructed wells. A
major SMV project that addresses this issue entails cement and seal stability experiments and simulations.
Highly relevant is an emerging industrial analog to CO» storage, natural gas storage.

SINTEF (Lindeberg) addressed the well integrity issue through experimental testing, at elevated
temperature, standard and newly formulated cements (and cements in contact with stedl) and cement
sealants. The experiments showed that whereas initial contact of cement with CO2-rich fluids may
“carbonate”’ the cement (reduce permesbility), long-term exposure will deteriorate the cement via
dissolution of calcium hydrogen carbonate. Permesabilitiesincrease faster by 2-3 orders of magnitude for
standard cement compared to new cements (e.g., silicaflour added) but are al within the microdarcy
range. Simulations of the effect of CO2 injection on abandoned well bores at different distances and
reservoir conditions suggests that in a worse case scenario (open well bore created by complete well
failure without remediation), ~60% of the CO, injected could be lost to the atmosphere over 100-200
years. The study provides useful protocols for testing the performance of cements formulationsin a CO,-
rich environment.

The natural gas storage industry has operated cumulatively >600 facilities in North America over the past
90 years with very few gas migration incidents. The GTI (Perry) survey of the natural gasindustry
experience identifies principles responsible for its success and those technol ogies and practices applicable
to CO, storage. Site selection criteria relevant to CO» storage include competent seal and broad structural
closure. The latter is recommended as less faulting and fracturing is expected. Modified pump testing
might be suitable for seal competency testing in prospective CO, storage sites. The GTI study has
identified siting and technology issues in natural gas storage that will be useful in developing and
maintaining CO, storage facilities.

Theintegrity of engineered systemsused in CO3 storage requires continued research. Work should
continue on new materials development, particularly on cements and sealantsin new installations.
Optionsfor remediation of old wells will become an issuein brown field developments (e.g.,
depleted oil and gasfields) and for contingency planning in green field developments (e.g.,
aquifers). Futurewell integrity smulation work might include scenario development such as
progressive well failure and the efficacy of well remediation techniques. Siting and
characterization of natural gas storage facilities has proceeded in the past with lessrigor than that
expected for CO, storage. Successful development of natural gas storage asan engineered system
analog for CO, storage will progressits future application and safety.

Economic Offsets and Operational Efficiencies (NMT, Tie-Line, TTU, INEL, UT-B)

Injection of CO; into depleted oil fields is considered an early opportunity for CO, storage given that the

cost of CO, capture, transportation and storage might be partially offset (or profitable) by revenues from
increased oil production.  The Permian Basin of West Texas and adjacent New Mexico is the site of the

bulk of CO, EOR experience in the World over the last 30 years. Storage of CO» in depleted gas field is
attractive given that gas fields are by definition capable of storing gases but aso because an appropriate
infrastructure exists. 1n addition, there are concepts under development for enhanced gas production

using CO,. Deep unmineable coas aso present an opportunity as increased methane production is
possible. The ability of the CO, storage reservoir to accommodate impurities (e.g., SOx, NOx) might
reduce CO, capture costs and avoid their emission into the atmosphere.
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The survey of CO, EOR operations experience in the Permian Basin by NMT (Grigg) reveaed aspects of
the process which went well and identified those needing further research. Slow or less than expected ail
response was the biggest concern followed by gas breakthrough / production. Remediation to improve
injectivity and thus ail response were usually unsuccessful and monitoring of performance and leakage is
considered inadequate. Poor pre-injection reservoir characterization is identified as the major factor in
difficulties experienced. The other SMV study relevant to CO, EOR isthat by Tie-Line Technology
(Stenby). Models and software are available for screening CO» effects on MMP and MME and
dispersion indicators for large scale smulations. Calculations of the timing and gas composition at
breakthrough can be used to design surface facilities. The CO2 EOR studies identify the major reservoir

and fluid character issues that need to be addressed before large scale CO, EOR with storage can be
effectively applied.

The tools necessary to make CO» storage in depleted gas and gas condensate fields, and possibly their
enhanced production was examined by TTU (Lawal). Experiments and simulations showed that gas
compressibility and phase behavior are important factors in optimizing CO, storage in such reservoirs.
The highly compressible nature of CO, indicates that up to five times the volume of CO,, relative to
origina gas, may be stored under appropriate conditions. Hydrocarbon and CO2gasPVT experiments
predict the phase behavior of gas mixturesin reservoirs. A “CO, Sequestration Parameter” was
developed for quickly assessing the suitability for and capacity of reservoirs for CO, storage. The key
implication of the study is that prospective gas field storage sites may have better or worse than expected
capacity and ease of operation than thought using conventional evauations. Global estimates of depleted
gas fidd storage capacity might be revisited using the tools developed by this study.

The University of Texas (Bryant) study simulated the effects of CO, impurities (e.g., SOx, NOx) on
aquifer reservoir injectivity and EOR performance. Increased acidity (sulfuric and nitric) is predicted to
either temporarily enhance injectivity viaminera dissolution or have little effect via the mitigating effect
of multiphase flow. Impurities present in an EOR operation (e.g., WAG) are predicted to be neutral as
there is a tradeoff between lowering MMP (improvement) and increasing the mobility ratio (worsening).
The minimal performance effects expected by the presence of soluble, acid forming gasesin injected CO;
raises the potentia for lowering CO, capture costs. The modeling framework established should be
useful for testing the effects of other gases such as N,, hydrocarbons and O..

I dentification of operational efficiencies and economic offsetswill be crucial both to project
development decisions and safe and effective operation of CO, storagefacilities. Simulation aimed
at optimizing operational parameters, using model frameworks developed for site characterization,
are quick and inexpensiveto perform. Although formal economic analysis was not in the scope of
the SMV program, it isevident that development of Site specific parameters, tied to local tax and
regulatory regimes, will be decisive factorsin project approval.

New Paradigmsin CO, Transportation (Reinertsen/SINTEF, IFE, BML)

The Norwegian transportation studies coordinated by Reinertsen Engineering (Heggum) and supported
SINTEF and IFE (Seiersten) aimed to reexamine CO; transportation in carbon steel pipelines for a
“northern”, offshore setting (as oppose to the well-known US temperate, onshore setting). At issue was

the maximum hydration of CO, streams permissible before corrosion and hydrates effects become
significant.

Using thermodynamic models based on new high pressure CO, solubility in water and corrosion data
(with and without inhibitors), it was found that proposed (50 ppm, Hammerfest LNG) specifications for
water content could be relaxed to the existing (600, Kinder-Morgan in the US) specifications and perhaps
further (1300 ppm). Specifications for inhibitor (MEG) content and pipeline protection to lower
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corrosion rates to acceptable levels and prevent hydrates formation are documented. These studies, in
addition to adapting CO» transportation issues to a different geographic setting and operational regime,
could enable projects that are economically prohibitive (i.e., default specification of expensive stedl
aloys) to proceed and succeed.

The Norwegian transportation studies comprise a creative attempt to extend the utility of standard,
inexpensive carbon steel into settings wher e gas processing capability islimited or prohibitively
expensive. Integration of capture and transportation process efficiencies recommended by the
study may upgrade the economics of marginal projects.

Diverse Techniquesto Assess CO2 Flood Performance and Containment (TNO-A, LLNL-P, Stanford,
CalTech-1&2, PSU, U. Adelaide, LBNL-H, LLNL-N)

The SMV “monitoring” studies encompassed multiple technol ogies (spectroscopic, radar, geophysical,
geochemical) applied from the full range of vantage points (space / aerial, near surface atmosphere,
subsurface). Two surveys on the state-of -the-art in monitoring technology were conducted early in the
program. The survey of atmospheric monitoring technologies by CaTech (Tang) documented the
applicability and costs of instruments useful over various time, length / area scales and sampling
frequency. Theremaining SMV monitoring studies addressed specific technologies applicable to
selected potential and actual CO, storage venues. TNO (Arts) conducted a broad survey of geophysical
and geochemical monitoring techniques amed at recommending “optimal” techniques for various CO»
storage venues and potential failure modes (e.g., FEPs, or features, events and processes). In addition,
the importance of characterizing the effects of CO, injection on rock properties and, therefore, monitoring
resolution was pointed out in the GFZ-Potsdam (Shuett) experimental study and as a means of detecting
effective stress in the University of Adelaide (Streit) geomechanica study.

“Hyperspectral geobotanical” surveys, processed to detect CO; leakage indirectly (effects on ecosystems
and soils), were applied to the Mammoth Lake, CA natural volcanogenic release area (satellite) and to the

Rangely Fied, Colorado CO, EOR operation (aerid). Treekills and other plant damage were easily
detected at lushly-vegetated Mammoth Lake. At Rangely Field, pre- and post rain changes in “habitats”
were noted in this arid landscape, but CO, detection is thought to require long term evauation of such
changes. An independent soil gas survey by Ron Klusman of the Colorado School of Mines shows that

most CO, seepage in the areais diffuse and originates from near-surface microbial activity and that
methane may be the relevant gas to monitor. The ability of the hyperspectral geobotanical technique to

detect CO, from storage projects is probably limited to heavily vegetated areas or awaits new processing
and interpretation methods to examine bands influenced by “groundtruthed” microbial activity or soil
ateration.

The resolution of the satellite radar inferometry (INSAR) technique to detect ground movement induced

by CO; injection was investigated by Stanford (Zebker). Although the mathematical basis for
deformation signals and their detection were presented, it is not clear under what atmospheric conditions
and topographical features the method would be applicable.

Near-surface and atmospheric monitoring techniques were investigated for their applicability to detect

CO,leakage. Asafollow-up their earlier literature review, Caltech (Shuler) examined the efficacy of
open path detection (laser spectroscopy) on field geometric and leakage rate and mode parameters under

various ambient CO» levels and atmospheric conditions. The spreadsheet application developed can be
used to screen the feasibility of specific instruments and optimize field configurations. The eddy

covariance method, which is above ground (10 m) laser spectroscopic technique used for CO, ecosystems

flux determinations, is theoretically tested for CO- leakage detection under various scenarios. The near
ground techniques are established technologies whose installation will likely be required for early onshore
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CO, storage projects. Optimization of instruments and configuration will allow field scale CO; leakage
monitoring considerable cost savings.

Geophysical techniques, particularly time lapse 3-D seismic, have proven useful in monitoring subsurface
CO, movement. Their expense and limitations on detecting CO, saturation levels, however, highlight the
need for better interpretation techniques or aternative technologies. LBNL (Hoversten) evaluates the
resolution of new seismic interpretation approaches (seismic amplitude and AV O to infer CO» saturation)
and novel non-seismic techniques including gravity, electromagnetics (EM) and streaming potentia (SP).
Gravity detection (calibrated with ground movement detection such as tiltmeters) is feasible but more
appropriate as a down hole application. The EM technique is inexpensive, well understood and would be
most applicable to CO, / brine systems.  SP has been modeled in 2-D and tested experimentally. Unlike
gravity and EM, however, further development of instrumentation, testing and interpretative methods are
required. The novel geophysical applications, if successful in meeting acceptable CO, detection
resolution specifications may provide considerable cost savings over time lapse seismic.

The single SMV geochemical monitoring study by LLNL (Nimz) assessed the utility of noble gases for
detecting CO, movement out of target reservoirs. The Xe noble gas “system” (ten isotopes) was selected
based on cost, availability and distinctiveness (relative to native and atmospheric noble gases) for the
model Mabee CO, EOR ail field of W. Texas. Given the volume of CO, injected and instrumental
detection limits, the cost of the Xe system applied to Mabee is estimated at $0.18/tonne. Asthe
subsurface transport features of Xe were not addressed, however, it is not known how well this tracer of

CO2 movement would perform. The development of tracer systems for CO, storage projects will be
important for monitoring performance, leak detection and volume verification.

The SMV assessment of technologies and techniquesto monitor CO- reservoir performance and
leakage/ seepageisuniquein itsvariety and scope. Remote atmospher e appr oachesto monitoring
COg leaks are shown to require further development. Existing near-surface atmospheric
approachesto CO, detection are commercially available and adaptable to CO» storage. Seismic
geophysical monitoring of CO» isavailable but a better under standing of rock responseto CO»
flooding and new processing and inter pretation strategies require development (e.g., amplitude
analysisand AVO). Much less expensive non-seismic geophysical appr oaches such as gravity, EM
and SP may, under certain circumstances, have the resolution to track CO, movement in the
subsurface. Geochemical techniques such astracer gas surveysare potentially cost effective but
further development isneeded in elucidating and simulating subsurface transport mechanisms.

Comprehensive Risk Assessment Frameworks (TNO, INEL)

Risk assessment models, simulations and methodol ogies have been devel oped for the purpose of
predicting the probability and consequences of natural and industrial hazards. Two comprehensive risk
assessment methodologies for CO; storage were developed for the SMV program. These methodologies
are similar in that they contain the basic elements of scenario development with an inventory of risk
factors, model development and consegquence analysis. Although the two methodol ogies were devel oped
and tested using models of distinct geological storage venues, they can be adapted to other venues.

The TNO (Wildenborg) methodology (SAMCARDYS) involved extensive scenario and model

development over multiple Earth compartments. A performance assessment (PA) maodel involving
numerous simulations over these compartments is capable of statistical analysis that predicts CO»
concentrations and fluxes into the biosphere. In the combined off-/onshore model with two leakage
scenarios (well and fault leakage), it was predicted that seepage of CO; into the biosphere would not

occur in the 10000 year time frame simulated. This is despite aworst case scenario (no remediation) and
1000 parameter redlizations. The SAMCARDS risk assessment methodology is comprehensive but
flexible in terms of applicable scenarios and data needed. Further development of the surface components

103



(atmosphere and hydrosphere) is needed. Benchmarking of the model will help in assessing the reliability
and credibility of the methodology

The INEL (Wo) risk assessment methodology was applied to the Tiffany Field (Durango, CO), a coal bed
methane development currently under N, flood. The four mgor e ements of the methodology (hazard
identification, event and failure quantification, predictive modeling, risk characterization) are input into
the six part functionality mathematical model capable of performing scenario and Monte Carlo

simulation. Tested against the Tiffany Field coal severa risks for CO leakage were identified. Predictive
guantitative modeling shows that elevated pressure form N, injection caused coa fractures to extend from
the injectors to producers. Therisk of early gas (N, and COy) breakthrough and elevated cut are predicted
to increase if injection wells are placed within three miles of an outcrop. The geomechanical study for
the Tiffany Field (provided by LBNL), highlights the importance of pressure effects on rock and fault
stability over the entire field history (coa dewatering, methane production, N, injection, COz injection).
Further testing of the model on other CO, storage venues and benchmarking will demonstrate the broader
applicability of the methodology.

Thetwo independent developed risk assessment methodologies are based on the same principals
but differ in detailsand initial application. The significance of testing doneto dateisthat leakage
in atypical clastic aquifer appearsunlikely (TNO) and that natural and engineered elements of the
storage system that present a leakage hazard can be identified and thusredesigned. An important
validation of the SMV and other methodologies will come with the formal benchmarking exer cises
planned under the auspicesof IEA GHG.

Leakage Scenarios and Remediation Strategies (LBNL-B2, LBNL-O, GTI)

Development of leakage scenarios, early detection technologies and remediation strategies will prove
essentia in the siting and deployment of CO, storage facilities. The SMV program made progress on
systematically addressing these issues through two LBNL studies (Hepple, Oldenburg) and lessons
learned from the GTI (Perry) review of natural gas storage technologies.

The LBNL (Hepple) study outlines possible leakage scenarios from CO, storage sites via damaged
injection wells and over-pressured reservoirs and the consequences of leakage, namely ground- and
surface water contamination, vadose zone accumulation and surface releases. Remediation options are
available from the natural gas storage, oil and gas production, groundwater / vadose zone treatment
industries. HSE consequences of leaks are important for large leaks but also for persistent small leaks
that might cause CO» accumulation in low lying areas and into occupied structures. The coupled model
developed by LBNL (Oldenburg) simulates CO, flow in the shallow subsurface and atmosphere. When
CO, concentrations in the near subsurface are high (either by primary seepage or CO, infiltration as a
dissolved component of rainwater), surface layer winds act to rapidly disperse the CO; in the flux cases
simulated.

The near surface and atmospher e seepage smulations and contingency planning for remediation
will play an important rolein stakeholder acceptance of CO; storage. The most relevant industrial
analog, natural gas storage, has developed tools (shallow gasrecycling, aquifer pressure control,
cap rock sealing) that are varioudy applicableto CO; storage but require further development.
Additional remediation approaches should be sought or developed.

Regulator, NGO and Public Acceptance (LBNL-B1, MSCI, GTI)

The early SMV study by LBNL (Benson) examined HSE issues relevant to CO, handling and put into

perspective the experiences of potentia industrial analogs to CO, storage (oil production by CO; EOR,
acid gas disposal, nuclear waste repository devel opment, deep well hazardous waste injection). Based on
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thiswork, severd SMV program studies were contracted to develop risk assessment methods and more
closely examine industrial analogs.

The HSE lessons learned from industrial analogs study by LBNL (Benson) concluded that: 1) thereis an
abundant base of experience to draw on that is relevant and suggests that CO, can be stored safely, 2) the
hedth effects of exposure to elevated concentrations of CO, are well understood and occupationa safety
regulations are in place for safe use, 3) the hazard depends more on the nature of release rather than the
size of release, 4) experience from industrial analogs predicts the biggest risks from CO, storage and 5)
regulatory paradigms and approaches vary and none address al of the issues that are important for CO2
storage. These findings are elaborated upon with examples and needs for further research.

A set of potentialy relevant industrial analogs to CO, storage were examined in the SMV program. In
the CO, EOR experience survey by NMT (Grigg), it is evident that CO» leakage monitoring is not a
perceived need. Anecdotally, this may result from the absence of fatalities attributed to CO; |eakage over
the 30+ years of CO, EOR operation. The nuclear waste disposal analog study by MSCI (Stenhouse)
addresses protocols for site characterization and public involvement. Although the public perception of
CO, storage is likely to be much more benign than that of nuclear waste disposal, the general principals
are clearly relevant. The natural gas storage experience should reflect well on CO, storage as its safety
record is excellent. CO, storage may in severa respects be considered amild analog to natural gas
storage as CO2 is not flammable (although it is harmful at high concentrations) and its high solubility
alows better retention in aqueous systems. The siting (deeper and away from populated areas) and
characterization (more thorough and confirmed by simulations) standards for CO storage are also likely
to be more rigorous.

