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Tools to Develop an Optimized Process using Rigorous Models
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Presenter
Presentation Notes
Optimization tools for process synthesis & design
The technical and economic performance characteristics of a new technology are strongly dependent on the configuration, interconnections operating conditions and integration of equipment into a process. Thus, in order to rigorously screen and evaluate new technologies, it is important to ensure that an optimal process is used for the evaluation. The optimization tools being developed by CCSI will (in conjunction with CCSI Models and RM tools) enable the identification of optimal equipment configurations for potential capture processes allowing (1) more effective screening of materials and concepts, and (2) identifying the types of devices and processes that should be the focus of more detailed modeling and analysis. 

This approach utilizes CCSI-developed rigorous process models incorporated CCSI-developed basic data submodels. 
These process models can be integrated using a CCSI-developed simulation-based optimization framework which utilizes advanced derivative free optimizers and can run thousands of simulations in parallel to develop an optimal process. 
Alternatively, a superstructure can be used to develop an optimal process configuration balancing operational cost with capital cost. CCSI has development an approach to automatically general algebraic models (suitable for such superstructure optimization) from the rigorous process models, enabling consistency among approaches and making these advanced optimization approaches more accessible to industry. 
Since the superstructure is optimized using surrogate models, the resulting process can be verified and further optimized by using the simulation-based optimization framework.
The resulting process can then be assessed for uncertainty. Future work will integrate uncertainty quantification capabilities directly with the optimization tools to directly enable optimization under uncertainty.


Computationally screen sorbent materials, devices, and processes: Developing processes based on a few, promising materials reduces development cost and time
Rapidly consider the trade-offs associated with putting a new concept into a process: Quickly developing an optimized process shows the potential of new a concept when integrated into a system



Simulation-Based Optimization

+ Treats simulation as black box (does not require mathematical
details of model)
—> Easy to implement

+ Does not require simplification of the process model
—> High-fidelity models applied

+ Readily adapted for parallel computing
—> Computational time reduced

— Not well suited for problems with many variables such as heat
Integration, and superstructure optimization

—> Heat integration is a separate module in optimization
Superstructure optimization pre-determines best topology

Goal: Develop a simulation-based optimization
framework with heat integration for large-scale high-
fidelity process models.
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Simulation-Based Optimization Framework

~

Graphic
Interface

N\ 4

Problem

Definition File

(Provided by users

separately)

\

v

.

Optimization Engine

(Executed from graphical interface)

£ CCSl iwn

r;}l ‘ml | Lawrence Livermore

National Laboratory

EEEEEEEEEEE

Eeed, U.S. DEPARTMENT OF

@ENERGY |,




Problem Definition File (Session File)
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Optimization Settings

Black-Box optimization parameters, bounds, variable scaling

Model Settings

» Define input and output variables for simulations
e Specifies simulation files and metadata

Meta-Flowsheet

« Connect Multiple simulations and calculations
 Recycle loops are allowed
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Optimization Engine
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Input Output
Problem, initial guess, solver Best solution found

param eters

Derivative-Free Optimization Solver

» Generates sample sets based on input
» Attempts to find minimum objective
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Parallel Flowsheet Execution

Meta-Flowsheet \
Meta-Flowsheet \

Meta-Flowsheet
e Connects to Turbine to run simulations.

( Heat Integration )
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Derivative-Free Optimization Methods
« CMA-ES

— Covariance Matrix Adaptation Evolution Strategy

— For difficult non-linear non-convex optimization problems in
continuous domain

« SNOBFIT

— Stable Noisy Optimization by Branch and FIT

— For the robust and fast solution of noisy optimization problems
with continuous variables

e Global-OPT (DOEYS)

— Uses design of experiments to determine the global optimum

— Can optimize smooth and not-smooth, continuous and discrete
variable problems
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Software Integration

Turbine Science Gateway
Parallel Simulation Execution
Available for local use and
Amazon EC2 Cloud

