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Typical Steady-State DOE

Absorber Regenerator

100 Experimental and Simulated Reboller Duties (DONG)
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CCSI DOE for National Carbon Capture Center
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Operating Conditions ‘ Range
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Results from 2014 CCSI DOE and Comparison with CCSI Model

Absorber Regenerator
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Motivations Motivation and Goals

 Collecting a strategic sample of data can:
 Help reach required precision or understanding faster
« Maximize learning with a fixed set of resources or minimize
required resources for a given learning objective

Goal

* Our goal is to develop a predictive model that can be used for cost-
optimal plant design and operation

« To satisfy this goal, our objective for DOE is:

G-optimality — minimizing the worst prediction variance in
the design space (minimizing the largest uncertainty
value for input combinations)

For variables: carbon capture (and lean loading)
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Issues

What was missing in the previous DOE?

« Mainly designed using a space-filling approach without considering the
output space

« When designed considering the output space, feedback from the
experimental data are not leveraged to update the DOE

How to solve these issues?

« Develop DOE by taking into consideration the output space by using a
preliminary process model

 Use a sequential approach to improve DOE as experimental data are
obtained

Other issues?

* There are uncertainties in the measurements, process model and
Iits parameters
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CCSI? Approach to Uncertainty Quantification
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Bayesian Uncertainty Quantification Approach

Sample from Prior Parameter Distribution Sample of Predictor Variable Values
P(B)~0; (i=12..N) X (i=12..N)
Mathematical Model

@i = F(X;, éi)

\ 4

Response Surface Model

¢~ F'(%0)

\ 4

Experimental Data

A= Z](f]) (] = 1,2, M)

Bayesian Inference =

\ 4

Posterior Distribution

n(9|2) « P(8)L(z|0)
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Overall Approach to Design of Experiments: Bayesian
Sequential Design of Experiments

- --
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+Updated Model Uncertainty * priors

U.S. DEPARTMENT OF

ENERGY -

TTTTTTTTTTTTTTT

‘ » 2 = |NATIONAL — 7 _ .
N_ ENERGY /\I A M Lawrence Livermore A . W . . .

s C S I TE TECHNOLOGY — .l "'| National Laboratory - Los Alamos  Pacific - WestMiginiaUnivesity TEXAS

' \ Carbon Caplre Sabin o Wihisey Fgact LABORATORY A




Methodology

Bayesian DOE

Initial Range Exclude infeasible or Initial DOE (typically
. Aspen uninteresting ranges (such .
of Design . ) > o » a space filling —
Variables:%.. . Simulation as where it pinches, some Approach used)
it operating limit is reached
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Variables: X Parameters: 6, Points: Xcandiate
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(Aspen Simulation) (Surrogate Model) [— 95|0/ CIO }—» Utility Function
" & = ~ A A (i
y(%,604,06,) v y(x,64,6,)
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Parameters: &, Posterior: 64 ‘ Xtest

N
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Indicates samples drawn from

L .
G F|rsjc existing posterior of submodel UQ NCCC Data
¥ = Iteration
Xlean
Weo, Bayesian UQ
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Methodology

Initial Range Exclude infeasible or Initial DOE (typically
. Aspen uninteresting ranges (such .
of Design . ) > o » a space filling —
Variables:%.. . Simulation as where it pinches, some Approach used)
o operating limit is reached
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T ; _ Optimal
ermodaynamic . -
y Facilities Design
posterlors R
0
2 NCCC
l Data
\ 4
Mass Transfer CO, Capture Mass Transfer
& Hydral{IiCS > (Surrogate Mode|) Surrogate, BayeS|an »& Hydrauli(js
priors 0, y(% 04,0,) Inference posteriors 8,
A
‘ ’ C S |2 N PNEROY © r"m # LLg Lawrence Livermore > M ) - - /:1-—\' 35 HETARTMENL BY
g0 o =21 TLjEsosey National Laboratory - Los Alamos NZ?EA?J; WestVirginiaUnivessity. TEXAS EN ERGY 12




_ Optimal
Thermodynamic Facilities Design
posteriors A
0
3 NCCC
l Data
Mass Transfer CO, Capture ' Mass Transfer
& Hydral{Iics » (Surrogate Model) surrogate - Bayesian - & Hydrauligs
priors 6, y(% 04,0,) Inference posteriors 6,
A
SURROGATE:

» Multivariate adaptive regression splines (MARS) were used
> Generate a MARS surrogate that maps (64, 8,) CO, capture
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_ Optimal
Thermodynamic Facilities Design
posteriors A
0
3 NCCC
l Data
Mass Transfer CO, Capture ' Mass Transfer
& Hydral{Iics » (Surrogate Model) surrogate - Bayesian - & Hydrauligs
priors 6, y(% 04,0,) Inference posteriors 6,
A
INFERENCE:

> For each 6, sample, perform inference to compute posterior over 6,
» Aggregate 0, posterior samples
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Surrogate-based Para Inference

Experiment

Optimal

Thermodynamic

posteriors
éz OPTIMAL DESIGN:

Facilities

NCCC » Predict confidence intervals
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Surrogate Support

U Q Analysis
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Bayesian Inference
U Q [ 3% Bayesian Inference of Ensemble UQ Ensemble — _ )

