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Dimensions of process modeling

Component model detail

System scope

CH,,CL, CHO

1, Cat /H,0
— —_—
" -HCl

E CH,Cl, CHO

Detail engineerin

Operations

Model-based applications
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Process Modeling

Key drivers

Use validated models that are predictive over
wide ranges of design & operating parameters
=» increase reliability/reduce risk in model-based decisions

% 4d+
H o HES” Capture all important
n - interactions
Lumped}l b
Process & product development %é#é ) 5Vstem scope 9 fo rm u Iate
Equipment design m e a n i ngfu I

Detail engineerin,

|
MH&

wa

engineering objectives

Operations

Model-based applications

Leverage modeling investment
across process lifecycle
=» ensure consistency, reduce cost of
model development & maintenance
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Integrated gas production & processing networks

Basrah Gas Company
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D. Aluma, N. Thijssen, K.M. Nauta, C.C Pantelides, N. Shah
“Optimize an integrated natural gas production and distribution network”

Gas Processing News, October 2016.
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~20 mmSCM/d of gas (170,000 boe/d)

- significant flaring
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http://www.havenworks.com/world/iraq/maps/iraq-map.htm
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Integrated gas production & processing network

Top-level model

{2} Network_detail (Network_project_20160124)
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Integrated gas production & processing network

Second-level models

8 CS_3T (Network_project_20160124)
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Process modeling: where to next? @

Increasing the efficiency of the modeling process
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Model-based Engineering

Business Objectives

Model-based
Engineering

Business Deliverables
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Model-based Engineering

Analysis of business objectives
Formulation of modeling approach

Model construction
Correctness testing

Model validation

Model-based calculations for
process analysis & optimization

Application
deployment

© 2017 Process Systems Enterprise Limited

Business Objectives

Business Deliverables

15%

5%

Typical

__  break-down

of elapsed time/
effort




Model validation

Component model detail

System scope

CH,, O, CHO

1, @ Cat/H,0 @
2 [(O)——
v -HCl

E 0l CHO

Model-based applications
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Model validation

Characterization of fundamental physical phenomena

m Most process models contain
parameters that are not known

a priori
. ( g - R 3 (Estimate parameters and (Flsenalidated parameter B
- thermodynamics 1] g metaroprmenst |3 | ey 1 g o
—  heat & mass transfer o e r———— e I [ ——
B Togsl -8 o = | n - P
— hydrodynamics Tt S . o, -@ﬁT ==
—  reaction & other kinetics \ . = | ——— —— =
T e s s e s s o s s s s s s e s s o Iterate until \
sufficient
= Typically estimated from 2 e g

experimental data

= Experimentation almost always the
bottleneck in terms of time & cost

= design experiments carefully

= extract maximum amount of
information from this exercise
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Model validation

Characterization of fundamental physical phenomena

Cocrystal lattice energy
landscape in CrystalPredictor/

= Most process models contain baminohenzoR Lo BRI Crystaloptimizer
para meters that are not known g k‘
- L - 4-aminobenzoic acid:2,2’-bipyridine (1:1)
g prior E, -~ v R CLREAEL T
: 2N < S TR
_ thermodynamms S L L i RN
é,z- EEE) :><S
—  heat & mass transfer B "‘ b

~ hydrodynamics

— reaction & other kineti
Ibuprofen model

77 e e e 6 e 8 8 e 8 o 8 e e e o s o in sAFT—}/Mie
m Typically estimated from
experimental data
|
> CFD model of
agitated
> solid/liquid
reactor for drug
substance
manufacturing

= ALTERNATIVE: multiscale modeling
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Multiscale modeling: an old “new paradigm™! @

So what are the challenges for 2040 ?

—_—

1. Scope of fine-scale models

— Do they cover the physical phenomena
of interest to process modeling?

2. Accuracy of fine-scale models

— Is the accuracy of characterization of
these physical phenomena comparable
to what can be obtained by estimation
from experimental data?

What, if anything, can
= Process Systems Engineering
contribute to these?

e

3. Efficiency of multiscale integration

— Can problems of practical
significance be solved?

