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ADVANCED PROCESS MODELLING

A'combination of high-fidelity medelling=cdvanced
optimisation and system analysis technigaes-within an
equation-oriented framework
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%-CCS Advanced Process Modelling Tool-kit
Project

S5.5m project
3 year development (2011-2014)

— Tool tested using several case studies
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gCCS v1.1 scope

= Process models = Materials models

~ Power generation — cubic EoS (PR 78)
— Conventional: PC, NGCC — flue gas in power plant
~- Non-conventional: — Corresponding States Model
oxy-fuelled, IGCC - water/steam streams
- Solvent-based CO, capture ~ SAFT-VR SW/ SAFT-y Mie
- CO, compression & liquefaction - solvent-containing streams in
- CO, transportation CO, capture
- CO, injection in sub-sea storage ~ SAFT-y Mie
- CO, Enhanced Oil Recovery - near-pure post-capture CO,
streams

m Costing models
— Equipment CapEx & OpeX

Open architecture allows incorporation of 3" party models

© 2017 Process Systems Enterprise Limited



Integrated CCS Chain flowsheet model

Power Plant Compression Unit

[ ccer ) %

Pre-treatment & Capture Unit

Pipeline, injection
well and reservoir
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gCCS Power Plant library — conventional power generation

Supercritical pulverized coal power plant

Governor valve
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Boiler_Pulverised_Coal

The Boiler_Pulverised_Coal is a generic
steady-state model of a pulverised cosl
bailer that can simulate both supercritical
and subitical bolers. The performance of
the bailer is specified using a number of
design and operational parameters that
define various aspects of the behaviour of
the baiker,

For details please refer to the model
documentation: Boiler Pulverised Coal.pdf,

Copyright (c) 2003-2013 Process
Systems Enterprise Ltd.

Interface | Spedfication| Topolagy

gPROMS language

Properties

Projects
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gCCS Power Plant library — conventional power generation

Combined Cycle Gas Turbine power plant

-

Economisers, superheaters,

evaporators

!

return

® ) Condensate

Generator

Input flexibility:

Total power output or
natural gas flowrate specified
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gCCS Power Plant library — advanced power generation
Oxyfuel system

© 2017 Process Systems Enterprise Limited



gCCS CO, Capture library — Solvent-based CO, capture

“Standard” Amine plant
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gCCS CO, Capture library — Solvent-based CO, capture

Physical absorption (Selexol™ process)
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gCCS CO, Capture library — Solvent-based CO, capture

Activated amine capture plant
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gCCS CO, Capture library — Solvent-based CO, capture

Advanced PCC configurations

m Alternative solvent-based capture plant
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gCCS CO2 Capture library — Solvent-based CO2 capture

Advanced PCC configurations

m Alternative solvent-based capture plant
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gCCS CO, Compression & Liquefaction library
CO, compression plant

Fixed speed Dehydration unit
electric drive

Compression

section
Frame #1:4;, Frame #2,

Cooler KO drum Surge valve
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gCCS CO, Transmission & Injection library

CO, transmission pipelines

Emergency
shutdown valves

CO, flowmeter
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gCCS CO, Transmission & Injection library
CO, injection & storage in reservoir

Distribution
header

Wellhead
connections
20m above water, | -
70m Smeered WellhesdComectiondl Welesioeetiond  WelhahdTonnectionT3

Reservoir

~250 bar

Pesgryiir
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gCCS CO, Enhanced Oil Recovery library

CO, EOR

Produceﬂsales gas Fresh COz2 supply

CO2 compressors

) ==l g

a= CO2Pump
—

Membrane
Gas treating unit

Three phase
separator

¥

Produced crude oil P‘oduced water

Surface facilities#™

H
Water injected

Water
injection well

Sub-surface facilities @ /

Production
well

CO2
injection well

Reservoir
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Steady-state analysis

Power generation

A: coal milling
+ power plant auxiliaries
+ CO, compression

A: coal milling
+ power plant auxiliaries

\\ Pc\wer generated (MWe)
900 \

800

700 - \
600 -

500 -

400 -

300 -

200 - A: capture plant steam

100 -

0 | |

Power 100% 75% 50% 100% 100% 75% 50% 100% 100%

\ M Net ™ Gross

Capture 0% 0% 0% 90% 50% 90% 90% 90% 90%

Summer Winter

© 2017 Process Systems Enterprise Limited



Operational analysis

Power/CO, capture two-way coupling
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Operational analysis — sub-systems

Analysis of CO, EOR with supply constraints

Unconstrained supply

Injected CO2 mass flow
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gCCS applications
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The Carbon Capture Simulation Initiative @

