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‘ ” CCS| For Accelerating Technology Development

Carbon Capture Simulation Initiative
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Goals & Objectives of CCSI

 Develop new computational tools and models to enable industry to
more rapidly develop and deploy new advanced energy
technologies

— Base development on industry needs/constraints

 Demonstrate the capabilities of the CCSI Toolset on non-
proprietary case studies

— Examples of how new capabilities improve ability to develop
capture technology

* Deploy the CCSI Toolset to industry
— Initial licensees
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Tools to develop an optimized process using rigorous models
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Framework for Optimization, Quantification of Uncertainty and Sensitivity

ALAMO Simulation . S
Surrogate Based Qﬂgﬁ:ﬁi:ﬂ:ﬁn Data Management |
Models Optimization Frame}/\(ork
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— Meta-flowsheet: Links simulations, parallel execution, heat integration =—
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SimSinter Config
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¢
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Turbine SimSinter SlmAuIatlon
Parallel simulation execution & Standardized interface for PFSQF())el\r/]IS
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Carbon Capture System Configuration

lean
sorbent CO-rich gas | compression !
D —— hai !
chaln [
COa2-lean gas a2 1 IL __________ !

cold in

Surrogate models for
each reactor and
technology used

o (Nu—1) ] l
I parallel trains ! az d2 e
| |

BJ

____________ A A
A\ \/
cold out 4—( a ) warm d hot out

. 1 . 1 .

cold in — in ~<~— hot in
A A

* | <— steam
flue gas —» D— —»@7 %
S tum & rich H3 M<_<]<_ feed CO;
Util in Sorbent 2

» Discrete decisions: How many units? Parallel trains?
What technology used for each reactor?

« Continuous decisions: Unit geometries

« Operating conditions: Vessel temperature and pressure, flow rates,
compositions
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ALAMO: Model Development & Overfitting

« Step 1: Define a large set of potential basis functions

Z2(z) = Bo + Prx1 + Paxo + Baxize + Sae™ + Bse™ + ...

« Step 2: Model reduction

Z(x) =2+ 20+ 5e™t

Error

Ideal Model

< True error
Empirical error

1
i Complexity
I
< - 1 —>
Underfitting i Overfitting
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Adaptive Sampling Improves Surrogate Model

* We use an iterative design of experiments to
— Sample better or sample fewer data points
 Two models given the same data set size:

a A

- —_ —
Even sampling Stronger
sampling
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Underflow
configuration

Overflow
configuration
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Carbon Capture Reactors

Adsorber

COs-lean sorbent:
solid properties‘
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gas properties
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Regenerator

COs-rich gas:
gas properties

COs-rich sorbent:
solid properties
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unit and heat
exchanger geometry
gas velocity
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Steam injection:
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Steam injection: ‘
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Superstructure Optimization

Mixed-integer nonlinear
programming model in GAMS

 Parameters
» Variables
 Equations
« Economic modules
 Process modules
 Material balances
* Hydrodynamic/Energy
balances
* Reactor surrogate models
 Link between economic
modules and process modules
* Binary variable constraints
 Bounds for variables
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FOQUS Flowsheet

-

-\X FOQUS - C:\Usets\jeslick\work\test\bfb_opt.json - Last saved: 2014-08-26T12:51:22

OB O

Sessaon Flowsheet Uncertainty Optimization Surrogates

iili I NNE - LY VQ'*"B/I'F‘{

Cost Estimating Excel Spreadsheet
with Power Plant surrogate model

= > &
test cost
BFB6_1_new BFB6_1_new_cost

ACM Model for BFB Solid Sorbent
Capture System

< |

n

m

Optimization Running, Elapsed Time: 1752.0
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FOQUS Problem Definition

