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Disclaimer

This presentation was prepared as an account of work
sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof,
nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its
use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government
or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Abstract

The Carbon Capture Simulation Initiative (CCSI) is developing technology to accelerate
the process of making carbon capture from coal-fired power plants reliable and affordable
by using simulation to reduce the need for physical testing for scaling up to commercial
scale. Uncertainty quantification (UQ) capability is critical to simulation-based analysis of
carbon capture systems for understanding and managing the complexity and economic
iImpact of incorporation of carbon capture systems in current and future commercial
operations. These uncertainty quantification tools include input sensitivity analysis,
calibration of inputs, construction of surrogate models, and propagation of uncertainty.
This talk will illustrate the use of selected UQ concepts in early stage development and
evaluation of requirements for effective simulation of a solid sorbent process for carbon
capture.
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Overview

o Carbon Capture Simulation Initiative

« Uncertainty Quantification

 Model Development for Solid Sorbents

e Sensitivity Analysis

e Parameter Estimation and Prediction Uncertainties
« Experiment Planning

e Continuing Efforts
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Carbon Capture Simulation Initiative

Carbon Capture and Storage (CCS) technology goal:
convert fossil fuels into reliable low carbon energy
supply, maintaining relative affordability for consumers.

Scale-up of existing CCS technology to large power
plants may be easy but result in unanticipated
Inefficiencies and large cost increases.

Developing, proofing and implementing new technology
may take decades, requiring testing at increasingly
larger scales.

Carbon Capture Simulation Initiative (CCSI) goal:
develop simulation-based toolset for new carbon capture
technologies, scalable to commercial level without
physical testing, include uncertainty quantification (UQ)
tools to aid in interpreting simulation results.
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Carbon Capture and Storage Technology

f 1.“*1

Molecule Assembly Parlicle Cell Cluster Component Apparatus Factory Environment
~1A ~1 nm (~lpm) (~lmm) (~lcm) (~1m) (~101m) (~100m, ~1000m )

e —

Product Process System
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Uncertainty Quantification

e Uncertainty Quantification (UQ) broadly includes
methods and tools to identify and quantify uncertainty at all
levels of a system and to incorporate that uncertainty in full
system performance analyses.

e UQ capability is critical to simulation-based analysis of CCS
technology due to complexity, high cost of implementation of
candidate systems and need to understand and manage
economic impact of incorporation of CCS technology in
current industry operations.

e We demonstrate use of a few UQ concepts in early stage
development and evaluation of requirements for effective
simulation of a solid sorbent process for carbon capture in
collaboration with David Mebane (NETL), code developer.
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Solid Sorbent Models

e Sorbent consists of mesoporous silica backbone embedded
with amine PEI, which adsorbs CO, thru chemical reaction
with temperature impacting effectiveness of adsorption.
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Development of Solid Sorbent Models

0™ generation model- a pure ideal equilibrium model,
simplified to assume fast kinetics with equilibrium
achieved iIn test runs: 5 parameters.

15t generation model- lumped Kkinetic model, base model
that includes ideal thermodynamics, kinetic and basic
water effects. Currently used in process/CFD models.

2"d generation model- NETL 32D, basic transport w/ ideal

thermodynamics and basic water effects (not included in
current version).

3'd generation model- includes non-ideal
thermodynamics, and site-competitive water adsorption
effects.
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Solid Sorbent Model- Equations

R,NH +CO, <R NH*:CO,
R,NH +R,NH* :CO, <R ,NH," +R,NCO,"

K=KK, K. =Kk.k_,

k = exp(-AG/(RT))
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ldeal Equilibrium Model (0" Generation)

z 1 (AS. AH.
Z+Xx Ks = = —CXp CXp| —
g=339 - 1-2x-z)p P R RT
3
2
X AS¢ AH
(1-2x - z)z R RT
Parameter | Description Lower Bound | Upper Bound | Unit
my Sorbent weight per active amine site 0.1886 0.48 kg/mol
AH; Change in enthalpy for first reaction -40000 0 J
AS; Change 1n entropy for first reaction -150 0 J/mol-K
AHg Change in enthalpy for second reaction | -100000 |0 J
AS, Change in entropy for second reaction | -150 0 J/mol-K
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Uncertainty Quantification

Immediate objectives:

- Input sensitivity and uncertainty: identify appropriate
input ranges and impacts on simulation code results:
demo for NETL 32D with 12 inputs.

- Input calibration: estimate ‘best’ simulation input values
for parameters that determine equilibrium constants
consistent with physical experimental results: demo for
ideal equilibrium model, 5 inputs.

- Plan experiments to obtain physical data.