(CCSI) commercialization project
Background
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U.S. Carbon Capture Simulation Initiative (CCSI)

Challenge: Accelerate Development/Scale Up

Traditional time to deploy new technology in the power industry

;

Dﬁg?ggﬁgnt : Process Scale Up
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ENERGY

David Miller (2016), CCSI2 Overview and Key Capabilities, NETL CO2 Capture Technology Meeting
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Carbon Capture Simulation Initiative (CCSI)

...' : C CS | .F.or ccelerating Technology Development

Rapidly synthesize " Better understand Quantify sources and o
optimized processes : internal behavior to effects of uncertainty to Stabilize the cost

to identify promising reduce time for 3 guide testing & reach 3 during commercial
concepts troubleshooting larger scales faster deployment
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Miller D C et al., (2015). Multi-scale modelling of carbon capture systems, IEAGHG, PCCC3
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CCSI nominated for R&D 100 Awards
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U.S. Carbon Capture Simulation Initiative (CCSl)

Background
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SimSinter Config
GUI
Turbine SimSinter Simulation
Parallel simulation execution <> Standardized interface for Aspen
management system simulation software gPROMS
Desktop — Cloud — Cluster Steady state & dynamic Excel

D. C. Miller, B. Ng, J. C. Eslick, C. Tong and Y. Chen, 2014, Advanced Computational Tools for Optimization and Uncertainty Quantification of Carbon Capture Processes. In Proceedings
of the 8th Foundations of Computer Aided Process Design Conference — FOCAPD 2014. M. R. Eden, J. D. Siirola and G. P. Towler Elsevier.
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(2015). Multi-scale modelling of carbon capture systems, IEAGHG, PCCC3
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Miller D C et al.,
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CCSI CRADA — GE / WVU / LANL

GE's CO, Solvent Separation Technology

Features Small Scale Pilot (0.5MW)

* Non-aqueous aminosilicone solvent, low water
usage, low corrosivity

Smaller footprint, simpler design, lower capital
cost, lower operating cost 1 1 1
Mature unit operations, robust system FO Q U S O ptl m IZGtI 0 n

integration & heat management

* Scope: Design, construct & test a pilot
arale facilitv at the Natinnnl Carhan

Low volatility (emissions),

Successful bench scale demo completed

area

Desorber

g Preliminary results
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(® 2015 General Elactric Company - All rights resarved

Teresa Grocela-Rocha (2016). Industrial Success Story: DOE-GE CRADA for CCSI Modeling, NETL CO2 Capture Technology Meeting
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Uncertainty quantification in solvent systems
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Margan, J. C_, D. Bhattacharyya, C. Tong and D. C. Miller (2015). "Uncertainty Cluantification of Property Models:
Methodaology and Its Application to CO2-Loaded Aqueous MEA Solutions1." AIChE Journal. DOI: 10.1002/aic.14762
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Advanced Process Control (APC) Framework
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The Carbon Capture Simulation Initiative @

(CCSI) commercialization project

Project overview
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Project partners ...and team

Principal
Investigator US Team Pse
(Technical) | ' H B
AE - ALAMO  AE - SorbentFit
Co-Principal
Investigator UK Team
(Commercial) 4 o,
& L
Project Manager  Consultant s %

&
$\

™
4 pennsy™

Prof Nick Sahinidis
Prof Debangsu Bhattacharyya  Researcher student Co-Principal
Co-Principal * Anca Ostace Task leader ALAMO/FOQUS
Task leader Process Modelling

Q
%(‘

WestVirginiaUniversity

Researcher fellow

 Dr Mustafa Kilinc
Researcher students

* Keenan Kocan
* Alejandro Mejia

Prof David Mebane
Co-Principal
Task leader Sorbentfit/SolventFit
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Project objectives

m |ldentify opportunities for commercialising components of
the CCSI toolkit within the gPROMS platform

— Assessment and ranking of tools according to commercial and
technical criteria

m Develop and demonstrate a clear technical delivery path
towards achieving these opportunities
— Devise implementation plans and build team for Phase 2