© 2017 Process Systems Enterprise Limited

Process Systems Engineering
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Multiscale modeling: a successful example

Prediction of fluid thermodynamics for process modeling

Fine-scale modeling: Molecular interactions-based Equations of State (SAFT-y Mie)
Papaioannou, Lafitte, Avendafio, Adjiman, Jackson, Miiller, Galindo, J. Chem. Phys., 140, 054107 (2014)

Vapor/liquid equilibria Reacting systems Polymeric systems
of complex mixtures
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Multiscale modeling: a not (yet) successful example

Prediction of solubility for process modeling

Fine-scale modeling: Ab initio crystal structure prediction

e 100K

q
U (k.J/mol)
E=3
2

t .
—? QSE'XVI(T) = .U)L(XVI(T» x)

115 12 1.25 13 135 14 1.45

;enslty (g/em?)
Molecule XXVI Lattice energy landscape Free enerl;y landscape Solubility
6 Blind Test (2015) Sugden, 1.J., Adjiman, C.S., and Pantelides, C.C., Vasileiadis, M.,. PhD thesis, .
(2016). 272, 864-874. Imperial Collebe London, (2013) prediction

v

BUT... currently ab initio available methods

* not (yet) applicable to molecules of practical significance
* not (yet) accurate enough
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Process modeling: where to next? @

Beyond manufacturing
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Dimensions of process modeling

Component model detail

Detail engineering

upy

Model-based applications

Operations

© 2017 Process Systems Enterprise Limited



Pharmaceutical systems

Decisions & Disturbances

Critical Process Parameters (CPPs)

solvent/additive, dosage form dose & dosage regimen
unit ops, recipes, wet/dry patient-to-patient variability
impurities... granulation...

v v v

Manufacturing: Manufacturing: Biological effect: Biological effect:
<P agl . gl i
Drug substance Drug product Oral absorption & PK pharmacodynamics
\

Polymorph, Content Uniformity Cax Efficacy

Morphology, PSD, Tablet hardness/ AUC Safety
Purity porosity
Process KPIs Flowability (FFC)

Objectives & Constraints

Product KPIs: Critical Quality Attributes (CQAs)
© 2017 process systems encPrO@@8S KPIs: Economics, Safety, Operability, Environmental Impact



Pharmaceutical systems

Decisions & Disturbances

Critical Process Parameters (CPPs)

solvent/additive, dosage form dose & dosage regimen
unit ops, recipes, wet/dry patient-to-patient variability
impurities... granulation...

v v v

Manufacturing: Manufacturing: Biological effect: Biological effect:
<P agl . gl i
Drug substance Drug product Oral absorption & PK pharmacodynamics
\

Polymorph, Content Uniformity Cax Efficacy

Morphology, PSD, Tablet hardness/ AUC Safety
Purity porosity
Process KPIs Flowability (FFC)

Objectives & Constraints

Product KPIs: Critical Quality Attributes (CQAs)
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Systems-based Pharmaceutics

The vision
solvent/additive, dosage form dose & dosage regimen
unit ops, recipes, wet/dry gran. patient-to-patient variability
impurities direct comp. ]
integrated system model
Drug substance Drug product Drug delivery: Drug delivery: I
| .| = . [P : 11
1 manufacturing manufacturing Oral absorption & PK pharmacodynamics
Polymorph, Content Uniformity Char AUC Efficacy, Safety
Morphology, PSD, Tablet hardness/
Purity porosity
Process KPIs Flowability (FFC)

m Use an integrated system model to quantify effects of CPPs &
disturbances on CQAs, process economics, operability, safety

— incorporate all available knowledge, identify gaps

m Maximize efficiency of new drug development

© 2017 Process Systems Enterprise Limited




Systems-based Pharmaceutics

Process Systems Engineering tools & workflows

Reaction G %Psew@
. S
Crystallization @‘
—
g| FORMULATE H
Dry
- Granulation
»
- - - Tabletting
Innovations in process modeling technology
 at system level i
e at (non-manufacturing) component level E, H
« sufficiently deep engagement is essential Oral Y In-vitro
Absorption dissolutio

NI ‘lvll
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Process modeling: where to next? @

From point calculations to global process understanding
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Model-based process system analysis

