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Digitalization in science and engineering ﬂ(l'l'
Anything else than new

Karlsruhe Institute of Technology

Konrad Zuse and his first computer, First computer codes modeling reactive flows, 1979
the Z3, from 1941

CHEMKIN: A General-Purpose,
Problem-Independent, Transportable,
Fortran Chemical Kinetics Code Package

THERMO
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R. J. Kee, J. A. Miller, T. H. Jefferson

ELEMENTS H O N END
SPECIES H2 H 02 O OH HO2 H202 H20 N N2 NO END

REACTIONS

H2+02=20H 0.170E+ 14 0.00 47780
OH+H2=H20+H 0.117E+ 10 1.30 3626 ! D-L&W
O+0H=024H 0.400E + 15 -0.50 0 ! JAM 1986
O+H2=0H+H 0.506E + 05 267 6290 ! KLEMM ET AL.. 1986
SUBRDUTINE CKGML (T, ICKWRK, RCKWRK, GML) H+024M=HO2+M 0361E 418 -0.72 o ! DIXON-LEWIS
‘::uE:p.s ine stancard state Gibbs free energies in molar units; H20/18.6/ H2/2 86/ N2/1.26/
OH + HO2 = H20 + 02 0.750E + 13 0.00 o ! DL
ReUT - Temparature. H+HO2=20H 0.140E +15 0.00 1073 ! DL
Source: Deutsches Museum E2ta"Type - rea) scatar 0+4HD2=02+40H Q140E+14 000 1073 ! DL
. . . ICKWRX - Arrey of integer workspace 20H=0+H20 0.600E + 09 1.30 0 ! COHEN-WEST
https://mmw.ingenieur.de/technik/produkte/konrad-zuses-z3-computer-welt-80 e e Bimand 8 TR S e e, H4H4+ M=H2 + M 0100419 -1.00 0o !DL
accessed 3.5.2023 RS I S— K20100/ Hz100!
GML

- Stancarc siste gibos free energies in molar units
for the species.
cgs units - ergs/mole
Cata type - rasl array
Cimension GML(=) at least KK, the total number of species

@ Sandia Laboratories

Courtesy of R.J. Kee
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Digitalization in Catalysis and Reaction Engineering ﬂ(IT
Numerical simulation of the behavior of chemical reactors

Hydrogen from methane by

catalytic partial oxidation

DR R CH, +% 0, A 2H, +CO

: CH, +20, A 2H,0 + CO,

Reactor temperature (solid) [K]

R. Schwiedernoch, S. Tischer, C. Correa, O.
Deutschmann, Chem. Eng. Sci. 58 (2003) 633.
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Digitalization in Catalysis and Reaction Engineering *‘(IT
Numerical simulation of the behavior of chemical reactors ot st S ety

Hydrogen from methane by
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Schwiedernoch, Tischer, Deutschimann, WR, University of Heidelberg, 2002
R. Schwiedernoch, S. Tischer, C. Correa, O.
Deutschmann, Chem. Eng. Sci. 58 (2003) 633.
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Digitalization in Catalysis and Reaction Engineering
Numerical simulation of the behavior of chemical reactors

Hydrogen from methane by

: _ -Hia Laminar i turbulence transition behind
catalytic partial oxidation

a monolithic catalyst
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R. Schwiedernoch, S. Tischer, C. Correa, O. M. Hette_l, E Daymo, T. Schr_nidt_, O. Deutschmann. Chem. Eng. &
Deutschmann, Chem. Eng. Sci. 58 (2003) 633. Processing: Process Intensification 147 (2020) 107728.
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Karlsruhe Institute of Technology

Reaction rate in fixed bed
reactor using micro kinetics

| Concentration CH, | | Surface Rate CH, |

E. A. Daymo, M. Hettel, O. Deutschmann, G. D.
Wehinger. Chem. Eng. Sci. 250 (2022) 117408.
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Digitalization in Catalysis and Reaction Engineering NFDI @: ﬂ(IT

National research data infrastructure

Karlsruhe Institute of Technology

Courtesy of M. Hettel Process Smulation

Multiscale Modelling

Process Design Data,
Energy & Cost data

(Process Synthesis

‘ and Design)