© 2017 Process Systems Enterprise Limited



Project overview

© 2017 Process Systems Enterprise Limited

Pre-identified tools:
SorbentFit/SolventFit
Process Models

FOQUS
ALAMO

Full CCSI toolkit

A4

s

Pre-feasibility screening

Essential &
Weighted

decision criteria

Fast track 4 selections

Max. 4 additional

selections

For each tool

implementation plan

commercial plan

Workshops
For each tool
Stage gate:
Feasibility, Commercial opportunity
For each successful tool
Taskforces
Develop Develop Prototyping (Pre-

identified tools

| Toolkit selection stage |

Tasks |

Pre-identified tasks I

Combine & review succesful
applications

Phase 2 proposal




The Carbon Capture Simulation Initiative

(CCSI) commercialization project

Screening and assessments

© 2017 Process Systems Enterprise Limited

Pre-identified tools:
SorbentFit/SolventFit
Process Models
FoQus
ALAMO

Full CCSI toolkit

SN

Pre-feasibility screening

Essential &
Weighted
decision criteria

Max. 4 additional
selections

I Fast track 4 selections |
l For each tool
I Workshaps I

Feasibility, Commercial opportunity

Stage gate: ‘

} For each successfultool |

Taskforces I

L

Develop
implementation plan

Develop
commercial plan

Prototyping (Pre-
identified tools

l

Combine & review succesful
applications

Toolkit selection stage ‘

[

Pre-identified tasks ‘
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Proposed screening criteria

Essential criteria

Scored criteria

Both technical and
commerical criteria

Feasible integration

method identified

Summarized criteria

Technical criteria

Direct Implementation

Preliminary effort
estimate

L 4

Foreign Object

Standalone tool

Technology Readiness
Level (TRL)

Complexity

Compatability with

Commercial criteria

At least 1 commercial

opportunity identified

© 2017 Process Systems Enterprise Limited

existing code base

Higher programming
language used

Synergy with current PSE
offering

Existing market with CCS
Applications

Existing market with
advanced energy systems

Transferability to other
processes/industries

Value curve analysis




Carbon Capture Simulation Initiative (CCSI)

Fast track tools and screened tools

ALAMO SolventFit/SorbentFit

ALAMO Simulation { ptimization iREVEAL A
Surrogate Based ’ Intth:::ion‘ ua Under B[:l-i'ladn:r urrogate || Data Management
Models ptimizatio| g Uncertainty Models Framework
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£ e —_— 2
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Meta-flowsheet: Links simulations, parallel execution, heat integration =~ SC re e n e d tO O I S
[ —— —‘
[
SimSinter Config
GUI
— —
-
Turbine SimSinte Simulation | )
{ Parallel simulation exacution €| Standardized interface fol Aspen
management system simulation software gPROMS
Desktop — Cloud — Cluster Steady state & dynarp Excel y
N\

\/

FOQUS Turbine and SimSinte
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r

Process Models

D.C. Miller, B. Ng, J. C. Eslick, C. Tong and ¥. Chen, 2014, Advanced Computational Tools for Optimization and Uncertainty Quantification of Carbon Capture Processes. In Proceedings
of the 8th Foundations of Computer Aided Process Design Conference — FOCAPD 2074. M. R. Eden, J. D. Siirola and G. P. Towler Elsevier.

2 ~
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Carbon Capture Simulation Initiative
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WVU (Process Models)
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WVU (SorbentFit)

SorbentFit & SolventFit

D023
;;""“’ Top: Bayesian calibration of TGA sorbent data
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Bottom: Bubbling bed adsorber results. The “real”

f response of the system is the red dot / black curves.
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CMU (ALAMO)

m Optimization-based machine learning methodology

New
surrogate
model

Surrogate
model

&

0, .
* Maximizato® ﬁebﬂ”d mode!

m Capable of transforming data and complex models to

aIgEbraiC mOdels Automated Learning of Algebraic Models (ALAMO) @

» ALAMO is a software designed
to generate algebraic surrogate = G-y

min ;
models (from model or data) *Z (max(y, z) - min(y.z))’
st.o 0= f(y,u)
0= f(y.u) - = ZG.A(H) z= 3 a,A,u) Vie{l.,m,}
f Je(Ki=A)
z<g(u.z)
EXAMPLE:
0=2u"+1=y
A={u, u?, U3, cos(u),1}
Model Qutput
Model Input
ALAMO Output
Parameters to be fitted

SOLUTION:
z=13u?-0.35u+2
a={1.3,-0.35, 2}
K={u? u, 1}

User-defined base functions
set of considered base functions
Subset of base functions used

xX > >0 NS <
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SWOT ANALYSIS

Process models

E— Featured Opportunities
STREN ="/ aueausi=sses

ALAMO
STREN~Tu: T o vricccre ° Process MOdElS: ngh
oo . fidelity gas-solid models
e | an could be extended to
other process
applications
m Exten
imioh  ALAMO: Could be used
) ziﬂ: » Gives probability distribution (allowing for » Takes longtime to run
t o dutor ’ additional metrics such as expected value) = NacuUl to Speed up and
o Bool — » " Efficient” multi-core algorithm = Expertinputreguired at present
- ""F:?LLE E = Outputis high dimensional data (needs .aUtorTTate. UQ
PR . some training at prasert) |nvest|gat|0ns
* FOQUS TURBINE:
= Bayesian estimation is not availablein = Free Bayesian estimation tools available Pa ra”ellzed SImUIatlonS
flowsheet tools = SolventFit (next tool)
0 3007 Frocem " Atthis:tirne uncl.earwhat prar,jticaladded on CIOUd .
benefit of Bayesian approach is to ML P SOI‘bentFIt. BayeSIan

