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Real-Time Optimization

Techniques that use process measurements to improve plant
performance in the presence of

 Disturbances
 Plant-model mismatch

Disturbances

Objective Inputs Outputs

[
»

\ 4

RTO

Uy

Static Real-Time Optimization

* Adaptation of cost and constraint functions — Modifier adaptation
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The Role of Model in RTO

Model

min  ®(u) := ¢(u,y(u))

st. Gi(u):= g;(u,y(u)) <0
i=1,...,n4
ucli

Challenge

e Optimal plant operation!
* Uncertain model, i.e. ¢,(u) # ¢(u,0),Gpi(u) # Gi(u,0).

Real-Time Optimization
* Use process measurements
 Which entities should be measured?

2022

e How should these measurements be used?
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The Role of Model in RTO

Model

min  ®(u) := ¢(u,y(u))

st. Gi(u):= g;(u,y(u)) <0
i=1,...,n4
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Challenge

e Optimal plant operation!
* Uncertain model, i.e. ¢,(u) # ¢(u,0),Gpi(u) # Gi(u,0).

Real-Time Optimization
* Use process measurements
 Which entities should be measured?
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o
* How should these measurements be used? S
Hes so epr
Haute Ecole Spécialisée [ - ] SOLIDpower. https:www.solidpower.com. Accessed 1 July 2022.
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem

fin
< Not known
- > ~N
U . P
j U <
H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
[ - P ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem

fi

1st iteration

~

\

Plant evaluation

- > ~N
(V]
H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
[ - I ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem

fi

1st iteration

~

\

Model shifting

- > N
(V]
H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
[ - I ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem

fi

1st iteration

~

\

Slop correction

- > N
(@]
H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
Haute Ecole Spécialisée  mm P ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation
-, 4

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem

fi

. 2nd iteration

~

Updated model
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H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
Haute Ecole Spécialisée  mm ] optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation
-, 4

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem
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. 2nd iteration
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Plant evaluation

~
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H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
[ - P ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation
-, 4

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem
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. 2nd iteration
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Model shifting
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H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
[ - P ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem
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. 2nd iteration
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Slop correction
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[ - P ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem

fi

. 3rd iteration

~

Updated model
optimization

~
T

J ’Uj

H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
[ - P ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem
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. 3rd iteration
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H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
[ - P ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem

fi

. 3rd iteration

~

i T T

Slop correction

~
7

J ’Uj
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[ - P ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Basic Features of Modifier Adaptation

How is the optimization scheme adapted?

Modifier Adaptation: Zeroth- and first-order correction terms added to cost and
constraint functions to the optimization problem
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. 3rd iteration
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H e s |: |: Marchetti, A., Chachuat, B., & Bonvin, D. (2009). Modifier-adaptation methodology for real-time
[ - P ] L optimization. Industrial & engineering chemistry research, 48(13), 6022-6033.
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Modifier-Adaptation Scheme

The modified optimization problem can be written as follows:

u;, €arg muin P, x(u)

st Gmix(a) <0 (1a)
u’ <u< u?

Where the modified constraint and cost functions can be written as

Dy i () == D(u) + & + (AY) T (u —wy)

Gi G , (1b)
Guix(w) :=Gi(u) +& + (M) (u—w) <0, i=1,...,ng,
The zeroth- and first-order modifiers are
ex = @p(ur) — (),
Sfi = Gpﬂ-(uk) — G,-(uk), 1= 1,. . .,?’lg,
0P 0P
O\T _ TP _ 9 (1c)
(A ) a (ug) a (ug),

2022

. oG, ; d0G; )
Hes EPEL W)= 52 w) - S w), =1 ng
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KKT Matching

Theorem 1 (MA convergence) KKT matching. Consider the problem of optimizing a plant with

an inaccurate yet adequate model using MA, let Uy = 11m u; be a fixed point of the MA

iterative scheme. Then, not only U is a KKT point of the mod/f/ed model-based optimization
Problem (1), Uy is also a KKT point of the plant problem.