Environmental issues associated with CO, storage were not extensively studied in the SMV program as
these are generally well understood. One study conducted by Princeton University (Onstott), however,
address the effect of CO, on subsurface microbia ecosystems. The known distribution of metabolic
classes of microbes with depth was noted and a forward model was developed to predict their relative
activities under COp-rich conditions. The results demonstrated that growth of various microbia species
(many of which have yet to be identified) will be impacted by CO; injection. More importantly for CO»
storage operations, however, are the potential impact on reservoir quality (e.g., porosity) and
conformance.

The HSE-redlated studies comprise the basisfor pre-injection characterization of risk, optimal
injection operations and post-pr oject abandonment. By openly communicating with regulators,
NGOs and the public, critical issuesidentified can be addressed to advance the case for CO»
storage.

105



2.1 Risk Assessment and Analysis
Task - 4.5 Risk Assessment and Mitigation Options

2.1 Risk Assessment

The SMV risk assessment studies have evolved from earlier “lessons learned” analyses of natural and
industrial analogs to scenario devel opment and modeling of specific elements of systems to whole system
comprehensive methodol ogies.

Comprehensive and Multi-Compartment Methodol ogies (TNO, INEL, LBNL)

TNO (Wildenborg) has devel oped a comprehensive methodology for long-term safety assessment of
underground CO, storage (SAMCARDYS) that is available for application. The three basic components of
the methodology are: 1) scenario analysis which includes a comprehensive inventory of risk factors, or
FEPs (features, events and processes) that are selected as appropriate to a given venue, 2) model
development which enables a quantitative safety assessment in the 3) consequence analysis. A
performance assessment (PA) model based on the large number of simulations with physical models
comprised of multiple compartments has been developed. The PA model is capable of a datistical
analysis that predicts CO, concentrations and fluxes into the biosphere, and therefore established whether
or not they are likely to exceed acceptable levels. The methodology has been applied to a reference
scenario (combined on-and offshore case, The Netherlands) and two |leakage scenarios (well and fault
leakage). The scenarios were run without mitigation efforts and therefore represent worst case scenarios.
The results showed that seepage of CO, to the biosphere would not occur in the 10000 year timeframe
simulated (this was true for all 1000 parameter realizations considered) so statistical analysis was not
necessary. The SAMCARDS approach to risk assessment is comprehensive and flexible in terms of
applicable scenarios and the quantity of data needed. Further development of the surface (hydrosphere
and atmosphere) components and benchmarking with other risk assessment models will improve its
reliability and acceptance by regulators, NGOs and the public.

INEL (Wo) has developed a mathematical model for probabilistic risk assessment for the Tiffany Field,
CO which is presently under N, flood for enhanced cod bed methane (ECBM) production.  Therisk
assessment methodology includes four major e ements (hazard identification, event and failure
quantification, predictive modeling, risk characterization) and the mathematical model includes six
functional constituents (initiators, processes, failure modes, consequences, indicators and inference
queries). To demonstrate the applicability of the methodology and model, a prototype application,
capable of performing scenario and Monte Carlo simulations, was developed in Microsoft Access™. The
geomechanical study revealed processes that lead to risks of developing leakage paths at each step of CO,
storage in coal beds. It was found that risk of leakage is higher for old wells that were converted to
injectors and that the most likely mechanism of leakage path formation is dip on preexisting
discontinuities cross-cutting coal seams. Predictive quantitative modeling demonstrates that elevated
pressure resulting from N, injection caused the coal fractures on the preferred permesability trends to
expand and extend from injectors to producers. Therisk of early gas (N, plus CO,) breakthrough and
high non hydrocarbon gas cut during gas injections are increased if CO; injection is placed within three
miles of an outcrop. The importance of evauating the effects of processes employed prior to CO2
injection (e.g., coal bed depressurization and dewatering, N, injection) on CO, movement is highlighted.
Further testing of the methodology on additional, candidate CO, storage venues and benchmarking with
other risk assessment models will strengthen the application and make it more universally accepted by
regulators and the public.

A coupled modeling framework has been devel oped by LBNL (Oldenburg) to smulate CO; leakage and
seepage in the subsurface and atmosphere for risk characterization. The methodology and structure of the
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coupled modeling framework are based on the concepts that 1) the primary HSE risk isin the near-surface
where humans, animals and plants live, 2) that |eakage and seepage flow process are coupled and 3) the
main risk drivers are CO;, flux and concentration. The coupled modd framework is built on integra finite
difference multiphase and multi-component reservoir smulator (TOUGH2) and models CO; and air in
both subsurface and atmospheric surface-layer regions smultaneousy. The model is demonstrated for a
coupled subsurface-surface layer system and shows that seeping CO, can reflux into the subsurface asa
dissolved component in infiltrating rainwater. Whereas CO2 concentrations in the subsurface might be
high, surface layer winds act to reduce CO> concentrations via dilution to low levels for the fluxes
investigated (e.g., the Rio Vista areawhich is characterized by strong persistent winds). High CO» levels
persisting in the vadose zone, however, are a threat to ecosystems and for humans occupying poorly
ventilated, low lying structures. The coupled subsurface-surface leakage and seepage modeling
framework is likely to attract the attention of stakeholdersin proposed CO, storage projects as the
behavior of CO» at the surface is of the most immediate concern.

Mitigation and Remediation (LBNL)

Early detection and remediation of CO» leakage from storage sitesis an understudied topic that LBNL
(Hepple) has addressed. The objective of this scoping study was to identify 1) monitoring approaches for
early detection of CO; leskage, 2) remediation options that could be used to eliminate or manage risks
after leakage has been detected and 3) additional information and R& D necessary to develop new
remediation approaches. Scenarios for CO; leakage from storage sites include damaged injection wells,
over-pressured reservoirs and accumulation in groundwater. The consegquences of leakage include
groundwater and surface water contamination by acidification and toxic element mobilization, vadose
zone accumulation and surface releases. Remediation options applicable to leaking CO, storage projects
are available from natural gas storage, oil and gas production, groundwater remediation and soil gas/
vadose zone clean up experience. HSE concerns become relevant for large leaks but also for chronic
small leaks that may accumulate CO; in structures. The study establishes a framework from which CO»
leakage scenarios can be developed for specific storage sites and outlines available versus needed
technologies necessary to manage such leaks and lessen their consequences. A site-specific plan that
includes such contingencies will be essential for acceptance of CO, storage by NGOs, regulators and the
public.

Environmental / Regulatory / Public Perception (LBNL. MSCI, Princeton)

LBNL (Benson) produced a comprehensive compendium of information relevant to CO, sequestration
(directly or by analog) via experiences with deep well injection of industrial wastes, natural gas storage,
geologic repositories for nuclear waste and other information. Human health and ecosystem responses to
various levels of CO,, which are the most immediate concerns associated with CO, capture,
transportation, injection and leakage, are also addressed.  The lessons learned:

1) Thereisan abundant base of experience to draw on that is relevant and suggests that CO» can be
stored safely (natural gas storage, SCUBA, deep injection of liquid and hazardous waste,
enhanced oil recovery),

2) The hedlth effects of exposure to elevated concentrations of CO, are well understood and
occupational safety regulations are in place for safe use (confined spaces, SCUBA, transportation,
food additive, pipeline transportation),

3) The hazard depends more on the nature of the release rather than the size of the release (volcanic
eruptions, ecosystem fluxes, fire suppression, limnic releases),

4) Experience from industrial analogs predicts that the biggest risks from CO, storage (Ieakage from
poor quality or aging injection wells, leakage up abandoned wells, leakage through poorly
characterized cap rocks, inconsistent or inadequate monitoring) and
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5) Regulatory paradigms and approaches vary and none address al of the issues that are important
for CO, storage (leakage between geologic units, performance versus practice based
requirements, state versus federa regulatory oversight, short versus long- term monitoring).

Recommendations for risk management approaches include development of a single set of consistent
regulations, identification and investigation of the effectiveness of multi-barrier concepts, develop well
completion, abandonment procedures and methods and develop a risk management strategy that couples
monitoring requirements with performance confirmation. Risk mitigation and remediation methods
should also be developed. The “lessons learned” study was an early SMV contribution that guided
selection of subsequent risk assessment projects.

The “lessons learned” study by Monitor Scientific (MSCI) examined the relevance to CO, storage of past
efforts towards nuclear waste disposal. Details of the siting, permitting and installation process,
completed to various extents in six countries, were examined. The assessment found that conducting risk
assessment, engaging with the public in a transparent manner and gas migration studies are most relevant
of the lessons learned to CO, storage.  Although the potential hazard levels associated with CO, storage
are not in the same league with that of high level nuclear waste disposal, this detailed study is very
perceptive. Recommendations to avoid pitfallsin project development are detailed and sound. Thereis
also agood technical review of gas migration.

The objective of the study by Princeton University (Onstott) was to assess potentia impacts of CO,
injection on subsurface organisms. The deep biosphere extends to ~3.5 km with decreasing number of
organisms with depth. These organisms are primarily by methanogens, sulfur reducers, fermentative
anaerobes. Genetic testing (16S rDNA) suggests that only about one third of these subsurface organisms
have been identified. By defining microbial assemblages and determining “microbial power” (free
energy of redox reactions and availability of nutrients) a forward modd is used to predict the impact of
COy injection on microbes in different environments (reservoir lithologies, ground water types) over three
reservoir temperatures and constrained pCO- and pH/Eh. Fe (I11) reducers and fermentative anaerobes
are not favored by the presence of CO, but there is an increase in methanogenesis and acetogenesis.
Considering chemical changes induced by CO, presence and microorganism response, severd
implications to CO, storage operation and performance are noted. In general, the impact on
microorganism growth in carbonate systems is expected to be most significant. Dolomitic systems may
increase in porosity by 0.3%. For clastic systems of any given salinity, a 20% reduction in porosity might
result (precipitation of clays such as kaolinite). This study, originaly commissioned to address NGO
concerns, identified important CO, storage performance issues such as porosity changes, methane gas
production and bacterial growth near gas water contacts.
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2.1.1 Safety Assessment M ethodology for Carbon Dioxide Sequestration

(SAMCARDS)
Task - 4.5 - Risk Assessment and Mitigation Options
Principal Investigator: Ton Wildenborg
Technology Provider: TNO-NITG

Highlights

An overall methodology for long-term safety assessment of underground CO, sequestration has
been developed and can be readily applied. The three individual basic components of the method,
i.e. scenario analysis, model development and consequence analysis, were developed and tested
successfully.

Detailed process models have been constructed for the different earth / atmosphere
compartments. Simplifications of these models have been made using results obtained with the
full-scale detailed models. These smplified models gave results in terms of CO, fluxes
comparable to the fluxes obtained with the detailed models. Carrying out Monte Carlo
simulations with the simplified compartment models did not pose mgjor problems.

The methodology has been applied to a reference scenario (combined on- and offshore case) and
two leakage scenarios, i.e. awell leakage and a fault leakage scenario. The leakage scenarios
were run without mitigation measures and therefore represent worst case scenarios. The results
for the reference scenario showed that seepage of CO; to the biosphere would not occur within
the period smulated (10,000 years). This was true for al (1000) parameter realisations
considered. Statistical analysis was therefore not necessary. For both the well leskage and the
fault leakage scenarios, CO, concentrations and fluxes showed a large variation as a result of
parameter uncertainty in the compartment models.

Summary

The objective of the project Safety Assessment Methodology for Carbon Dioxide Sequestration
(SAMCARDYS), conducted by TNO-NITG of the Netherlands, was to develop a methodology and
computational tools for HSE risk assessment of geological CO, sequestration in various geologica media
of the North Sea region. The main ddliverable, consisting of risk assessment method and compuitational
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 was 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. The two
scenarios were originally an onshore depleted gas field in the Netherlands and an offshore aquifer trap in
the SW UK sector of the North Sea. Asaresult of budget cuts, these two scenarios differ only in the
impacts in the biosphere.

The devel oped methodology consists of three main parts

scenario analysis

model devel opment

conseguence analysis
The scenario analysisis focused on a comprehensive inventory of risk factors (Features, Events and
Processes or FEPs) and subsequent selection of the most critical factors that will be grouped into discrete
CO», leakage scenarios. Models devel oped will enable a quantitative safety assessment of the scenariosin
the consequence analysis. At the very beginning of the safety assessment, the assessment basis should be
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defined. It sets the scope of the assessment through determination of the safety criteria, the concept and
the setting of the sequestration facility.

A scenario describes a potentia future state or evolution of the sequestration facility that could lead to
leakage of CO». A scenario element refersto a specific spatial compartment of the sequestration domain,
like reservoir, seal overburden or biosphere and the risk factors that operate in a compartment. A
dedicated database of more than 600 individua risk factors or FEPs has been developed in SAMCARDS.
The database is the starting-point for ranking and screening of the FEPs in different categories, viz. likely
to occur, uncertain to occur or irrelevant. The FEPs may be grouped into scenario-elements, which in turn
can be assembled into discrete scenarios. Tools have been devel oped to analyze the FEPs in terms of
interactions, relations and grouping, which is required for assembling them consistently into discrete
scenarios. However, even though these tools are a necessity, analysis of the FEPs and grouping them into
scenario defining e ements cannot be done without expert judgment.

Physica models for the different compartments have been developed. These models include
geomechanics, geochemistry and the marine biosphere. An atmospheric compartment that was originaly
planned was omitted due to budget cuts. It isincluded in another CCP Risk Assessment (RA) project by
Lawrence Berkeley National Laboratory (LBNL). Coupling of the modelsis through calculated CO»
fluxes. In order to be able to account for parameter uncertainty in these models, smplified versions had to
be devel oped to alow for Monte Carlo simulations. Results of the Monte Carlo simulations in terms of
CO, concentrations as a function of space and time have been defined approximately to minimise the
amount of data needing analysis. Sensitivity analyses were carried out to identify the main dimensionless
parameters that control the transport of CO, to the biosphere.

A Performance Assessment (PA) model based on the results of alarge number of simulations with the
physical models for the different compartments has been developed. The PA model is capable of a
statistical analysis of CO, concentrations and fluxes in the biosphere, and is therefore able to predict
probabilities of CO, concentrations and fluxes to exceed certain standards. This alows a detailed analysis
of the consegquences in terms of risks to human health and the environment, of failure of the containment
of CO; stored in the deep subsurface.

Other RA methods are also available, including FEP databases. Benchmarking of these methods and

integration of the databases (e.g. Weyburn and CO,CRC), as well as placing the common database on a
public web-site (IEA Greenhouse Gas R& D Programme) is desirable and should be considered for further
work. This could lead to the development of a standard/guideline for risk assessment and, ultimately, for

underground CO; storage.

The SAMCARDS approach to risk assessment is comprehensive and flexible in terms of applicable
scenarios and the quantity of data needed. Further development of the surface (hydrosphere and
biosphere) components and benchmarking with other RA models will improve its reliability and
acceptance by regulators, NGOs and the public.

Publications

Kreft, E., P.J.P. Egberts, A.F.B. Wildenborg and F. van Bergen (2003). Risk Assessment using
FEPs, no 1540, EAGE Conference, Stavanger.

Wojcik, R. and Torfs, P. (2003a) Fitting multidimensional Parzen densities with the use of a
Kullback-Leibler penalty. Journal of the American Mathematical Society.

Wojcik, R. and Torfs, P. (2003b) Manual for the use of the PARDENS tool. Wageningen
University and Research Centre
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CCP workshop in Potsdam, October 31, 2001: Safety Assessment Methodology for Carbon
Dioxide Sequestration (SAMCARDS)

Risk Assessment Workshop in Nottingham, May 29, 2002: SAMCARDS

CCP workshop in Santa Cruz, CA, October 22, 2002: SAMCARDS Status and
outlook.

Expert seminar on Building a Common FEP Database, London February 25,
2003: SAMCARDS FEP Database Activities

CCP workshop in Dublin, Ireland, September 22-24, 2003: SAMCARDS.

The fina project report isin Appendix A under the same heading as this report.
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2.1.2 Probability Risk Assessment Methodology for CO; I njection into

Coalbeds
Task - 4.5 - Risk Assessment And Mitigation Options
Principal Investigators. Jenn-Ta Liang and Shaochang Wo
Technology Provider: INEEL

H |gh||ghts
A mathematical model for probabilistic risk assessment of CO, storage in coal beds was
developed. To demonstrate the applicability of this model, a prototype application was devel oped.
The application is capable of performing scenario smulations and Monte Carlo smulations.

The geomechanical study revealed processes that lead to risks of developing leakage paths for
CO, at each step in the process of CO, sequestration in coal beds. Risk of leakage is higher for
old wells that are converted to injectors. The most likely mechanism for |eakage path formation
is dip on pre-existing discontinuities cross cutting coal seams.

Predictive quantitative modeling demonstrates that elevated pressure resulting from N, injection
caused the cod fractures on the preferred permesbility trends to expand and extend from injectors
to producers. Therisk of early inert gas (N, plus CO,) breakthrough and high inert gas cut during
gasinjections are increased if COy injection is placed within a three miles of an outcrop.

Summary

To evauate the geomechanical issuesin CO, sequestration in coa beds, it is necessary to review each
step in the project development process and eval uate potential geomechanica impacts. Wellbore stability
is a geomechanica problem that can be encountered during drilling of the well. Weak shale and coal
layers, overpressure, and fault zones are common vulnerabilities. Rock failure and displacements
associated with wellbore instability generate potentia leakage pathsin the vicinity of the well. Risks of
leakage are much higher for open cavity completions than for cased well completions. Careful selection
of fracturing technology for well completion that takes into account specific coa properties should
minimize the risk of propagating hydrofractures. Techniques to monitor fracture height need further
development.

The processes of depressurization during dewatering and methane production, followed by

repressurization during CO- injection, lead to risks of leakage path formation by failure of the coa and
dip on discontinuities in the coa and overburden. The most likely mechanism for leakage path formation
is dip on pre-existing discontinuities which cut across the coal seam. The relationship between the
amount of dip and the increase in flow (if any) along a discontinuities needs further devel opment.

