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Abstract

This LDRD-DR will develop and enhance the science and technology needed to safely and effectively sequester carbon dioxide (CO2) in geologic formations for the long term.  There is consensus in the scientific community that increased levels of greenhouse gases such as CO2 are adversely affecting the global environment as evidenced by recent trends in global warming and dramatic changes in weather patterns.  Geologic sequestration represents an immediately available, low-cost option for mitigating the global environmental impact of CO2 by removing large amounts of the gas from the atmosphere.  The main limitation of this approach is the limited knowledge of the fundamental science that governs the physical and chemical behavior of (supercritical) CO2 during and after injection into the host geologic environment.  Key scientific issues revolve around determination of the ultimate fate of injected CO2 which is governed by permeability/porosity relations in the multi-phase CO2-brine(-oil) systems as well as the reactivity and integrity of the host rock. We propose a combined experimental and theoretical investigation to determine key parameters and incorporate them into coupled microscopic and macroscopic numerical CO2 flow and reaction models. This problem provides an excellent opportunity to utilize unique LANL resources including the Supercritical Fluids Facility (SCRUB) for dynamic (flow-through) studies of supercritical CO2  (scCO2); LANSCE for microscale investigation of pore structure and reaction products; and hydrothermal reaction laboratories for long-term flow and reaction studies. These facilities will allow us to obtain crucial experimental data that could not be easily obtained at any other research facility in the world.  The experimental data will be used to develop and validate coupled flow and reaction models that build on existing state-of-the-art modeling capabilities in EES, T and D Divisions.  Carbon sequestration is an emerging research area in which federal funding has grown significantly over past years.  Together with existing applied, small carbon sequestration projects funded by DOE, this proposed LDRD project, focusing on fundamental issues of long-term geological carbon sequestration, will put the laboratory at the forefront of carbon sequestration science/engineering and in a unique and advantageous position to develop future major programs in this area.

Funding Request: This DR is intended as a three-year, $1.384M/yr effort.
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Science of Geological Carbon Sequestration

Integration of Experimentation and Simulation

Introduction
[image: image1.wmf][image: image2.wmf]The Intergovernmental Panel on Climate Change (IPCC) predicted in its 1995 “business as usual” energy scenario that the global emissions of CO2 to the atmosphere would increase from 7.4GtC (Giga tons, or billion tons, of carbon) per year in 1997 to 26GtC/yr by 2100, resulting in a doubling of atmospheric CO2 concentration by the middle of this century. There is consensus in the scientific community (e.g., Science [1]) that increased levels of greenhouse gases such as CO2 are adversely affecting the global environment as evidenced by recent trends in global warming and dramatic changes in weather patterns.
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In February 2002, President Bush announced the Global Climate Change Initiative, committing the nation to cut greenhouse gas intensity (the ratio of greenhouse gas emissions to economic output) by 18% over the next 10 yrs. To achieve this ambitious goal, the President ordered the development of a National Climate Change Technology Initiative (NCCTI) to pursue advanced, cost-effective technologies.

There are three major carbon sequestration options currently under DOE evaluation (Fig. 2): Sequestration in the ocean, in terrestrial ecosystems, and in geologic formations. Although the ocean represents the largest potential sink for CO2, this option is the least understood in terms of its sequestration mechanisms and environmental impacts. Terrestrial sequestration is achieved through enhanced natural processes and is hence desirable. However, the total capacity of this option is estimated to be small (1.5-2.0GtC).

[image: image4.wmf]Disposal of CO2 in geologic formations represents the most promising near-term solution to the problem of long-term carbon sequestration [2]. The reasons are as follows: 1) The global capacity of geologic formations is large enough to store many decades or centuries worth of emissions. Table 1 shows some conservative estimates of CO2 storage of domestic geologic formations. For example, the storage capacity in saline formations is estimated to be 5-500Gt in the U.S. and 320-10,000Gt of CO2 globally. 2) Geologic formations are widely available and in close proximity to power generation plants, from which one third of U.S. CO2 emissions come. There are about 600 power plants sitting above deep saline reservoirs and 32 plants within 50 miles of existing or planned enhanced oil recovery (EOR) fields. 3) The geologic formations have a proven record for storing oil, gas, coal bed methane, or natural CO2 over geologic time periods. 4) The petroleum industry has already developed the necessary technology for injecting CO2 in these reservoirs through its EOR program. 5)  Enhanced oil, gas, or methane production from the respective oil, gas reservoirs, or coal beds due to injected CO2 provides an economical incentive to partially offset the sequestration cost.

[image: image5.bmp]This proposed LDRD/DR research focuses on fundamental issues associated with sequestering CO2 in depleted oil reservoirs and saline (brine) formations. Oil reservoirs are estimated to have capacity to store several years worth of CO2 emissions. The necessary surface and downhole infrastructure is already in place for injecting CO2 into depleted oil reservoirs. If not damaged during production, the structures of oil reservoirs that trapped oil for a geologic timeframe may also be capable of trapping CO2. Therefore, sequestration in depleted oil reservoirs may be the nearest-term, cost effective option to be deployed. In spite of limited knowledge, injection of CO2 into saline formations represents a sequestration option of large potential capacity (Table 1, 500 GtC). Sequestration in oil reservoirs and saline formations is schematically illustrated in Fig. 3.  In these formations, the main CO2 sequestration mechanisms are structural trapping (due to low-permeability traps), solubility trapping (scCO2 dissolution into oil and water), and mineral trapping (reactions with minerals to form new, permanent mineral products). Viscous fingering, gravity segregation, miscibility, reaction kinetics, and possible leakage through natural/artificial pathways are some of the factors that may significantly affect the sequestration capacity as well as the fate and redistribution of injected CO2.

Outstanding Scientific Issues

The primary scientific issues for CO2 sequestration are significantly different than for CO2 flooding in EOR operations because of the large contrast in timeframes: several yrs (for flooding) vs. 100-1000s of yrs (for sequestration). For instance, a leakage of 1% per year may not be a concern for CO2 flooding, but it is unacceptable over 100s of yrs for CO2 sequestration. The key research issues related to the viability of geologic sequestration revolve around the ultimate fate of the injected CO2 and include the following:

1. Can the leakage rates from a CO2 storage reservoir and their potential impact be estimated? Slow leakage of CO2 to overlying subsurface formations may be inconsequential or even beneficial (e.g., if to other deep saline aquifers). On the other hand, slow leakage to the atmosphere would be unacceptable. A highly accurate reservoir-scale numerical model that incorporates all of the primary flow, transport, thermodynamics and chemical reactions is required to evaluate such leakage scenarios. 

