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First-Principles Models Hybrid Models Data-Driven Models
* Process mechanism is known * Process knowledge is * Input-output data inference
e Laws of nature are applied partially unknown * No need for mechanism
* ldealized by assumptions * Takes advantages of both e Valid within the domain

[1] von Stosch, M.; Oliveira, R.; Peres, J.; de Azevedo, S. F. Hybrid semi-parametric
modeling in process systems engineering: Past, present and future. Computers &
Chemical Engineering 2014,60, 86—101.




Hybrid Model Architecture

 Parallel structure




Hybrid Model Architecture

e Serial structure

hEPM (5FPM 5DDM)Y _ 0] g PM
, _

ZDDM

X { hFPM (5FPM ) =




Artificial Neural Network
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Equality-Constrained Bilevel program

Design under uncertainty feasibility problem )
JT T AR
st.  y= nlell}%)eiz g(z,x,m)
\_ s.t. h(z,x,m)=0 Y,
Bilevel Program ~
Optimal design under uncertainty problem
min f(X) /"= min f(x)
xeX R xeX
A st. 0> max g(z,x,m)
0> max g(z,x,m) ell <2
nell,zeZ s.t. h(z,x,m)=0
s.t. h(z,x,m)=0
Operation under uncertainty feasibility problem
y = max y
_ nell,yeR

st. y= min g(ZXx,m)
xeX,zeZ

s.t. h(z,x,m)=0

.
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Reformulation: Semi-Infinite Program

* How to solve the min-max problems?
— Assume there exists a unique implicit function z: X xIT — Z such that

h(z(x,n),x,m)=0
— Use equivalent semi-infinite constraints for the lower-level program:

0> max g(z,x,7) < g(z(x,m),x,m) <0,Vr eIl

nell,zeZ

— Then, the min-max program can be reformulated as a semi-infinite program (SIP):

min f(X)
xeX min f(x)
st. 02 max g(z,x,m) < xeX
mell zez s.t. g(z(x,m),x,m) <0, Vm 1l

st. h(z.x.nt)=0 . .
(Z,x,m) IT is a nonempty, compact interval,

there are infinitely-many constraints




SIP Algorithm

* Cutting plane algorithm * SlPres algorithm

Initialization Relaxed NLP Feasibility Problem k=k+1 [ Lower
NO=— Bounding
k=0 X € argmin f(x) X . . . Problem
0 > deb . ¥V = mal"lx g(Z(X b Tt), X, 7T) LBD=¢"*"
e
I cIl st.  g(z(x,m),x,m) <0,V ell 3
S 3
YIS Inner Program
@ atX
. * UBD = §(X)
M =11 U{n"} |_ T g =usp | X=X ¢
e p] [y o pasE
RS [7 -

YES NO
UBD = §(X) l
P2 X =X Upper-
Termination Bounding
BD2 Problem
YES

Inner Program
atX

*

X

[1] Blankenship, J. W.; Falk, J. E. Infinitely constrained optimization problems. J. Optim. Theory Appl. 1976, 19.
[2] Mitsos, A. Global optimization of semi-infinite programs via restriction of the right-hand side. Optimization 2011, 60, 1291-1308.
[3] Stuber, M. D.; Barton, P. |. Semi-Infinite Optimization with Implicit Functions. Industrial& Engineering Chemistry Research 2014,54, 307-317.
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Global Optimization

/A \ )
— b 9 X9 > O . . .
of 7 (X)g(z(xn)xn) _________________________ A global solution is required
g(z(x,m),x,) <0 7(x) = max g(z(x, ), x, )
g(z(x,m),X,m)

*

T T

* Every realization of uncertainty should be considered
* Functions are likely nonconvex, global solution is required




EAGO.|l: Global Deterministic

Optimization of Simulations

0 EAGO.jl: A deterministic global optimizer in Julia ‘ &( io
T T T .
| Infeasible . *

| Presolve ——— :( _________________ \\
—— - < Preprocess <
:l I https://www.github.com/PSORLab/EAGO. |l
_:.I( Check ) tnd <_|( Lower Problem \: e Can solve formulations with user-
| _Termination | Smmmmmme { -------- ! defined expressions (simulations, etc.)
I AN D \,
I . .
( eolect | L___l_JEE)fr_Pr??I_e_nl___J * Uses composite relaxation framework
elec . .
| Node ,I { that enables expansion to an esoteric
(T T T T T T T 3
b [— - | Postprocess ! set of problems
If_B:a;C; _‘: (" Process | * Includes a full library of envelopes for
| j—_ Node activation functions and other

common expressions/transcendental

functions
1. Wilhelm, M.E., and Stuber, M.D.. EAGO.jl: easy advanced global optimization in Julia. Optimization Methods and Software, 1-26.
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https://www.github.com/PSORLab/EAGO.jl

Case Study: Nitrification CSTR

First-Principles
Model

Other state variables

Model: dC 1. :
TNH :;(mmcm =1y, Crn) = Va0 X 40

dCy =1, X, 1, X “"'

dt Ao Thdo TNe TENe 0.29670Q-SOTE B D |

T CoV P e

dt = vo 'XNO 0“ y-q M |

dc, . i |

y = 0 Yo Xio—To Yro Xno Hkt(Co=CH| e Controller r----- !

Robust design: # — mind | Solution |  Time |
st. max{Cy,(t,,d,p)~USLy,,C,(t,,d, p)~USL,},Vp € P d =535 83s 5
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Case Study: Subsea Separators
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= E — —k oil E _
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[1] Worst-case design of subsea production facilities using semi-infinite
programming. Stuber, M.D. et al. (2014) AIChE Journal, 60, 2513-2524




Case Study: Subsea Separators

Problem Statement Semi-infinite constraint: Control Settings (Valve Position)
For any inlet gas fraction (stream 1) within typical g(x(u,n),u,m)=x_,(u,m)-0.05<0
bounds, is there a control setting that will prevent the
effluent gas fraction of the liquid-liquid separator
(stream 7) from exceeding the specification and _

damaging the pump. m=(oa) € [0'35’0.5]

u = (uy,u,) € [0.3,0.85] x [0.3,0.85]
Uncertain Parameter (Inlet Gas Fraction)

Problem Statement (Max-Min-Max Program) State Variables
h(z,u,n)=0——z =x(u,n)

max min max {g(z(u, ), u, ), g.(z(u,w),u, )} <0. z:(fg4>§W4,5049‘fgp507,HGLS,m3,m4,m6,m7,m8)
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[1] Worst-case design of subsea production facilities using semi-infinite programming.

Stuber, M.D. et al. (2014) AIChE Journal, 60, 2513-2524 AIChE Annual Meeting 2021




Case Study: Subsea Separators

o The part of the simulation not replaced with surrogate models was evaluated in a block sequential fashion.
o Solved using the SIPres! in EAGO? to an absolute tolerance of 1073,

o Optimal solution found at —6.6 X 10™%, ensure the robust feasibility.

o The algorithm terminated within an optimal value in 3 iterations, taking 2.9 CPU seconds.

o Results in a 70x improvement in computational time relative to implicit function method used with original
simulation in [1]. 53 59

S8
Gas-Liqud Sep Liqud-Liqud Sep l

[1] Worst-case design of subsea production facilities using semi-infinite e emeee e e eeeeee e ] Controller

programming. Stuber, M.D. et al. (2014) AIChE Journal, 60, 2513-2524
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