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@o‘ @@ CO,-Methanation

CHyg m High energy density
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S ©Q® CO,-Methanation

CHg
Renewable Energy Biogas Plant
* CO2 Natural Gas Grid
H2
Electrolysis ~ F=-== »1 Methanation CHg *
|
| 4H, 2H,0 |
Co, CH,
m H,0
........ volatile H,0 coO
constant

m High energy density

m Use of available
infrastructure

v

Dynamic Consideration

m Steady-state disturbances
m Start-up / Shut-down

m Flexible
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@@@ 2D Reactor Model

Modeling Approach

Outlet: CHy A
H20
CO2
Ho Tc,out
co
Te,in
m| B
Inlet: €O, (20 %) pin = 5 bar
H, (80 %) Tip = 400 K
v,=1m/s
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@»‘@@ 2D Reactor Model

Modeling Approach

two-dimensional model space

Outlet: CHg A Tt
H20 r
finite volume [~

CO2 method

T etho
Ho c,out R v |n
«© gas phase

V4

L
. B , J. (2016
Tc,m remer, J. ( )
:[|<—
Reactor tube radius T = 10 / 45 mm
Reactor tube length L = 5 m
. 0 . =
|n|et. CO2 (20 /o) Pin 5 bar Wall thickness 5 = 20 mm
H, (80 %) Ti, = 400 K Catalyst particle diameter — deat = 2 mm
v, =1 m/s Fixed-bed void fraction € = 0.4
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@’@@ 2D Reactor Model

Governing Equations for 2D Pseudo-Homogenous Reactor Model

B L0 D /92 10 1—¢ -~ 3

Energy Balance
aT 1 oT 02T 10T : =N .
A (el | POz T (G + 7 ar) + 093 (-awfis) 5

p=1

Boundary Conditions (radial)

Opa _ o OT _

i %_0 a_T__kW
or ar a

0 tr=20 =
ar or ’ or )\eﬂ-”r

(Te—=T) atr=rr
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@o‘@@ 2D Reactor Model

PDAE:
Opa vz Opa = ODE/DAE:
o 0 = w(t) — d(x(t),u(t))
ot
Uy :Tciool

\ outer boundary (wall)

; A e e
Povintet| 1 ||| FVM-scheme— L TP T

[[]]
[[]]

L]

J T 1
T‘inlet i,j —1
. pCé - L3
—R
TT
L
1,1 | m,1
1A, L [The, T
—
z inner boundary (central axis)

x(t) - "diff. state vector”
w(t) - "alg. state vector”
u(t) - "control vector”

f - strongly nonlinear RHS

dim(x) = 350 - 4000
(depending on grid density)

benner@mpi-magdeburg.mpg.dePeter Benner

Reduced Order Modeling and Optimization of CO, Methanation Reactors


mailto:benner@mpi-magdeburg.mpg.de

S O @ Start-up Simulation

Start-Up Scenario - Temperature Distribution

benner@mpi-magdeburg.mpg.dePeter Benner Reduced Order Modeling and Optimization of CO, Methanation Reactors


mailto:benner@mpi-magdeburg.mpg.de
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Start-Up Scenario - Temperature Distribution
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@oﬁ @@ Optimal Control

Exemplary lllustration of Jacket Cooling Approach

_ time=1s
Bc'.) © \ l I I |Qcool| l l l é Tcool,ub = 650 K
F 1 Tcool,lb = 400 K
gas phasevz . Tub = 750 K
g Tib = 300 K

benner@mpi-magdeburg.mpg.dePeter Benner

Reduced Order Modeling and Optimization of CO, Methanation Reactors


mailto:benner@mpi-magdeburg.mpg.de

& ®Q® Optimal Control

Formulation

Start-Up Optimal Control Problem (OCP)

m(a;< XCO2 ,u(t)) dt + R(u(t)), = time optimal start-up
u(t to
s.t. = f(x(t),u(t)), Vt e [ty tr], = reactor model

X(to) = Xp,

Xub = X > Xjp, = reactor temperature bounds
uyp > u > upp, = cooling at reactor jacket

Simultaneous optimization approach [Biegler et al.]:
orthogonal collocation on finite elements = large scale NLP (above 100’000 variables)
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@@ @@ Optimal Control

Computational Implementation of OCP

= A minimalistic Computer Algebra System (CAS) written in self-contained C++.

m MATLAB-like syntax - " everything is a matrix”.
m Use from C++, Python and MATLAB.
m C-code generation from all interfaces - just-in-time compilation.

m "Smart interfaces” to numerical codes.
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@@ @@ Optimal Control

Computational Implementation of OCP

= A minimalistic Computer Algebra System (CAS) written in self-contained C++.
m MATLAB-like syntax - " everything is a matrix”.
m Use from C++, Python and MATLAB.
m C-code generation from all interfaces - just-in-time compilation.

m "Smart interfaces” to numerical codes.

m NLP solvers: IPOPT, sIPOPT, KNITRO, ...