2. What are the relative permeability relationships among scCO2, brine, and oil? At reservoir pressure and temperature, CO2 will be injected as a supercritical (scCO2) fluid (critical point = 31(C and 74 bars) that is immiscible with both brine and oil, leading to complex two- and three-phase permeability relations that are essential to understand and predict multi-phase flow but are not well reported in literature. 

3. [image: image6.bmp]How is the host environment (sandstone or limestone reservoirs) affected by injection of scCO2 (changes in porosity, permeability, and mineralogy)?  Dissolution of scCO2 into brine creates an acidic solution that will be out of equilibrium with the host rock. For example, Fig. 4 shows the formation of wormholes in limestone cores resulting from brine-CO2 injection in a flow-through experiment conducted by our external collaborators at NM Tech. Innovative experimental and simulation approaches are needed to understand and predict the formation of wormholes. More generally, under what conditions do the wormholes occur and how do they develop? How does dissolution-precipitation affect reservoir permeability and porosity and hence the injectivity and the sequestration capacity of the reservoir? What numerical methods are required to simulate phenomena such as wormhole formation in two- or three-phase fluid environments? 

4. [image: image7.bmp]What are the predominant reactions and reaction rates at the reservoir conditions? Does CO2 react with the rock matrix at a reasonable rate to permanently trap the CO2?  Do the reactions plug the preferred flow paths, especially fractures? Reactions among multi-phase fluids, carbonate and silicates are intimately coupled [4] and not as simple as has been depicted in the literature. A combination of flow-through and batch experiments will be required to determine effective reaction rates required for numerical models for geochemical reactions in CO2 reservoirs.

5. How permeable are the materials (shale and cement grout) that trap the CO2 in the reservoir? Can scCO2 negatively modify these sealing materials?  Our experimental work shows that the mutual solubility of scCO2 and H2O enhances chemical reaction with caprock materials (Fig. 5).  Such chemical reactions, depending on volume changes and material transport, may either introduce higher permeability channels or effectively seal existing pathways for CO2 migration.

6. How certain are the answers to these questions?  Confidence will be built by application of numerical models for reservoir performance and formal uncertainty quantification approaches to simulation of CO2 injection sites (short-term behavior, e.g., Hobbs, NM) and natural analog sites (long-term behavior, e.g., Bravo Dome, NM). 

Science and Technology Objectives

Effective sequestration of CO2 and assurance of public safety from escaping CO2 require accurate prediction of long-term behavior of CO2 in the subsurface. Our proposal will provide the experimental data and numerical codes necessary to calculate the long-term fate of CO2 after injection into depleted oil or saline/brine reservoirs.  To arrive at this objective, our proposal will focus on the key technical and knowledge barriers to understanding the migration and storage of CO2 in typical reservoir environments. 

The injection of scCO2 starts in a reservoir with readily characterized permeability, porosity, fluid-phase distribution (brine or brine + oil), and mineralogy. The unknown is how the reservoir responds to CO2 in terms of changes in these basic properties. Our experimental approach will use dynamic flow-through and static batch methods at the core-scale to derive relative permeability relations for CO2, oil, and brine with an emphasis on identifying heterogeneous behavior such as viscous fingering, wormhole formation, or flow-path partitioning of fluids. The experiments will yield fundamental data on mixed fluid-rock reactions and on the role of mineral precipitation and dissolution in modifications to permeability and porosity as well as in the permanent sequestration of CO2 as precipitated carbonates. We will also determine the permeability and reactivity of scCO2 to the caprock (shale) that provides a barrier to CO2 migration as well as to the cement grout that seals the wells penetrating this caprock. These measurements will provide the basis for calculations of the long-term integrity of the reservoirs. 

The experimental data will be integrated into a two-level simulation approach that will be used to study the interaction of scCO2 with geologic media, the long-term fate, and the potential impact of failures.  Experimental analyses of these long-term behaviors are not possible with relatively short-term laboratory experiments. They can however be studied effectively with comprehensive numerical models that incorporate the underlying physics that is identified through detailed experiments. Pore network and lattice Boltzmann (LB) models will incorporate the microscopic experimental results to simulate interactions at the pore scale and to develop constitutive relationships to use for modeling at the macroscopic scale. At macroscopic scales, coupled hydrodynamic, thermodynamic, and geochemical simulations will be used to study migration of CO2 and its interaction with the host media when large amounts of CO2 are injected. Numerical models will be built on existing LANL codes that represent the state of the art and are extensively used in the Yucca Mountain and Hanford Site Projects to study underground nuclear waste storage. The models will be refined with the data from macroscopic experiments and will incorporate the effect of parameter uncertainties (Zhang [5]) on the long-term environmental impact of disposed CO2. Integrated experiments and simulation will cover the behavior of scCO2 in the most common rocks and fluid systems present in depleted oil reservoirs and saline aquifers (sandstones, carbonates, and shales with brine or brine plus oil, Table 2).

Table 2. Experiment and Simulation Matrix.

	Focus
	Experiments
	Simulation

	
	Rocks/Materials
	Fluids
	

	Reservoir
	Sandstone

· quartz-rich or feldspar-rich

· calcite or silica cement

Carbonate

· limestone

· dolomite
	2-Phase: scCO2-brine

3-Phase: scCO2-brine-oil
	Pore-scale 

· pore network

· Lattice Boltzmann

· Mineral reactions

Core-scale 

· Hybrid model

Reservoir-scale

· Continuum 

	CO2 Traps
	Shale (caprock)

Cement grout
	2-Phase: scCO2-brine
	


The experimental and modeling results will be validated by applying the two-level simulation approach to field sites:  1) The Hobbs, NM CO2 injection experiment; 2) large-scale CO2 EOR field sites where data are available; and 3) Bravo Dome, NM, a naturally-occurring CO2 reservoir. The CO2 injection sites will test the model’s short-term predictive capability (e.g., time-dependence of injection pressure, fluid migration, etc.). The Bravo Dome site will test the model’s long-term predictive capability (e.g., reservoir mineralogical changes, leak rates, etc.). The Hobbs injection experiment is the first U.S. field CO2 sequestration demonstration project funded during FY00-03 through DOE; LANL is one of the lead organizations [6]. While this project focuses on field injection and monitoring the migration of injected CO2, it provides a valuable data set for calibrating and validating the models to be developed in this proposed DR. Bravo Dome, NM is the world’s largest and purest known natural CO2 reservoir. The reservoir is mainly in sandstone, one of the primary formations considered for geologic sequestration of CO2. The field has been in operation extracting CO2 for commercial uses since 1931 and has more than 300 exploration/production wells [7]. A large amount of data, such as formation properties and water chemistry, have been filed with NM Environmental Department and are thus available to us. We will also have access to some actual cores and fluid samples, on the basis of which we will perform detailed measurements, analyses, and simulations. This natural reservoir provides a unique window for understanding CO2 behavior for a geologic timeframe and its long-term impacts to the host environment.