estimation provides
unique capabilities

© 2017 Process Systems Enterprise Limited



Assessment against commercialization criteria

O f
4+ c v
= e 2
£ g |2 o
(%] o
D 5 |8 S
© 5 = =
@ 2 |9 ’ =
£ |2 2 |3 E 2
g |5 e g |8 g |- |
e [ 3 © 0 _ i c
v v o o = E < A c i
= = > o E = L [ [ n
5 |13 /2 |5 |8 |E |2 |8 [f |¢
2 |2 |2 |5 |o |& |z |[& |8 |3
1|General applicability 2 7 6 3 3 4 1 4 1 7
2|User-friendliness 3 5 7 2 4 3 5 4 3 4
3[Impact on customer workflows 3 6 8 3 5 3 6 4 4 4
4|Alignment with platform 3 6 7 5 6 6 6 6 5 7
5[Perceived estimated market 3 8 7 4 4 4 4 4 2 8
6|Technical Advance Level 6 7 6 7 8 4 6 4 8 8
7|Technical Readiness Level 4 5 7 4 5 5 6 7 4 5
8|Commercial Readiness Level 3 7 7 3 4 4 5 5 3 5
9|Required development 3 5 7 3 5 4 5 5 4 5
10(Support / maintenance required 2 5 7 4 5 6 5 6 4 6
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Feedback from potential customers

“ability to use with commercial simulators is a plus”

“Complex work flow”

oy H 124
: : Limited scope
“Improve user friendliness” P

. o ?I’
“Need to demonstration value” Why change:

“Concerned about long-term support”
“Simulation time”

“cutting-edge technology”

“certain tools can be used outside CCS”

© 2017 Process Systems Enterprise Limited



The Carbon Capture Simulation Initiative @

(CCSI) commercialization project

Case studies: Improving commercial potential
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Extending model scope

CCSI BFB and MB models

gCCS CO, Compression

gCCS Power plant

P Fower Flant
{high lauc]

(1) ] @) 4) 5 ) m @)

i
-

—
—
—
—
—_—

4

z=0
‘ » ‘ I RERERE
- [a AC 3 Zeo AC ! Zeo
o |
a5 . o | . o 5o B B Feed | Deprass 1 | Depress 2 | Blowdown | Purge | Pressi | Press2 | Press
Hg pu rification model validation
F i Xe d b e d m O d e I < 325 3 % i Figure 8 Schematic diagram of the cycle sequence used for the PSA simulation
e | E & !
=320 ' = ! | T T T T T T T T
| —simulation i | —simulation | | | i
35 ! o Ribeiro et al., 2008 Yy [ o Ribeiro et al., 2008 T : | : :
I i 1
d eveloped | i 6 ! o :
! 2 [ =5 4 o i
305 ! ! = | I I
] ! = 4 1% I 1 1
300 0 . Ll 1 1 1 I
0 02 04 08 08 1 0 0.2 04 06 08 1 - 1 | 1 1 |
L{m) Lim) i [ |
2 | I Id |
—simulation ! ! p !
@ () [ o Ribsirostal, 2008 | ! |
0 . L i P i L i
Figure 8. (a) Gas temperature profile and (b) methane gas concentration profile at the end of the feed step o 20 40 60 B0 100 120 140 160
(simulation time t = 40 s), as a function of bed length. Simulation results compared to results published by Ribeiro et t(s)

al. (2008)

Figure 10 Pressure at the reactor outet — comparison between simulation results and results published by Ribeiro et
al. (2008)