ACM Hybrid Split
Optimization

* Experiment ran 13000
_ simulations

- 100 simulations per

PSE gPROMS is
now supported.
Deployed on EG2
with 5 gORun_xml >

licenses y amazon V ing 50 virtual
webservices™ 1 e
4 600

database of res Il
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Graphic Interface
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Meta-Flowsheet Editor

Home Screen (load/save session files define models)
Flowsheet Editor
Uncertainty Quantification Tools
Optimization Tools
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@ Tear Edge

Edge (information transfer

between models) Recycle Loop o

Kl | 3

Ready \ 4

Node (a model run on Turbine or Python code)
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Information Flow
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Optimization Problem Setting

Solver selection and parameters

Select decision variables

Variable Scaling Method
input variables are scaled
to be 0 at min and 10 at max

Min/Max constraints
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apply nRevert @Start //

Solver

— Start/Monitor Optimization

Prnblem{

—-—-——"'—_—:_'—ec—ife unction F{x
Current Value Chiective Function f(z)

(initial guess)

Objective function
Python expression

Inequality constraint
Python expression
(enforced with penalty)
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Problem Definition

\Decisinn Yaraibles
N ‘ariable Scale Min Max Yalue -
\_ 1 BFE.rgndx Linear j 0.014 0.026 0.0z
2 BFE.B Linear j 2.8 4.2 4.0
3 BFE.BFErgnT.Lb Linear j 2.8 4.2 4.0
4 BFE. adslh: Linear 'l 0.25 > 0.55 0.5
5 | BFE.GH#Fg. GasOut, T |Mone j 25.0 40 40.0
& WWM Fo0000.0 | 900000, oo |
Expression Penalty Scale | Walue For Failure +
jF["BFBCDst.B49"].value 1.0 1000.0 —
A
—Inequality Constraints gix) <=0
Expression Penalty Factor Foarri +
/7ﬂ 0.9 - [["BFE.removalCO2" ] value | 1000.0 Linear j -—
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Ready i
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Optimization Monitor
@IINENCIe

’ Stark . Stop. @ Settings 0 Help Update delay {ms): ISDD
@ Optimization Solver Messages I m] 51} | ® Objective Function Plok =10l =l
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Iteration 98 Complete, Total Elapsed Time: 122498,38464 5, Objective: 123.848215112 d
Iteration 99 Complete, Total Elapsed Time: 123381.473901 s, Objective: 123,835078636 220 T T - -
Iteration 100 Complete, Total Elapsed Time: 124203,713999 s, Objective: 123,835078636 b
124207520292 sec 200 | |
123.835078636 @ 180 1
Best Input Yalues {scaled): [ 7.26782531 0, 3.2443637 0. 8,.20332187 g
777744506 A
a. a. 947420122 3.74398661 2.53475767 0. 8 160 g 1
3.60551033 886262153 4.17168971 0.51371151]
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120 . . . .
| ITERATION 99: 1007100 Err: 11 TOTAL Complste: 10000 Err:122 0 20 40 60 80 100

lteration
Clear |

Best Solution Parallel Coordinate Plot =0l =l

=
o

Scaled Value

= e L = e - =]

BFB.rgndx

BFE BFBadsT.Lb
BFB.BFBrgnT.Lb [

BFB.adslhx
BFB.Solidin.Fm |
BFE.steam.F |

BFB.BFBadsM.Lb

BFB.rgnSF
BFB.rgnDt |
BFB.adsDt |
BFE.BFBadsB.Lb

BFB.rgnlhx
BFB.BFBrgnB.Lb |
BFB.adsN |
BFB.rgni [

BFB.adsdx p ~a

Variable

U.S. DEPARTMENT OF

ENERGY .

),

‘ Ready
g C C S I N=TL IIR M Lawrence Livermore /2 7

il

\ - 2 Pacif

' \ -~ 1 —d National Laboratory - LosAlamos  “G(F
Carbon Capture Simulation Initiative 1943 . AL




Simulation-Based Optimization with Heat Integration

Parameters I:>
Initial Inputs ‘

Optimal Outputs _

Optimal values for
Decision Variables

Physical
Properties

—>

Optimization Solver
min f (x)
X

s.t. g(x)<0

Process Simulator(s)

heater

—_—
cold stream

Hot/Cold Stream
Information

hot stream /l\

heat exchanger

e.g., Flow rates,

|

Heat Integration Tool
cold stream

»

cooler (with utility)
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Temperatures, Enthalpy, ...