We anticipate that our innovative, integrated experimental and modeling approach will yield the most accurate and robust numerical analysis of CO2 repository performance. Our experimental focus on actual measurement of CO2 injected into brine- or oil + brine-saturated cores will provide a unique set of observational benchmarks to guide model development. Our two-level simulation approach will give us the required ability to incorporate the effect of microscopic processes into a reservoir-scale flow and reactive transport model. 

R&D Approaches 

Experimentation

The experimental focus of the proposal is the identification and measurement of the key parameters affecting the migration and permanent storage of CO2. A combination of flow-through (dynamic) and static (batch) experiments in which reservoir and caprock materials are exposed to scCO2 will be used to determine relative permeability of CO2, brine, and oil; dominant modes of CO2 migration via viscous fingering, wormhole formation, diffusion, etc.; mineral reactivity in reservoir rocks as it affects permeability, porosity, and permanent sequestration via precipitation of carbonates; and the permeability and integrity of the caprock used for hydrodynamic trapping and the cement grout used for sealing wells. These data will provide direct inputs for the proposed simulation studies and direct evidence for answering  “how well will geologic sequestration work?”.  

Flow-through (Dynamic) Experiments. The injection of scCO2 into core samples (Table 2) will be conducted at the Supercritical Fluids Facility (SCRUB) and C-INC to study 2-phase fluid interactions and at The Petroleum Recovery Research Center (PRRC) at New Mexico Tech for 3-phase fluid studies. High-pressure equipment and expertise resides at all locations for small-scale (10mL vessels) to large-scale (70L) experiments.  In addition, the SCRUB is a unique facility with extensive analytical capabilities for exploring the interaction of scCO2 with a wide-range of materials including cement grouts and rocks [8,9]. The PRRC is a national leader in studies of 3-phase (CO2-oil-brine) permeability relations in secondary oil recovery. In all cases, the cores will be characterized for initial permeability, porosity, and mineralogy. The cores will be sealed, and scCO2 or scCO2-brine mixtures will be forced through the core. Permeability will be determined from a measured pressure drop across the core length. Relative permeability will be determined from the relative rate of fluid movement in the cores. Measured changes in permeability will provide important constraints for model development. Viscous fingering will be evaluated from permeability measurements and from mineral reaction textures. In addition, we propose to permeate selected cores with organic CO2-soluble dyes and examine core-sections to determine CO2 flow-paths. Fluid samples will be taken from taps installed along the length of the cores. The fluid chemistry will provide constraints for the development of the geochemical reaction models. In addition we propose to install in-situ high-pressure devices to monitor particle size, pH, conductivity, and solution chemistry.  

Long-term (Batch) Experiments. The low temperature of most potential geologic reservoirs implies slow mineral dissolution and precipitation rates. To evaluate reactivity in scCO2-brine-reservoir-caprock system and identify key reactions for long-term performance calculations, a suite of batch experiments will be performed at the hydrothermal laboratory in C-INC.  We maintain a set of flexible cell hydrothermal systems capable of experimental investigation of fluid-mineral reactions to greater than 350ºC and 1kbar with in-situ fluid/gas sampling capability [4]. The interface between scCO2 and brine in a carbon repository may exhibit large gradients in chemical potential and, consequently, will display the greatest reactivity.  Experiments will probe these potential reaction fronts by evaluating reservoir and caprock core positioned at the boundary between brine and scCO2. Paired experiments will provide fluid samples to monitor reaction progress without perturbing the interface.  Additional experiments will compare reactivity of reservoir and caprock with acidified brine (that coexists with scCO2) and directly in scCO2. Initial experiments may be of higher temperature (~200ºC) and shorter duration (3-5 months) to leverage existing work [4] and to maximize reaction rates under realistic (but more extreme) conditions. Subsequent experiments at low temperature (~100ºC or less) and long duration (up to 12-24 months) will track key reactions and rates identified in initial experiments and simulations. 
CO2-Induced Modification to Rock.  Changes in porosity and mineralogy of select cores will be evaluated by neutron scattering and tomography at LANCSE and UC Davis. These techniques will allow imaging of changes in porosity (e.g., wormhole formation) at scales greater than 25 (m and changes in mineralogy > 5%. Bulk changes in porosity and pore-size distribution will be evaluated from changes in mass of the core and with mercury porosimetry or an equivalent method. Qualitative and quantitative features of changes to porosity will be determined by using scanning electron microscopy (SEM) and image analysis. Post-experiment analysis of sections taken from the core and from solids will also be used to determine changes in mineralogy (via optical microscopy, SEM, and X-ray diffraction). These changes in mineralogy will be related to mineral reaction rates by normalization to surface area [10]. The permeability of CO2-trapping materials (shale and cement grout) both with and without fractures will be determined as a basis for calculating leak-rates from reservoirs. Cores of these materials will be examined for mineralogical changes, especially healing or opening of fractures. Compressive and tensile strengths will also be analyzed for these materials to determine the effect of mineralogical reactions on structural integrity. These data will augment our earlier work, showing that scCO2 may be beneficial to cement grouts by decreasing permeability and increasing strength [9]. However, these experiments need to be expanded to include the effect of brines, the age of the grout, shale caprocks, and reservoir formations. In addition to the analysis of the material parameters, the collected effluents from all experiments will be characterized. Standard properties of solution will be collected as outlined in the flow section with the ability to increase the range of data collection to elemental/chemical components. 

Field-Scale Analogues. The Hobbs, NM and other field CO2-injection sites, and the Bravo Dome CO2 reservoir, provide natural laboratories for validating the experimental and modeling results relative to encapsulation of CO2 at geologic time scales. We will analyze the significant amount of data (e.g., formation pressure, fluid chemistry, injection/withdrawal history, core characterizations, etc.) that have been collected for these fields.
Simulation
The role of modeling and simulation will be to incorporate the experimental data to develop an understanding of the long-term fate of CO2 in reservoirs.  Simulations will also be used to identify important processes that need to be studied in detail with experiments. A two-pronged approach will be used to understand processes at multiple scales.  Microscopic scale models will be used to simulate the physical and chemical interactions of CO2, reservoir fluids, and geological media and to derive constitutive relationships that control the flow behavior.  These constitutive relationships will be used in the coupled macroscopic models for simulating long-term behavior of CO2 in large-scale injection. Implementation of such models will require making full use of LANL’s high-performance computing capabilities and resources.  

Modeling — Develop models for microscopic interactions.  The microscopic modeling involves simulating interactions of CO2, reservoir fluids, and geological media at the pore-scale. The crucial aspect of the microscopic modeling will be incorporation and validation of the thermodynamic and kinetic data derived in the experimental portions of this project and development of upscaling strategies for deriving effective physical and chemical parameters needed for macroscopic modeling. Innovative, hybrid models that combine continuum and microscale processes will be needed for describing sharp reaction fronts. 