~» Automatic generation of exact, sparse Hessians and Jacobians.
m Integrators: CVODES, IDAS

~> Access to shooting methods with automatic formulation of sensitivities.
m Symbolic reformulation of DAE's.

~~ Sorting/scaling of variables and equations.

~~ Elimination of some or all algebraic states symbolically.
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@oﬁ @@ Optimal Control

1D Results - One-Step Optimization with Insufficient Initialization

tr = 600 s tr = 600 s
T T 650
700 - | —— @ inlet side
—— @ outlet side
X 600 |- :
< 600 | ~
—~ 5
— 38
500 |- N — 550 2
4 : : 500 : :
000 200 400 600 0 200 400 600
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@@ @@ Optimal Control

1D Results - Multi-Step Optimization

tr =125 s tf =125 s
650 ‘
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X 600 |- 2
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@oﬁ @@ Optimal Control

2D Results - Objective and Control

0.8}
0.6

= w /0 opt. control
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S ©Q® Optimal Control

2D Results - Spatial Temperature Distribution
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@@@ Model Order Reduction

Background

m Need a fine spatial discretization to capture all important system dynamics.

~~ a large number of ODE equations, e.g., O(103-10°).
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@@@ Model Order Reduction

Background

m Need a fine spatial discretization to capture all important system dynamics.
~~ a large number of ODE equations, e.g., O(103-10°).

m But with such large-scale systems, these studies are numerical inefficient.
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@’@@ Model Order Reduction

Background

m Need a fine spatial discretization to capture all important system dynamics.
~~ a large number of ODE equations, e.g., O(103-10°).
m But with such large-scale systems, these studies are numerical inefficient.

m For example, practical controllers often require small number of equations (say, N = 10)
due to

m real-time constraints,

m increasing fragility for larger N.
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@@@ Model Order Reduction

Background

m Thus, we need surrogate models, having

m less number of equations, and

m desirable accuracy.
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@@@ Model Order Reduction

Background

m Thus, we need surrogate models, having

m less number of equations, and

m desirable accuracy.

m Our approach is Model Order Reduction (MOR).
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@@@ Model Order Reduction

MOR Concept

m Consider the following ODE:
x(t) = Ax(t) + f(x),
y(t) = LT x(t).
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@@@ Model Order Reduction

MOR Concept

m Consider the following ODE:
x(t) = Ax(t) + f(x),
y(t) = LT x(t).

where
X+ ' B x € R" are the system variables;

m y are the system output;

m A, LT are constant matrices;

m f is a nonlinear function.
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@@@ Model Order Reduction

R OnCeDt
m Consider the following ODE:
x(t) = Ax(t) + f(x),
y(t) = LT x(t).

] Reduced system (ROM)

ik = [AK + [
= DR

\

X m such that y = y.
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@@@ Model Order Reduction

How to Construct ROM

m Construct the projection matrix V/, such
that

1%
<
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How to Construct ROM

m Construct the projection matrix V/, such
that

1%
<

=
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@@@ Model Order Reduction

How to Construct ROM

m Construct the projection matrix V/, such
that

1%
<

Q
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<
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@@@ Model Order Reduction

How to Construct ROM

m Construct the projection matrix V/, such
that

1%
<
<
%

vl -

[y

<
Q
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@@@ Model Order Reduction

How to Construct ROM

m Construct the projection matrix V/, such
that

~ |V

m The reduced-order system:

K= [k + B
7= g I

1%

51

<
s{
!
<
<
2
<
x> 1]
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@@@ Model Order Reduction

Proper Orthogonal Decomposition

m The quality of ROM depends on the choice of V.
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@@@ Model Order Reduction

Proper Orthogonal Decomposition

m The quality of ROM depends on the choice of V.

m A common technique for nonlinear systems is proper orthogonal decomposition.
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@@@ Model Order Reduction

Proper Orthogonal Decomposition

m The quality of ROM depends on the choice of V.
m A common technique for nonlinear systems is proper orthogonal decomposition.

= Proper Orthogonal Decomposition (POD)

m Take computed or experimental 'snapshots’ of full model: [x(t1), x(t2), ..., x(tn)] == X.
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@@@ Model Order Reduction

Proper Orthogonal Decomposition

m The quality of ROM depends on the choice of V.
m A common technique for nonlinear systems is proper orthogonal decomposition.