The focus of quantitative modeling (smulation) was placed on a sensitivity study of key coa reservoir
propertles and CO, seepage from outcrops. The main conclusions from this smulation study are:
Reservoir models that match the primary production history may not be accurate in
forecasting CO2 or N, injection because of the response of coa structure to gas injection.
The simulated early inert gas (N, plus CO,) breakthrough and high inert gas cut during future

gas injections suggests that the future gas injection and CO, sequestration may be restricted
to only one third of the total available pay.

I sotherm 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 CO, or N, injection may not be accurate.

Any CO- injection within three miles of outcrop should be considered with high risk.
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Assuring environmental acceptability and safety is an essential prerequisite for the selection of a potential

CO», storage in coabeds as well as in other geological traps. Conceptual and descriptive risk
characterization is necessary and helpful in providing the baseline for quantitative risk assessments.
Probability-based risk assessment is considered to be one of the most effective methods for dealing with
uncertainties and the nature of stochastic phenomena.

The risk assessment methodology developed in this project includes four major elements: hazard
identification, event & failure quantification, predictive modelling, and risk characterization.

A mathematical model for probabilistic risk assessment was developed. The model consists of six
functional constituents: initiators, processes, failure modes, consequences (effects), indicators, and
inference queries. Features of the model include generality and transparency, design for implementation
on arelational database, inference rules that can be converted to and verified by set operations, and
quantified indicators as model outputs. To demonstrate the applicability of the mathematical model, a
prototype application was devel oped in Microsoft Access. The application consists of several modules
that resde in the database as functional combinations of tables, forms, and stored procedures. An
intuitive main user interface and its pop-up interfaces are created to facilitate the datainput and risk
assessment process. The application can perform both scenario simulations and Monte Carlo simulations.

Other RA methods are also available, including FEP databases. Benchmarking of these methods and

integration of the databases (e.g. Weyburn and CO,CRC), as well as placing the common database on a
public web-site (IEA Greenhouse Gas R& D Programme) is desirable and should be considered for further
work. This could lead to the development of a standard/guideline for risk assessment and, ultimately, for

underground CO; storage.

Publications
- S.Wo and J-T. Liang, (2004) “ Simulation Assessment of N,/CO, — Coal Contact

Volume and Its Impact on Outcrop Seepage in N./CO; Injection to Enhance Coalbed
Methane Recovery,” To be presented at the SPE/DOE Fourteenth Symposium on
Improved Qil recovery, April 17-21, Tulsa, Oklahoma.

Coal-Seq Il Forum, 2003, Methodology for Conducting Probabilistic Risk Assessment of
CO, Sequestration in Coal Beds. Washington D.C. (March 6-7)

CCP workshop in Potsdam, October 31, 2001: Methodology for Conducting Probabilistic
Risk Assessment of CO, Storage in Coa Beds.

Risk Assessment Workshop in Nottingham, May 29, 2002: Methodology for Conducting
Probabilistic Risk Assessment of CO, Storage in Coal Beds.

CCP workshop in Santa Cruz, CA, October 22, 2002: Methodology for Conducting
Probabilistic Risk Assessment of CO, Storage in Coal Beds.

CCP workshop in Dublin, Ireland, September 22-24, 2003: Methodology for Conducting
Probabilistic Risk Assessment of CO, Storage in Coa Beds.
The find project report for this project isin Appendix A under the same heading as this summary.
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2.1.3 HSE Risk Assessment of Degp Geological Storage Sites
Task -4.5 - Risk Assessment and Mitigation Options
Principal Investigator: Curt Oldenburg
Technology Provider: LBNL

Highlights

The injection of carbon dioxide (CO-) into deep geologic carbon sequestration sites entails the risk that
CO, will lesk away from the primary storage target formation and migrate upwards where it can seep out
to the near-surface or atmosphere. A coupled modeling framework has been developed for smulating
CO; 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 CO» seepage flux and near-surface CO, concentrations.

The methodology and structure of the coupled modeling framework are based on the concepts that
(2) 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 smulator TOUGH2 and models CO» and air in both subsurface and
atmospheric surface-layer regions smultaneoudly.

The model is demonstrated for a coupled subsurface-surfacelayer system and shows that seeping
CO, can reflux into the subsurface as a dissolved component in infiltrating rainwater. Whereas CO,

concentrations in the subsurface are high, surface-layer winds reduce CO, concentrations to low
levels for the fluxes investigated.

Summary

A coupled moddling framework for modeling CO- fluxes and concentrations for risk characterization has
been demonstrated. Thiswork is relevant and important to the development of geologic carbon
sequestration because it provides a rigorous modeling capability for smulating CO; flow and transport from
the deep CO», storage site dl the way to the atmosphere. The approach is built on the assumption that the
near-surface environment is the main region in which HSE risks will arise. In thisregion, CO» flux and
concentration are the main risk drivers. 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 by alogarithmic velocity profile.

Mode results show limited unsaturated zone attenuation of leakage flux, with correspondingly large CO,
concentrations possible in the shallow subsurface. These results show that if leakage leads to CO»

migrating as far as the vadose zone, high CO, concentrations can occur in the root zone of the shallow
subsurface with potentially harmful effects on plants, as well as on humans or other animalsin poorly
ventilated subsurface structures such as basements.

Coupled subsurface-surface-layer demonstration simulations show the large degree of dilution that occurs
in the surface layer, and the possible reflux of CO; to the subsurface that occurs when CO, dissolvesin
infiltrating rainwater. Although no leakage of stored CO, would be expected at the Rio Vista Gas Field
given its record of natural gas accumulation and production, preliminary application of the mode to the site
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under an assumed seepage scenario suggests that the high and steady winds at Rio Vistaare avery
favorable feature insofar as they have the potentia to disperse CO, seepage flux

Reports and Publications

Oldenburg, C.M., A.JA. 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.JA. Unger, Health Risks from Leakage and
Seepage of CO, 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.JA. Unger, and R.P. Hepple, On Atmospheric Dispersion of CO, Seepage
from Geologic Carbon Sequestration Sites, Task 3 Report, Lawrence Berkeley National
Laboratory Report LBNL-51734, November 2002c.

Oldenburg, C.M., and A.JA. Unger, Coupled Modeling Framework for CO, Leakage and
Seepage Risk Assessment, Task 4 Report, Lawrence Berkeley National Laboratory Report LBNL-
53009, June 2003b.

Oldenburg, C.M., Y. Zhang, J.L. Lewicki, and P.D. Jordan, Preliminary application of a coupled
modeling framework for leakage and seepage at the Rio Vista Gas Field, Task 5 Report,
Lawrence Berkeley National Laboratory Report LBNL-54051, 2003a

Oldenburg, C.M., and A.JA. Unger, Coupled subsurface-surface layer gas transport and
dispersion for geologic carbon sequestration seepage simulation, Proceedings of the TOUGH
Symposium 2003, Lawrence Berkeley Nationa Laboratory, May 12—14, 2003, and Lawrence
Berkeley National Laboratory Report LBNL-52477, May 2003a.

http://esd.| bl .gov/TOUGHsympos um/pdf Ol denburgUnger.pdf

Oldenburg, C.M., and A.JA. Unger, On leakage and seepage from geologic carbon sequestration
Sites: unsaturated zone attenuation, Vadose Zone Journal, 2, 287-296, 2003c.

Oldenburg, C.M., and A.JA. Unger, Coupled subsurface-surface layer gas transport and
dispersion for geologic carbon sequestration seepage simulation, VVadose Zone Journal,
submitted, 2003d.
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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 experience of efforts to site, evaluate and deploy high level nuclear waste disposal in six
countries is documented with elements relevant to a much less potentially hazardous process,

CO; storage, highlighted.

A well-planned risk assessment, openly communicated to the public, is cited as critical to
acceptance of nuclear waste disposal and, by extension, geological CO, storage. The key
technical issue that needs to be addressed in planning for CO, storage is gas migration.

Summary

The study detailed the approach and results in six countries where attempts have been made to site, assess
and deploy nuclear disposal cites. Elements of these efforts parallel the situation likely to be encountered
in future geological CO, storage projects but are likely to differ in detail and the level of technical rigor
necessary and are less controversial as the handling of CO- is recognized as much less of a potentia

threat to humans and ecosystems.

Performance / Safety Assessment (PA) aims to demonstrate the suitability or acceptability of a site for
radioactive waste disposal (i.e., demonstration of the required isolation requirement). Applications of PA
include concept development, siting criteria, repository design, site characterization, system optimization
and licensing (each with necessary research priorities). PA calculations require appropriate input (source
team) defining the nature and quantity of the hazardous component. The output from the calculationsis
in the form of suitable ‘end-points’ which are relevant to the system being modeled. In the nuclear
disposal case, acommon end-point is the maximum dose, per radionuclide, to a member of the critical
group (maximally exposed subset of the population). The way PA is carried out can be affected by
certain considerations, and these considerations are a so relevant to CO, sequestration: the underlying
regulations which may drive assessment, end-points to be evaluated, timescales to be considered and the
target audience for assessment results. Various approaches and techniques are available for organizing
and analyzing information for repository Pas. A genera theme, however, is the need to follow a
systematic procedure in order to develop a defensible train of argument. The main components of a
comprehensive assessment (some of which can be omitted or reduced in scope depending on the purpose
of assessment are: scenario development, conceptual model development, mathematical model
development, uncertainty and sensitivity analysis and confidence building. The processes associated with
these assessment elements and how and where they have been applied are discussed in detail in the report.
Some of the points about scenario development that have relevance to public perception issues are listed
below (NEA Nuclear Energy Agency, 1991) are:

Take a broad perspective

Provide alogical and consistent framework which can encompass aternative methodol ogies and

regulations.

Document the reasons for analyzing some scenariosin detail and rejecting othersin an

understandable and traceable way.

Allow the judgment and reasoning power of experts and generalists to be integrated with more

guantitative considerations.
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Involve people with awide variety of expertise.
Provide a systematic way of compiling a comprehensive list of potentially important events,
features and processes.

Result in a manageable number of representative scenarios through a well-define screening
procedure.

Be apractical tool rather than just an intellectual framework.
Be of use to regulators and developers, and be communicable to decision makers and the public.

In addition to the assessment process and public perception experiences described, included in the report
is atechnical assessment of gas migration phenomena develop applicable to CO, sequestration.

Reports and Publications

Thefinal project report was attached in Appendix A of an earlier report.
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2.1.5 Reactive Transport Model: Caprock Integrity
Task - 4.1 - Under standing Geologic Storage
Principal Investigator: Jim Johnson
Technology Provider: LLNL

Highlights

Reactive transport modeling was used to predict long-term cap rock integrity during natural and

engl ineered CO» storage:
A new interface between LLNL’ s reactive transport smulator (NUFT) and distinct-element
geomechanica model (LDEC) was developed.
A series of integrated reactive transport and geomechanical simulations designed to evaluate the
dependence of cap-rock integrity on key reservoir and CO,-influx parameters that distinguish
natural and engineered storage sites was completed.
A new conceptual framework that permits inter-comparison of geochemica and geomechanica
contributions to long-term cap rock integrity was developed. This framework reveals that ultimate
counterbalancing of geochemical and geomechanica effects is feasible, which suggests that shale
cap rocks may evolve into effective hydrodynamic seals—in both natural and engineered storage
sites—as a function of progressive geochemical ateration that attends some degree of initial CO»
leakage. It further suggests that the secure cap rock of agiven natural CO, accumulation may be
incapable of providing an effective seal in the context of an engineered injection.
Received the 2003 AAPG DEG (Division of Environmental Geosciences) “Best Pape—Ord
Presentation” award for our abstract entitled “ CO; reservoirs: are they natural analogs to engineered
geologic storage sites?’, which was presented at the AAPG annua meeting.

Summary

The objective was to assess the integrated effect of geochemical and geomechanical contributions to long-
term cap rock integrity, which represents the single most important constraint on the long-term isolation
performance of natural and engineered geologic CO» storage sites.

COz influx that forms natural accumulations and CO» injection for EOR/sequestration or saline-aquifer
disposa both lead to concomitant geochemica ateration and geomechanical deformation of the cap rock,
enhancing or degrading its seal integrity depending on the relative effectiveness of these interdependent
processes.
Using the reactive transport simulator (NUFT), supporting geochemical databases and software
(SUPCRT92) and distinct-element geomechanical model (LDEC), it was 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 CO, 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 proportiona to influx rate.
While the extent of geochemical ateration is nearly independent of filling mode, that of geomechanical
deformation—which invariably results in net aperture opening for compartmentalized reservoirs—is
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significantly more pronounced during engineered injection. This result limits the extent to which natural
CO, accumulations and engineered disposal sites can be considered analogous.

Reports and Publications

Johnson, JW., Nitao, J.J., Morris, J.P., 2004, Reactive transport modeling of long-term cap rock
integrity during CO- injection for EOR or saine-aquifer storage, in CO, Capture Project
Summary Volume 2: “ Geologic Storage of Carbon Dioxide with Monitoring and Verification”,
Benson SM., ed. (in prep.).

Johnson, JW., Nitao, J.J., Morris, JP., and Blair, S.C., 2003, Reactive transport modeling of

geohazards associated with offshore CO» injection for EOR and geologic sequestration: invited
paper, Proceedings Offshore Technol ogy Conference 2003, Houston, TX, May 5-8, 2003, 9 p.

Johnson, JW., Nitao, J.J., and Morris, J.P., Reactive transport modeling of cap rock integrity

during natural and engineered CO, storage: Seventh Intl. Conf. Greenhouse Gas Control
Technologies, Vancouver, Canada, September 5-9, 2004 (abstract submitted December 31, 2003).

Johnson, JW., Nitao, J.J., and Morris, J.P., Reactive transport modeling of cap rock integrity
during natural and engineered CO, sequestration: American Chemica Society National Meeting,
New York, NY, September 7-11, 2003 (oral presentation).

Johnson, JW., Niteo, J.J,, Blair, S.C., and Morris, J.P., CO, reservoirs: are they natural analogs to
engineered geologic storage sites?. Special Session on Geological Sequestration of CO,, AAPG
Annua Mesting, Salt Lake City, UT, May 11-14, 2003 (abstract and oral presentation). NOTE:
we received the 2003 AAPG DEG (Division of Environmental Geosciences)” Best Paper—Oral
Presentation” award for this presentation.

Johnson, JW., Nitao, J.J., and Morris, J.P., Reactive transport modeling of long-term cap rock

integrity during CO- injection for EOR or saine-aquifer storage: Second National Conference on
Carbon Sequestration, Alexandria, VA, May 5-8, 2003 (abstract and poster presentation).

Johnson, JW., Nitao, J.J., Blair, S.C., and Morris, J.P., Reactive transport modeling of

geohazards associated with offshore CO; injection for EOR and geologic sequestration: Special
Session on Geohazards (Fred Aminzadeh, organizer), Offshore Technology Conference 2003,
Houston, TX, May 5-8, 2003 (invited abstract and oral presentation).

Johnson, JW., Nitao, J.J., and Morris, J.P., Reactive transport modeling to predict long-term cap-

rock integrity, Third Annual JIP CO, Capture Project Workshop, Dublin, Ireland, Sep 22-24,
2003 (oral presentation).

Johnson, JW., Nitao, J.J., Blair, S.C., and Morris, J.P., Reactive transport modeling to predict

long-term cap-rock integrity, JIP CO, Capture Project Workshop: “Leveraging the SMV Family
of Technology Providers’, Santa Cruz, CA, Oct 21-23, 2002 (ora presentation).

Johnson, JW., Nitao, J.J., and Blair, S.C., Reactive transport modeling to predict long-term cap-

rock integrity, JIP CO, Capture Project Workshop: “Building the SMV Family of Technology
Providers’, Potsdam, Germany, Oct 31-Nov 2, 2001 (ora presentation).
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2.1.6 Early Detection and Remediation of L eakage from CO, Storage Projects
Principal Investigator: Sally M. Benson
Technology Provider: Lawrence Berkeley National Laboratory

Highlights

Scenarios for CO; leakage from storage sites include damaged injection wells, overpressured
reservoirs and accumulation in shallow groundwater. The effects of leakage include ground
water and surface water contamination by acidification, vadose zone and soil gas accumulation
and surface rel eases.

Remediation options applicable to leaking CO; storage projects are available from natura gas
storage, oil and gas production, groundwater remediation and soil gas/ vadose zone clean up
experience.

HSE concerns become relevant for large leaks but aso for chronic small leaks that may
accumulate COy into structures. Remediation plans for arange of eventualities are necessary for
public assurance of CO» capture and storage efforts.

Summary

The need for methods of early detection and remediation of leakage from CO, storage projectsisa
recurrent theme in discussions with environmental NGO’ s about the acceptability of geologic storage of
CO, as an approach to carbon management. To date, little, if any, research has been done that addresses
this concern. The purpose of this scoping paper isto identify 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 devel op the remediation approaches
identified. The overarching goal of the 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. The
approach taken in this study is as follows:

Identify and devel op the leakage scenarios and consequences that are most likely to occur in
geologic storage projects (e.g. leakage up abandoned wells, leakage up undetected faults or
fracturesin the reservoir sedl, etc...).

Calculate arange of hypothetical leakage rates from prototypical storage projects, including those
performing effectively and those leaking at unacceptable rates.

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, €tc...)
Survey and document remediation practices currently used in natural gas storage, oil and gas
production, groundwater and vadose zone remediation, dam construction and mantenance and
acid gas disposal.

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

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

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

This study established a framework from which CO» leakage scenarios can be developed for specific
storage sites and outlines the available versus heeded technol ogies needed to manage such leaks and
remediate their possible effects. A site specific plan that includes such contingencies and their solution
will be essentia for acceptance by NGOs regulators and the public.
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Reports and Publications

CCP-SMV 2003 Workshop, Dublin
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2.1.7 Impact of CO; Injection On Subsurface Microbes and Surface

Ecosystems
Task - 4.1 - Under standing Geologic Storage
Technology Provider: Princeton University
Principal Investigator: T.C. Onstott

Highlights

Lab tests and calculations were made to evaluate the potentia effects of injected CO, on microorganisms
that mlght be present in the deep subsurface.
Based upon the calculated potential microbia power for microbia redox reactions, the most
readily identified impact of COzinjection was areduction of pH in ground water by one unit in
siliciclastic reservoirs. COyinjection should cause a short term stimulation of Fe(l11) reducing
communities.
Dolomitic or carbonate aquifers may be more severely impacted by the CO, injection because the
dissolution of the carbonate fails to restore the pH to a range the organisms can tolerate.
Guidelines for choosing reservoirs where this will not occur are presented.
Overdl CO, injection should increase the availability of N and P to microbial communities.
For shalow aquifers where organic acids are more abundant, the impact of CO, injection should
be less pronounced.
For long term sequestration of CO» in siliciclastic reservoirs, the short term enhancement of
Fe(l11) reducing microorganisms will increase the pH and most likely lead to the precipitation of
various carbonates.