1) Develop pore network and LB models to gain insights into microscopic interactions. We will use an enhancement of the Lattice Boltzmann Permeameter (LBP) and pore network models for numerical modeling. The LBP technique was developed at Los Alamos and received an R&D 100 award in 1994. We will extend the model to account for diffusion and reaction in 3D pore geometries for multicomponent systems on the basis of LANL’s prior experience in 2D LB simulation of surface reactions [11-15]. We will simulate fluid flow, transport, and reaction processes with these pore-scale models on real rock geometries obtained by neutron tomography and SEM image analysis from actual cores used for experiments and integrate with experimental results. On the basis of the microscopic simulations, we will be able to investigate the change of physical and chemical properties of the rock due to dissolution/precipitation. We will also study the effects of pore-scale structures and processes on macroscopic coefficients (e.g., permeability, dispersivity, and reaction coefficients) and identify key microscopic parameters (e.g., pore-size distribution, diffusivity, and surface reaction rates) and predominant processes that control the macroscopic quantities.

2) Develop upscaling strategies for deriving macroscopic kinetic and thermodynamic models for the interactions. Develop macroscopic constitutive models for multi-phase flows and experimentally measure the parameters characterizing these models. We will develop upscaling strategies for deriving macroscopic kinetic and thermodynamic parameters for the complex system. The upscaling techniques derived from a previous LDRD/ER project (#99025) for non-reactive flows in porous media [14,16] will be evaluated and modified to account for the interplay of convection, diffusion, reaction, and pore-geometry evolution for reactive flows.

3) Develop an innovative, hybrid approach for modeling the dynamic process of wormhole formation. Two distinct models for describing flow and transport in porous media will be combined to account for processes at the pore and continuum scales. This approach is a hybrid algorithm, similar in concept to existing schemes used in fluid mechanical applications near sharp discontinuities (shocks and boundaries). In regions occupied by reaction fronts, a pore-scale (LB) model will be employed to account for heterogeneities at the microscale through computer-generated pore geometries on the basis of measured statistical quantities. Away from dissolution fronts in regions outside the front regions, a continuum scale model will be used, whose parameters are either obtained from lab experiments or upscaled from pore-scale models. The two models will be coupled across an interface, separating the front and continuum regions by matching average pressure and flux. The inhouse computer code FLOTRAN [17] will be used for the continuum-scale formulation. FLOTRAN is a multi-phase, multicomponent reactive flow and transport model that is applicable to variably saturated, nonisothermal systems. 

Modeling – Develop macroscopic simulator for predicting fate of disposed CO2.  Macroscopic models will be developed to study behavior of CO2 and host media when large amounts of CO2 are stored in the host formations. The two main issues studied will be long-term fate of injected CO2 and potential impact of escape of CO2 due to failure of natural barriers or migration along natural/anthropogenic escape paths such as faults or wells. 

1) Long-term fate of CO2 and host environment. To understand long term fate of CO2 and the host environment, it will be necessary to incorporate the coupled hydrodynamic, thermodynamic, and geochemical processes. For example in an oil reservoir, important interactions will include thermodynamic reactions among CO2, oil, and brine; geochemical interaction between CO2 dissolved in brine and reservoir rock; and migration of CO2 controlled by the physical characteristics of the reservoirs. We will develop models that will have the capabilities to represent all of these interactions. No numerical simulators are currently available that can effectively model simultaneous 3-phase fluid equilibria and geochemical interactions in oil reservoirs. We will utilize the existing codes in EES Division. These codes are developed to model flow and transport of contaminants in groundwater and have the capabilities required to represent geochemical interactions between CO2, brine and reservoir rocks. These capabilities will be updated to represent geochemical interactions within diverse mineralogies. The necessary information and data on effective surface area, kinetic rates, and reaction products will be collected from laboratory experiments as well as the literature. The codes will be updated to include thermodynamic models that represent interaction among CO2, brine, and oil (as a multi-component mixture) at reservoir pressure and temperature. Multi-phase flow models will be updated based on the experimental data on relative permeability functions. The constitutive models developed from the macroscopic simulations will be used to develop models for changes in porosity and permeability of reservoir rock. The numerical simulators will be validated against the experimental data, including, data from batch experiments (to validate the capabilities to simulate geochemical reactions); data from flow through experiments on core samples of reservoir rock (to validate the capabilities to simulate coupled flow and reaction behavior); and field-scale data, including the Hobbs experiment and Bravo Dome (to validate field-scale simulation capabilities). These simulators will then be used to perform long-term fate calculations. These calculations will be used to perform what-if scenarios, test different hypotheses, and identify areas where additional data/experimental work is needed.

2) Impact of escape of CO2 due to failure in reservoir/well integrity or migration through natural/artificial pathways. The results of experiments with caprock and cement will be used to enhance capabilities of the simulators to model the failure scenarios. Experimental data on geochemical interactions between shale and CO2/brine will be used to develop models for CO2/caprock interactions. Models for transport of CO2 across the caprock including diffusion, flow/reactive transport through variably filled fractures/faults, and geochemical reactions with shales will be incorporated in the simulators. In addition, capabilities to model reaction of CO2 with cement in plugged and abandoned wells in oil reservoirs will also be incorporated.  These capabilities will be developed based on the experimental results as well as extensive prior work that has been performed on concrete. The models will be used to perform analysis of impact of escape of CO2 due to breach in caprock or migration through natural pathways, including the rate and probability of escape to atmosphere.  These calculations will be useful in identifying the type of monitoring capabilities required for verification of long-term sequestration.

Potential Impacts and Institutional Benefits

The proposed research addresses fundamental R&D issues associated with using geological carbon sequestration for mitigating global warming due to CO2. It directly supports LANL’s mission “to enhance global security by … providing technical solutions to energy, environmental, infrastructure, and health security problems.” Our research also supports LANL institutional Goal #5, “to establish a major LANL initiative in civilian science and technology and a new program from DOE.” Geologic sequestration is being recognized (e.g., by NCCTI) as the most immediate, viable option to mitigate global warming. Consequently, programs in this field have tremendous potential for growth in the near future. The current DOE carbon program emphasizes field demonstrations and less fundamental science, and the whole field of carbon sequestration science/engineering is still in its infancy. Our proposal will provide the fundamental data and modeling tools necessary to predict the long-term fate of CO2 with geologic sequestration. This LDRD will help to develop LANL’s position as the lead research facility in geologic sequestration. Due to the importance of CO2 sequestration research, we anticipate publishing the results of these studies in the highest impact journals such as Science and Nature, as well as leading journals in the fields of geochemistry, hydrology, and the physics of fluids. The components of this project (e.g., coupled multi-phase flow and reaction processes, drilling and injection, etc.) are also part of the essential skills required to maintain LANL’s underground containment science, petroleum engineering, and environmental science/engineering capabilities. 