QOutput Settings: Input Settings:
: Observed? Output Name Response Surface (cont’ Input Name Type Display? Fixed Value PDF
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Methodology

Bayesian DOE

Initial Range Exclude infeasible or Initial DOE (typically
. Aspen uninteresting ranges (such .
of Design . ) > o » a space filling —
Variables:%.. . Simulation as where it pinches, some Approach used)
o operating limit is reached
Sample from Design Thermodynamic - i Ca_ndidaNte Set of
Variables: X Parameters: 6, Points: Xcandiate
CO, Capture MARS CO, Capture Width of J
(Aspen Simulation) (Surrogate Model) [— 95|0/ CIO }—» Utility Function
" & = ~ A A (i
y(%,604,06,) v y(x,64,6,)
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Mass Mass Transfer/ - y
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Parameters: &, Posterior: 64 ‘ Xtest
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Goals for Designed Experiments

* Be efficient about learning from:
— Historical data
— System model
— Expert knowledge and judgement in the domain
— EXxperiments

« Characterize Carbon Capture systems and models

« Accelerate technology development
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NCCC Experimental Design, First step:

Design: the settings of experimental conditions.

Define the settings of interest for experimentation
— Flue Gas Flowrate, G in [1000-3000] kg/hr,
— CO, weight fraction, w in [0.125-0.175], i.e. (8.4-11.7 mol% CO,);
— Lean solvent loading, lidg in [0.1-0.3] and,;
— Lean solvent flowrate L in [3000-12000] kg/hr

Explore constraints, dependencies, experimental realities.
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Designing NCCC Experiments

Initial goal is exploration of the input space

In the Input space to a design point

Input 1
o * Design points
o
N ° .\
El
£
. . o
Maximum distance o J
to design point
C S |2 N N TIONAL ,,’,:}I ,} LLg Lawrence Livermore /i) P % ifi
T vo— TL IE%%':%&?YY National Laboratory  * Los Alamos  Pacific

THE UNIVERSITY OF
NNNNNNNN LABORATORY orthwes WEStV]l’ginlaUHiversngy TETX]AS '
est 13 4 AT AUSTIN

Criterion used was “‘minimax” = minimize the largest distance from any point

U.S. DEPARTMENT OF

'ENERGY ::



Candidate input combinations

For NCCC experiment: 010 015 020 025 030 4000 8000 12000

e 5levels of G S : o oo @ @l 8
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Update the System Model with Experimental Data

With the new data from the first batch, the .
model of the process was updated and
the focus shifted o Points on line y=x: no
i i improvement in precision over .
— From: exploration of the design model with historical data
space and clarifying regions of . .
exclusion . .
— To: improving the precision of E ) .
prediction for new observations e . .
Points below line: improvement . . "" :"" * )
In precision (here many of ClI -.'-:'?;.;.:,.’ . . '
widths are reduced by ~40%) . e © L -
T ’ :‘:' : ‘ - o o .
< original 5 .f ﬁ:“;‘. ;‘.“: ::: 0:. ¢ »
oA,
updated ‘p";.'"
~ - o - | | | | |
5 6 7 8 9
Prior CI width
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Generate Next Set of Experiments

« With newly updated model, identify the best candidate input combinations to be used as
the next batch

« 3 additional runs

« Locations selected based on G-optimality (improving the worst prediction in the input
space), while not putting the new runs too close together (space-filling tendency).
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Implementation of Methodology for NCCC DOE

Bayesian DOE

Initial Range Exclude infeasible or Initial DOE (typically
Aspen uninteresting ranges (such .
a space filling —

Sf pe;:gnﬁ Simulation as where it pinches, some Approach used)
ariables:Xin; operating limit is reached PP

A

Candidate Set of
Points: X .qndiate

Thermodynamic ||

Sample from Design

Variables: X Parameters: 0,
CO, Capture MARS CO, Capture Width of J
(Aspen Simulation) (Surrogate Model) [— 95|0/ CIO }—» Utility Function
" & = ~ A A (i
y(x,01,6;) v y(X,61,6;)
. t

Mass Mass Transfer/ - y
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Process Surrogate Model (MARS)
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Utility Function
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Absorber Model Performance

G = 2250 kg/hr
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Width of 95% Confidence Interval
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Implementation of Test Runs at NCCC
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Absorber Performance — Parity Plots
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Learning from the Experimental Data: Updating Quantified
Uncertainty
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Effect of Bayesian Inference on Cl Width (15t Iteration)
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Conclusions

 Accelerated learning through optimal DOE

* Process model uncertainty has been shown to decrease as process level data
are incorporated into a Bayesian inference methodology
 Two Iterations performed in this work

* Methodology would provide quantitative measure of diminishing return
(i.e. reduced learning) as optimal experimental data are collected

‘ ’ N NATIONAL L Li /\ 5“\ — "‘.‘-'1,‘ U.S. DEPARTMENT OF
awrence Livermore & B\
C C S I TLIESHNooey 'm "" | Rt Laboratory l:?ﬁﬁ'ﬁm&% Northwest WestVirginiaUniversity TE XAS 6 ENERGY 40
- LABORATORY N

EEEEEEEEEEE




S
‘\

S
'\

ccsl® =

Carbon Capture Simulation for Industry Impact

CCSI

Carbon Capture Simulation for Industry Impact

For more information
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