Summary

Environmental assessment of subsurface CO, injection requires an understanding of impact on microbia
communities both in the subsurface as well as surface. The project provides an estimate of the present-day
distribution and composition of deep microbial communities using literature review and compilation of
current research. Thermodynamic and kinetic modeling was used to project the outcome of CO2 injection
into these ecosystems. A variety of parameters including CO, concentration, carbonate versus clastic
reservoirs, type of bacteria, and ground water salinity were varied to observe the outcome in a range of
scenarios covering the possible locations for CO» injection being considered by the CCP Consortium.
Organisms are known to exist at depths of at least 3.5 km, athough the number of organisms per ml of
groundwater becomes less with depth, as does their genetic diversity. In the deep subsurface, four
physiological types or microbes dominate: methanogens, sulfate or sulfur reducing bacteria, fermentative
anaerobes and Fe(111) reducing bacteria. Genetic testing is now capable of identifying such organisms
and thus inferring their metabolic pathways. Based on the metabolic pathways, it appears that these
communities are self sufficient in nutrient and energy resources so that they do not rely on growth
substrates from the surface photosphere, but are biologically and chemically isolated.

Several potentia effects of microbial populations favored by changed chemica regime are noted. For
dolomitic systems, there can be a net increase in porosity of 0.3%. For low, moderate, and high sainity
clagtic systems, there can be a 20% reduction in porosity (clay precipitation such as kaolinite). Dolomitic
reservoirs are more severely impacted by CO; injection — dissolution of aquifer minerals fails to restore
pH. Injection of H, would stimulate CO, reduction in methanogens, raising the pH. During long term

CO» sequestration, Fe(l11) reducing microbes will increase the pH, precipitating carbonates. Microbial
biomass may become concentrated at the gas/water boundary. For aguifers with high initial pH (8 or 9),

injection of CO, and lowering of pH will make proton pumping reactions across the cell membrane more
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favorable, enhancing microbia growth. (For aquifers that aready have alower pH, the impact is
negligible.)

In addition to providing a basis for evauating environmental effects of CO; injection, the sudy is useful
for anticipating untoward reservoir engineering problems,

Reports and Publications

Tullis C. Onstott, Impact of CO; injections on Deep Subsurface Microbia ecosystems, CCP SMV
International Meeting, Dublin, Ireland, September 21, 2003.

The fina project report isincluded in Appendix A until the same heading as this report.
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2.2 Optimization

Task - 4.1 - Understanding Geologic Storage

The SMV *“optimization” studies aimed to realize operational efficiencies or cost savings that might make
CO, storage atechnical and economic success.

Cost reduction in CO, capture, transportation and injection (BMI, UT, Reinertsen, IFE)

The Battelle (Gupta) study on CO, impurities tradeoffs serves as alink between storage studies proper
and those examining transportation and capture issues. The substantial cost savings potential in CO»
capture of delivering CO, contaminated with impurities such as SOx, NOx and others (e.g., N, , O,,
hydrocarbons, Hg) is balanced with potential operational complications and damage to surface facilities
such as compressors, pipelines and injection systems. Absorption and regeneration characteristics of
amines and other solvents used for CO, capture are adversely affected by acid gas impurities.
Compression of gas mixtures may be complicated by the presence of higher boiling constituents, which
may limit the ability to achieve adequate interstage cooling and may damage compressors and related
processing equipment. Materials used in separation, compression and transmission are subject to
corrosion by carbonic, sulfuric, nitric and nitrous acids. Although corrosion mechanisms and their effects
arefairly well understood, further work needs to be done on phase behavior of gas mixtures their effects
on compression and piping. Once likely gas composition ranges from the capture process are defined,
experiments and thermodynamic modeling can proceed to better predict possible adverse effects of
impure gas streams and approaches devised to prevent them.

The Reinertsen Engineering (Heggum) project focused on designing safe and cost-effective systems and
operational parameters for the compression and transportation of CO, under various conditions (e.g.,
offshore vs. onshore, distance, presence of cooling water, CO, impurities). The principa goal of the
study is to assess the utility of inexpensive carbon stedl in settings, such as offshore Norway (hydrated,
cool) as opposed to the better known US situation (dehydrated, onshore). Based on water solubility in
supercritica CO, experiments (by IFE; see below), it is suggested that the proposed dehydration level
specification for Hammerfest LNG (50 ppm) might easily be relaxed to 600 ppm (the existing US Kinder-
Morgan specification). Thermodynamic calculations of free water precipitation from supercritica CO2
indicate that the specification might be further relaxed to 1300 ppm. The effect of CO, impurities such as
N, and CH, will have significant effects on water solubility in CO»,.

The IFE (Seiersten) study provided experimental results that were used in the Reinertsen Engineering
study. Existing models and mechanisms for CO, corrosivity to carbon steel were found to be inadequate
at pressures above 20 bar. Experimental data obtained at higher pressure (up to 50 bar) showed that CO,
systems containing water and those containing water and MEG inhibitor are considerably lower than
existing corrosion models predict, particularly at low temperatures typical for sub-sea pipelinesin
northern waters. The study provides the basis for operationa constraints for CO, transport in
inexpensive carbon steel pipelines which may improve the economics of CO, storage offshore.

Leveraging natural resourcesto offset CO, storage costs (NMT, TTU, Tie-Line Tech)

The New Mexico Tech (Grigg) study surveys the performance of Permian Basin (West Texas, Southeast
New Mexico) CO, EOR operations over the past 30 years to assess what can be learned from the projects
(successes/ failures) and where further research isneeded. Data from operator surveys and the literature
were tabulated by reservoir / seal type and performance issues such as injectivity, oil response and gas
breakthrough and containment.  Oil response, which is often related to injectivity, is the principal
concern although the poor and good responses were about even. Early gas breakthrough, which occurred
more often than expected, is also an important concern. Other issues of concern include scaling, solids
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deposition and corrosion. Remediation of wells has met with some success except for improving
injectivity. Although most of the injected CO; is thought to remain in the target reservoir (and in the
subsurface), monitoring programs necessary to make such determinations appear not to have beenin
widespread use (although H,S is apparently monitored). Many of the problems encountered could have
been avoided with better pre-injection reservoir characterization. The need for performance and leak
monitoring is recognized. Although data on safety was not included as a deliverable, the author noted
that there are no apparent officia or anecdotal reports of fatal mishaps. The Permian Basin CO, EOR

survey isavauable ‘lessons learned’ exercise for CO2 storage efforts given the extensive and unique
collective experience of such operations.

The feasibility of CO, storage in depleted gas and gas condensate reservoirs and possible enhanced gas
condensate recovery is examined by the Texas Tech University (Lawal) study. Experimental
determination of Z factors (gas compressibility) and simulations of phase behavior (with gas, gas
condensate, retrograde condensates) were conducted. In addition, a“CO» Sequestration Parameter” tool
for optimal CO, storage is ready for testing. It was determined that CO, compressibility is much higher
(lower Z factor) than that of hydrocarbon gases, indicating that CO, storage capacity might be up to five
times higher that that of the origina hydrocarbons. Dry gas with high %CO, exhibits wet gas phase
behavior whereas retrograde gases become dryer in behavior (retrograde liquid is vaporized). The “COp
Sequestration Parameter” tool will assess for a given reservoir the UCSV (ultimate CO, sequestered
volume) and a material balance approach will assist project design and surveillance. The study has added
much needed data on CO, and hydrocarbon phase behavior and the tools for rapid screening of candidate
gas and gas condensate reservoirs for safe, effective and economic CO, storage.

Tie-Line Technology (Stenby) developed models and software for screening CO» effects on gas-all
minimum miscibility pressure (MMP), minimum miscibility enrichment (MME) and dispersion indicators
for large scale smulations. The calculation tool can be used for various gas mixtures to construct
“solvent design” diagrams. The 1-D “dispersionfree” simulation gives rapid estimates of gas
composition at breakthrough or as a function of time after breakthrough. The calculations and

simulations are important to run prior to CO2 EOR as CO, storage miscibility delays breakthrough and
maximizes storage. Prediction of post breakthrough gas composition is essential for surface facility
design.

Improving CO> injection and reservoir performance (UT-Pope)

The aquifer CO, injection simulation study by the University of Texas (Pope) was amed at improving
understanding of physico-chemica behavior of CO; in reservoirs, particularly gas/ brine transfer,
multiphase flow and chemical reactions. The modeled scenario was for a 50 year injection at along the
total height and at the base of the reservoir. Post-injection, dissolution, gravity driven flow and
mineralization reduce the proportion of mobile CO,. The time required for CO, immobilization depends
on petrophysical properties (residua gas saturation, average permesability and relative permeability,
including hysteresis) and anisotropy. Injection at the base of the formation prevents CO, migration to the
top of the formation. Immobilization of about half of the CO, injected occurs by the cessation of the 50

year injection period and >95% isimmobilized in the 10° year timeframe.  CO, mineralization rates
depend on reservoir mineralogy and are expected to be significant on the 10° timeframe. The

assumptions about various CO, interactions are basic athough the effects of residua saturation and
relative permeability are important and well-developed. Minerdization rate and extent is poorly known
dueto lack of kinetics data. The significant determination of the study is that with appropriate reservoir

and injection point selection, CO is largely immobilized over the 10°-10° year timeframe.

The University of Texas (Bryant) study examined the possible subsurface implications of injecting CO,
with impurities (e.g., SOx, NOx) into aquifer (dissolution / precipitation affecting injectivity) and CO,
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EOR (MMP and fluid displacement) reservoirs. It was found that injecting CO, with impuritiesis
unlikely to degrade injectivity even in aworst case scenario (rapid reaction equilibrium and carbonate
minera precipitation) as multiphase flow would be a mitigating mechanism. Increased acidity from the
nitric or sulfuric acid might even improve injectivity (temporarily). Impuritiesin CO, EOR injection are
unlikely to affect performance asthereis atradeoff between lowering MMP (improvement) and
increasing the mobility ratio (worsen). The study confirms the hypothesis that CO, impurities
(particularly soluble species such as SOx and NOKX) are not of particular concern in aquifer injectivity or
EOR performance. Other gases such as N,, however, would present operational difficulties and degrade
performance.
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2.2.1 Depleted Gasand Gas Condensate Reservoirsfor the Geologic Storage

of C02

Task - 4.1 - Understanding Geologic Storage
Principal Investigator: Scott Frailey; Akanni S. Lawal
Technology Provider: Texas Tech University

Highlights

The analyses of results show that irrespective of the CO,/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 CO, storage. The
same trend has been confirmed by our laboratory measurement of Z-factor for retrograde gas
condensate reservoirs.

The analysis of results shows that a developed Material Balance Model and volumetric equation
provide estimates of CO, sequestered CO; in gas reservoirs.

Summary

This research project used laboratory measurements of the physical properties of carbon dioxide-
hydrocarbon gas mixtures to investigate the phase behavior to be encountered by using depleted gas
reservoirs for CO, storage; and the use of material balance reservoir model and volumetric equation to
develop guidelines for selecting depleted gas reservoirs for CO, storage.

To quantify the volume of sequestered CO,, enhanced gas recovery (EGR) and enhanced condensate
recovery (ECR), a material balance model and volumetric equations are devel oped to determine how
much CO; can be stored in the respective dry gas, wet gas and retrograde gas reservoirs. This materid
balance model and volumetric model include fundamental fluid and petrophysical properties of gas
reservoirs.

The purpose of this project isto investigate the use of a depleted gas reservoir for the geologic storage of
CO,. Furthermore, a benefit exists for the recovery of hydrocarbon gas and condensate that formed in the
reservoir that includes re-vaporized condensate in the case of retrograde gases below their dew point

pressure. Theideaisto quantify the geologic storage of CO, for reservoir pressure, reservoir
temperature, hydrocarbon gas composition, water and condensate 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 CO; storage in dry gas, wet gas, and retrograde
reservoirs.

= Deveop guidelines for selecting candidate reservoir for CO» storage.

The methodology used towards proving a reliable and resourceful means of validating the use of depleted
gas reservoirs for CO, storage follows these steps:

= Collect group of candidate gas reservairs.

» (Classfy gases asdry, wet, or retrograde based on TTU gas identification chart.

» Edtimate potential CO, storage using material balance or volumetric models with variables
derived for specific gas types and reservoir rock properties.

» Edtimate gas and condensate recovery by materia balance or volumetric models with variables
derived for specific gas types and reservoir rock properties.
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Two approaches to estimating EGR, ECR, and USCV are investigated: volumetrics and material balance
methods. Volumetrics can be used for a gas reservoir with minimal production and pressure records;
however, petrophysical (h, f , and S,) and PVT data (Z-factors, gas-type, liquid drop-out) are required.
Materia balance does not require petrophysical data, but P?T, gas production, and reservoir pressure data
arerequired. On the basis of the availability of adequate data, both methods (volumetrics and materia
balance methods) are useful for estimating EGR, ECR, and USCV.

The highlight of the volumetric equation is the development of guidelines for selecting gas reservoir
candidates in terms of USCV, EGR and ECR. Consequently, gas reservoir selection guidelines are to
maximize USCV, EGR, and ECR. Most are straightforward and follow basic reservoir engineering
theory and principles. The volume of USCV is controlled by the parameters in the volumetric equation.
The larger the hydrocarbon pore volume, Ahf (1-S,), the greater isthe UCSV. Likewise, the volume of
sequestered CO;, in the depleted gas reservoir is greater for lower initial pressure and higher MaSP
(Maximum Sequestration Pressure). Lower reservoir temperature yields greater USCV, buit this effect
may be offset by the lower pressures that accompany low temperature reservoirs, unless at temperatures
less than the cricondentherm of CO», the CO, saturation pressure is exceeded such that liquid CO-is
possible. Under liquid CO, conditions the volume of CO, sequestered would be very high. This project
also demongtrates EGR and ECR benefit of sequestering CO; in gas reservoirs due to re-vaporization of
retrograde condensate in the reservoir. The results our laboratory experiments show that re-vaporized
condensate can range from 5.7% to 35% of the initia retrograde volume. Stated in different ways, as
much as one-third of the condensate liquid in a depleted gas reservoir can be produced as hydrocarbon
ges after CO» is sequestered. This result confirms the trend seen through our theoretical developments.

This research focuses on using laboratory investigation and computer simulation to analyze phase
behavior and enhanced gas and condensate recovery by CO; storage in depleted gas reservoirs. The

laboratory measured CO, 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 CO, 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 CO, Sequestration in Depleted Gas Reservoirs,” MS Thesis,
Department of Petroleum Engineering, Texas Tech University, Lubbock, Texas (August 2003).

Sobers, L., Frailey, S. M. and Lawal, A. S, “Geological Sequestration of Carbon Dioxidein
Depleted Gas Reservoirs,” Paper SPE/DOE 89345 presented at the 2004 SPE/DOE Fourteenth
Symposium on Improved Oil Recovery held in Tulsa, Oklahoma 17-21 April, 2004.

Adisoemarta, P., Frailey, S. M. and Lawal, A. S., “Experimental Data of CO,-
DryGas/WetGas/Gas Condensates for Sequestrating CO» in Depleted Gas Reservoirs,” Paper
SPE/DOE 89466 presented at the 2004 SPE/DOE Fourteenth Symposium on Improved Oil
Recovery held in Tulsa, Oklahoma 17-21 April, 2004.

The fina project report isin Appendix A under the same heading as this summary.
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2.2.2 Screening Tool for CO, Miscibility Deter mination
Task - 4.1 - Under standing 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 - eg. CO». in areservoir oil. Also it can be used to calculate the
effect on the MMP of mixing two gases. Furthermore a dispersion free, semi anaytical, one-dimensiona
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 CO; injection into oil reservoirs. A favorable license for the software will be
available to the CCP partners.

The product is aWindows based tool for prediction of phase behavior and the conditions for which
multicontact miscibility will develop when agasisinjected into areservoir 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 cdculation including indicator for sengitivity towards numerical dispersion if finite difference
compositional simulation, a conceptua dimtube simulator, swelling test and a MME simulation tool.

Reports and Publications

The final project report was presented in Appendix A of an earlier report.
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2.2.3 Reservoir Simulation of CO, Storage
Task -4.5 - Risk Assessment and Mitigation Options
Technology Provider: University of Texas
Principal Investigator: Gary Pope

Highlights
Over the range of parameters investigated, simulation results from this study showed that

The bulk of the CO, injected is stored in CO»-saturated brine and CO,-rich residual gas phases.
Although temperature, salinity, aquifer dip, and residual gas saturation significantly affect the
distribution of CO; in the aquifer, residual gas saturation has the greatest effect on the distribution
and immobilization of CO; in the aquifer.

Injecting CO- only into the lower half of an aquifer is likely to prevent free gas from ever
reaching the upper seal of the aguifer so well completion strategies are critical.

By the end of a 50 year injection period, most (~75%) of the CO; is rendered immobile and >95%
isimmobile after afew centuries. Minerdization resulted in 2 — 3% of the CO, stored after 10°
years this figure may be more significant on the 10° year time frame.

Summary:

This project involved modeling and ssimulation of a CO» storage project in a deep saline aquifer. The
objective of the project was to devel op a better understanding of the chemical and physical phenomena
associated with the storage of CO; in deep sdine aquifers and to quantify these phenomena. Specifically,
the effects of dissolving CO, in the brine and of geochemica reactions resulting in mineralization were to
be determined quantitatively. Experimental data shows that the density of brine increases dueto
dissolved CO,. Storing CO» in adenser, CO»-rich agueous phase should reduce the risk of CO, escaping
from the aguifer by reducing the potentia for upward migration. Mineralization is another possible sink
for CO,. The CO; -rich aqueous phaseis acidic and can react with the minerals present in the aquifer.
The injected CO, is consumed in the production of secondary minerals. By this mechanism, CO, can be
permanently trapped in the form of carbonate minerals. UTComp and CMG’'s GEM compositional
smulators were used to model and simulate the storage of CO, in a deep sdine aquifer.