Budget, Task, and Timeline

The total requested budget is $1,384K for FY04 with 5% annual increases for FY05 & FY06 to cover inflation. The breakdown for FY04 is shown as follows:
	
	EES
	C
	LANSCE
	CCS
	D
	External
	Misc.
	Subtotal

	TSM (FTE)
	1.65
	0.65
	0.25
	0.25
	0.25
	0.16
	
	3.21

	Post-doc. (FTE)
	1.5
	1.0
	0.5
	0.5
	0.5
	
	
	4.0

	GRA (FTE)
	
	1.0
	1.0
	
	
	
	
	2.0

	Subtotal ($K)
	511
	297
	173
	99
	106
	50
	148
	1,384


Note: The collaboration with NM Tech will be done through a GRA between its PRRC and LANL C Division; that with UC Davis on neutron tomography will be done through a GRA between UCD and LANSCE. The Misc. item includes experimental materials, small, non-capital equipments, computer software, travel expenses, publication charges, etc.
Experiments in the first year will focus on identifying reactions among multi-phase scCO2/brine fluids and reservoir rock, on processes most likely to impact overlying caprock, and on immediate parameter development for simulation work. Simulations in the first year will concentrate on enhancing and developing pore-scale and continuum numerical codes, performing simulations to aid in designing experiments, and modeling lab and field experiments. These are important initial experiments and simulations because they evaluate processes critical to success of sequestration as well as likely failure modes of a carbon repository and can produce publishable results in the first year of work. Major tasks with the corresponding timeline are:

	Tasks
	Year
	Principal Investigators

	
	1
	2
	3
	

	Caprock (Shale) and cement grout performance 

· Permeability measurements 

· [image: image8.bmp]Chemical and strength modification
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	JK (C), KH (C), BC (EES)

	Flow-through (Dynamic) Experiments

· 2-phase dynamic core floods

· 3-phase dynamic core floods
	[image: image10.png]Ocean Disposal of CO,

NEHLA Project at
Keahole Point, Hawaii





	[image: image11.jpg]



	
	KH (C), PRRC, YZ (LANSCE), JK (C), BC (EES)

	CO2-induced Modification to Rock 

· Reactivity of brine/scCO2 interface

· Reactivity of reservoir and caprock
· Qualitative analysis (mineralogy, permeability, etc.)
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	YZ (LANSCE), UCD, BC (EES), JK (C), KH (C)

	Microscopic modeling

· Pore-scale & LB models, simulating experiments

· Upscaling

· Hybrid approach for simulating wormholes
	
	
	
	DZ (EES), SC (JHU & T), MH (CCS)

DZ (EES), DH (D)

DZ (EES), PL (EES), SC (JHU & T)

	Continuum Modeling

· Updating and modifying existing codes w/ multi-phase relations, geochemical reaction data, etc. 

· Code evaluation/integration w/ lab and field data

· Simulating leakage scenarios

· Long-term prediction of fate, distribution, & formation sequestration capacity
	
	
	
	RP (EES), PL, MH (CCS)

RP (EES), DH (D)

RP (EES), PL (EES), DZ (EES)

RP (EES), PL (EES), DZ (EES)

	Field-scale analogues

· Data analyses and lab measurements

· Simulations (Hobbs & Bravo Dome)
	
	
	
	BC (EES), JK (C), PRRC, YZ (LANSCE), RP (EES)

RP(EES), PL (EES), DZ (EES)
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Appendix A.  Key Participants and Relevant Skills
Zhang, Dongxiao, (EES-6).
Zhang is a hydrologist with the Hydrology, Geochemistry, and Geology Group of EES Division. His research interests include Subsurface single- and multi-phase flow and transport with applications to both environmental and reservoir engineering problems; pore-scale simulations of convection, diffusion and reaction systems; and upscaling strategies. He is well published in these fields with two books and more than 50 peer-reviewed journal papers to his credit. During FY2000-2002, he was the LANL PI for “Sequestration of CO2 in a Depleted Oil Reservoir: A Comprehensive Modeling and Site Monitoring Project,” sponsored by DOE Fossil Energy. Representative publications: Zhang, D., “Stochastic Methods for Flow in Porous Media: Coping with Uncertainties.” Academic Press, San Diego, Calif., 350 pp., 2002; Zhang, D., and Z. Lu, Stochastic Analysis of Flow in a Heterogeneous Unsaturated-Saturated System, Water Resources Research, 38(2), doi:10.1029/2001WR000515, 2002; Kang, Q., D. Zhang, and S. Chen, Displacement of a Two-Dimensional Immiscible Droplet in a Channel, Physics of Fluids, 14(9), 3203-3214, 2002; Valentine, G., D. Zhang, and B.A. Robinson, Modeling complex, nonlinear geological processes, Annu. Rev. Earth Planet. Sci., 30:35-64, 2002. Professional activity: Associate Editor, Water Resources Research; Review Committee Chair, Editorial Board, Society of Petroleum Engineers Journal.

Role in the DR: Zhang will act as the PI, overseeing the proposed research of integrated experimental and simulation work. Other technical responsibilities include but are not limited to developing pore-scale lattice Boltzmann and hybrid pore-scale and continuum models, simulating and integrating with lab experiments, developing methodology for upscaling physical and chemical parameters, interacting with experimentalists in designing experiments and analyzing results, and supervising GRAs and post-docs. Level of participation: 0.65FTE.

Carey, J. William, (EES-6).
Carey’s expertise is in the thermodynamics and kinetics of solid-state materials and especially their interactions with aqueous systems.  He has worked extensively with zeolites, clays, cements, and other materials in both theoretical and experimental studies of phase equilibria, thermodynamic properties, reaction kinetics, polymorphic transformations, and crystal chemistry.  At LANL, he has worked on projects involving the thermal stability of zeolites, sorptive barriers using surfactant-modified zeolites, hysteresis in clay-H2O systems, thermodynamic modeling of cation-substitution in zeolites, chemical degradation in concrete, surpercritical CO2 modified concrete, and high-performance concrete. He is currently PI on a mineral sequestration project involving the experimental reaction of serpentine and olivine minerals to form stable carbonate minerals as a long-term solution to CO2 disposal.  Representative publications: Bish, D.L., and J. W. Carey, “Thermal Behavior of Natural Zeolites” In Natural Zeolites: Occurrence, Properties, Applications, D.L. Bish, D. Ming, eds., Reviews in Mineralogy and Geochemistry, Vol 45, p.403-452 (2001); Sullivan, E.J.,  J.W. Carey, and R. S. Bowman., “Thermodynamics of cationic surfactant sorption onto clinoptilolite,” Journal of Colloid and Interface Science 206, 369-380 (1998); Carey, J.W., and D.L. Bish, “Calorimetric measurement of the enthalpy of hydration of clinoptilolite,” Clays and Clay Minerals 45: 226-239 (1997); Carey, J.W., and D. L: Bish, “Equilibrium in the clinoptilolite-H2O System,” American Mineralogist 81: 952-962 (1996).

