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Introduction

Model Regression = empirical determination of physical processes

Extraction of parameters for mathematical models based on
Reaction Kinetics

(Systems of Ordinary Differential Equations)

Machine Learning Methods might automate this approach
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Background Dirk Reiser

Forschungszentrum Jilich GmbH, IEK-4 Plasma Physics
Theory and Simulation of Plasmas in Nuclear Fusion Devices
Plasma Transport, Turbulence, Plasma-Wall Interaction

Numerical Simulations

Current Focus: Transfer of Models and Methods to
Plasma Assisted CO, Dissociation with Catalysts

Strong Interaction with RUB

Member of the Helmholtz Association 1uly 2020 Slide 2127 J Forschungszentrum



Model Discovery for Catalytic Reaction Kinetics

Plasma Chemistry coupled to Catalyst Surface Reactions

Catalyst Surface

Reaction Kinetics

Reaction Mechanisms and Reaction Rates

Charged Particles and Neutrals
NonThermal Plasma

Vibrational Excitation?
Oxygen Vacancies?
Several Adsorption States?
Electric Fields?

Highly non-linear Reaction Kinetics
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Extension of Reaction Kinetics by Surface Species

Example: Eley-Rideal mechanism (surface species labeled by )

Elementary Reactions Rate Laws
kg a[CO. N N
002 — CO + (@) % = —ky [CO2]+ Ky [COJ[O] — v k5 0. [CO2] + v k3 ©co,
ko a[co] . _ N N _
k+ —ar = Ky [CO2] — ky [COJ[O] + v k3 ©co, — v k3 ©0 [CO]
4
20 S~ O2 ? = K [CO2] — Ky [COIO] — 2k [OF + 2k [O2]
1
K —d[ao,’] = K IOF — K [0a2] + % K 0% — %k{ 6% [02]
COg + * = COQ*
—
2
P ae@% = k3 ©.[CO3] — k5 ©co, — k3 ©co, + k3 €0 [COJ
3
* \ *
CO2 ‘k_ CO+0 8?7[0 = ki ©co, — ky ©0[CO] -2k} 0% + 2k ©2 [02]
3
ki
20" = 02 +2 %
Kk, q
4 Coverages, free sites etc.
0,=1-00-0 determined by rate laws.
O CO2
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Model Discovery for Catalytic Reaction Kinetics

How to connect the unknown macroscopic parameters
in Rate Laws with atomistic processes?

ans A iz ; r
ot = 2o verke [T e
r=1 s=1

The rate coefficients k; represent possible reaction channels in plasma-catalyst chemistry.
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Problem with Rate Equations

Rate Coefficients k;” and k;~ are often not known
and difficult to measure!

Proposals for determination are numerous!

A few standard methods, but no universal approach!

Forward Modelling might benefit from Regression Methods!
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Least-Squares-Problem

Least Squares problem of reaction kinetics!

The discretized system of ODE’s

an ZVsrkr Hnssr

can be transferred to a Least Squares Problem

min ||T — H k|3
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Numerical Details

General model

dng

772Psrkr

Discretized model equations for N; time points and Ns species

on,
s'fZPs”k, sos=T N =1 N
Matrix form
ONs ¢
H k=T ) i = (9? ) Hir:Ps,r,r

with multi-index i = (s, t)

lJ JULICH

Member of the Helmholtz Association 1July 2020 Slide 8127 Forschungszentrum



Numerical Details

Cost functional C

C=(T-H-k)T . (T-H k)
Optimal solution k™* minimizes C

k*=H".T

Pseudoinverse H* obtained via  Singular Value Decomposition

H=U-S-vT | Hf=v.st.uT
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Ordinary Least Squares

The discretized PDE

can be transferred to a Least Squares Problem
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Ridge Regression

The discretized PDE

can be transferred to a Least Squares Problem

Ridge Regression: https://en.wikipedia.org/wiki/Tikhonov_regularization
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LASSO Regression

The discretized PDE

can be transferred to a Least Squares Problem

LASSO: https://en.wikipedia.org/wiki/Lasso_(statistics)
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Example: CO-oxidization on Pt-Catalyst

Elementary Reactions
Og + 2% = 20*

CO3 + * == COy*

kg
CO + * — CO*
k37
kK
CO* + O* = CO2™ + %
ky
of
CO2 = CO+0O

G

g
O2 —20

G
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Model Discovery for Catalytic Reaction Kinetics

The case of full data allows accurate reconstruction using SVD!
Problem: not all species can be observed experimentally (especially surface species)

The missing time traces have to be replaced by
additional model assumptions and constraints.

First step: steady state for surface species (reduced data)!

But: then the problem becomes nonlinear!

SVD must be replaced by nonlinear minimization methods!

Here: Levenberg-Marquardt, Hanson-Krogh, Genetic Algorithm
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Model Discovery for CO-oxidization on Pt-Catalyst

Time Traces of Densities

Time Traces of Densities
CO, 9co, CO, 9co,
cO —— 05" o —— 8y
0, Oco 0, Oco
o o
reference reconstruction 1 - Hanson-Krogh
’7: T T T T 'r; T T T T
22 s 2
2 2
! Z 1
N z
Sob— Y -
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
time [10° 5] time [10°% 5]
€0, Oco, €O, 9co,
O —— 0" O —— 65"
0, 6co 0, Oco
o o
reconstruction 1 - Levenberg-Marquardt reconstruction 1 - Genetic Algorithm
w; T T T T T T T T T
Ea
s
2
|~
30 b——0y :
0 05 1 15 2 25 3 35 4 115 2 25 3 35 4
time [10% 5] time [10% 5]

Full Data : Perfect match for perfect guess for all methods applied!