The project consisted of three tasks. The first task was to establish a base case smulation.
Representative characteristics were selected to model a generic aquifer. Fluid property models were
calibrated against experimental data as afirst step in establishing the input to the smulator. Experimental
data for brine density, brine viscosity, and the solubility of CO- in brine at different temperatures,

pressures, salinities, and CO, concentrations were obtained from the literature.

The second task was to quantify the effect of CO2 on the brine density. The impact of some of the most
important agquifer parameters on the storage of CO2 in the aqueous phase was then examined. Aquifer
properties evaluated included permesbility, the ratio of vertical to horizontal permesability, residua gas
saturation, salinity, temperature, and aquifer dip. Simulation results showing the effect of residua gas

saturation suggested that well completion strategies could significantly impact the amounts of CO»
trapped in the residual gas phase and in the brine. To determine the impact of well completion strategy on

CO, storage, additional simulations were run using aternative CO, injection schemes.

The third task was to estimate the capacity for CO, storage by mineralization as a function of the amount
and distribution of the mineralsin an aquifer. Thefirst step was to identify alimited set of relevant
geochemical reactions. Simulations were then run coupling these chemical reactions with fluid flow

130



through the aguifer. Additional simulations were run where water was injected either sequentially or
simultaneously with the CO..

Simulations were run injecting pure supercritical CO» through a single, centrally located injection well.
CO, wasinjected for 10 years at which time the injector was shut in. The simulation was then continued
with only density differences driving fluid flow. Total simulation time was 1000 years. Total smulation
time for the mineralization studies was increased to 10,000 years. For the smulations studying well
completion strategy, CO» was only injected into the lower half of the aguifer and CO; injection was

increased to 50 years to see how injecting greater amounts of CO; affected storage. Total simulation time
for these runs was 100,000 years.

Residua gas saturation may be the most significant aquifer parameter affecting CO, storage. Simulation
results showed that the bulk of the CO, was stored in a CO,-saturated brine and in aresidua CO»-rich gas
phase with the largest percentage of CO, being stored as an immobile, residual gas. In most cases, only a
few percent of the CO, remained as a free, mobile gas. Gravity-driven flow after CO; injection is
stopped is the primary mechanism that leads to the conversion of free CO; to trapped forms. Movement
of mobile CO, leads to contact with unsaturated water. More CO» dissolvesin the unsaturated brine and
some of the COy is left behind in an immobile, residua gas phase. Aquifer dip and vertical to horizontal
permesbility ratio both had a significant effect on gas migration. The simulations show that about 75% of
COz isimmobilized by the end of the 50 year injection period and that more than 95% may be
immobilized after afew centuries. The magnitude and variation of the immobilization effects need to be
further studied. Additional work needs to be done to determine the effect of varying other aquifer
properties on CO, storage mechanisms, magnitudes and time scales.

Wl completion strategy can play an important role in increasing the amount of CO, stored in immobile
forms. Results from simulations injecting CO; into only the lower half of the aquifer indicated that with
time al the gas will be trapped in various forms and free CO, will never reach the top of the aquifer. The

simulation results showed that, for the reservoir properties studied, reduction of CO» to trapped forms
required on the order of afew centuries.

The amount of CO» trapped as precipitated carbonate minerals was only 2 — 3% during the 1000 year
span of the base case smulation. This amount was increased to 4.5% by injecting fresh water during CO»
injection. The simulation results showed that the amount of CO, trapped by mineralization is highly
dependent on the amount and type of minerals present in the aquifer and that trapping of CO» by
mineraization occurs over a much longer time frame than does trapping in brine or aresidua gas phase.

Reports and Publications:

CCP-SMV 2003 Workshop, Dublin
The final project report isin Appendix A under the same heading as this summary.
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2.2.4 CO, Impurities Tradeoff — Surface (SOx/NOX) | mpurities Study)
Principal Investigator: Neeraj Gupta
Technology Provider: Battelle Memorial Institute

Highlights

A status review of existing technologies used for CO, gas separations addressing major issues
affecting the industry and offers suggestions for potential research areas.

Summary

Battelle undertook a preliminary assessment of the effects of impurities in the CO, streams on the
aboveground processing equipment. The study, which focuses on SOx and NOx impuritiesin flue gas, is
based on an assessment of existing literature. The three main components of the work include:
Impact of impurities on the performance of amine separation systems.
Evaluation of the phase behavior of multi-component gas mixtures on multi-stage
COMPressors.
Literature review of compressed gases to determine the corrosivity of pipeline materiasin
contact with CO», SOx, and NOx species with moisture present.

Flue gas impurities such as SOx and NOx, as well as arsenic and mercury present in solid fuels, have the
potentia of interacting unfavorably with capture, compression, and pipeline transmission of CO».
Absorption and regeneration characteristics of amines and other solvents used to separate CO; are
affected adversely by acid gasimpurities. Compression of gas mixturesis subject to condensation of the
higher boiling constituents, which may limit the ability to achieve adequate interstage cooling and may
damage the compressor and other related processing equipment. Finally, materials used in separation,
compression, and transmission are subject to corrosion by acids which include carbonic, sulfuric,
sulfurous, nitric, and nitrous acids.

Recommendations:

- What islacking is a sufficient understanding of the mechanisms for amine degradation in the
presence of contaminants typically found in flue gases at flue gas scrubber conditions and what is
necessary to minimize these effects.

There isaclear need for more detailed information regarding CO, streams and the influence of
NOx and SOx impurities on fluid properties and compressor performance. It is not possible to
conclude from this study whether multiphase conditions should be expected during compression
stages, or whether the impurities would cause substantia increases in energy consumption, other
operating costs, or capital costs. It is recommended that research and development be undertaken
in this areato clarify these issues. An experimental program may be needed to measure all
important properties as a function of temperature and pressure.

S0, and NO, have high solubility in water/moisture. It is not clear to what degree they will lower
the pH of any aqueous phase in pipeline condensate; however, thisis an area that should be
studied further to understand its effect on interna corrosion rates. There is a need to understand
the interaction of SOx and NOx with CO, under pressurized wet conditions. A fundamental
approach is suggested to qualitatively evaluate the effect of small amounts of SOx and NOx in

CO, on corrosion properties of pipeline material.

This study provides a general overview of the state of knowledge of technical issues associated with CO;
impurities tradeoffs. Once arange of CO, stream concentration possibilitiesis specified by those
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working on CO;, separation processes, the reported information can be used to constrain an experimental
and thermodynamic research program to predict adverse effects

Reportsand Publications

CCP-SMV 2003 Workshop, Dublin.
The project fina report is presented in Appendix A under the same heading.
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2.2.5 CO, Impurities Tradeoff — Subsurface

Technology Provider: University of Texas
Principal Investigator: Steven Bryant

Highlights

Presence of CO, impurities (e.g., SOX/NOXx) in injected CO, may, by increasing acidity, result in
minera dissolution near the well bore. Thisis not expected to change the gross mineralogy, thus
sgnificant injectivity performance changes are unlikely.

Correlations of MMP with solvent compositions that allow tradeoffs between CO, capture cost

and CO, EOR performance indicate that a reasonable SOx/NOx content would be in the 1 mole
% range. The presence of other impuritiesin larger abundances may dightly degrade or improve
performance.

The overall effect of impuritiesin CO2 on well injectivity and the EOR recovery processis
deemed small to negligible at the likely levels of impurity occurring in CO; streams.

Summary

This project had two goas. The first one was to examine the potential effect of highly reactive impurities
(SOx, NOx) on well injectivity into clastic aguifers during large-scale CO, sequestration. The second
godl isto perform aliterature review to determine whether impurities might adversely affect enhanced ail
recovery processes.

Assuming continuous injection of CO» (as opposed to, say, adternating water and CO5), the primary
influence on well injectivity is expected to be geochemical ateration of the near-well formation.
Simulations of a“worst-case” scenario (in which mineral reactions go to thermodynamic equilibrium
instantaneoudy) indicate that the net change in mineral volume is likely to be small, even though
extensive changes in mineralogy may occur. Thus the effect on injectivity is unlikely to be significant.
The presence of impurities in their likely concentrations (less than 1 mole percent) may speed up the
reactions due to increased acidity, but otherwise should have little incremental effect on the injectivity.
These findings are a so “worst-case” in that brine is assumed to flow co-currently with the CO,. Such
flow will occur for arelatively short time in the near-well region, further limiting the extent of
precipitation/dissol ution reactions.

Minimum miscibility pressure (MMP) is generally regarded as one of the primary determinants to the
success of an oil-recovering COzflood. Miscibility implies the total suppression of capillary forces and
excellent oil recovery efficiency on the small scale. However, it isimportant to recall that other factors
also contribute to flood efficiency, including WAG (water-aternating-gas) ratio, well productivity, and
severa reservoir-specific quantities such as heterogeneity and well spacing. Miscibility develops in most
cases because the CO, will extract intermediate components from the crude into the CO, - rich phase.
The extraction depends strongly on the purity of the solvent. CO2-N, mixtures are poorer extractors than
CO, done, whereas CO»-H,S mixtures are better extractors. MMP generally decreases as the solvent

becomes more "ail-like". Thus, impurities in a CO, stream which behave more like the il than CO»
generaly decrease the MM P, whereas impurities that are less like the oil typically increase the MMP.

Most of the data on MMP have been captured through correlation, most commonly as statistical

correlations. The report discusses various correlations available and selects one for further study.
Applying this correlation to atypical range of impurity concentrations suggests that the MMP should
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decrease dightly as the impurity concentration increases. The effect isrelatively small; for example, a5
mol% concentration of SO, reduces the MMP only 10%. The presence of NO would counteract this
effect, so the net change in MM P because of the presence of flue-gas type impurities should not be large.

For immiscible displacements, the mobility ratio and the gravity number are the principal factors
influencing recovery. Impurities of SOx/NOx generally reduce the viscosity of the solvent, thereby
increasing the mobility ratio. These impurities would also reduce the density of the solvent, thereby
decreasing the gravity number. Both effects reduce the effectiveness of the process. For the small
concentrations of impurities likely to be encountered, these effects are quite small and should not
significantly influence the process. Thus the presence of flue-gas type impurities should not reduce the
effectiveness of an EOR application, whether the process is miscible or immiscible.

The study results indicate that injection of minor quantities (<1 mole % base case) of CO, stream

contaminants is unlikely to adversely affect injection rates into clastic aquifers or the performance of CO,
EOR operations (e.g., WAG). Larger concentrations of some components (e.g., 5% SO,) may have only

adight adverse effect on the EOR process. Thus capture processes that yield less than pure CO; a
considerable cost savings may be possible. The model set up can be used to quickly screen larger (>1
mole %) and more varied contaminants specified by separation plant operators.

Reportsand Publications

CO2 Impurities Tradeoffs (Subsurface) — 2003 CCP-SMV Workshop Presentation, Dublin
The fina project report is presented in Appendix A under the same heading.
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2.3 Integrity
Task - 4.1 - Under standing Geologic Storage
Task -4.4 —Measurement and Verification

The SMV “integrity’ theme studies are directed towards better understanding elements of natural
(reservoir and cap rocks, overburden, faults, etc.) and engineered (well materials) features that permit safe

and effective geological storage of COp.
Defining geological features responsible for competent vs. ineffectual CO» storage (ARI, USU)

The ARI (Stevens) study on “competent” systems examined features of three large US CO, reservoirs. 1)
McElmo Dome, CO (30 Tcf OCO,IP at 2300 m; 800 MMcfd production; carbonate reservoir with thick
halite cap rock), 2) Jackson Dome, MS (2 Tcf at 4700 m; 185 MMcfd production; sandstone with some
carbonate reservoir with carbonate cap rock) and 3) St. Johns, AZ (14 Tcf at 500 m; 1 MMcf production;
sandstone reservoir and anhydrite cap rock). These natural CO, accumulations vary in CO, state
(supercritica in McEImo and Jackson domes), origin (carbonate metamorphism and / or volcanic for
McEImo Dome and St. Johns; Jackson Dome cited as volcanic but more likely from thermochemical
sulfate reduction, TSR) and length of storage (~70 Main McElmo and Jackson Domes; ~ 0-6 Main S.
Johns). Production operation data was gathered for each of the sites. Key finding of the study include:
- COy storage is a natural process.
Reliable reservoir seals require evaporites or shales as the cap rock.
Natural analog CO, production practices provide insights for CO, storage.

Efficient CO, storage operations will require specialized practices and technologies.
Recommendatlons include further analogs studies including general site suitability classification, specific
elements characterization, modeling of injection process and monitoring. Future work will benefit from

comparison of US fields with other natural CO, andogs (e.g., Australia).

The Utah State University (Evans) study on ineffectua natural CO; storage systems focuses on CO,-
charge geysers from Western Colorado Plateau (East Central Utah). A 3D structura / stratigraphic and
fluid hydrology / geochemistry assessment documented the origin, history and escape paths of CO; to the
surface. The CO», originates in the 1-1.5 km depth range from clay carbonate reactions. The Little Grand
Wash and Salt Wash faults deliver supercritical CO, from depth to a shallow, temporary reservoir at 300-

500 m where a phase change to CO» vapor provides the pressure necessary for CO, charged water to
erupt or bubble at the surface. Detailed structura analysis and hydrologic studies indicate that it is not the

major faults, but their associated minor faults and fractures that serve as conduits for CO» charged water
arriving at the surface. Over time, as these conduits are sealed by mineralization, new conduits become
available for fluid transport. The system of travertine terraces and void fillings indicate that this geyser
system has persisted before historical and perhaps into the geologic time frame. It is estimated that a
maximum of 10% of the CO, brought to the surface was “fixed” or stored as travertine. Anthropogenic
activity, such as drilling through faults, appears to have altered the location and episodicity of CO,

charged eruptionsin the area. No untoward ecologica or human health effects attributed to CO, release
to the surface have been recorded. The study demonstrates the utility of constructing a 3-D geologica

and fluid history model to assess the suitability of geologic systems for CO, storage. The fluid sampling
techniques and the modeling of water and CO-, origin are an important contribution of this study.

Assessment of reservoir and cap rock responseto CO; injection (ASP, LLNL, GF2)

The University of Adelaide (Streit) provided a state-of -the-art review of geomechanical effects on rock
and faults stability with subsurface CO; injection and outlines techniques used to monitor rock stress /
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strength and CO; leakage. Increases in formation fluid pressure due to CO; injection decreases effective
rock stress thereby increasing the likelihood of fault reactivation or rock failure. Assessment of the
geomechanical stability of reservoir rocks and top seals and faults requires predictions of in situ stresses,
fault geometries, and rock frictional strength. Commercial tools exist to predict the maximum
sustainable fluid pressure for rocks and faults (e.g., FAST™ or TrapTester™). Fault stability isaso
predicted by mapping fault geometry and constructing fault failure plots. 1n assessing the suitability of a
CO, storage site in a depleted oil or gasfield, it is necessary to analyze for the effects of both depletion
(from production) and recharging (from injection). Stress-seismic velocity relationships are used to
detect poroelastic changes in rocks due to fluid injection. Recent development of new waveforms and
data processing techniques may improve the accuracy of stress-seismic techniques. Instalation of
downhole seismic monitoring instruments may provide rapid, early detection of faulting or fracturing
induced by effective stress changes. The importance of geomechanical considerations for CO, storage
has only recently received significant attention. The present study brings together theoretical,
experimental and field models from severd |leading scientists and engineers to integrate findings and
identify research needs. A particularly acute need is experimental data on seal and fault-associated rocks.

The LLNL (Johnson; cross reference Risk Assessment) study used reactive transport geochemica and
distinct element geomechanical models to infer long-term effects of CO; injection on cap rocks. It was
shown that CO; influx-triggered mineral dissolution / precipitation reactions in typical shale cap rocks
continuoudly reduce microfracture apertures whereas pressure and effective stress evolution first rapidly
increase and then slowly decrease them. For a given shale composition, the extent of geochemical
alteration (to reduce permeability) appears nearly independent of key reservoir properties (permeability
and lateral continuity) and CO, influx parameters (rate, focality and duration). In contrast, the extent of
geomechanical degradation (to increase permeability) is highly dependent on the reservoir and influx
parameters as they control the magnitude of pressure perturbation, i.e., initial geomechanical degradation
has been shown to be inversely proportional to reservoir permesbility and lateral continuity and
proportional to influx rate. A major implication of the study is the limiting extent to which natural CO,
accumulations and engineered CO, storage sites can be considered analogous given that geomechanical
effects will be more pronounced with engineered injection. This may be ameliorated to some extent by
abatement of injection-induced pressure with time as CO, dissolves in water, particularly in large,
unconfined reservoirs.

Changes in geophysical attributes and mineral stability with CO, injection is the subject of the GFZ-
Potsdam (Schuett) experimental study. Using atriaxial cell and autoclaves to reproduce reservoir PT

conditions, fluids with varying supercritical CO, saturation levels (e.g., WAG) were injected into rock
samples to assess how suitable existing geophysical models are for predicting rock changes (e.g.,

strength) and whether or not ions are released from rock forming minerals during CO; injection. Thein
situ geophysical measurements (Vp, Vs, dectrical resitivity, stress-strain, flow rates) show that some
effects are predicted quantitatively by standard models (e.g., Gassmann and Voigt). Discrepancies noted
may be attributed to laboratory measurement artifacts or fluid front instabilities. Improvementsin the

standard models using these data may have implications for imaging CO» reservoir performance and
containment. The geochemical results suggest that major elements essential for rock stability and minor

elements of importance to water quality are mobilized by COs injection.  Thiswork is the most
comprehensive such laboratory study concluded to date. Collection of such data on reservoir and cap

rocks from a candidate CO, storage Site will assist in developing seismic monitoring protocols and
assessing environmental impact.
Engineered systems competence to contain CO, (SNTEF, GTI)

SINTEF (Lindeberg and Akervoll) has addressed the well integrity issue, perhaps the most critica issue
relevant to successful CO; storage, through experimental testing (at elevated T) of standard and newly
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formulated cements (and cement in contact with steel) and cement sealants. Using the data generated,
simulations of well material degradation with time and potential loss of CO, from storage reservoirs were
conducted. Experimental data on corrosion / erosion of cements and inference of chemical mechanisms
involved show that initial CO, contact will first “carbonate” the cement (reduce permeability via
carbonate precipitation) but over the long-term the cement will deteriorate due to dissolution of calcium
hydrogen carbonate. Permeabilities will increase by 2 to 3 orders of magnitude depending on the cement
type (Portland cement vs. newer formulations, respectively) but will still be in the microdarcy range.
Modifying cements (e.g., adding silica flour) or epoxies may improve the longevity of cementsin the
COqrich regime. A reservoir smulation of CO» leakage from an abandoned leaky cemented well
showed that even in aworse case scenario (unremediated open borehole), not all CO, will leak from the
reservoir (e.g., 60% over 100-200 years). Moretypically, dissolution of CO, in water can be expected to
immobilize the vast majority of CO» over the 1000-2000 year time frame. The study provides an
essential experimental data baseline on existing widely used well bore cements and the basis for
developing new cement formulations and sealants. The results of the smulation work (typical case) are
comparable to other such studies (e.g., University of Texas - Pope; see “optimization”), but future work

should incorporate more recently developed CO, immobilization mechanisms (e.g., residua gas trapping)
and scenario devel opment.