Role in the DR: Carey will focus on the experimental development and analysis of the two-phase flow-through experiments with a particular emphasis on mineral reactivity and its relation to permeability/porosity. He will be involved in the thermodynamic and kinetic analysis of fluid-mineral interactions and will assist in the development of the geochemical reaction codes. He will assist in the supervision of the experimental post-docs and the work at New Mexico Tech. Level of participation: 0.4FTE.

Hall, Michael L., (CCS-2).
Hall is a computational physicist with the Methods for Advanced Scientific Simulations group in CCS Division. His research interests include radiation transport modeling (X-rays/photonics), radiation hydrodynamics, diffusion discretization schemes on skewed meshes, magnetohydrodynamics, linear and non-linear solvers, thermal hydraulic high-temperature liquid-metal heat pipe modeling, and fluid dynamics. He is currently the Team Leader of the Coupled Multi-Physics Team. Representative publication: Jim E. Morel, Michael L. Hall & Mikhail J. Shashkov (2001), “A Local Support-Operators Diffusion Discretization Scheme for Hexahedral Meshes,” Journal of Computational Physics 170(1):338-372, June 2001, LA-UR-99-4358.

Role in the DR: Hall will be involved in developing continuum and hybrid diffusion and transport models, deploying linear and non-linear solvers (including algebraic multigrid), developing accurate and efficient parallel computation strategies, and supervising post-docs. Level of participation: 0.25FTE.

Higdon, David, (D-1).
    Higdon is a statistician whose recent research efforts have focused on fusing field data with simulations for generating forecasts and characterizing forecast uncertainty.  Other research interests include spatial modeling, Markov chain Monte Carlo methods, statistical computation and Bayesian inference.  Since coming to LANL in 2002, Higdon has worked with characterizing uncertainty in problems involving weapons physics, flow in porous media, accelerator science, and manufacturing. Representative publications: Higdon, D., Lee, H. and Bi, Z., A Bayesian approach to characterizing uncertainty in inverse problems using coarse and fine scale information, IEEE Transactions in Signal Processing 50, 389-399, 2002; Lee, H., Higdon, D., Bi, Z., Ferreira, M., and West, M., Markov random field models for high dimensional parameters in simulations of fluid flow in porous media, Technometrics 44, 230-241, 2002; Lee, Mulallah, Datta-Gupta, and Higdon, Multiscale data integration using Markov random fields,  Society of Petroleum Engineers Journal, February, 68-78, 2002; Higdon, D. and Yamamoto, S.,  Estimation of the head sensitivity function in scanning magnetoresistance microscopy, Journal of the American Statistical Association, 96, 785-793, 2001. 

Role in the DR:  Higdon will assist in calibration of simulation models by combining sequences of designed simulation runs with field data obtained in this effort. Much of this work will be in direct collaboration with Zhang. In addition, Higdon will help advise postdoctoral researchers involved in uncertainty quantification aspects of this research effort. Level of participation: 0.25 FTE.

Hollis, W. Kirk, (C-ACT).
Kirk is an analytical chemist with the Applied Chemical Technology group of C Division.  His research interests include quantitative organic analytical chemistry and Green Chemistry research and application to industrial processes (specifically supercritical  fluid technology) initiating at proof of principal experimentation and upscaling to industrial processing.  Kirk has been recognized for his success in this area with 2 R&D 100 awards, a Presidential Green Chemistry Award and The Tech award.  Kirk is currently the Team Leader for the Supercritical Fluid Facility at LANL.

Role in the DR: Kirk will act as contact lead for the 2-phase fluid dynamic core studies at LANL.  He will also support a variety of analytical testing of the cores and effluent fluids for both the dynamic and batch experiments.  His expertise in high-pressure system design will be used to upscale the experiments systems and assist with the integration of these systems with new testing protocols such as MRI. He will assist in the analysis of experimental data and supervision of other staff member, technicians and post-docs.  Level of participation: 0.25FTE 

Kaszuba, John, (C-INC).
Kaszuba is a geochemist with the Isotope and Nuclear Chemistry Group of C Division. His diverse research interests include multi-phase geochemistry as applied to a wide range of geologic systems (including fluid-rock reaction in the crust, silicate-H2O-CO2 equilibria, structure in melts and glasses); environmental geochemistry, especially heterogeneous reaction in geo-engineered systems; and petrology.  His current focus is fluid-rock reactions, particularly enhanced reactivity of immiscible fluids and fluids evolution in geochemical and petrologic systems.  Together with his colleagues, Dr. Kaszuba published one of the first experimental studies (Kaszuba et al., 2003) identifying the potential for geochemical reaction among mixed fluid and rock in a carbon repository.  

Role in the DR:  Kaszuba will design and supervise the hydrothermal (batch) experiments at C-INC.  He will collaborate with Hollis and Carey on flow-through (dynamic) experiments at SCRUB, with select dynamic experiments being performed in the hydrothermal laboratory on Coretest-designed core-flood reaction systems for elevated temperature and pressure experiments.  He will work with Zhang to ensure integration of experiment with simulation.  Finally, he will serve as mentor for post-docs. Level of participation: 0.4 FTE.

Lichtner, Peter, (EES-6).  Lichtner is a physicist/geochemist with the Hydrology, Geochemistry, and Geology Group of EES Division. His research interests include subsurface single- and multi-phase reactive flow and transport with applications to both environmental sciences. He is well published in these fields with more than 30 peer reviewed journal papers in environmental sciences. Representative publications: Lichtner, P.C., and Felmy, A. (2003) Estimation of Hanford SX Tank Waste Compositions from Historically Derived Inventories, Computers & Geosciences, 29, 371-383; Lichtner, P.C., Kelkar, S., and Robinson, B. (2002) New Form of Dispersion Tensor for Axisymmetric Porous Media with Implementation in Particle Tracking, Water Resources Research, 38, 21-1–21-16; Hammond, G.H., Valocchi, A.J., and Lichtner, P.C. (2002) Modeling Multicomponent Reactive Transport on Parallel Computers Using Jacobian-Free Newton Krylov with Operator-Split Preconditioning, Proceedings of the XIVth International Conference on Computational Methods in Water Resources, June 23-28, 2002, Delft, The Netherlands, 727-734; McPherson, B.J.O.L., Lichtner, P.C., Forster, C.B., Cole, B.S. (2001) Regional-scale permeability by heat flow calibration in the Powder River basin, Wyoming, Geophysical Research Letters, v. 28(16), 3211-3214; Kechagia, P., Yortsos, Y.C., and Lichtner, P.C. (2001) Nonlocal Kardar-Parisi-Zhang Equation to Model Interface Growth, Phys. Rev. E, 64, 016315-1–016315-15.
Role in the DR: Lichtner will be involved in developing multi-component pore-scale lattice Boltzmann, continuum, and hybrid continuum-pore-scale models; simulating, analyzing and integrating with lab experiments and helping with their design; developing algorithms for massively parallel computation and methodologies for upscaling physical and chemical parameters; and supervising GRAs and post-docs. Level of participation: 0.3 FTE.