Reactor Temperature, T [°C|

Hes

Haute Ecole Spécialisée
de Suisse occidentale

v e; J > o & & 180 | FA’ Ain 1 FB’ XB‘in =1
95 @ o
,g' - TR
N & o
90 -39 @ ':OQ \%Q <\ V
.{bm N
&
i & 8 ] -
3 & F=F +F,
- XA’XB’XC’ XE’XG"XP
Ao
0y @ o P Williams-Otto Reactor
& e - 4th-order model
7 i has /el - 2inputs
140 : .
o e - 2 adjustable param.
130 ‘ 120 A0~ - ‘
" 35 4 45 5 5.5 6 Conve rges to 9
. o
Reactant B Flow, Fp [kg/s| plant optimum! X

=PrFL

A. Marchetti, PhD thesis, EPFL, Modifier-Adaptation Methodology for Real-Time Optimization, 2009.
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Model Adequacy Conditions

Definition 1 (Model-adequacy criterion). A process model is said to be adequate for use in

an RTO scheme if it is capable of producing a fixed point that is a local minimum for the RTO
problem at the plant optimum u;.

Proposition 1 (Model-adequacy conditions for MA). Let u; be a regular point for the

constraints and the unique plant optimum. Let V?/L(u;';) denote the reduced Hessian of the

Lagrangian of Problem (1) at u;. Then, the following statements hold:

i if Vf[,(u;) is positive definite, then the process model is adequate for use in the MA
scheme.

ii. If V?/L(u;';) is not positive semi-definite, then the process model is inadequate for use in
the MA scheme.

jii. If Vfﬁ(u;‘)) is positive semi-definite and singular, then the second-order conditions are
not conclusive with respect to model adequacy.

2022

H e s |: |: Marchetti, Alejandro G., Grégory Francois, Timm Faulwasser, and Dominique Bonvin. "Modifier
=PrL

" — adaptation for real-time optimization—methods and applications." Processes 4, no. 4 (2016): 55.
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RTO of a Commercial SOFC System

BIueGEN SVStem current —————  ——  —— cell potential
jb— fuel flowrate sy ——— cathode inlet temperature
Exhaust Exbaust Tcath, out ::1&::::;; air flowrate ——  cathode outlet temperature
fuel air  — and air cooling air
_— —— burner temperature
flowrate
SOFC ——
stack . Ucel ! Afterburner |
% é — Cooling air
current 2 S ¢ et
T
Tcath,in wer
" . .
Operational Constraints
Heated Heated "
syngtas i Constraint Lower bound Upper bound
| Pre-reformer| " Uce I (V] 0.76 -
v[-] - 0.8
/’lair (-] 3 -
Fuel Tcm‘h,in [OC] 650 750
Teath.out [°Cl 650 790
- Seam Tourner 1°Cl - 890
\1[ Gcna [L.min™! 1 7
Gair [L.min™1] 85 200
I'[A] 0 50
Pre-reformer Gcool [Lml n_I] 0 40 m
with heat integration o
(@]
H e s |= |: de Avila Ferreira, T., Wuillemin, Z., Faulwasser, T., Salzmann, C. and Bonvin, D., 2019. Enforcing optimal
[ P i L operation in solid-oxide fuel-cell systems. Energy, 181, pp.281-293.
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Optimization problem for the SOFC System
-,

. Pel
qcu, LHVcH,

s.t. steady-state model equations

P(u) + el = P35 W]

Electrical Power Profile 1:
TRTO = 90 min

Max  7sys (u)

1000 [W], t<24h
P5(t)=1<1250 [W], 24h<t<48h

Ucert(u) + g7 > 0.76 [V] 1500 [W], t > 48 h.
650 < Trqtn,in(u) + leetrin < 750 [°C]

650 < Toarh.out (1) + gleatront < 790 [°C] Electrical Power Profile 2:
Tyurner (1) 4 glturrer < 890 [°C] TRTO =5 min

v(u) < 0.8 1000 [W], t<2h

P5(t)=<1250 [W], 2h<t<4h

Agir(1) = 3 1500 [W], t > 4 h.

1 <qcm, <7 [Lmin™!]
85 < Qair < 200 [L.min ']
0<1I<50[Lmin "]

0 < Geoor < 40 [L.min ]

2022

H e s |= |: de Avila Ferreira, T., Wuillemin, Z., Faulwasser, T., Salzmann, C. and Bonvin, D., 2019. Enforcing optimal
[ P i L operation in solid-oxide fuel-cell systems. Energy, 181, pp.281-293.
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Experimental Results: Steady-State CA (Profile 1)

Exp. 1: CA_Ss, Trro =90 min and 72-h Experiment

70 RTQ

65 |
Cost | SOW
Function 55 M

50 -
0

n [%]