Heat & Transport Data,

Molecular Modelling

Dat.a Bxchange Kinetic Data
with Theory (Reactor Analysis and Design)

Synthesis Data Operando Data

(Catalyst Synthesis, (Active Ste,
Catalyst Gonditioning) Mechanism)
Performance Data  Characterisation Data

(Rate, Slectivity, Lifetime) (In-Stu Characterisation,
Qystal Sructure) Feedback Loops

Uil Courtesy of T. Sheppard

D. Linke, C.Waulf, M. Beller, T. Boenisch, O. Deutschmann, S. Hanf, N. Kockmann, R. Kraehnert, M. Oezaslan, S. Palkovits, S. Schimmler, S.A. Schunk, K. Wagemann. ChemCatChem 13 (2021) 3223.

Olaf Deutschmann and Stephan A. Schunk A A. FedorovTue 10:00
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Digitalization in Catalysis and Reaction Engineering A‘(IT
Outline (oo st i Tetoloy

A Introduction i long history of digitalization in science and engineering (OD)

A Automated workflows on the lab scale i models for heterogeneous catalysis (OD)
A Feedback loops i from lab to pilot plant (SAS)

A Application of digital tools for scale-up on industrial scale (OD)

A Prediction of materials properties on atom scale using Al for catalyst discovery (SAS)

A Democratization of tools and services: RDM @ NFDI4Cat (SAS)

Olaf Deutschmann and Stephan A. Schunk
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Variety of experimental methods for a better understanding of ﬂ(l'l'
chemical kinetics and interaction with mass and heat transport

End-of-pipe Capillary techniques

Fixed bed reactor

Monolithic reactors

Laser diagnostics Specific flow reactors

Catalytic wall reactor High-temperature pressure reactor

Olaf Deutschmann and Stephan A. Schunk
Digitalization in Catalysis and Reaction Engineering: More than just a Buzzword?
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Software package DETCHEMfor numerical simulation of a wide
variety of chemical reactors ﬂ(IT

Model Level

macroscopic

microscopic

I
>

Karlsruhe Institute of Technology

I -
MONOLITH DUO
/ Transient Temperature Profile DETCHEM + OpenFOAM) STACK
/ of a Monolithic Catalyst Structured Reactors Temperature Profile of
IF'L--—— Y I a SOFC / SOEC Stack
BATCH, CSTR, : I
MPTR, ENGINE v
Prefectly Stirred PLUG id-
Tank Resctors (0c) CHANNEL Thrid-Party
PACKED BED 2d parabolized model CFED-Software
7 1d axial profiles of alaminar flow (e.g. OpenFOAM,
A Fl t, Star CCM+
i t neys Fluent, Star €EH SOFC / SOEC
Arbitrary Reactor 2d model of a Solid Oxide
Geometry Fuel / Electrolysis Cell

Washcoat (optional)

| 1

|

DETCHEM-Library

Reaction Mechanisms
Thermodynamic Data i : .
Transport Coefficients é

I

»

COmp|eXIty www.detchem.de
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Modeling of heterogeneous chemical reactions: gg(llll
Development of reaction mechanisms with associated kinetic data

Karlsruhe Institute of Technology

H(N)) +H(Ni) >2(Ni) +H2  2.545E+31 0.0 92.21

VT T TR3TT OZ ™" "F#2[N)” SON))” " +OMiy ""11000E~ """~ """t T0U0CCuoo00T Tttt T T Tt i
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_ = Ngﬁ.( Modeling of lab reactors / _ \
/ Lab experiments .| (including gas phase kinetics and Technical reactors
= N transport models)
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spatialtemporal profiles, | . " and simulation
CH(Ni) >HCO(Ni) +(Ni

Coverage"') 0} +(N(\) ) >CH3(I(\1|))+H((N)|) 3.700E+21 g 0.0 57.70
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flow analysis e Y

CH3(Ni) +OH(Ni) >O(Ni) . .