Current practice

Uy
Decisions
* Design

* Operational

© 2017 Process Systems Enterprise Limited

Environmental inputs
e External disturbances
e  Commercial environment

System

Y>

KPlIs Y1

Product quality /
performance
Operability

Safety

Environmental impact
Economic performance

(System analysis

X

~\




Model-based process system analysis

Global system behavior in an uncertain world

U4 / A
Environmental inputs
e External disturbances Y2
e Commercial environment
U
KPls Y1
* Product qu
Decisions performanc
« Design System « Operability
* Operational e Safety
\ * Environmental impact
)  Economic performance
(Global system behavior )

i
A

e
A
o"'"# "ﬁ’s“l““l
MOSS

X
Il
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Model-based process system analysis

Global system behavior in an uncertain world

Uy 4 \
Environmental inputs
e External disturbances Y2 'g,iéf::’::*:“;‘;‘:\“\‘
e Commercial environment i
Us
KPIs Y1
* Product qu
Decisions System performanc
* Design * Operability
* Operational Model e Safety
\ * Environmental impact
)  Economic performance

Model uncertainty
* Model parameters
* Model structure
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Model-based process system analysis

Global system behavior in an uncertain world

u N\
: Environmental inputs
e External disturbances Y2
e Commercial environment
Quantification of input __
uncertainty/variability? Us
KPlIs Y1
* Product qu
Decisions System performanc
* Design e Operability
* Operational Model e Safety

Model uncertainty -
* Model parameters .
* Model structure
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Environmental impact
Economic performance

mfl
uf2

3
uf4

Global sensitivity indices of
output response(s)
with respect to input factors



Global System Analysis

Some interesting questions

» [ £ -appl ain 4 2 B Mon12:59  ® Daren Neil Grant
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Process modeling: where to next? @

In conclusion...
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Process modeling: What next?

Potential major developments Impact of enabling infrastructure
m Multiscale modeling m High-Performance Computing
— accelerating model development via — ensuring scalability of existing types of
reduced reliance on experimentation calculation

— enabling new types of calculation

m Combined process & product

performance modeling = Cloud Computing
~ taking direct account of — High-Performance Computing
end-use product performance in ~ see above
manufacturing process design & _ Data accessibility
operation

— much reduced effort for collection of
data underpinning models

= Global system analysis — elimination of most manual data entry
— adata-centered world: model-based

calculations effect data transformations

~ extracting maximum insight from
modeling investment

=» Profound implications on architecture & design of process modeling software
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Muliscale modeling of material behavior
SAFT-y Mie: modeling of (sub-)molecular interactions

m Molecules comprise functional groups

identical segments @@

Mie potentia|

= Segments interactvia gu@

- dispersion/repulsion ANNN u(r) ) |
(van der Waals) forces (Y ) Kkab

1b
-¢’ kkab

~ hydrogen bonding via off-centre
electron donor/acceptor
(“association”) sites

— ionic (coulombic) forces

T2 3 4 s s 1 8 s w
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Model-based automation

Plant
[ [
H Plant D'a.ta ' ' State estlmatlo_n/ .
| Data conditioning Online model re-calibration
) Regulatory Up-to-date
» Control (re-calibrated) Current
System model plant state

Regulatory Controller set-points

Set-point/ MPC Economic Decision support Monitoring
trajectory model MPC via future scenario & diagnosis
optimization derivation simulation
Optimal CV
set-points/ Re?fuced/
trajectories linear
model(s)
Model Predictive Control _Unmgqasured

—

(Linear / Nonlinear) ) CVs
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Process modeling technology

Original vision: multipurpose process modeling environments

Model-based Model-based
Application Application

\ /

Model-based ) SYSTEM . Model-based
Application MODEL Application

— ~~

Model-based Model-based
. . . . Pantelides, C.C., and Britt, H.
App/lcatlon App/lcatlon “Multipurpose Process Modeling

Environments", in "Proc. Conf. on
Foundations of Computer-Aided Process
Design'94"., CACHE Publications (1995),

© 2017 Process Systems Enterprise Limited 128-141.



Process modeling technology

A new paradigm

...incorporating

multi-level component models
varying degrees of physical detail

Process Modeling
Environment...

SYMBOLIC MODEL
TRANSFORMATIONS
Model optimized ) L RTE . :
cel optimiz FIT'FO FIT-FOR- ™-FOR ..potentially changing
for specific application PURF  PURPOSE  POSE . .
MOD. MODEL ODEL dynamically over time

...generated automatically
from Master Model

Model-Based Applications
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