-,* FOQUS - U:\BFB_opt2_res.json - Last saved: 2014-09-03T09:41:43 =N R
Session Flowsheet Uncertainty M Surrogates
Problem Solver Run
Dedision Varaibles
. . . Variable Scale Min Max Value e
D e CI S I O n Va rl a b I e S 1 BFB.adsDt Linear ¥ 9.0 15.0 10.858557456482906 ‘i’
2 BFB.adsdx Linear ¥ |0.0175 0.03 0.0175
3 BFB.adslhx Linear ¥ |0.0075 0.5 0.17531815351899785
4 BFB.adsN Linear v 4.0 15.0 11.275189518249599
R -
Objective Function f(x)
. . Expression Penalty Scale Value for Failure I
O bj e Ct|Ve 1 f["Cost"]["COE"] 1.0 800.0 -
Inequality Constraints g(x) <=0
. Expression Penalty Factor Form I
CO n Stra I ntS 1 0.9-f["BFB"]["removalC0O2"] 1000.0 -
[J Cheddnput...] [Q Variable Explorer]
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IP Steam Extraction LP Steam Extraction

: Steam Cycle ----> ---->
o Reheater 1 1
[} I
» ngh | . I Low
wd =200 se==-e-eeeg Pressure |- - - ---Lo_y mediate [ __i__ . pressure |-----
1 . Pressure L 1
| Turbine IP Steam Turbi LP Steam |_Turbine 1
m I HP Steam —°
s : Condenser
X T Process Water Return
I
O) 0 e S— s
w Water
Feed Water
ﬂ Coal e > Boiler High Temperature Low Temperature
: Air 5 S Feed Water Heater Feed Water Heater
I Intermediate
Flue Gas Compressor Cooler
ﬂm CO, Stream
Clean Gas T q
m — S gtOQ . . | To Storage
Vent ream 1 1 1
I U= = =>Water V== => Water '= = => Water
Cooling
' — .
Water VA - . Compression System
5 —— ; - - —-Steam
Adsorber 2 ;2 Q Regenerator
: Water
: Gas Stream
€--- : = ==> Water @ Heater -
o 0 Jruml _ - > Water/Steam
» — Solid Sorbent j Q Cooler Stream
T Steam 0\ U > Solid Steam

Carbon Capture System

Objective Function: Maximize Net efficiency

Constraint: CO, removal ratio = 90%
Flowsheet evaluation (via process simulators)
Minimum utility target (via heat integration tool)

imiza

Opt

Decision Variables (17): Bed length, diameter, sorbent and steam feed rate
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Optimization with Heat Integration

w/o heat
integration Sequential Simultaneous

Net power efficiency (%) 31.0
Net power output (MW,) 479.7
Electricity consumption® (MW,) 67.0
|IP steam withdrawn from power cycle (MW,,) 0

LP steam withdrawn from power cycle (MW,,) 336.3
Cooling water consumption® (MW,,) 886.8
Heat addition to feed water (MW,,) 0

32.7
505.4
67.0
0
304.5
429.3
125.3

35.7
552.4
80.4
0
138.3
445.1
164.9

Base case w/o CCS: 650 MW, 42.1 %
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Uncertainty Quantification for Prediction Confidence

= Now that we have
« A chemical kinetics model with quantified uncertainty
« A process model with other sources of uncertainty
« Surrogates with approximation errors
* An optimized process based on the above

= UQ questions

« How do these errors and uncertainties affect our prediction
confidence (e.g. operating cost) for the optimized process?

« Can the optimized system maintain >= 90% CO2 capture in the
presence of these uncertainties?

« Which sources of uncertainty have the most impact on our prediction
uncertainty?

« What additional experiments need to be performed to give acceptable
uncertainty bounds?

CCSI UQ framework is designed to answer these questions
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Set up uncertain parameters

X Simulation Ensemble Setup

Choose how to generate samples:

 Choose sampling scheme Warning: Only "Monte Carlo" sampling scheme is compatible with
Load flowsheet samples non-uniform input distributions (PDF).