- Forwarding-looking goal: quantify distributions that
capture uncertainty associated with model parameters.
This will be used in turn for next higher level system
uncertainty quantification.
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Solid Sorbent Experimental/Simulation Data

Experimental Daia- TGA NETL experiment with dry CO, sorbent,
T o compation: oy 2, N bl thermogravimetric analysis (TGA)
— _weight differential measured over

. timef/temperature-dependent profile (in
p— - :  red), at specific gas composition
. £ (determined by the partial pressure).
Simulations: R ——— S—
TGA curve or equilibrium weight,  ®1 ==
NETL experimental results in red. .

! results max: 0.088
Q " s
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Sensitivity Study for NETL 32D,
Solid Sorbent Model

Goal: Evaluation of code function and sensitivity with respect
to 12 parameters.

Initial experiment design 128 runs, varying 12 inputs
prescribed by an orthogonal array based Latin Hypercube
sample (OA-based, LHS), achieving balanced representation of
multiple factors at high and low levels.

Sensitivity analysis based on identifying trends of simple
scalar calculated from TGA curves (mean weight fraction)
with individual or pairs of parameters.
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EVALUATE CODE FUNCTION AND SENSITIVITY

average value delta-S kap5 : low -198.276
average value delta-H kap5 : low -43749.442

average value delta-S kap5 : high -91.691
average value delta-H kap5 : low —-45708.107
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Initial simulation experiment: 12 variables,

Hypercube Sample.
Code Function:
Sensitivity analysis:

secs. gas 10 % w value 9716.5

sacs, gas 10 % w value 9716.5

128 runs using an orthogonal array based Latin

|dentify appropriate input ranges and impacts on code results.

Identify trends of a simple scalar metric calculated from TGA curves, mean
weight fraction, with individual or pairs of parameters.
Look for settings where weight increases: A4H,; and AS,;.
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ldeal Equilibrium Model

z 1 (AS. AH.
Z+Xx Ks = = —CXp CXp| —
g=339 - 1-2x-z)p P R RT
3
2
X AS, AH
K¢ = = CXP| —— |EXP| —
(1-2x-2)z R RT
Parameter | Description Lower Bound | Upper Bound | Unit
my Sorbent weight per active amine site 0.1886 0.48 kg/mol
AH; Change in enthalpy for first reaction -40000 0 J
AS; Change 1n entropy for first reaction -150 0 J/mol-K
AHg Change in enthalpy for second reaction | -100000 |0 J
AS, Change in entropy for second reaction | -150 0 J/mol-K

e (Goal: Estimation of parameters (5) that determine equilibrium
constants in an ideal equilibrium model, such that there is
consistency between physical observation and simulation of
g, equilibrium weight increase.
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Calibration

Z=Y(@)+S+¢

Model discrepancy 0 is a zero-mean Gaussian Process.
0~N(0X) &~N(uol)

Tz‘_Tj _pz'_pj
¢T ¢p

Priors on 8" based on scientific information. Tight priors
for other parameters

Known confounding between 6 and 9.

Posterior distribution of f(0,k,¢,$,p|Z,Y) obtained using
MCMC.
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Calibration-ldeal Equilibrium Model

-150 -50 0 -150 100 -50 0

—— S o e Bayesian approach
incorporates expert
prior information
about parameters and
guantifies
uncertainty, including
model and
observation error.

-4e+04 0e+00

-1e+05

e Color-scale bivariate
posterior probability
densities for pairs of
parameters — shows
most likely parameter
values for simulation

= _ R agreement with

R e physical observations.
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% Weight Gain

% Weight Gain

Calibration-ldeal Equilibrium Model

CO 2 Partial Pressure-4 %
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Experiment Planning

Opportunity to obtain experimental data that will aid the
process of model development and assessment.

8 factors of interest for initial set of runs. One factor is
difficult to change.

Developed a 2**(8-4) design split in half, with the last 2
columns completely confounded.

Phase 1: Run 15t half of design, plus 3 center points (11 runs)
to obtain preliminary information on effects of factors,
possible nonlinearity, and error.

Phase 2: Following initial analysis, option to run 2" half of
design, plus additional center point.
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Continuing Efforts

e Estimate parameters for other sorbent models that may
include additional effects, such as water.

e May need to consider use of surrogate models (emulators) for
more complex models .

e Design and analyze simulation and experimental studies to
obtain additional data that can be incorporated into the
modeling process.

e Examine propagation of uncertainty as results are scaled up
and impact on uncertainty in higher level system.

e Consider validation of Computational Fluid Dynamics models
in conjunction with uncertainty quantification.
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Thank You!
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