————— Reliable mechanism

CH2(NN +OHIND ORI TG LTI IO A.Giehr, L. Maier, S. Schunk, O. Deutschmann. ChemCatChem 10 (2018) 751.
PhD theses of K. Herrea-Delgado, T. Roussiere, L. Kahle, A. Giehr
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The Chemical Company

i high throughpul expermentation company

THE LINDE GROUP *

Bundesministerium
fiir Wirtschaft
und Technologie

Thermodynamic
consistency

Olaf Deutschmann and Stephan A. Schunk
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Automated workflows in catalysis and reaction engineering:
Speed-up of model development by CaRMeN

Performance

Experimental data
including all metadata for
different reactors,
conditions, sources for
given chemical system

11

meta data of experiments el 1410 F=1110)0

Annular EOP
Rh/Al203 Steam
Reforming
CH4/H20=1.0/2.0
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CaRMeN
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— Deutschmann
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Olaf Deutschmann and Stephan A. Schunk
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Combines chemical
and physical models

and can be used for

easy comparisons of

different

A reaction
mechanisms,

A transport models,

A computer code:c

H. Gossler, L. Maier, S. Angeli, S. Tischer, O. Deutschmann.
PhysChemChemPhys 20 (2018) 10857; Catalysts 9 (2019) 227;
www.detchem.de/software/carmen
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Automated workflows in catalysis and reaction engineering:
CaRMeN as data basis for model parametrization and optimization

meta data of experiments ()1 AAL0|F=XiL0)q]

data of physical & chemical models

008 CaRMeN

B A A B B o
Annular EOP Detailed Comparison  Parity Plot Rh CH
Rh/A1203 Steam ® — Deutschmar ©
Reforming 20010213
CH4/H20=1.0/2.0
Rh CH4 02 ©
i = Spaci-Pro R/AL203 er- detchen_channel detchen_plug Hickman 1993
L == CH4 CPOX 792K - % SR
o . Rh CH4 €02 02
Performance Spacro A0 ; e O
CHa CPOX 500K o
Spaci-Pro RWALZ03 | o) ©
CH4 CPOX 797K
Spaci-Pro RN/AZO3 o Rh CHa4 H20 ©
CH4 CPOX 798K Schaedel 2009

Experimental data

including all metadata for == ©
different reactors, st e iy
conditions, sources for

given chemical system ol

Stag Rh CH4 CPOX

e ©

Stag Rh CH4 CPOX
73K C-0<1 total

Rh S/C=1,
ahsvro000vn @

®h S/C=1, er- detchen_channel detchen_channel
GHSV=80000 1/h > 1 - I

H. Gossler, L. Maier, S. Angeli, S. Tischer, O.
Deutschmann. PhysChemChemPhys 20 (2018)
10857; Catalysts 9 (2019) 227;
www.detchem.de/software/carmen

Olaf Deutschmann and Stephan A. Schunk
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A Martin Votsmeier Tue 10:25

Combines chemical
and physical models

and can be used for

easy comparisons of

different

A reaction
mechanisms,

A transport models,

A computer codes é

AT

Karlsruhe Institute of Technology

A Poster 6.01 Chacko et al.

Optimization
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R. Chacko, K. Keller, S. Tischer, A.B. Shirsath, P. Lott,
S. Angeli, O. Deutschmann. J. Phys. Chem. C (2023)
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B. Kreitz, P. Lott, J. Bae, K. Bléndal, S.
Angeli, Z.W. Ulissi, F. Studt, C.F. Goldsmith,
O. Deutschmann. ACS Catal. 12 (2022)
11137.
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Digital twin of reactor and direct transfer of performance (IT
and meta data: Software tool Adacta ﬂ

Karlsruhe Institute of Technology

A Focus on traceability of data N P | NFﬁf‘@
A Captures exact details to an experimental setup ™ - T

A Setups composed of devices and samples
A Time line as independent variable to visualize relationships