= Proper Orthogonal Decomposition (POD)

m Take computed or experimental 'snapshots’ of full model: [x(t1), x(t2), ..., x(tn)] == X.
m Perform SVD of snapshot matrix: X = ULWT.
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@@@ Model Order Reduction

Proper Orthogonal Decomposition

m The quality of ROM depends on the choice of V.
m A common technique for nonlinear systems is proper orthogonal decomposition.

= Proper Orthogonal Decomposition (POD)

m Take computed or experimental 'snapshots’ of full model: [x(t1), x(t2), ..., x(tn)] == X.
m Perform SVD of snapshot matrix: X = ULWT.
m Then, the projection matrix V = U(:,1:r).
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@@@ Model Order Reduction

Computational Issue

m Still, we need computations of the nonlinear function on the full grid.

~> no reduction in computations.

m Therefore, we require (Discrete) Empirical Interpolation Method ((D)EIM).
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@@ Model Order Reduction

m The idea is:

where

m 7' is a rectangular matrix, and

m the vector ‘¢’ contains the nonlinear function evaluations at specific grid points.
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@@@ Model Order Reduction

A graphical representation

DEIM points
1
[ ]
0.8
[ ] [ ]
0.6
[ ]
0.4
[ ]
0.2
0 [ ]
0 0.20.40.60.8 1
X
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1
o0 | 0|0 0

0.8
o0 | 0|00

0.6
o0 | 0|00

0.4
o0 | 0|00

0.2
0 o0 | 0|00

0 0.20.40.60.8 1

X
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@’@@ Model Order Reduction

A graphical representation

DEIM points Full grid
1 1
[ ] o0 | 0|0 0
0.8 0.8
[ ] [ ] o0 | 0|00
0.6 0.6
° ~ T eo|o oo |e
0.4 0.4
[ ] o0 | 0|00
0.2 0.2
0 [ ] 0 o0 | 0|00
0 0.20.40.60.8 1 0 0.20.40.60.8 1
X X

m A greedy algorithm to select the grid points (DEIM points) for the nonlinear function.
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@@@ Model Order Reduction

DEIM - Example

m Consider a nonlinear function:

f(x,p) = (1 —x) -sin(Qrpu(x +1)) - e~ Wt x e [-1,1], p € [1,2q].
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@@@ Model Order Reduction

DEIM - Example

m Consider a nonlinear function:

f(x,p) = (1 —x) -sin(Qrpu(x +1)) - e~ Wt x e [-1,1], p € [1,2q].

m We take 100 points on the grid and training sample: ¢ =1:0.2:6.8.
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@’@@ Model Order Reduction

DEIM - Example

m Consider a nonlinear function:

f(x,p) = (1 —x) -sin(Qrpu(x +1)) - e~ Wt x e [-1,1], p € [1,2q].

m We take 100 points on the grid and training sample: ¢ =1:0.2:6.8.

f(x), n=19 f(x), u=1.9
2 ‘ 2 ‘
— Full grid — Full grid
1 ---DEIM | 1 --- DEIM ||

0 0
] 0.5 0 0.5 1 -1 0.5 0 0.5 1
X X
For 5 DEIM points. For 10 DEIM points.
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@@@ Reduced Reactor Model

Reactor Model State-Space Representaion

m Original system (FOM):

ODE:
x = f(x, u)

4

Xx=A;(x)x+A2x+Bi(x)u; + Byuy, + f(x)

b by b4
Dr,a Pa A Teool Painlet 7:7',8
Gr T ﬂnlet ’Dna
y = LT X (€78 A
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@@@ Reduced Reactor Model

POD-DEIM applied to the reactor model

m POD-DEIM leads to the the following system:
%, = QAP A1 (X*) x* + VA Vx, + QpPsBi(x*)u; + V' Bouy + QP f(x)
y=LTx" with: x* = Vx,
dim(x,) << dim(x)

m V - from SVD of x snapshots (POD) e.g., for f(x)
m Q4 - from SVD of A;(x)x snapshots (DEIM) ﬁExEn;g ﬁExEtz;; ﬁExEtagg

hH(x(t f(x(t: f3(x(t:
m Qg - from SVD of By(x) x snapshots (DEIM) SvD fz(x(ti)) fi(x(é)) fi(x(é))
m Qs - from SVD of f(x) snapshots (DEIM) 5 : N
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@@@ Reduced Reactor Model

