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A Parallel Ensemble-Based Framework for 

Uncertainty Characterization2 

 

Assessment of uncertainties in subsurface geological formations is crucial in predicting  the future 

behavior and performance of CO2 .    

Problem: Modeling of large-scale and long-term movement of CO2 requires assimilation of huge 

datasets into simulator, which is computationally expensive. Moreover, quantification of uncertainty 

calls for stochastic approaches, which necessitate using ensembles of reservoir realizations.  

Goal: Develop an efficient parallel ensemble-based framework for parameter estimation and 

uncertainty quantification. 

Approach: 

ÅUse ensemble Kalman filter (EnKF) to assimilate observed data  recursively as they become 

available, and use ensemble smoother (ES) to integrate all the observed data simultaneously  by 

computing a global update in space-time domain.  

ÅCouple the ensemble-based algorithms to the IPARS parallel simulator.  

The Parallel Framework: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Computational Test: 
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R. Tavakoli, G. Pencheva, M.F. Wheeler, and B. Ganis. A Parallel Ensemble Based framework for 

Reservoir History Matching and Uncertainty Characterization, submitted, 2011. 

Computational Challenges 

ÅFluids flow through the empty spaces between 

grains of solid material (denoted in blue). 

ÅClearly, it is unfeasible to represent nanoscale 

properties on domains the size of kilometers. 

ÅFluid and solid quantities must be averaged over 

larger representative volumes. 

ÅThe resulting upscaled flow pattern (denoted in 

red) represents the macroscale phenomena. 

ÅTo make critical decisions, it is essential to 

minimize uncertainty in the upscaling process.  0.1 mm 

About Carbon Sequestration 

ÅIt can be an important bridge to a secure energy future: 

     - World energy demand continues to increase. 

     - Hydrocarbons are increasingly hard to find and produce. 

     - Anthropogenic CO2 emissions are building up in the 

       atmosphere and oceans. 

ÅMechanisms for carbon capture and storage: 

     - CO2 can be contained under caprocks, if properly sealed. 

     - Residual amounts of CO2 can become trapped within 

        other liquids (e.g. water) after sweeping through a region. 

     - Dissolved CO2 becomes a dense fluid after hundreds of years. 

     - CO2 can mineralize in rocks after thousands of years. 

Mission of the Center for Frontiers of 
Subsurface Energy Security (CFSES) 

ÅPredict behavior of CO2 and other energy byproducts to 

safely store them in the Earth for thousands of years. 

ÅGain scientific understanding of the physical, chemical, and 

biological processes from molecular to basin scale at 

conditions far from equilibrium. 

ÅIntegrate and expand knowledge across scientific disciplines 

using both experimental and modeling methodologies. 

ÅCreate accurate and efficient computational models over an 

enormous range of scales in both space and time. 

 

Long-term storage security: Constraints from  

natural analogs - Bravo Dome CO2 field1 
 

The rate at which CO2 dissolves into the brine determines the timescale required to trap all 

injected CO2. Laboratory experiments and numerical simulations in homogeneous porous media 

and simple geometries indicate that the rate of dissolution is approximately constant over time ï 

given that the brine does not saturate.  

 

 

 

 

 

 

 

 

 

Goal:  What is the rate of  CO2 dissolution in a realistic heterogeneous geological formation? 

Problem: Rates of convective CO2 dissolution in the field are very slow, therefore it is not possible 

to conduct controlled field experiments. Instead we have to interpret observations from natural 

CO2 reservoirs.  

Approach: 

ÅUse geochemical variations observed in the Bravo Dome CO2 field that has held CO2 for 10,000 

years to infer the dissolution rates in the field under realistic conditions. 

ÅUse the capabilities of the IPARS to simulate the dynamics of CO2 dissolution at Bravo Dome 

and compare them with observations to quantify the long-term CO2 dissolution rates. 

ÅConstrain uncertainties in the estimated dissolution rates using the ensemble-based framework 

for uncertainty characterization. 

Bravo Dome CO2 field:   

 

 

 

 

 

 

 

 

 

 

 

 

Geochemical observations:  At Bravo Dome a decrease in the CO2 /
 3He ration towards the gas-

water contact is observed. The simplest explanation is that preferential dissolution of CO2 relative 

to 3He due to the negligible aqueous solubility of 3He.  