PL-Pd-Pt-CZ-S02-450C-Reg-750C-

A Data exactly associated with recording device e

) : : : , : . Catalyst data
A Catalyst/materials history monitored including efficient search tools y
- g " \/\/_\/\/\/\ ADACTA ~
§ i et ¥1(X0) Y2(Xo) Y3(Xo) Ya(Xo) ¥Y5(Xo0) Y&(X0) ¥7(Xo)
- . ; e g /\/\/\A/\/\/\/_\ Nitregen diatomi Carbon monoxid Methane (CH4) Air Nitrogen diatomi Sulfur dioxide (S Water |
" » \ : - " ml{min ml/min mlfmin Ifmin mifmin mifmin mifmin
N2 Traeger CO 500mifmin CH4 5l/min Air N2 50250 mL H20 7¢
N N N B § =TI o e ome o s
AR A AR R B A M A et ‘
2 Ju] n | | : \/\/—\/\/\/\ 0 0 3,888306 0451563 0,479987 0 0
S R - = Data archive and extraction of metadata for setting up
Reactor data Analytics data input files for models and simulation

H. Gossler, J. Riedel, E. Daymo, R. Chacko, S. Angeli, , O. Deutschmann. Chemie Ingenieur Technik 94 (2022) 1798; www.omegadot.software/adacta

Olaf Deutschmann and Stephan A. Schunk
Digitalization in Catalysis and Reaction Engineering: More than just a Buzzword?
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Digitalization in catalysis and reaction engineering: (IT
Value-added coupling of digitalization tools ﬂ

O\

ol Adacta — CaRMeN

Karlsruhe Institute of Technology

wCatalyst synthesis wChemical/Physical

information wDigital twin of wAutomated simuiation Models
mBﬁS'C a;no_l d?_talled experimental setups workflows ool\l_umlerl_cal f
characterization R simulation o
wVisualization model vs. :
data wCatalyst performance catalytic reactors

(meta)data experiment data

Chemotio wOptimization of model
SciCat . ) \_ parameters ) DETCHEM

a—

Olaf Deutschmann and Stephan A. Schunk
Digitalization in Catalysis and Reaction Engineering: More than just a Buzzword?
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Digitalization in Catalysis and Reaction Engineering A‘(IT
Outline (oo st i Tetoloy

A Introduction i long history of digitalization in science and engineering (OD)

A Automated workflows on the lab scale i models for heterogeneous catalysis (OD)

A Feedback loops ifrom lab to pilot plant (SAS)

A Application of digital tools for scale-up on industrial scale (OD)

A Prediction of materials properties on atom scale using Al for catalyst discovery (SAS)

A Democratization of tools and services: RDM @ NFDI4Cat (SAS)

Olaf Deutschmann and Stephan A. Schunk
Digitalization in Catalysis and Reaction Engineering: More than just a Buzzword?
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Feedback Loop£auseand Effectmadesimple? H'::::::::;--;;;

néSi mple causal reasoning about a feedbac
the second and second system influences the first, leading to a circular argument. This
reasoning based upon cause and effect tricky, and it is necessary to analyze the systen

Vd

whol e. e 0

d Karl JohaAstromand Richarel.MurrayFeedback Systems: An Introduction for Scientists
Engineers

hte-company.com | | 16




Feedback Loops in Action SEEEEERESETEEEE

hte-company.com | | 17




FromNaphtato Reformate

Naphtha

Reformate

(low octane) (high octane)

Gasoline Aromatics
(high octane) (BTX)

Challenges

=  Analysis of multi-component feeds (>300 compounds) and products
*  Detection of very small differences in product selectivity (C.+)

= Variation of feed & product properties

=  Accelerated decay conditions for fixed-bed catalysts

=  (Collection of sufficient data for fast deactivating CCR catalysts

hte-company.com | WQ201917988A1 Method for analysing process streams, Marius Kirchmann, Christoph Hauber




NaphtaReformingon a Technicébcale

.