POD-DEIM applied to the reactor model

H2

time

control
CO,

time

m The range of xcop € [0.7,0.9].
m The range of xy € [0.1,0.3].
m The range of Ty € [500K,700K].

m No. Training cases: 50

m No. Test cases: 20
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@@@ Reduced Reactor Model

Singular Value Decay

10" .
| |——X |
10% -y
lo_l\m’\ ALt ‘4978%
o — D=1 |—=—F |

:M
W

,_.
<

ee)

=y

10 20 30
index for scenario 1 index for scenario 2

I
o
at
o
o
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o
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o
w
o
S
o
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@@@ Reduced Reactor Model

ROM vs. FOM - Continuous Operation Best Case

670

660

<
~ 650
[

640

630 : :
0.2

—0.2 I I I I I

time / s
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@@@ Reduced Reactor Model

ROM vs. FOM - Continuous Operation Best Case

1 — CHFOM ... CHEOM — COFOM....... GOROM
68\ z/L=0.3
~
=
= 0.5
\d z/L=1
QU
z/L=1
z/L=0.3
0 z/L=,
2 910
=
&0 0 P
i -2 : . L / | | \;\
© 0 10 20 30 40 70 100
time /s
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@@@ Reduced Reactor Model

ROM vs. FOM - Continuous Operation Worst Case

T/K

e/ K
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660

640

time / s
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@@@ Reduced Reactor Model

ROM vs. FOM - Continuous Operation Worst Case

08 — CHFOM...... CHEOM — COEOM ... CQOROM

— 06— \

g

E T 02

= 0.4 7z/L=0.3

i 7/L=1 e e T———

$ 02 L—1 S

z/1.=0.3 \”\

Py O _\ Il Il Il
ma 9 -10 2

E —
= 0 —————]
~ _2 Il Il Il Il Il Il J
) 0 10 20 30 40 70 100

time / s
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@@@ Reduced Reactor Model

ROM vs. FOM - Start-Up Best Case

750 A
A /L z/L=1
=~ 701 [ =03
VA =U.
I
600
R S T
500 FOM ROM
3
© _3 \\]v.' | | | | | |
0 10 20 30 40 70 100
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@@@ Reduced Reactor Model

ROM vs. FOM - Start-Up Best Case

7/L=0.3

pa | (kg/m?)

e/ (kg/m®)
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@@@ Reduced Reactor Model

ROM vs. FOM - Start-Up Worst Case
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@@@ Reduced Reactor Model

ROM vs. FOM - Start-Up Worst Case
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@@@ Reduced Reactor Model

ROM vs. FOM - Summary

model no. avg. median of ¢ / %

states CPU-time &cps €co €co2 €H20 EH2  EN2 ET
FOM-S1 4375 19.5s - - - - - - -
ROM-S1 34 13s 1.16 206 0.84 1.12 0.88 0.22 0.02
FOM-S2 4375 39.8s - - - - - - -
ROM-S2 36 24s 177 327 113 174 129 056 0.18
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@.@ @@ Reduced Reactor

Potential of MOR in Dynamic Optimization

max ...,
u(t)
x(tO) = Xop,

Order of FOM:

dim(x) = 350 — 5000
Order of NLP:

dim(x) = 35’000 — 500’000
CPU time / memory usage:

hours! / ---
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max ,

u(t)

s.t. ).(r(t) = r(xr(t)7u(t))
POD DEIM Xr(to) = xro

Order of ROM:

dim(x,) ~ 34 — 36
Order of NLP:

dim(x,) ~ 3400 — 3'600
CPU time / memory usage:

27?7 [ +++
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@@@ Summary and Outlook

m Optimal start-up control of a packed-bed methanation reactor is feasible.
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m POD-DEIM has been successfully applied to construct reduced systems.
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= Apply ROM to optimization studies and controller design - (NMPC?77).
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@@@ Summary and Outlook

m Optimal start-up control of a packed-bed methanation reactor is feasible.
m POD-DEIM has been successfully applied to construct reduced systems.
m POD-DEIM can be seen as a multi-purpose tool for nonlinear-MOR.

Apply ROM to optimization studies and controller design - (NMPC?7?7).

Adaptive ROM update within the optimization - (POD - trust region concept???).

Experimental validation of the reactor model.
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S ©Q® Summary and Outlook

m Optimal start-up control of a packed-bed methanation reactor is feasible.

m POD-DEIM has been successfully applied to construct reduced systems.

m POD-DEIM can be seen as a multi-purpose tool for nonlinear-MOR.

= Apply ROM to optimization studies and controller design - (NMPC?77).

m Adaptive ROM update within the optimization - (POD - trust region concept???).

Thank you for your attention !!!
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