In the GTI (Perry) survey of the natural gas storage industry operationa experience in North America and
Europe, important parallels to a future CO; storage industry are drawn. Through operation of ~600
natural gas storage facilities over the past 90 years, only nine gas migration incidents are recorded. These
include three cap rock failures, five well bore failures and one case of poor reservoir selection. The
review of natural gas storage technologies with possible implications for CO, storage includes:
Field integrity determination — Thisinvolves selecting a structure that has a competent seal and
structurally adequate closure. Broadly structured sites are favored because those with tight
structuring have often developed faults and fractures. Pump testing of structures to ensure
caprock integrity is often performed. The same selection principals are applicable to CO,
storage. A modified pump test may be feasible for CO, cap rock testing.
Monitoring and leak detection — Involves monitoring via observation wells the occurrence of gas

above and latera to the structure. Similar approaches may be used for CO, storage athough gas
migration may not be as readily detected.

Response to leakage — Leak mitigation measures for natura gas leaks include shallow gas

recycle, aquifer pressure control and cap rock sealing. For CO; storage, the former approaches
are relevant but the latter approach needs further development.

The natural gas storage experience is a useful if not a more extreme analog to CO; storage. Regulation
and public scrutiny will dictate CO, storage operations further from populated areas. To take advantage
of the increased storage capacity of supercritical CO,, storage depths will be deeper and thus remote from

near surface conduits and potable water resources. Although CO, can be harmful in high concentrations,
which may occur in low lying areas with calm atmospheric conditions, it is not flammable.
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2.3.1 Evaluation of Natural CO, Charged Systemsfor CO, Sequestration
Task - 4.1 - Under standing Geologic Storage
Principal Investigator: James Evans
Technology Provider: Utah State University

Highlights

A 3D structural / stratigraphic and fluid hydrol ogy/geochemistry study was conducted on natural
CO, seeps and geysers in East-Central Utah (Colorado Plateau) to infer features of geologic
system that are prone to CO» leakage.

The geologic and geochemical data constrains the origin of CO2 and the mechanisms by which it
reaches the surface through time. Originating in the 1-1.5 km depth range from clay-carbonate
reactions, CO; istemporarily stored at depths of 300-500 m and released through permesbility
fracture zones associated with faults.

Carbonate minera precipitation in porous rocks, veins and in surface terraces are evidence for
long-term CO; leakage to the surface (~10% of leaked CO, may be fixed in these features).
Although specific localities of leakage points has changed over time as old conduits are
mineralized and new ones become available, the fundamental character of the leaking fluids has
not.

A viable protocol for evaluating prospective CO, storage sitesin this or other settings (e.g., North
Sea) has been developed. The study areaitsdf isan ideal laboratory for testing monitoring
instruments and protocols.

Summary

Natural CO, reservoir system analogs provide useful information on geologic features that govern the
integrity of prospective engineered CO, storage venues. This “leaky” analogues study, focusing on
CO,-charged geysers and seeps in the Colorado Plateau (Paradox Basin) of East-Centra Utah,
complements the study of competent natural systems conducted by ARI (some of which are aso located
in the same geologicd province). The approach to the study, construction of a 3D geological model and
fluid history analysis, might be used in the future as standard methodology to evaluate the relative
competence of geological systems to store anthropogenic CO».

The East-Central Utah geysers and seeps studied are situated on the western rim of the Colorado Plateau
where the Little Grand Wash and Salt Wash faults deliver fluids from the Paradox Basin to the surface.
Because the erupting or bubbling CO»-charged waters are cool (~18°C) and have isotopic indications of
meteoric origin, arelatively shallow reservoir (300-500 m) isindicated. The mechanism of release to
the surface, therefore, is pressure build up from expansion of CO; into the free phase and not from
pressure exerted by superheated water asis the case in better known geyser systems.  Although the CO»
does not have a unique isotopic signal, geothermometry and He isotope analyses suggest an origin
consistent with clay-carbonate reactions occurring at moderate depth (1-1.5 km) as opposed to organic,
microbial, metamorphic or mantle origin.

The persistence of the leaking CO, system is evident from the calcite veins and travertine mound and
terrace deposits associated with the mgjor faults. Hydrologic studies show that the faults act as a barrier
to fluid movement, probably by the mechanism of clay gouge formation and cataclasis. Fine scale
structural, lithologic and petrographic studies indicate that fluid movement is facilitated by minor faults
and fractures associated with the mgjor faults (fault damage zone). Rerouting of seepage points
occurred when these conduits were cemented in by mineral precipitation. A preliminary mass balance
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study of CO; flux versus carbonate precipitation suggests that about 10% of the CO, arriving at the
surface over time has been “stored” as travertine. Anticipated data from U-dating of travertine deposits

might give an indication of how long the leaking system has been operationa.

Drilling of wells in the area appears to have influenced the location, cyclicity and magnitude of CO;
seepage, possibly by relieving reservoir pressure and evening out leakage point distribution.  Although
the CO;, leskage system has persisted through historical times (and likely long before), no incidence of
harm to humans or ecosystems has been noted. Indeed, saltbush present in the area may rely on the

briny water type left after CO, seepage.

Implications of the study for CO, storage are noted by the authors. Foremost among theseis the
necessity of conducting integrated structural / stratigraphic, hydrology and geochemistry assessments on

prospective geological CO, storage sites.  Recommendations for future research relate to determining
COs flux in space and time. The duration of CO» leakage might be inferred from travertine dating. The
present day absolute CO» flux can be estimated using systematic sampling and monitoring. The areaiis
offered as an ideal locality for testing monitoring instruments and methodologies.

The success of the “leaky” analogue study can be attributed to its systematic and multidisciplinary

methodology. Obvious individua clues to CO; origin, subsurface movement and surface venting were
abandoned and replaced when needed with those more consistent with the larger body of data. The

geochemica sampling techniques perfected will be useful for assessing other CO, storage venues as
well asin environmental science in general. Where considerable uncertainty about the system remained,

the researchers devel oped the tools necessary to resolve issues (e.g., origin of CO; inferred from
geochemical modelling). The study would have benefited form collaboration with the competent
systems natural analogue (ARI) and reactive transport modelling (LLNL) studies.

Reports and Publications

2003 CCP-SMV Workshop Presentation, Dublin
Thefinal project report is presented in Appendix A under the same heading.
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2.3.2 Long Term Sealing Capacity Of Cemented Petroleum Wells
Task - 4.1 - Understanding Geologic Storage
Principal Investigator: Erik Lindeberg
Technology Provider: SINTEF

Highlights
- Project iscomplete. Technical SINTEF Report no. 54.5232.00/01/03 entitled “ Report January

2003: The long term sealing capacity of cemented petroleum wells in a CO, storage project” was
submitted and accepted.

Abandoned wells have been identified as potential |eakage pathways from underground CO»
storage reservoirs. A completely open well, however, will never leak more than a fraction of the

COo stored in the reservaoir.

When the CO, from the storage formation has migrated/diffused to the cement layer around the
casing of awell, the cement will first “ carbonate” (reduce permesability via carbonate
precipitation). Over the long-term, however, the cement will deteriorate due to dissolution of
calcium hydrogen carbonate. Thiswill increase permesbility by 2 to 3 orders of magnitude.

Specia cements/cementing materials with less reactivity are presently available and new ones are
under development in this project.

CO.rich pore water is aso corrosive to stedl casings in the short but they are normally protected
by the encasing cement.

Summary

The objective of this study was to investigate the long-term integrity of wellsto prevent CO, leakage from
underground storage reservoirs and to make recommendations for well plugging and treatment prior to
field abandonment to avoid such leakage. Experiments on cement and cement in contact with steel were
conducted at elevated pressure and temperature to assess long-term cement erosion rates.

Experience in the use of carbon stedls in pipelines transportation of supercritica CO» demonstrates that
this materia is suitable for dry CO». However, if water is present the corrosion rates are high. The report
summarizes relevant chemical reactions among CO; and steel and CO, and cement and cement in contact
with stedl.

When the carbon dioxide from a CO» storage formation has migrated/diffused to the cement layer around
the casing of awdll, the cement first will precipitate carbonate but eventually will deteriorate due to
dissolution of calcium hydrogen carbonate. In the present report possible means of isolating the well

construction from stored CO, and brine in the near well bore region are presented. Special CO, resistant

cements have been developed that have better resistance against CO, compared to standard cements.
Adding silicaflour and other additives in various proportions increase the durability of the cement and its

resistance to a CO2 rich environment. Other alternatives such as epoxy also exist, however, but thereis no
information about the long-term durability and CO/brine resistance for this product.

A reservoir simulation model has been run to estimate the amount of CO, expected to escape from aleaky
abandoned well and to quantify the escape rate as an emission profile. The simulations show that an
important factor regarding CO, escape from the reservoir is the erosion process of the well cement. The

141



long-term rate of cement erosion with and without contact of steel was assessed by |aboratory
experiments performed at elevated temperature (200 °C) and pressure (1200 bar) in an autoclave. The

results show that accelerated cement erosion with CO» exposure increases the permeability of standard
cements by 2 to 3 orders of magnitude. The absolute level of permeability neverthelessis ill in the
microdarcy range.

The well integrity study addressesin arealistic fashion what is probably the most vulnerable link in
geological CO, storage. The development of new cement formulations and sealants will markedly
increase the useful life and thereby longevity of CO» storage.

Reportsand Publications
Mid-term report June 2002: The Long Term Sealing Capacity of Cemented Petroleum Wellsin a

CO, 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 wellsin a CO, storage project”.

CCP-SMV 2003 Workshop, Dublin, Ireland.

Thefinal project report isin Appendix A under the same heading as this summary.
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2.3.3 Geomechanical Effects of CO, Storage With Emphasis on the Effects of

Stresson Seal Integrity
Technology Provider: APCRC
Principal Investigator: Andy Rigg, Jurgen Streit, Milovan Urosevic, D. Sherlock

Highlights

This project reviewed the current state of the art in geomechanical analysis and its application to
predicting the effects of subsurface fluid injection on rock integrity.

Integration of laboratory and field measurements are required to adequately characterize
subsurface reservoirs intended for CO; storage.

Key laboratory work still needs to be done to create the appropriate numerical models to interpret
field data.

Summary

The report summarizes the effects of CO, storage on rock stresses and seal integrity in deep saline
formations and depleted hydrocarbon fields. Geologica storage of CO; is optimized when CO, isin
supercritical state and has relatively high liquid-like densities that usually occur at depths greater than
approximately 800m. The supercritical state of CO» delivered to the reservoir maximizes the storage
volume and the CO, column height that can be retained by top sedls.

Increases in formation fluid pressure due to COs injection decrease the effective stressesin the rock. Low
effective stresses can lead to fault reactivation or rock failure which could lead to seal breaching and thus
unwanted CO, migration. Assessments of the geomechanical stability of faults, reservoir rock, and top
sedl in potential CO; storage Sites requires the determination of in Situ stresses, fault geometries, and
frictional strengths of reservoir and seal rock. Such information is essential when estimating maximum
sustainable pore fluid pressures in the storage formation. This can be accomplished using the FASTa
technique or TrapTester (Badley Geoscience Ltd) software. In pressure-depleted reservoirs and fields, in
Situ stresses and sedl integrity need to be determined after depletion to estimate maximum sustainable
pore fluid pressures.

Since seismic wave attributes (velocity, frequency, and amplitude) are sensitive to changes in effective
stress, time-lapse seismic methods could be applied to detect pore pressure changes resulting from CO»
injection. Detection of microseismic events arising from injection-induced shear failure of faults,
fractures and intact rock is possible with geophone and accelerometer ingtallations, and can be used for
real-time adjustment of injection pressures. While the analysis of wave velocities from 3D time-lapse
seismic data can be used to detect and monitor CO, accumulations in a reservoir and its overburden,
multi-component seismic methods and shear-wave splitting analysis are useful for detecting the opening
of extensive fracture arrays due to CO; infiltration. The minimum change in fracture width resulting from
COq infiltration and the minimum number of opened fractures that can possibly be detected using time-
lapse seismic methods needs further study.

The application of geomechanics to CO, storage is well-developed theoretically but little tested by
experiments and in the field. Considerable further work, much of which is underway, is required make
useful characterizations and predictions.

1. Littleis known about the compaction trends in low-effective stress mud. These represent the “ sedl

of last resort” for CO, which has escaped from deeper reservoirs, and is migrating upward to the
sea bottom. Unfortunately, these sediments are rarely cored and rarely logged. Laboratory
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measurements of muds undergoing compaction for permeability, porosity, Vp, Vs, and
anisotropic seismic parameters, such as are being collected by Kurt Nihei at LBL, are critical to
understanding the whole system.

2. Most work on the Biot effective stress parameter, which controls the efficiency with which pore
pressures reduce effective stress, have been performed on sandstones. Since the sedls are shales, it
is imperative to have measurements of the effective stress parameter in these sed lithologies.
Work on the sandstone system has aready been performed by Dewhurst and Siggins at CSIRO.

3. Related to (2), but as a separate question: Under which conditions will top seals fail by hydraulic
fracture rather than capillary entry as CO; isinjected into depleted reservoirs or virgin brine
aquifers? How isthis related to the rate of injection?

4. What are the practica limits to using shear-wave splitting to detect changes in the stress fied?
The 3D seismic datasets from Weyburn should be further analyzed to determine viability of
method.

5. Can microseismic events be detected when the input fluid pressures of injected CO, are small?
The best documented use of microseismicsin the past was for monitoring hydro-fracturing, where
the pressures input were large.

6. Will CO, act to chemically lubricate fault planes and produce seismicity out of proportion to the
pressure reduction due to higher pore pressures?i.e. if the fault plane sediments have high
carbonate content, how will the strength of the faults be influenced by CO>?

The importance of geomechanical considerations for CO, storage has only recently received significant
attention. The report brings together theoretical and experimental data and applications from several
leading geologist, geophysicists and engineers into a single document with an excellent effort to integrate
findings and identify research needs. Advancement of geomechanical studies requires testing of rocks

(particularly shales) in the laboratory and active and passive seismic CO, leak detection in the field.
Reservoirs that have been depleted by hydrocarbon production are of particular interest asin Stu stress
and sedl integrity may be compromised before CO, injection.

Reports and Publications
CCP-SMV 2003 Workshop, Dublin
Streit, J.E. and Siggins, A.F., Predicting, monitoring and controlling geomechanical effects of

CO; injection, submitted for presentation at the 7th International Conference on Greenhouse Gas
Control Technologies (GHGT-7); Vancouver, Sept. 5-9, 2004.
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2.4 Monitoring

Task -4.4 - Measurement and Verification

The SMV “Monitoring” projects were intended to examine the efficacy of awide range of techniques,
commercialy available and under devel opment, applied remotely, near the surface or in the subsurface.

Remote Techniques (Satellite and Aerial) (LLNL, Sanford)

The “hyperspectral geobotanical” remote sensing study by LLNL (Pickles) entails satellite and aerial data
acquisition and processing to detect indirect effects of CO, leakage on plants and soils. Case studies
include a satellite survey of Mammoth Lake, CA where substantial volcanogenic leakage is known to
have caused tree kills and an aerid survey of Rangely Field, CO where low CO; leakage due to EOR
operations is postulated. The satellite imagery of Mammoth Lake corrdated well with ground-based CO,
measurements and observations of vegetation effects. The Rangely Field surveysincluded pre- and post-
rain images that showed marked differences in the (sparse) vegetation patterns (i.e., habitats) but no
obvious indications of CO, leskage. Detection of CO, leakage at Rangely Field will require further
development and be mindful of the results of an independent Colorado School of Mines soil gas survey
that showed little to no CO, leakage from the EOR operation (however, a possibly significant methane
flux was detected). Additional processing and interpretation might revea soil changes due to long-term
CO; leskage and the location of hidden faults.

The feasibility of satellite radar interferometry (INSAR) technique for detecting ground movements due to
COz injection was investigated by Stanford University (Zebker). Pressure profiles for an injection model
were used to produce surface deformation maps. The sensitivity of the INSAR digital images versus noise
level will determine sensitivity requirements and how local topography will affect detectability. Although
the mathematical basis for deformation signatures and their detectability were presented, it is not clear
how the results addressed the objectives of the study. The study was terminated due to lack of progress,

Near -Surface and Atmospheric Techniques (Cal Tech, Penn Sate)

A date-of-the-art survey of currently available and developing detection equipment for CO, atmospheric
monitoring was conducted by Ca Tech (Tang and Shuler) early in the SMV program. The applicability
and costs of instruments useful over various time, length / area scal es and sampling frequencies was
outlined. Established CO; detection systems include fixed point detectors and portable persona
detectors. Costs are reasonable for small areas of know risk. More recently developed “ open path”
detectors that might be applied over larger scales are mentioned in this study and examined in detail in a
follow up study (see below). Remote sensing technology can cover considerable area but has low vertical
resolution. Some remote satellite and airborne techniques under development by NASA might address
this. The study was a practical and thorough evaluation of available and emerging technologies. A
follow up study was commissioned to take a closer look at some of the more promising technologies and
their gpplicability to field size and |eakage type and magnitude.