Hanson-Krogh: https://doi.org/10.1145/146847
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Model Discovery for CO-oxidization on Pt-Catalyst

Time Traces of Densities

€O, Oco,
O —— 65°
0, Oco
o
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w; T T T T
&2
2
;l
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S0 .
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time [10°° 5]
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coO —— 0,
0, Oco
o

reconstruction 2 - Levenberg-Marquardt

density [10%* m™)

0 0.5 1 15 2 25 3 35 4
time [10° 5]

Time Traces of Densities

density [10%* 1

density [10%* m™]

CO, 8o,
o —— 60"
0, Oco
&)
reconstruction 2 - Hanson-Krogh
e e e e
A S S S S S
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time [10° 5]
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O —— 6"
0, Oco
(o]

reconstruction 2 - Genetic Algorithm

Full Data : For bad guess Genetic Algorithm is superior!
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Model Discovery for CO-oxidization on Pt-Catalyst

Time Traces of Densities

Time Traces of Densities

€O, 9co, €O, Oco,
cO —— 85 coO —— 65
0, Oco 0, 0o ——
o] (o]
reference reconstruction 3 - Hanson-Krogh
M‘E T T T T ".‘; T T T T T T T
3’ 4 2
] =
z! z!
E — £ *
3 0 b 20 -
0 0.5 1 1.5 2 25 3 35 4 0 0.5 1 1.5 2 25 3 35 4
time [10°% 5] time [10°% 5]
co, Oco, €0, Oco,
O —— 0y —— co —— 65"
0, co 0, Oco
o o
reconstruction 3 - Levenberg-Marquardt reconstruction 3 - Genetic Algorithm
w; T T T T (?Z T T T T T T
=+ 2 < 2
] ‘s
1; 1k ; 1
2 F
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0 0.5 1 15 2 25 3 35 4 0 0.5 1 15 2 25 3 35 4
time [10° 5] time [10% 5]
Reduced Data : For perfect guess all methods give reasonable results!
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Model Discovery for CO-oxidization on Pt-Catalyst

Time Traces of Densities
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Reduced Data : For bad guess the results are of very different quality!
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Improvements

The steady state approximation in the Pt-example above:

a9002 _8@00_6@0_89* -0
o ~— ot ot ot

Not entirely needed, because:

[¥] + [CO2*] + [CO*] + [O*] = const.
[CO2] + [CO] + [CO2*] + [CO*] = const.
[CO2] + 2[02] + [O] + [CO2*] + [O*] = const.

Conservation laws can be taken into account automatically!
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General Remark

The steady state approximation is a possible idea

to define cost functions

But, several variants are possible!

The proposed approach consists of a

flexible tool box to analyze arbitrary model variants!
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An Example from Gas Chemistry

Elementary Reactions Rate Laws
k- dlCHa] — ki [CH4][O]? — kg [CH4][e]
CH4+04+0 — H20+H20+C a1 T o
oLce, o A0 kfoulle) ks [OF ~ ke [021(C)
+C =2
ks O~ 2k (CmIOF ~ K [0C) - K5 [0I(CO] + 2K Ozl
O+ CO — CO
+ 2 2k [OF + kg [CO2I[e] + ke [120](¢]
Os+e =5 0+0+e A0 s 0l1c0] + 4 [021[0] — K 003
K
040 2,0, AL~ ke (0IC1 - ks 0IICO] + ko (€01
K o0l _ 2 ol
09 +C 6 s COq F” = 2k [CH4][O] — kg [H2O][e]
Lk ] AU CHAOR — ke [ONIC] — ks [OI[C] + ks [CHLTe]
CO2+e — O+CO+e ot
d[Hz2] ; R
Bal kg ma0lie] + 2k O le]

ke
HoO+e¢ —5O+Hy +e

k9
CH e — C+H H e
4+ + Hz 4 Ho 4 CHa, CO2, CO and Hy0 measured

02, O, C and Hz not known
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An Example from Gas Chemistry

2[CH4] — 2[0O2] — [O] —2[CO2] — [CO] + [H2] = ¢4
[CH4] + [CO2] + [CO] + [C] = c2
2[02] + [O] 4 2[CO2] + [CO] + [H20] = ¢3

Conservation laws provide information on three invisible species.

[O] = —2[02] — 2[CO2] — [CO] — [H20] + ¢35
[C] = —[CH4] — [CO2] — [CO] + ¢
[Ho] = —2[CH4] — [H20] + ¢3 + ¢4

The constants ¢y, ¢, and ¢3 are known from initial conditions.
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An Example from Gas Chemistry

L — Ky [CHAIOP ~ K [OTIC] — Ko [03[C] + ko [CH[eT] = 0

Steady state assumption for a single species

_ ki [CH4][O]? — k2 [O][C] + ko [CHa][e]

[O2] ks [C]

The final equation introduces non-linearities in model parameters!
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Conclusion

Extracted rate coefficients reflect quite well the order of magnitude.
Further improvement by constraints due to stoichiometric conservation laws!
This will be implemented now and can be automated easily.

Results are promising, but quality assessment is urgently needed for practical situations.
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Summary and Outlook

Summary:

Model discovery methods based on Least-Squares-methods work fine.
Several variants are known from the literature.

New interest in the context of Machine Learning (automatic decisions)

Open Questions:

Is the steady state approach useful for catalyst reaction kinetic modelling?
What kind of constraints might be taken into account?

What might be a good test for errors and quality of results?
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Contribution to SFB 1316

m Modelling of surface reactions via reaction kinetics
m Data driven model discovery of plasma-gas-surface interactions
m Coupling of gas phase simulation with catalyst model

m Two-way approach using statistical methods and TST
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