© 2017 Process Systems Enterprise Limited



Demonstrations — value of improved model calibration

wv-\X/est\/irgﬁmUrﬂversigL wv-\}(/est\/irgirﬂaUmverslg,z

Results — Langmuir Model Calibration Results — Langmuir Model Calibration

Parameter uncertainty only, 8 = [AH, AS, n,] Parameter uncertainty and model discrepancy, @ = [AH,AS,n,] and 8
N 107
%‘ 6 x10 E‘ X
£ g 2
=T ]
20 gl 1
o2 g
£ 0 2 o
£ 6 4 2 g 64 2
Reaction Enthalpy [J/mol] . 1¢* Reaction Enthalpy [J/mol] x10 N
[ B E
g ° E o002 g £ o004
o - 7] =
= =] = =]
23 100 0 a3 £s
EE 27001 g £ 002
= 5 o = =
] . ] = =
g 0 £ £ 100 2
-1 =
-8 -6 -4 S5 S0 cs0 -0 0 -3 25 =2 = 200 -150 -100 -50
. . ’ ;
. Reaction Enthalpy [J/mol] , j0* . Reaction Entropy [J/mol/K] - Reaction Enthalpy [J/mol] , 19 . Reaction Entropy [J/mol/K] ;
g 2 T -3 2 ] -
S 3000 3 3000 2 610 7 3800 F 3800 o
: : i £ _ o 2 a0 :
g% 2% g1 2% 3400 27 3400 Z
%Emo £ Z2500 - g3 3200 £ 2 3200 =T
2 E it g 2 % £ 3000 £ g 3000 71
y 5_2000 3, 7 2800 <= 2800 =
g 2000 @ ’ £
& % 6 4 2 % 200 150 -100 S0 £2000 2500 3000 3500 E o2 2 W00 080 60 0 20 £ o e oo w
< Reaction Enthalpy [J/mol] x10* < Reaction Entropy [J/mol/K] Active Adsorption Sites [mol/m*] < Reaction Enthalpy [J/mol] y 10% < Reaction Entropy [J/mol/K] Active Adsorption Sites mol/m’)

IS

w
w

]
N

[

= experimental, 25°C = experimental, 35°C

Amount of co, adsorbed
(mol/kg)

-

model predictions

# experimental, 25°C model predictions

== model prediction:

Amount of (:02 adsorbed
(mol/kg)

p * experimental, 35°C
' === model predictions

o o 0 0z 04 06 o8 1 0 0Z 04 06 08 1
0 02 04 06 08 of 0z 04 06 08 1
€O, partial pressure (bal @0, partial pressure fharl

€0, partial pressure (bar) €O, partial pressure (bar)

*J

—
3 7 *
Ve 3
2 2
1 N
1 = experimental, 45°C = experimental, 60°C
® experimental, 45°C ® experimental, 60°C model predictions model predictions
m—model predictions = model predictions 2 .

0 5 2 0

o 0 02 04 06 08 1 [\] 02 04 06 0.8 1
. . o 02 04 06 08 1 0 02 04 06 08 1 CO, partial pressure (bar) €O, partial pressure (bar)
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Proposal for improving workflows and usability

Now

Possible commercialization

gPROMS
Simulation

Sampling:
TextFileFPI

Call ALAMO
from
command line

Build model
Adaptive sampli

Updateltraining se

. Run ALAMO within
gPROMS

O

Now

Possible commercialization

Prepare files

config_bays.txt
filelist_bays.txt

bayes_cal_TGA.exe
bayes_cal_TGA_32.exe

Run simulation

# | C:A\WORK\Projects\CCSI\SorbentFit\CCSI_E
s .
Baysian Calibration running

‘ A Sorbent_Model_NETL
ec MeasurementsSort by: experiment then sensor v Expand to level: 1

= Integrate with gPROMS parameter
estimation entity

m Create GUI

[ Estimate_parameter_PSO_Initial (Parameter_.. |- |-(-). [wtzam

Experiment | Include in estimation Add...
- nt_Model NETL... 7
o, nt_Model_NETL... v Remove
orNgPModel_NETL. v
- ent_Model_NETL. v
A Sorbent_Model_NETL v Down
v

Sensor group ... : Sensor ... ... variance model |
+ {8} Sensor group 1 Constant (0.01)

@ To estimate: 13 physical model parameters, and 0 variance
model parameters

Experiments & measurements
Porameters to be estimated | QPROMS language | Properties

Now Possible commercialization
Define inputs e
in gPROMS e
FO 9< \
Define model . — &
outputs Run simulation in Run simulation in
via SimSinter Foaus FOQUS
€ OR
Schedu
Create nod Schedule
Create node simulat i reFaoe 32:5 simulations via
in FOQUS?? 2 in FOQUS?? ‘
flowsheet g & flowsheet Turbine
Drag other igure Drag other Configure
nodes into onnections nedes into connections
flowsheet between nodes flowsheet

between nodes
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m PSE has assessed the CCSI toolset for commercialization
within its advanced modelling platform, gPROMS

m The CCSl toolset represents cutting-edge research in the
development of CCS

m PSE has identified and proposed development areas for
the commercialization of the tools especially with regards
usability and demonstration of additional value

m PSE will continue to support the CCSI? project
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