Catalyst

Naphtha

fok

Inert zone

Catalyst

Inert zone

Reformate

Interheaters Catalyst

hte-company.com |



Why Testingundera L aCdrdition® SEEEEEEEEE IS

A Comparabilion a relativecale
A Comparabilipn an absoluseale

A Retrievadfkinetidatasetsthatlinkintoscaleupcriteria

hte-company.com | | 20




Complexityof the Analysis EEEEEES S

Fu*!_lallght ﬁ?pa raté:rn Full C8 separation _ C1-C14 Paraffins
w L >

- = A _ Naphtha feed
_ AU |
Reformer products

L UG L L) |) ps

| Retention time k

hte-company.com | | 21




hte Software Solutions G
Combining workflow key steps with one tool ht@ff?????ff

GENERATING DATA GENERATING KNOWLEDGE

===

—
pmgereoweon g it Coni " /hte & MR
—— = Experiment Automation cientific Data Warehouse
= A Recipe editor A Access data fr¢ ~ FecTROONG
e A Process control your desktop “ — e
ST ,uin;J = A Industry standafd A All datainone ||| i - =
' ‘:;5 process database ONLINE GC ANALYSIS AUTOMATED DATA MERGE  REPORTING & EVALUATION
ONTORNG o visualization A Evaluate and = p——— "
T == = Alntuitive test rig create reports ;;;W
vl s — operation A Integrate your ————|
_J e A Fast and efficiept  R&D environme...
failure diagnosi$

Developing Combinatorial Support for Hifhroughput Experimentation Applied to Heterogeneous Catalysis
ChemlnfornB3(45)- November 2010DOI: 10.1002/chin.200245248 \Strehlay D. Demuth, H. Hill, Wietze

hte-company.com




Iso-Operation

Integrated CybePhysical Interaction

Performance Parameters

| Aromatics yield
| C5+ Reformate yield
‘Research Octane number |

i

\3, || myhteS
~

: 800
- 800[— Calculations
0 100 200 300 400 500 600 700 800
TOS [h]

; '.I.-
hteControl 4
Process Control Software

Reactor temperatures

hte-company.com

Global Peak Identification

I s
g" U Ll.lj.l.l i

|

‘;Jll AL L Ilnllllllhlll L

GC Chromatograms

Performance testing of naphtha reforming catalysts
M. KIRCHMANN, A. HAAS, C. HAUBER, S VUKOJEVIC PTQ Q4.2815, 119

A myhteallowsinteractive
seltadaptationo
prechosenaluedor
distinctvariables

A Thisis anexcellent
exampldora seltadaptive
cybefphysicainteraction




Feedback Loops in Action SEEEEEEEEETIESE
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Transalkylatiomf Aromatics SSEEESS T

' I Cio® H, ' .
* * Arom. D —— * *

* Conversion of C7 and C9 to maximize xylenes (p-xylene)

* Scopes
* |dentification of best performing catalyst
* Deactivation at higher severities
= Quality control

hte-company.com | | 25




MulticomponentMixtures Overlayof wavelengths i
chemometrics hte::

=

l.Iil 1|

| “ 1 " "‘wUl ‘Llln I

®* |R spectra * GC chromatograms

= Selectivities
=  (Conversions

= RON, MON

hte-company.com | | 26




Transalkylatio®redictionof C9+conversion

hte-company.com
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Feedback Loop SIS
AchievingConstantConversion ht S

v 5"

Temparrature [*C]

W' 250
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Digitalization in Catalysis and Reaction Engineering A‘(IT
Outline (oo st i Tetoloy

A Introduction i long history of digitalization in science and engineering (OD)
A Automated workflows on the lab scale i models for heterogeneous catalysis (OD)
A Feedback loops i from lab to pilot plant (SAS)

A Application of digital tools for scale-up on industrial scale (OD)
A High-temperature electrolysis
A Carbon-free chemical energy carriers

A CO, emission reduction in steel production

A Prediction of materials properties on atom scale using Al for catalyst discovery (SAS)

A Democratization of tools and services: RDM @ NFDI4Cat (SAS)

Olaf Deutschmann and Stephan A. Schunk
Digitalization in Catalysis and Reaction Engineering: More than just a Buzzword?