In the follow up Cdtech (Shuler and Tang) study, the capability of various ground- based instruments to

detect CO, leakage was examined in detail. The target detectable leak rate of 1% over 100 years (0.01%/
year) was given as abase case. The detectability of leaks depends on the amount of leakage with time
(flux), size of the affected area, mode of |eakage (diffuse or point source) and atmospheric conditions but

should be detectable if atmospheric CO, concentration increases >10ppm over background. Nomograms
are used to predict the “excess’ CO, present in the atmosphere for a given situation.  Open path

instruments (laser spectrometers) may be a cost effective means of detecting small CO» leakage over a
fidd-sized area (afew km?). A spreadsheet application produced for the study permits matching of

analytical instruments suitable for detecting CO, under various |leakage scenarios.
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The “eddy covariance” method, a technology used to establish basgline CO, flux from plant
photosynthesis and respiration cycles, was evaluated for its applicability to CO» leak detection at the field
scale. The technology is based on laser spectrometers mounted on towers (10 m) that could be set up in
an array at thefield scale. The magnitude of CO; leakage that can be detected given natural variation
might typically be 2.5% of 1000M T stored of 1000 years for areservoir leak, 10 kgm®s™ for a diffuse
leak (injection well failure) and 10°kgms™ for a“diffuse’ leak (fault). Thistechnology has been widely
applied and is considered reliable and robust. Its applicability and expense should be compared with
similar ground-base detection given field size and the type and magnitude of CO, leakage.

Geophysical & Geochemical Techniques (TNO, LBNL, LLNL)

TNO (Arts) conducted a broad survey of geophysical and geochemical monitoring techniques for the
purpose of recommending “optimal” techniques for various CO» storage venues (COMM).  Monitoring
well technologiesinclude P& T control, dectrical resitivity, TDT, microseismic, V SP, crosswell seismic
and fluid sampling. Surface geophysical methods include 4-D seismic, subbottom profiling and sonar
(marine), gravity, electromagnetics, gravity, INSAR and tiltmeters. Geochemical monitoring includes
groundwater sampling, tracer surveys, atmospheric detection and geobotanical hyperspectral remote
sensing. The applicability of the various monitoring techniques were matched to specific FEPs (features,
events and processes) such as those related to sedl, casing / cement or well failure. Additional seismic
modeling work to assess the resolution of 4-D seismic detection of CO, presence in a Sleipner-type case
wasincluded. The study provides a useful assessment of available technologies to monitor CO; leakage
in avariety of settings and potential failure modes.

The “novel geophysical” monitoring study conducted by LBNL (Hoversten) evaluates the resolution and
applicability of seismic and non-seismic geophysical techniques to detecting CO» leakage. The Schrader
Bluff and Liberty reservoirs were used to model the spatia resolution of various geophysical CO»
detection techniques. The significant changes in water with increasing CO, saturation might be
detectable using seismic amplitude and AVO analysis. Ground-based gravity modeling shows that
resolution is insufficient but might be improved with permanent sensor emplacement coupled with
surface deformation measurements. Borehole gravity instrumentation emplaced up to 1200 feet above the
reservoir might be sufficient to directly map the areas of net density changes caused by injecting CO» into
water. The electrica resistivity changes attending CO» dissolution in water are easily detectable using
electromagnetic (EM) techniques.  This technique is currently available, inexpensive compared to
seismic and most applicable to CO, / brine systems. The streaming potentia (SP) method has been
successfully modeled in 2-D for the Liberty Field and experimental results show promise. Unlike the
other techniques, however, further development in instrumentation and interpretation are needed. The
novel geophysical techniques show considerable technical promise for CO, performance and leakage
modeling whether by adding value to lapse seismic data or by development of inexpensive non-seismic
techniques

The utility and cost of using noble gas additives to monitor CO, movement and leakage in subsurface was
conducted by LLNL (Nimz). The West Texas Mabee Field was used as a modd for the study. Among
the factors considered in selecting noble gases are cost, availability, subsurface transport characteristics
and “digtinctiveness’ relative to the aimosphere and noble gases native to the reservoir. The Xe " system”
(10 isotopes) was considered to meet these criteria. Given the volume of CO, injected into the reservoir
and the detectability limits of the Xe isotopes, it is calculated that it would cost ~$0.18 / tonne CO» stored
to adopt this monitoring system for the Mabee field. The transport properties of Xe were not worked out
(just literature references to a He and SF¢ system for Y ucca Mountain proposed nuclear waste disposal
facility). The theory behind using noble gases to monitor CO, movement in the reservoir and |eakage out
reservoir is sound but work progress in the present project has been unimpressive.
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2.4.1 Atmospheric CO, Monitoring Systems— A Critical Review of Available
Techniquesand Technology Gaps
Technology Provider: CalTech

Principal Investigator: Yongchun Tang & Patrick J. Shuler
Task - 4.4 - Measurement and Verification

Highlights

Calculations are made to estimate the resolution of various ground-based instruments to detecting
CO», leakage at arate of 1% of tota CO, stored over 100 years (0.01%/ yr.). A spreadsheet tool
was included to facilitate such calculations with inputs of reservoir dimensions and leak
characteristics (volume, size and nature of leak; background CO; variations and atmospheric
conditions).

Local, increased concentration of CO, over a site depends greatly on the magnitude and type

(diffuse, point source) of leak and atmospheric conditions but should be detectable if CO, levels
exceed afew ppmv over background concentrations.

A considerable array of leak detection equipment is available but newer, “open path” (laser
spectrometer) instruments may be more cost effective over a substantial “field-sized” area (afew
kn?).

Summary

The report considers detection methods ranging from persona 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 CO» that might be associated with aleakage 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“globa” view of CO, athough 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 thisis 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 afew percent of CO, 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 alarge area

Many different commercia fixed-point units suitable for networking are available, but thisis probably an
impractica approach to monitor more than asmall area. These detectors are better suited for deployment
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to monitor sensitive, high-risk points of leakage. Infrared spectroscopy detection based methods are the
most common technical approach for CO, 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 CO,. 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 awide area,
and also are related at least indirectly to changes in greenhouse gas concentrations. CCP is sponsoring at
LLNL asimilar approach where remote sensing is used to monitor changes in local fauna as indicators of
elevated CO, concentrations.

In the case of diffuse leakage, the study approaches the problem systematically using a series of
caculation steps. 1) COz injection (mass = volume X time), 2) leakage of a portion of injected CO, to
the surface (1% / 100 years as default), 3) CO, flux rate at the surface (volume / area x time), 4) addition
of CO; to a specific volume at the surface (10 ft. “box”), 5) dilution of CO; in “box” by ar and 6) CO»
monitor detection of increased CO,. Given a particular diffuse leakage setting (leakage flux with
atmospheric dilution); therefore, detection of CO; leakage is simply a matter of identifying atmospheric
concentrations of CO, above the normal background (seasonal and diurna photosynthesis and
respiration cycles; other sources) within the constraints of instrument uncertainty.

The second type of calculation uses Gaussian distribution analysis for dispersion of a contaminant plume
to model CO, venting from a single point (e.g., wellbore). Selection of site specific parameters

including CO; leakage rate and time, wind speed and horizontal and vertical dispersion coefficients
(read from plots of downwind distance from source versus Pasquill atmospheric stability classifications)

are input into an equation from which “additional” CO, dueto leakage is quantified. This quantity is
then compared to instrument resolution.

The third calculation uses a spreadsheet application to test the performance of open path monitoring
instruments (laser spectrometer) given aleskage flux scenario (diffuse versus point with atmospheric
conditions). The open path CO;, detectability isafunction of distance x concentration. Thus the number
and array design of these instruments (and thereby cost) can be determined.

Severa example calculations are used to illustrate the level of increased atmospheric CO» concentration
from leskage and thereby instrument detectability. In a diffuse leakage case (10MM nmv’/day/20 years

injected with 1% leakage over 100 years) with an atmospheric dilution factor of 25x, CO, concentration
would be 24 ppmv over an area of 10 km®. Given asample instrument uncertainty of 9 ppmv and

background variation of 5 ppmv, the excess atmospheric CO- due to leskage would be easily detected.

In contrast, leakage over a 100km® area would not be resolvable from background CO, and instrument
uncertainty.

In asimilar case but with leakage from a point source, the distances at which CO, could be detected
from the source can be estimated assuming awind speed (e.g., 3 m/s) and assigning a Pasquill stability
class. At the 15 ppmv level (assuming the background and instrument uncertainty level considered in
the previous example), CO, might be detectable from 0.2 to 1.2 km from the source depending unstable
versus stable (respectively) atmospheric conditions.

In the case of an open path laser spectrometer instrument (cumulative CO; distance x concentration),
CO2 might be detected in the 1000- 10000 ppmv range for a1 m path or 0.1- 1 ppmv range for a 10000

148



m path. It isestimated that a suitable open path system serviceable to a field might cost $50000-500000
(based on similar monitoring systems for other gasesin use).

The study comprises a simple but very useful approach to examine CO- leak detection in awide variety
of settings. The applicability of conventiona and new detection equipment to CO» detectionin
individual settings can be quickly screened using the spreadsheet application.  One of the biggest
unknowns in planning CO; storage projects is cost estimation for monitoring. The Tang Associates
study addressesthisin atangibleway. For example, baseline and early monitoring done by ground-
based instruments could guide the design of much more expensive field scale “tower” systems. Ground-
based instruments could evolve into very reliable, sensitive and inexpensive approaches to monitoring
that might obviate the need for other monitoring techniques (e.g., subsurface imaging, soil gas collection
and remote an aerial).

Recommendations:
The authors recommend:

Development of reliable, lower cost, open path laser spectrometer detection systems customized
to measure CO,

Testing of instrumentation at sites where CO; flux to the surface is active either from natural
processes (e.g., Mammoth Mountain) or CO, EOR operations (e.g., Weyburn).
Reports and Publications

CCP-SMV Workshop, Dublin
The project fina report isin Appendix A under the same heading as this summary.
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2.4.2 Novel Geophysical Techniques To Monitor CO, Movement
Task -4.4 - Measurement and Verification
Principal Investigator: Mike Hover sten
Technology Provider: LBNL

Highlights

It is confirmed that standard P-wave seismic is effective in monitoring CO, movementsin the
subsurface and suggestive that offset attributes of seismic data should also be useful for this

purpose aso.

Gravity work requires either borehole application or, if on the surface, permanent
instrumentation, in order to reliably detect CO, movements

Further work in resistivity and streaming potentials technologiesis justified because these

techniques could be result in lower resolution but cost effective CO, monitoring techniques alone
or as supplements to conventional techniques.

Summary

The Schrader Bluff model was chosen as a numerical test bed for quantitative comparison of the spatia
resolution of various geophysical techniques being considered for CO, sequestration monitoring. The
difference in the vertica component of gravity caused by CO; injection over a 20-year period is on the
order of 2 nGal, which isin the noise level of the field survey. Just as with G,, the magnitude of dG,/dz
measured at the surface is above the gradiometer accuracy, but the difference between initia conditions
and 20 yearsinto CO, injection istoo small to resolve with current technology. These results suggest
future analysis to determine the maximum sensitivity of G, and dG,/dz that could be obtained by
permanent emplacement of sensors with continuous monitoring coupled with surface deformation
measurements to reduce noise levels.

In addition to surface gravity measurements, borehole gravity measurements have been modeled.
Measurements done in boreholes just above (1,200 m depth) the reservoir interval would produce
measurable changes in G, that would directly map the areas of net density changes caused by injected

CO, and water within the reservair.

Thereis asignificant change in seismic amplitude associated with the reservoir caused by the changesis
water and CO; saturation as sequestration proceeds. In addition, there isalarge change in the AVO
response from the reservoir interval. Both seismic amplitude and AV O can be exploited to make
quantitative estimates of saturation changes. Forward calculations using the Zoeppritz equation for both
five and twenty years into injection show significant changes in both the zero-offset amplitude and the
gradient of the response with angle.

The electrical resistivity of reservoir rocks is highly sensitive to changes in water saturation. This high
sengitivity to water saturation in areservoir can be exploited by electromagnetic (EM) techniques where
the response is a function of reservoir eectrical resistivity. There is a direct one-to-one correspondence
with the change in S, andthe change in the electric field amplitude. While this signa leve is low, it can
be measured given the signal-to-noise ratio of the data. While this represents a potential low-cost
monitoring technique it is best suited for CO, — brine systems where there is a one-to-one correlation
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between the change in water saturation and the change in CO, saturation (since S, + So2 = 1). The
equipment and service providers exist to apply this technique for monitoring in the future.

The streaming potentiad method has the potentid 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. The response of a CO» sequestration scenario in 2D has been smulated,
based both on the Liberty Field and Sleipner CO, injection tests. Modeling results show that injection of
COsto the Liberty Field formation would produce a response, which is easily measured with the SP
method. The Sleipner results are less encouraging, however, as a number of key parameters are poorly
defined and definitive statements about the potential of SP as a monitoring tool cannot yet be made.

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 CO,

Sequestration Monitoring”, 2002 SEG Workshop on CO» sequestration Oct. 10, 2002, SEG
Annual Convention

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

Hoversten, G. M., Myer, L., Daey, T., “Crosswell seismic and electromagnetic monitoring of
CO» 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 afina 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 manua for CO, sequestration and
monitoring. The present work was directed to the improvement of long-term monitoring & verification

for sequestration of CO; in various geological media. The experience from other projects (SACS,
RECOPOL, Cod and Gas Thermie B, NASCENT, Dutch NOVEM study) was used to set guiddines for

an optimum monitoring strategy for the different geological options. Baseline measurements prior to CO»
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 CO, storage are:

To ensure the sustainability of the CO; reduction target and

To ensure the safety requirements for subsurface activities during and after the operationa phase
Thefirst objective is focused on tariffs and legidation, whether the agreed quota as originally planned for

CO, 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 CO, sequestration can
be categorized as.

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

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

A secondary goal of monitoring is research and development regarding underground CO» sequestration.
Gaining more understanding of the processes going on in the reservoir isimportant for the optimization of
future storage sites.

CO, sequestration has to be monitored so that the operators and public will know that the CO; 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 COy.
Sedl integrity: Fractures, faults, wells, heterogeneous permeability.
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Migration pathways in the overburden and the atmosphere.

Thefirst 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 awell (monitoring well)
Instrumentation at the (near) surface (surface geophysica methods)

Sampling at the (near) surface measuring CO» 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 CO, storage applications.

Reports and Publications

CO, Optimum Monitoring Methodology, R.JArts& P. L. A. Winthaegen, Netherlands Institute
of Applied Geosciences TNO, Report NITG-02-229-B, 23 December 2002.

The final report was presented in Appendix A of an earlier report.
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2.4.4 Hyperspectral Geobotanical Remote Sensing for CO, Storage

Monitoring
Task -4.4 - Measurement and Verification
Principal Investigator: William Pickles
Technology Provider: LLNL

Highlights

A remote hyperspectral monitoring technique, which uses the reflectance of sunlight from plants
and geological formations to detect changes induced by CO, leaks, has been tested at two
locdities: 1) Mammoth Lake., CA (satellite detection of natural volcanic CO, emanations) and 2)
Rangely Fidd, CO (aeria detection of CO, leakage from a 15 year CO, EOR operation).

At the heavily vegetated Mammoth Lake locality CO»—stressed plants including tree kills mapped
remotely by the hyperspectral technique are corroborated by ground-based observations.

At high desert Rangely ailfield locality, there are indications that potential CO, leakage might be
monitored by repeated surveys of “habitat” distributions (assemblages of two or more plant

species with associated soil types). The prospects for remote detection of CO, leakage from
Rangely may be limited, however, as soil gas surveys show that such leakage is negligible.
The principle utility of this large area coverage technique appears to be detection of long term,

low level CO, leakage that subtly changes “habitat” or short term or high level CO, leakage rates
that result in plant stress or mortality.

Summary

The objective of this project was to develop a remote (satellite or aerial) method of mapping for CO2
leaks indirectly by detecting changes in plants or by mapping hidden faults that serve as pathways for

potential CO, leaks, over the entire area above an underground formation being injected with CO».
Hyperspectral geobotanical remote sensing was applied by satellite to Mammoth Lake, CA and the
Rangely Oil Field, CO. Detailed maps developed of soil types, plant species, plant health, water

conditions, and human activities were used in attempts to infer the location and magnitude of CO,
leakage.

These maps established an environmental and ecological baseline against which any future CO»
leakage effects on the plants soils and water conditions could be detected and verified.

Signatures that may be subtle hidden faults were noted. If confirmed these faults might provide
pathways for upward CO, migration.

Andysis of the detailed maps allowed the identification of plant types and plant ecologies which
could be used to detect long term, low level CO; leaks by changesin ecological balance aswell as
short term, high concentration leaks that would be noted by changes in plant health.

The technique uses commercially available remote sensing technology and newly devel oped
analytical techniques to provide a reliable and reasonable cost method of long term monitoring.

It is not known what concentrations of CO, in the vadose zone and over what time frame the reflectance
of various plants will be affected. Thiswas cited as the basis of future work.

The hyperspectral geobotanical satellite and aerial surveysidentified current interpretive limits for the
application of this technology to CO, leak detection. The high cumulative flux of CO, at the well-
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vegetative Mammoth site was easily quaified using plant stressindicators. The Rangely Field is located
in an arid region and has been shown by soil gas surveys to have avery low to nil net CO, flux. The
hyperspectral method could not, therefore, directly detect CO, leakage but the potential exists for long
term detection of “habitat” changes due to CO, leakage through repesat surveys. Further interpretive work

on hyperspectral bands sensitive to soil microbe changes (from CO, and methane) and their direct
corroboration with soil gas survey data might be a more economical and time saving approach to this
problem.