_ Load all samples from a single file

Distributions | Sampling scheme

Name Type Default Min Max PDF
1 test.UQ_Al Fixed + 1.0 v
2 | test.UQ_A2 Fixed v
3 |test.UQ_A3 Fixed w v
4 test.UQ_dH1 Fixed v
5 | test.UQ_dH2 Variable v 1.05| Uniform v
6 test.UQ dH3 | Variable v 0.95 1.05 Uniform
Normal
7 test.UQ_dS1 Fixed + 1.0 Lognormal
- Triangle
8 test.uQ_ds2 Fixed + 1.0 Gamma
. Beta
9 |test.UQ_dS3 Variable v 0.95 1.05 Exponential
10 test.UQ_El Fixed v 1.0 Weibull
11 test.UQ_E2 Fixed + 1.0 v
12 test.UQ_E3 Fixed + 1.0 v
13 test.UQ_fg_flow  Variable v 0.95| 1.05 Uniform v
14 test.UQ_nv Fixed + 1.0 v
All Fixed i All Variable
Cancel || Preview Samples || Done
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Generate simulation ensembles with FOQUS

X Simulation Ensemble Setup

Choose how to generate samples:

* Choose sampling scheme Warning: Only "Monte Carlo" sampling scheme is compatible with
| Load flowsheet samples non-uniform input distributions (PDF).

__ Load all samples from a single file

Distributions = Sampling scheme

Different sampling schemes are required to achieve certain UQ tasks.

Show schemes: Monte Carlo ?

o Al L T S—
Latin Hypercube

Orthogonal Array

__ For response surface analysis Morris Design

Generalized Morris Design

Gradient Sample

METIS

__ For parameter screening only

__ For adaptive response surface analysis

# of samples? 1000 $ ~ Generate Samples

CCS|

Carbon Capture Simulation Initiative

_ Cancel || Preview Samples || Done
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Perform statistical analyses with FOQUS

Ensemble Analyses

) Uncertainty Analysis on Ensemble Data ) Second-order Sensit
200+« BEY 000+« BEY

ety im0 » Uncertainty analysis

b » Sensitivity analysis
5 (- > Correlation analysis N
‘-8 Ensemble UA > Scatterplots for visualization RS-basediSg
. Response Surface (RS) Analyses
» RS validation

RS-based UA » RS visualization
» RS-based uncertainty analysis

fg_fle
150 200 250 300 350 400
e » RS-based Bayesian inference
0 Model Valdation of MARS Response Surface ) "2-input to 1-Output Visualzaton of MARS Response Surface noo Unted 14 e
NPOO ++ BEY P00+« BEY N Sayesin nferenc based on LNEAR
Model Error Histogram Actual vs. Predicted Data Surface/Contour Plots of "Cost_coe_obj = MARS(UQ_dS3, UQ_dH3)" 200+« BEAY
- — Oleth bilitie: n of Two Inputs.
Error mean: 0.000627 Estimate = Actual Negat lweLnguklmmﬂ 901146&13
Error std dev: 3.989587 3 Estimate +/- 1 std dev 110 480
Surface plot = Y
400 gl -
3000 150 B I
&l
g
X §\ .90,
2500 105 P PSP IS PSP
= e —
140
3 300 - ’
q 2
g £ {oo
2000 & - 320 Ly
4 8 . e
H & 550 g &5 - -
g 8 g SELLEL LS OIS S R
o 130
1500, 3 Ua_dH2 )
g 240 ooy
B 200/ 3 00
= 125
o4
EOM
1000
095
150 120
100
500 RS 115
RS-based
validation . ]
L & L O 5
R o3 7 %00 05 ayeS|an in erenc

Model Errors. Actual Data for Cost_coe_obj RS Vlsuallzatloﬁ

‘ ’ C C S I N=TL ”/‘m ‘I" M Lawrence Livermore 2 \?‘77/

P
: Pacif
National Laboratory < LosAlamos  2c/Ue
' Carbon Capture Simulation Initiative BERKELEY A NAnoNAIL”Lﬁ?umm ‘ |




UQ in Solvent System Models

Process Simulation

Uncertainty in _ _
Properties Models Uncertainty in %
CO, Capture

ABSORBER

Uncertainty in
Hydraulic Models, Uncertainty in Energy

Mass and Heat Requirement

Transfer Models -

Uncertainty in
Uncertainty in Estimation of Other
Kinetic Models Key Variables

Morgan, J. C., D. Bhattacharyya, C. Tong and D. C. Miller (2015). "Uncertainty Quantification of Property Models:
Methodology and Its Application to CO2-Loaded Aqueous MEA Solutions1." AIChE Journal. DOI: 10.1002/aic.14762
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Framework for Optimization, Quantification of Uncertainty and Sensitivity
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