Pawar, Rajesh J. (EES-6) Pawar is a Petroleum Reservoir Engineer with the Hydrology, Geochemistry, and Geology Group of EES Division. His research interests include Multi-phase flow in porous media with applications to CO2 sequestration, petroleum reservoir simulations and radioactive contaminant transport; Numerical modeling of flow in hydrates in porous media and heterogeneity characterization and analysis.  He is currently the LANL-PI for “Sequestration of CO2 in a Depleted Oil Reservoir: A Comprehensive Modeling and Site Monitoring Project,” sponsored by DOE Fossil Energy.  He is leading the preliminary numerical modeling and simulation effort related to this project.  Representative publications: Rajesh J. Pawar, Dongxiao Zhang, Henry R. Westrich and Charles Byrer, “Sequestration of CO2 in a Depleted Oil Reservoir: Numerical Simulations Related to a Field Demonstration,” Proceedings of the 13th International Pittsburgh Coal Conference, Newcastle, Australia, December 4–7, 2001; Pawar, R.J., Warpinski, N., Stubbs, B., and Zhang, D., “Numerical Modeling of CO2 Sequestration in a Depleted Oil Reservoir,” Proceedings of the 2nd Annual Conference on Carbon Sequestration, Alexandria, VA, May 5-8, 2003; Norman R. Warpinski, Rajesh J. Pawar, Reid B. Grigg, Bruce Stubbs, “Geologic Sequestration of CO2 in a Depleted Oil Reservoir,” Proceedings of the 2nd Annual Conference on Carbon Sequestration, Alexandria, VA, May 5-8, 2003; Rajesh J. Pawar, Edwin B. Edwards, Earl M. Whitney, “Geostatistical Characterization of the Carpinteria Field, California,” Journal of Petroleum Science and Engineering, Vol 31, Pg 175-192, 2001. Professional activity: Associate Editor, Reviews of Geophysics.
Role in the DR: Pawar will be involved in development of continuum scale models and performing numerical simulations related to long-term fate as well as impact calculations in large field-scale sequestration.  He will be closely interacting with the experimentalists in designing experiments, analyzing results and validating numerical models with experimental results. Other responsibilities will include supervising post-docs. Level of participation: 0.3 FTE.

Zhao, Yusheng, (LANSCE-12).
Zhao is a technical staff member at LANSCE and is responsible for high P-T neutron diffraction experiments.  His research interests include synthesis and characterization of novel superhard materials, science and technology of clathrate hydrates, crystal chemistry and equation of state of minerals, metals and ceramics.  Zhao has published more than 50 scientific papers in peer-reviewed journals.   

Role in the DR: Zhao will work on high P-T neutron diffraction and neutron tomography and supervising GRAs and post-docs. Level of participation: 0.25FTE.

Chen, Shiyi, (Johns Hopkins University and Theoretical Division, LANL).
   Chen is a leading scientist in the field of computational physics. His research interests include Statistical theory and computation of fluid turbulence, mesoscopic physics and lattice Boltzmann computational methods, Computational fluid dynamics and numerical analysis, molecular dynamics and granular flows, flow-through porous media and multi-phase flows, multiscale simulation, micro- and nano-fluidics and chemically reacting flows. Chen was the inventor of the lattice Boltzmann method when he worked at Los Alamos. Chen has published more than 100 scientific papers in peer-reviewed journal and has about 2500 SCI citations.  Chen is the Chair of the Department of Mechanical Engineering at the Johns Hopkins University and the former CNLS Deputy Director. Chen is a Fellow of American Physical Society and Fellow of Los Alamos National Laboratory. 

Role in the DR: Chen will act as a co-investigator in the proposed DR project. His technical responsibilities will include developing pore-scale lattice Boltzmann method, hybrid pore-scale and continuum models, parallelizing the simulation programs, developing methodology for upscaling physical and chemical parameters, and supervising GRAs and post-docs. Level of participation: 0.16 FTE.

Grigg, Reid (NM Tech.)
Grigg is Senior Engineer/Section Head of the Gas Flooding Processes and Flow Heterogeneities Group and Adjunct Professor in the Petroleum and Chemical Engineering Department at New Mexico Tech. He obtained his PhD in Physical Chemistry from Brigham Young University. Research interests include high-pressure gas flooding processes, phase behavior, fluid properties of high-pressure injection gas and reservoir fluid for improved oil recovery and sequestration, and their effect on flow in porous media; the group is also focused on improving and understanding mechanisms for improved mobility control. He was with Conoco Production Research for 10 years as a research scientist and chemist, and spent a year with Core Laboratories before joining the PRRC in 1992. He is a member of the SPE, ACS, and Sigma Xi, and has authored more than 40 publications.

Role in the DR: Grigg will advise the LANL experimental team on two- and three-phase flow and reactions, assist in obtaining representative rock cores required for experiments, and supervise graduate students.

Lesher, Charles, (UC Davis).
Lesher is Professor of Geology at UC Davis in the field of experimental petrology and geochemistry. He is the Director of the Experimental Petrology and Materials Synthesis Laboratory at UC Davis and supervises a wide range of research activities in igneous petrology and materials science. Representative publications: Tinker, D and Lesher CE  (2001) Self-diffusion of Si and O in dacitic liquid at high pressure. Am. Mineral. 86, 1-13; Tinker D, Lesher CE and Hutcheon ID  (2003) Self-diffusion of Si and O in diopside-anorthite melts at high pressure. Geochim. Cosmochim. Acta  67, 133-142; Walter, M., Katsura T, Shinmei T, Kubo A, Nishikawa O, Lesher CE and Funakashi K (2002) The spinel-garnet lherzolite transition in CMAS revisited: an in situ X-ray study. Geochim. Cosmochim. Acta 66, 2109-2121; Lesher, CE, Pickering-Witter, J, Baxter, G, and Walter, M, Melting of garnet peridotite: Effects of capsules and thermocouples, and implications for the high-pressure mantle solidus. Am. Mineral. (in press).