\

AAAAAAAAAAAAAAAAAA

xxxxxxx

Simultaneous
process optimization
and heat integration
are achieved in this
framework

Heat Integration Results:
Hot/cold utility consumptions
Minimum utility cost
Minimum number of heat exchangers

Optimal matches between hot and
cold streams
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Heat Integration Interface
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+ | MNode Edit g X
+ o Aoy ) Revert
. -~
\ Calculation Error Code (0 = okay): -1 B
L s . :
®© Heat integration inputs Name;  Heat Integraton
Model: [HeatInhegration -
’ \; ¥ -200.0 ¥+ 0.0 z: 0.0
. \ Input Variables
n Mlnlmum temperature Mame  Value Unit Category Default Min  Max Description Tags L
Dfit
Bﬂ dlﬁerence " > 1 Hrat 100 K 10.0 0.0 5000  Minimum approach temperature [1 - L
2 Max.Time 60.0 second60.0 0.0 100000 Maxirmum allowable time for heat integration []
E@ 3 NetPower null MW 0.0 0.0 10000 Met power output without CCS [1
BFB Heat Integration E
Heat Integration
Heat integration outputs \
\\ Qutput Variables =
N : —
MName Value Unit Description Tags Il 4k
Utll'ty Consumptlons - >1 Cooling_Water.Consumption null  GJ/hr Cooling water (20 C) consumption (Cost: 80.21/G)) [ —
\ 2 FH.Heat.Addition null  Gl/hr Heat addition to feed water heaters [
3 HP_Steam.Consumption null  Gl/hr High-pressure stearn (230 C) consumption (Cost: 58.04/GJ) [ r
4 MP_Stearmn.Consumption null  Gl/hr Mediurn-pressure steam (164 C) consumption (Cost: 56.25/GJ) []
# of heat exchangers —___|
5 MinMNo.HX null  Mone Minimum number of heat exchangers 1 B
Utlllty cost |6 Utility.Cost null  $/hr Total utility cost 1 18
L] i | b =
Ready

e

Y

- £ CCs|

N=TL rm i
-——
Carbon Capture Simulation Initiative ssm(nm LAB

&

Lawrence Livermore
National Laboratory

>z

Pacific
Northwest

a=

c )
oS Alamos

f"71

U.S. DEPARTMENT OF

ENERGY .



Case Study
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Case Study Results

Objective Function: Maximizing Net Efficiency

Constraint: CO, Removal Ratio 2 90%

Net Efficiency (%) CO, Removal Ratio (%)

w/o CCS
Base Case 42.1 0.0
with CCS but w/o Heat Integration
Base Case 26.7 91.3
Optimal Solution 28.6 90.9
with CCS and Heat Integration
Base Case 28.7 91.5
Optimal Solution OQ—D 91.0
[Optimization and heat integration significantly increased net ]
efficiency of power plant with CCS.
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Software: FOQUS
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Framework for Optimization and
Quantification of Uncertainty and
Sensitivity

» Builds on Sinter and the Turbine Gateway

« Common framework for model execution
» simulation based optimization
 uncertainty quantification (UQ)

\\ » steady state reduced model building (coming soon)

/

More information: https://www.acceleratecarboncapture.orq
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Conclusions and Future Work

Conclusions

« Simulation-based optimization framework is a suitable tool for
optimization of large-scale high-fidelity process models.

« Multiple simulation and optimization software are incorporated
so that different units or subsystems in the process can be
modeled in different simulators.

» Performance of power plant with CCS can be significantly
Increased by optimization and heat integration.

Future Work

« Add more process simulators and optimization solvers into the
framework.

» Allow parallel computing for heat integration.
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Disclaimer

This presentation was prepared as an account of work sponsored by an agency of the United
States Government under the Department of Energy. 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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