Proposed process: The relative enrichment of 3He near the gas-water contact is therefore 

directly related to the rate of CO2 dissolution into the brine. The relative increase of 3He in the gas 

near the gas-water contact leads to 3He diffusion away from the gas-water contact. The observed 

concentration profile observed today is a result of the balance between 3He enrichment due to 

CO2 dissolution and lateral 3He diffusion. It therefore contains information of the time averaged 

rate of CO2 dissolution over long times. 

Computational challenges: This problem requires the simulation of very small scale convective 

currents over very large domains and long times. The Mortar based coupling in IPARS will allow 

efficient simulation by restricting the complex physics to the region near the gas water contact 

while solving simpler equations in the larger hydrological domain. 

ÅThree-dimensional reservoir with 80x60x5 grid 

blocks. 

ÅFour inverted five-spot patterns 

ÅHorizontal permeability and porosity are uncertain 

model parameters.  

ÅObservation data includes bottom hole pressures 

and flow rates. 

ÅEnsemble size of 100 members is used in the 

EnKF and ES algorithms.  

ÅThe optimal choice of GMRES preconditioner used 

in the forward simulation is ñalgebraic multigrid 

with line successive over relaxationò.   

ÅThis plot shows the parallel 

efficiency of implementing EnKF 

and ES as a function of number of 

concurrent forward runs (NRun) 

and number of processors for each 

simulation run (NpSim). 

ÅThe execution time of both 

algorithms is significantly reduced 

as we mover from sequential mode 

to parallel mode by increasing both 

NRun and NpSim.  Minimum parallel efficiencies of 35% and 53% for EnKF 

and ES, respectively. 

The Effect of Interfacial Tension  

on CO2
 Trapping and Migration3 

Interfacial tension (IFT) has an important effect on the properties of CO2 and water, which is 

critical in predicting CO2 trapping and migration phenomena. 

Problem:  A productive module is needed for the  

SECARB Gulf Coast Stacked Storage Project. 

Goal: Develop a scalable parallel simulation that properly 

incorporates interfacial tension and buoyancy effects. 

Approach: 

ÅIncorporate interfacial tension and buoyancy effects 

    into the IPARS-COMP parallel simulator. 

ÅUse multiscale techniques for improved accuracy  

    and reduced computation for large scale CO2 simulation. 

The IFT Effect Method:  

ÅA general relative permeability model has been developed to combine the effects of pressure 

gradient, buoyancy, and capillary forces.  

ÅThe interfacial tension is modeled as a function of in-situ pressure, temperature, and salinity 

in the reservoir.  

ÅThe residual CO2 and brine saturation, endpoint relative permeability are calculated based on 

the trapping number, a quantity that combines the Bond number and capillary number. 

The IPARS-COMP Simulator: 

ÅNon-isothermal. 

ÅCompositional Peng-Robinson equation of state. 

ÅGeochemical reactions. 

ÅCan handle simulations with millions of grid blocks.  

ÅImpressive parallel scalability. 

A Large-Scale CO2 Sequestration Simulation: 

ÅHeterogeneous reservoir with 4-million grid blocks. 

ÅThree layers of high permeability sandstone are 

    stacked between four layers of low permeability shale. 

ÅFour constant pressure CO2 injection wells are in the center of the bottom aquifer, with 

    3 years of injection followed by 7 years of no injection. 
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M. Delshad, X. Kong, and M.F. Wheeler.  On Interplay of Capillary, Gravity, and Viscous Forces 

on Brine/CO2 Relative Permeability in a Compositional and Parallel Simulation Framework, SPE 
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ÅThe following plots show the differences in CO2 saturation with and without IFT effects. 

ÅCO2 migrates further and CO2 injectivity is enhanced when IFT effect is considered. 

 

Bottom Aquifer 

Permeability Distribution 

Without IFT With IFT 

ÅA general parallel ensemble-based framework has 

been developed which consists of three main 

components; Initialization Step, Forecast Step and 

Analysis Step.   

ÅMultiple concurrent realizations are computed on 

several partitions of a parallel machine.  

ÅThese realizations are further sub-divided among 

different processors.  

ÅThe forecast step is controlled with the slowest 

simulation run. Therefore, the efficient choice of 

solver parameters is essential in order to both 

optimize and synchronize the forward simulation runs.     

EnKF   ES 
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