Reports and Publications

William L. Pickles, Geobotanica hyperspectral remote sensing of V egetation Responses to CO;
L eakage From Underground storage formations, CCP SMV International Meeting, GFZ,
Potsdam, Germany, October 31, 2001

William L. Pickles, Finding hidden faults above and Vegetation Responses to CO> L eakage from
Underground storage formations, CCP SMV International Meeting, University of California
Santa Cruz, October 21, 2002,

William L. Pickles, LLNL, Wendy A. Cover, UCSC, Donad C. Potts, UCSC, Brigette A Martini,
HyVista Corp, Possible CO, Leakage Monitoring and Verification. Finely Detailed Habitat

Mapping Using High Resolution Hyperspectral Imagery At the Rangely CO, USA, EOR fidld,
CCP SMV Internationa Meeting in Dublin Ireland, September 21, 2003

William L. Pickles, Hyperspectra Geobotanical Remote Sensing for CO, Storage Monitoring,
CO, Capture Project - An Integrated, Collaborative Technology Development Project for Next
Generation CO, Separation, Capture and Geologic Sequestration, Semi-Annua Report, 2.4.4,
July 14, 2003

The project fina report isin Appendix A under the same heading as this summary.
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2.4.5 Long Term Monitoring And Verification Using Noble Gas | sotopes

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 actua CO»

storage setting were calculated. Cost estimates relative to total CO» storage costs and CO, “taxes”
were derived.

The distinct elemental and isotopic composition of the noble gases present in the injected CO,
can be used as noble gas tracers of the EOR process. The 15 samples collected from the Mabee
field show a good spread in CO» 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 smulations of noble gas transport were produced. These form the basis of a noble gas
monitoring strategy.

This project is faced with magjor 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 CO, storage sites;

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

3) Screen brine aquifers or smilar formations for suitability for CO, storage; and
4) Provide a mechanism for fingerprinting injected CO> s0 that the source and ownership of leaking
or migrating CO_ can be identified.
The project is comprised of three basic components:

Coallecting and analyzing noble gas isotopes accompanying both injected and recycled CO, 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 CO, will be spiked with

identifiable noble gas isotopes; recycled CO, 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/CQO; injection.

Develop a NUFT-C computer model of noble gas tracers migrating upward through the crust
from aleaking CO, 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 (especialy the
Mabee EOR field) for the purpose of development of a NUFT-C prototype numerica mode of
noble gas migration in crustal media. Thiswill form the basis of a monitoring strategy for CO;
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 fidld. it is clear that the distinct elementa and isotopic
composition of the noble gases present in the injected CO, 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 CO, give smilar results, the signal at xenon (fission xenon - primarily 134X e and

136X e€) 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 away asto alow expedient incorporation of heterogeneity in the second
set of model runs.

Initial smulations 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 Glasdey, W.E., Noble gasisotopes for screening, verification, and

monitoring at CO, storage sites, JP CO, 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 CO; storage sites, JIP CO, Capture Project Workshop: “Building the SMV Family
of Technology Providers’, Santa Cruz, Cdifornia, Oct 21-23, 2002. (presentation)
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2.4.6 Monitoring Geologic Sequestration with Satellite Radar | nterferometry
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 CO» 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 alowing 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 CO» injection into reservoirs. The advantages of this technology
would include high spatial coverage (20 m postings over alarge ared), 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 amode 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 CO», 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 propertiesis 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 numerica figure was put forward.

The authors concluded that given the ERS radar system parameters a sensor baseline could be established.
Differentia INSAR can be used to detect small surface deformation signals due to CO, sequestration.
Future work proposed identifying CO» 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 Mesting (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.
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2.4.7 Measurement Techniques For the Detection of L eaks From

Underground CO; 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

Major atmospheric CO; fluxes are easily detectable by the eddy covariance method if they are
less than a few kilometers upwind of the measurement tower.

Minor CO; fluxes (1% of 100 million tons of CO; lost evenly over 100 years through a 0.1 square
km patch) may also be detectable by the current generation of equipment.

Minor CO» flux emissions are of the order of biologica CO» flux variability (related to diurna
photosynthetic and respiration cycles) and so require knowledge of the background biological
signa in order to properly assess the CO» flux readings.

The method depends on the presence of substantial atmospheric turbulence (which occurs about
75% of the time) and so is appropriate for long-term monitoring but cannot replace point
concentration monitors near wellheads to warn of sudden major lesks.

Summary

The eddy covariance technique involves continuous atmospheric measurements of both CO, mixing ratio
and atmospheric winds from atower platform. Equipment is robust and commercidly available, and the
methodology is well-established.

The upwind distance sensed is typicaly 10-100 z,, where z,is the measurement height, and the cross-
wind extent of the measurementsis of the order of the upwind distance. Thusa 10 m high tower would
detect fluxes from an upwind distance of 100 to 1000 m, and an area of order 0.1 to 1 km®. Typicd
applications of this methodology result in fairly continuous hourly or half-hourly measurements of
ecosystem-atmosphere exchange over these areas. The measurement works best under well-mixed
atmospheric conditions, which occur on a daily basis, often for a mgjority of the day.

The ability to detect leaks from geologic CO, reservoirsis assessed by comparing expected leakage rates
to typical ecological flux rates. While the character and magnitude of ecological fluxes are well
established, reservoir leakage rates are uncertain. Fairly conservative estimates based on ensuring the

economic viability of CO, sequestration are constructed. It is shown that the leakage rates under these
assumptions would range from 1 to 10" times the magnitude of typical ecological fluxes. The flux
measurement areas can readily encompass the assumed leakage areas (10 to 10° ). Thus we conclude

that this approach shows promise for the monitoring of leakage from underground CO, storage facilities.

Future work should include active tests of the eddy covariance method for detecting release-related CO2
fluxes. For example, once a site is characterized with respect to its biological CO» flux variability, a
planned CO release could then be initiated and the response by the eddy covariance measurement towers
determined. This portion of the assurance process should be performed at a well-characterized site remote
from human populations.

Reportsand Publications

CCP-SMV 2003 Workshop, Dublin
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Davis, K. J,, P. S. Bakwin, C. Yi, B. W. Berger, C. Zhaos, R. M. Teclaw, and J. G.
Isebrands, 2003: The annual cycles of CO, and H,O exchange over a northern mixed
forest as observed from a very tall tower. Glob. Change Biol., 9, 1278-1293.
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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 CO» 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 technica specidists
interested in geological sequestration of CO» and the IPCC.

2) A technical review article focusing onthe principa 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 CO, 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 officias, 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.

The CCP has arranged publication of atwo volume set of the CCP s results in book form by Elsevier
Science. The s, to be published by the end of 2004, will include virtually all the topics included in the
CCP program as peer-reviewed technical papers, section summaries and analyses, and the economic
modeling results for each of the cases. The set will provide a single source for all segments of the CCP
irregardless of funding source.

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 PIsto
vet their work among themselves and before the SMV team and externa experts. Thiswill allow modest
adjustments to be made before project completion. The workshop will aso 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 thistask is to develop abook (edited volume) and several overview articles based on
results from the SMV team of the CO, 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 specidistsinterested in geologic sequestration, NGO's, regulators,
government officias, opinion makers, and the genera 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 specidiststo the public. Table 9 matches the audience to the type of publication.

Table 9
Suggested products from the SMV Team for dissemination of results.
Audiences Product Description

. Technical staff fromthe | Publication #1. Large compilation of Peer reviewed, high quality technical
member comp anies of technical papers (20-30 pages each) from | document. Suitable for citation by the
the JIP all of the projectsin the SMV; prefaced IPCC special study. Published as a

. Technical specialists by an executive summary. book from awidely respected scientific
interested in geologic society.
sequestration

- Scientists and engineers | Publication #2. Technical review article, | Technical article to be published in
being introduced to 20-30 pages long. Focused on major areas | widely distributed technical journal
geol ogic sequestration, of the SMV, risk assessment, storage (e.g. JPT, QOil and Gas Journal).
regulators optimization, storage integrity and

monitoring and verification.

- NGOs, regulators, Publication #3. Technical review article, | Articlefor abroad audience published
government officials, 20-30 pages long. Introduction to in awidely read journal such as
public with aninterest in | geologic storage followed by a Scientific American or the equivalent.
science and technology, | description of the major areas of the SMV
press project, risk assessment, storage

optimization, storage integrity and
monitoring and verification

- Government officials, Publication #4. Short “ State of the Short article for high impact scentific
scientific opinion Technology Article” (3-5 pages) for journal (e.g. Science or Nature).
makers, NGOs, scientific | highly influential scientific audience and
press government leaders.

- General public, NGOs, Publication #5. Brochure or pamphlet on | Hard copy & web-based description of
press, educators, geologic storage that highlights the geologic storage targeted to a non-tech
regulators being contributions of the CCP JIP. audience. Emphasis on contributions
introduced to the of the CCP to geologic storage.
technology Emphasize benefits of technology.

The following outlines the deliverables for the project:
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Publication #1. Prepare an executive summary, introduction and conclusions that would introduce
and summarize a compilation of al of the mpers for each of the SMV projects. Organize and
oversee a peer review for al of the fina papers delivered to the SMV team.

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
specidists interested in geologic sequestration (eg. JPT, Oil and Gas Journa, or others at the
suggestion of the SMV team).

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 awidely available journa for broad audience (e.g. Scientific American or others at
the suggestion of the SMV team).

Publication #4. In consultation with the SMV team, prepare a short “ State of the Technology” paper
(approximately 35 pages) based on the results of the SMV teams work. Submit to a highly
prestigious journal (e.g. Science or Nature).

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

Reports and Publications

None.
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2.5.2 SMV Workshop — Dublin, Ireland, September 22-24, 2003.

Highlights

The fourth annual CCP-SMV Workshop, held in Dublin, Ireland on September 22-24, 2003, drew
45 CCP members and researchers and externa experts and JIP representatives.

The presentations, organized by SMV categories “integrity”, “optimization”, “monitoring” and
“risk assessment”, were given over five half day sessons. Thefina haf day session entailed
breakout groups discussing research and collaborative needs in geosciences, engineering, risk
assessment, monitoring & verification, inter-JIP collaboration & benchmarking and policies &
incentives / economics.

The presentations were of good quality and opportunities were made available for the participants
to offer feedback. The breakout sessions were useful in identifying technology gaps and
tentatively establishing collaboration relationships.

Summary

The 2003 CCP-SMV Workshop, held in Dublin (September, 22-24), drew 45 participants including
contracted researchers, CCP representatives and leaders of other JPs. The CCP program is co-funded by
the US DOE (NETL), The EC and the Norwegian Research Council (Klimatek program).

The research presentations were of high quality and for the most part showed excellent progress towards
the final deliverables. With the "integrity" studies, aframework is now in place for assessing the
suitability of prospective CO, storage sites. With the "optimization” studies, CCP has documented
specific operational data and models that can be applied to pilot, demonstration and commercial CO2
storage projects. The “monitoring” technologies presented, although unconventional, will likely
complement more conventiona approaches with further development. Risk assessment has advanced to
where systematic datasets are available to test selected scenarios.

In addition to the research reports, the Workshop included overviews of other JPs (IEA Weyburn and
CO,CRC) and presentations on active and planned CO, sequestration projects (Sleipner, Weyburn, In
Salah, Gorgon and US pilots).  Inthe half day topical session, breakout groups addressed issuesin
geosciences, engineering, monitoring & verification, risk assessment and inter-JIP collaboration.

The conference was viewed by many as a unique opportunity to build collaborative relationships among
major CO; sequestration JIPs. For the SMV team, the conference was essential to assess needed work to
complete the CCP-SMV project and to identify needs for future research.

Among the recommendations received, the following is excerpted from Vello Kuuskraa's (President AR
and CCP Technical Advisory Board Chair):

1. Implementing a Formal "Peer Review" Processin Addition to the Information
Exchange Workshop. A true "peer review" function would provide an opportunity
for more in-depth examination of the research findings and results, beyond what
can be accomplished by a Workshop or by limited SMV project management. In
the capture portion of the CCP, such "peer review" is provided by the severd
Carbon Capture Team Leaders as well as by the Technical Advisory Board.

2. Creating Additional Sub-Teamsfor Distinct VIV Areas/Each With a Formal
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Team Leader. The SMV areais much more diverse and specidized than

originally assumed. At least four distinct areas have emerged, including: (1)
Reservoir Integrity; (2) Storage Optimization; (3) Monitoring and Verification; and,
(4) Risk Assessment. (These four topics served as an excellent organizing

structure for the recent SMV Workshop.) As such, the SMV structure could begin
to resemble to CCP CO, Capture structure where a company-designated Team
Leader would head each of the four distinct SMV areas. This structural approach
would also provide greater management oversight for individua projects and
would lead to greater project-to-project coordination.

3. Achieving Greater Coordination Among the Capture and SMIV Teams. A number
of approaches could be used to achieve this highly desirable and valuable

objective, eventualy leading to lower overall CO, capture and storage costs.

One approach would be periodic meetings among the Capture and Storage

Team Leaders to discuss CO, purity specifications as well as the cost impact of
capturing and storing co-pollutants (i.e., SOx, NOx). Another approach would be
to include a capture and storage optimization function within the common
economic model to address the issue of CO, purity and co-products.

4. Including Resources for Workshop Attendance and Pl Presentationsin Future
Research Contracts. Future research contracts between SMV Technology
Providers and the CCP should specify aline item budget for attending SMV
Workshops and should require that the Pl provide the SMV presentation at these
Workshops. This would preclude some of the "budget tightness' problems
common at the end of a project.

5. Installing a More Rigorous "Before the Fact" Planning and Priority Process for
Future SMV Projects The current SMV Program evolved from a combination of
CCP-identified gapsin SMV technology and research and from the "good idess"
in the proposals from the SMV Technology Providers. This process served the
initial phase of SMV research reasonably well. Now, however, the research and
knowledge process is further advanced, enabling new SMV research to focus on
priorities and not just gaps. The three high priorities identified during the
"breakout session” (listed previously) and the suggestion for a highly

instrumented field storage site (field laboratory) are steps in the right direction
toward planning for high impact SMV research for Phase |1 of the CCP.
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3. Technology Screening
Task - 0.3 - Develop & Apply Common Economic M odel

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 atruly
consistent comparison of all technologies and all scenariosis 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 potentia 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,
CO, captured & emitted etc.). Capital and operating expense estimates for each case were prepared as
input to and analysis by the Common Economic Modd (see below). Design and costs were benchmarked
against the basdlines 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 Modedling

Task - 0.3 -Develop & Apply Common Economic Model

Highlights:

Economic modeling results from al the engineering studies performed under the CCP project are
being consolidated in areport and are receiving intense scrutiny by team members.

The final economic modeling results will be issued with the next progress report (August 2004)
and fina project report (October 2004).

Summary:

A primary objective of the CCP is to devel op technologies that can be applied in various commercia
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 CO, mitigation was estimated. Wildly varying numbers were published and used throughout
the CO, mitigation community. Consequently, CCP set an early goal to develop atransparent and
straightforward way to estimate the full cost of CO, 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.

The Common Economic Modd (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 modd isto establish best estimates of COzavoidance costs to enable economic
decision-making. All CO; costs are calculated as normalized differential s between the capture and non-
capture cases. The target for each modd run is to establish the lowest cost per tonne of CO, avoided and
to calculate the cost of CO, captured. The definitions of those two terms are;

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

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

Thefirst version of the model was peer reviewed by two independent advisers (Ed Rubin, Carnegie
Méellon University, and Howard Herzog, MIT.) Following that peer review, a smplified version of the
model (CEM Compact) was developed and was used to support the technology screening effort.

Early cost estimation: The basic approach was to test CO,-capture technologies for application in the
CCP scenarios. The resulting Scenario-Technology (S-T) matrix contains ST cases to be evaluated for
cost to allow fair and consistent economic comparisons. The CCP technology program includes alarge
number of technologies completed by numerous suppliers. As each project is completed, the externa
technology suppliers established cost estimates for their technologies. CCP is evaluating new capture
technologies for application in the CCP scenarios that include costs of al integration activities such as:
energy/ utility supplies, transportation/ logistics, various site costs, etc. The CEM team uses the results
from the technology provider reports in the common economic model to make its estimates of overal
CO,, capture cost.

Final Cost Estimation: The dilemma facing the team and the reason that its results are delayed is that
the technology development projects were finished in the past month (January 2004). The economic team
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must receive, enter, calculate, evaluate, and iterate with the technology development teams to ensure that
the results are being used correctly. A very necessary internal peer review is completed with additional
adjustments and corrections following. This process, intended to ensure excellent results, istime
consuming. As this report is being written, certain results are being hotly debated within the team and are
not yet resolved. In general, the largest cost reduction potential is being found in the pre-combustion
decarbonization (PCDC) area and in the oxyfud chemical looping area.

Reports and Publications

None.
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4.10 Cost Evaluation of Selected Scenario Technologies

Task 5.0 - Project Management, Reporting, and Technology Transfer
Technology Provider: Fluor Federal Services.

Highlights

Three selected pre-combustion technol ogy/scenario combinations were evaluated by Fluor acting as a
common cost estimator to alow for consistent economic evauation by the Common Economic Modeling
Team.

Summary

The technology-scenario combinations were:

Membrane Water Gas Shift(WGS) for a UK refinery. Technology scope supplied by Eltron
Research, SOFCo and Fluor;

Ceramic Hydrogen Membrane Reformer for a Norwegian power plant. Technology scope
supplied by Norsk Hydro;

Sorption Enhanced WGS for a distributed gas turbine gas compression plant in Alaska.
Technology supplied by APCI.

Three caseswere cost evaluated, two supplied by external technology providers, one supplied by Fluor's
process department. The sequence was determined by the availability of the technical data. The first draft
report was thoroughly discussed for content and allowed Huor to revise a few assumptions and improve
on the cost-consistency of one of the cases. Direct communication between Fluor and CCP cost estimate
experts on cost attributing factors and in particular on the breakdown of specific equipment costs
contributed to the consistency and understanding of the cost evaluations that are so useful in the early
stages of technology devel opment.

Reports and Publications

Two draft reports were received and are under evaluation.
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5. Technology Advisory Board

Task -5.1 - Project Management

Highlights:

The Technology Advisory Board (TAB) met to review CCP progress on Economic Modeling 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 isan integra 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.
Theroles 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 aHigh 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)
Dde Simbeck (SFA Pecific)
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 Technica Advisory Board held atechnical review meeting a 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 CO, 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 materias 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
aternative CO; capture technologies.

R provides the ability to perform sensitivity anayses on the impact of key variables, such as the
future price of ail, 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 evauators 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. (thef-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 CO» 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 technol ogies 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 aternatives.
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.

Reportsand 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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Refer ences

Each subproject report includes appropriate references for the work being discussed. The summariesin
this report refer the reader forward to the actual work documents included in the appendices to find the
literature references.
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