20 40 60

Constraint
Inequality
Constraint i
0 20 40 60 0 20 40 60 N
Time [h] Time [h] Q
de Avila Ferreira, T., Wuillemin, Z., Faulwasser, T., Salzmann, C. and Bonvin, D., 2019. Enforcing optimal
I-I!chspéda“sée E P :: L operation in solid-oxide fuel-cell systems. Energy, 181, pp.281-293.
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Experimental Results: Steady-State CA (Profile 1)

Exp. 1: CA_Ss, Trro =90 min and 72-h Experiment

70 RTQ

65
Cost | S
Function =

20 40 60

Equality

Inputs
Constraint
Inequality
Constraint i
0 20 40 60 0 20 40 60 N
Time [h] Time [h] Q
de Avila Ferreira, T., Wuillemin, Z., Faulwasser, T., Salzmann, C. and Bonvin, D., 2019. Enforcing optimal
I-I!chspéda“sée E P :: L operation in solid-oxide fuel-cell systems. Energy, 181, pp.281-293.
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Experimental Results: Steady-State CA (Profile 1)

Exp. 1: CA_sS, Trro = 90 min and 72-h Experiment

Inequality Constraints
4.5

20 40 60
Time [h]

* 4 constraints always active
* The BlueGEN system takes 16 to 20 h to
settle to a new steady state

2022

0 20 40 60

H es Time [h]
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Experimental Results: Fast CA (Profile 2)

Exp. 2: CA_dyn, 1,7, =5 min and 6-h Experiment

70

'RT
65 |
Cost X 60 |
1 =
Function 55
50
0 2 4 6

EqualltY Inputs
Constraint
085
Inequality = og |
. © ' !
Constraint  =°g75 | W .
0.7 | ‘ ! | |
0 2 4 6 0 2 4 6 ~
Time [h] Time [h] §
H e s |= |: de Avila Ferreira, T., Wuillemin, Z., Faulwasser, T., Salzmann, C. and Bonvin, D., 2019. Enforcing optimal
[ P i L operation in solid-oxide fuel-cell systems. Energy, 181, pp.281-293.
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Experimental Results: Fast CA (Profile 2)

Exp. 2: CA_dyn, 1,7, =5 min and 6-h Experiment

70— RTQ
65 |
Cost 2 60 | |ea%
1 =
Function 55
50
0 2 4 6

EqualltY Inputs
Constraint
0.85
. < —
Inequality = og |
. © ' !
Constraint  =°g75 | W .
0.7 | ‘ ! | |
0 2 4 6 0 2 4 6 ~
Time [h] Time [h] §
H e s |= |: de Avila Ferreira, T., Wuillemin, Z., Faulwasser, T., Salzmann, C. and Bonvin, D., 2019. Enforcing optimal
[ P i L operation in solid-oxide fuel-cell systems. Energy, 181, pp.281-293.
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Experimental Results: Fast CA (Profile 2)

Exp. 2: CA_dyn, 1,7, =5 min and 6-h Experiment

Inequality Constraints

0.85 45
0.8 — 4
=075 L35
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0.65 25
__ 850 800
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5 700 5650
° 650 -
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Experimental Results: Fast CA (Profile 2)

Exp. 2: CA_dyn, 1,7, =5 min and 6-h Experiment

Inequality Constraints

0.85 45
0-8 I IT| 4 [}
=075 =35 |
2 © :
0.7 . ~ 3
0.65 - ‘ 250 |
0 2 4 6 0 2 4 6
. 850 — - ‘ 800 | . |
2. 800 | - O 750 | |
- e |
§700 8650 | | -
650 | 600 ! .
0 2 4 6 0 2 4 6
Time [h]
900 - ‘ : :
O E * 4 constraints always active
°Z. 850
5 | * The BlueGEN system never settles to a
£800 |
3 | steady state
750 —, 2 4 s * Ittakes the electrical power 40 to 45 %
Hes Time [h] min to reach its setpoint
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Conclusions
-.,ms 44444999999

e RTO is a family of optimization methods that incorporate process measurements in
the optimization framework to drive a real process to optimal performance

* We develop RTO approaches that tackle specific targets defined by industry
requirements as well as proving their properties and experimental application for
validation

e RTO is suited for a broad range of industrial processes, including fuel cells and
degrading systems

e The main features of RTO includes the ability of reaching plant optimality and
constraint satisfaction

A variant of modifier-adaptation has been developed and applied to a commercial
system (SOLIDpower)

We will apply RTO in both RUBY (SOFC) and REACTT (SOE)
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Thank you!
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