Role in the DR:  Lesher will be the contact lead for the proposed real-time neutron radiography and computed tomography experiments at the UC Davis McCellan Nuclear Radiation Center (MNRC) and will serve as the faculty mentor for the GRA between UC Davis and LANSCE. 

Appendix B. Financial Information for PI and Co-PIs
	
	FY2004 project: title and sponsor
	Time

commitment
	Comments

	Zhang, Dongxiao
	1. This LDRD/DR

2. “Direct Quantification of Uncertainties Associated with Reservoir Performance Simulations”, DOE/NGOTP

3. LDRD/ER proposal (#20040348ER): Stochastic Expansions for Flow in Random Media

4. LDRD/ER proposal (#20040351ER):  Multi-Scale Effects of Fluid Flow, Transport, and Reaction in Porous Materials
	65%

50%

25%

25%
	Projects #2 and #3 deals with stochastic uncertainty quantification, which is also a key issue for geological carbon sequestration. Project #4 studies multiscale issues associated with flow, transport, and reaction systems. Although it focuses on the material of concrete, the approaches developed may be applicable to the study of carbon sequestration.

If all LDRD DR/ER proposals are funded, the DOE/NGOTP project (which is in the ending phase) will be transferred to Zhiming Lu, the project Co-PI. 

	Carey, 

J.William
	1. This LDRD/DR

2. “Three-dimensional geologic modeling of the Pajarito Plateau”, DOE/DP

3. “Geochemistry of carbon dioxide mineralization using magnesium silicates”, DOE/NETL


	40%

30%

30%


	Project #3 is an advanced sequestration concept in which mined magnesium silicates (serpentine and olivine) are carbonated and then buried. Some of the geochemical problems complement the proposed LDRD/DR

	Hall, Michael 

	1. This LDRD

2. ASCI Solvers

3. NASA Heat Pipe modeling


	25%

100%

50%
	Project #2 is how Hall is currently funded. Project # 3 is an external project that may or may not be funded. If all projects are funded, part of the ASCI Solvers funding will be distributed to other members of the team.

	Higdon, David
	1. This LDRD/DR

2.  LDRD/ER #20020058ER: Multiscale Modeling and Simulation in Scientific Inference

3. LDRD/ER #20030248ER: Distributed Multi-scale Markov Chain Monte Carlo for uncertainty quantification in inverse problems

4. Program work relating to predictability in simulator based inference
	20%

10%

30%

50%
	Project #2 is about fusing statistical approaches with distributed, multiscale simulations.  This project ends this FY.  Project #3 deals with the use of Monte Carlo techniques for statistical approaches to inverse problems. Finally, the program work is also focused on inference involving computer simulation models.

	Hollis, 

W. Kirk
	1. This LDRD/DR

2. C-ACT Group Office support as Assistant Group Leader, Team Leader, Safety Officer, and Chemical Safety Officer

3. Materials Testing Laboratory support of Pit Manufacturing Program 

4. Miscellaneous industrial partner support through CRADA and/or FIA
	25%

25%

50%

25%
	Role in Material Testing Laboratory can be augmented by other TSM in C-ACT

	Kaszuba, John
	1. Hydrogen Gas Getters

2. IGPP Proposal:  Experimental, theoretical and field studies of supercritical carbon dioxide in pore waters and fracture fluids:  Geochemical effect on calcite precipitation

3. LDRD/ER proposal (#20040498ER):  Nanoscale Structure and the Dynamic Response of Glasses and Liquids:  Exploring with Neutrons

4. This LDRD/DR
	80% for 1st half FY04.

0% FTE, no LANL salaries on IGPP projects

20%

40%
	Project #1 deals with heterogeneous reactions and kinetics between hydrogen and solids and scaling from bench-top to larger reaction systems, key issues for geologic carbon sequestration.  Project #2 addresses the origin and distribution of carbonate mineralization in faults, fractures, oilfield wells, a problem that parallels questions of failure in carbon repositories.  Project #3 focuses on the physics of glasses and silicate liquids, with transport and elemental cycling in geological processes as parallels.  If all LDRD DR/ER proposals are funded, the hydrogen getters workload will be re-distributed among project collaborators.

	Lichtner, Peter
	1. This LDRD/DR

2. LDRD/DR: Solid-Solution Interface: Actinide Partitioning in Environmental Systems (Runde, PI)

3. “Characterization of U(VI) Sorption-Desorption Processes and Model Upscaling”, DOE/EMSP

4. “Colloid-Facilitated Transport of Radionuclides Through the Vadose Zone”, DOE/EMSP

5. “Mineralogic Residence and desorption rates of sorbed Sr-90 contaminated subsurface sediments: implications to future behavior and in-ground stability”, DOE/EMSP pending
	30%

25%

25%

25%

25%

(if funded)
	Projects #3-#5 deal with reactive transport issues of radionuclides at the DOE Hanford facility. The LDRD/DR project involves fundamental aspects of fluid-surface interaction of radionuclides. These projects involve such issues as continuum models for reactive transport and upscaling, which are relevant to the LDRD/DR proposal on CO2 sequestration.

	Pawar, Rajesh
	1. This LDRD DR

2. “Sequestration of CO2 in a Depleted Oil Reservoir: A Comprehensive Modeling and Site Monitoring Project”, DOE/NETL

3. “Clathrate Science”, LDRD-DR
	30%

50%

20%


	Project #2 deals with field demonstration of sequestration of CO2 in a depleted oil reservoir.  Some of the numerical modeling and simulation activities will complement this LDRD-DR.  The field data resulting from this project will be used for model validation and verification.

	Chen, Shiyi
	1. This LDRD/DR

2. Teaching, research, and departmental chairmanship at JHU


	16%

The rest
	Chen will spend two months each year on the proposed research at Los Alamos. He and his students will primarily work on the numerical simulation and modeling, including developing LBM methods and doing multiscale simulation. The simulation work will be integrated into the broad framework of the proposed research objectives.
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Table 1. CO2 Storage Capacities of


Domestic Geologic Formations


�
Estimated CO2 


Storage Capacity


(Gt of CO2)�
�
Unmineable Coal Beds�
15-20�
�
Depleting Oil Reservoirs�
40-50�
�
Depleting Gas Reservoirs�
80-100�
�
Saline Formations�
5-500�
�
High Organic Shales�
TBD�
�
      TOTAL�
140-670�
�









Fig. 2





Fig. 3











Fig. 4  Limestone after extensive CO2 and brine injection [3]. Note the existence of wormholes.
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Fig. 5  Precipitation of siderite and analcime (small, rounded grains) on shale in supercritical CO2-brine-rock experiment.  Siderite and analcime did not grow on aquifer materials.
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