30

Annual Meeting on Reaction Engineering 2023



Hydrogen from high-temperature electrolysis: Process ﬂ(l'l'
Intensification trough coupling of thermal and chemical processes

Solid-Oxide Electrolysis Cell (SOEC) operated >700°C Power-to-Methane: Thermal integration of
SOEC stack & methanation reactor for

HER: Hydrogen Evolution Reaction
Ho0(g) + V5 +2e” < Hy(g) + 0F

| Interconnector Crofer® steel S O E @tac k
Fuel channel H,0 H;, H,0 % n [°= 242 kJ/mol
A
Membrane Barrier layer CGO Steam source H
Electrode MEA | Electrolyte 0% YSZ or ScsZ H,O(g) 2
Assembly Barrier layer CGO 2 COO|-ﬂg svstem Of
LSCF, LSCF-CGO or LSC + I y 1
F—— — nr methanation reactor Catalytic SNG
— Co, || methanation (CH,)
| Interconnector Crofer® steel >  —
OER: Oxygen Evolution Reaction reaCt0l'
0% & V3" +2e” + 0.5 0,(g) N 1°=-165 kJmol
H,O(l)

METHQUEST
®

A What is the best SOEC configuration for thermal integration?
A Stack simulation based on physical and chemical characterization of the SOE Cell
A Optimization of design parameters and operating conditions

Bundesministerium
fiir Wirtschaft
und Technologie

L. Wehrle, D. Schmider, J. Dailly, A. Banerjee, O. Deutschmann. Appl. Energy 317 (2022) 119143.
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Hydrogen from high-temperature electrolysis:
Development chain from button cell to stack to system

Electrochemical Coupling with channel flow
characterization  and 2D heat transport

Coupling with 3D
heat transport models

Symmetric Button Cell Planar Stack

Planar Repeating Unit (RU)

AT

Karlsruhe Institute of Technology

Coupling with upstream and
downstream devices and processes

Air channel

a ) ) ) b . S - c ) )
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Electrodes I I | |
| |
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Interconnect

L. Wehrle, D. Schmider, J. Dailly, A. Banerjee, O. Deutschmann. Appl. Energy 317 (2022) 119143.
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Hydrogen from high-temperature electrolysis:
Digitalization tool CaRMeN accelerates parametrization

Electrochemical

AT

Karlsruhe Institute of Technology

Electrochemical model

Running: 1 Pending
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A Next step: Automatic parameter adaptation A Poster 1.01 Jagerfeld et al.
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Hydrogen from high-temperature electrolysis:
Digitalization and multi-scale modeling supports scale-up

AT

Karlsruhe Institute of Technology

Benchmarking SOEC-stack designs for industrial Power-to-Methane systems

Electrolyte-supported cell
(ESC)

An=128cm? 4

iI icells [, =9cm

It""= 48 pm

|

t,=1mm CelCo

x 4t =0.25 mm
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coating
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a) ESC: 150-cell stqck,
Tyin =850 AC, Ece =14V

90%/10% H,0/H,, air
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- Active Parts
Front
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Cathode-supported cell
(CSC)
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a) ESC: 150-cell stack
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90%/10% H,O/H,, air

Outlet
gas flow
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‘ 90% H,0, 10% H,, air, 80% steam conv.

b) CSC: 150-cell stack

A Lukas Wehrle, Tue 11:20
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Reactive metals as carbon-free energy carriers for a —_— N
_ Clean ,Cl_r’cles A\
CIrCUIar en ergy economy: Iron CyCIe Karlsruhe Institute of Technology

A Metals: Promising solution for efficient storage of renewable energy in amounts of 100 TWh
due to high volumetric energy density, easy handling, use of existing infrastructures

I=====

Iron powder flame

Fe
oo oo
oo
N i il
H.O — HmE
2 oo ||oo||oo
H, U
J.M. Bergthorson. Prog. Energy Combust. Sci. 68 (2018) 169.
P. Debiagi, J.Janicka, C. Hasse et al. Renewable Sustainable Energy Rev. 165 (2022) 112579. M. Fedoryk, B. Stelzner, S. Harth, S., D. Trimis.
C. Kuhn, A. D¢ll, P. Rohlfs, S. Tischer, M. Bérnhorst, O. Deutschmann. Appl. Energy and Combust. Sci. 12 (2022) 100096. Appl. Energy and Combust. Sci. 13 (2023)
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Iron as carbon-free energy carrier: Cycling demandsa . — —~_ *‘(IT
detailed understanding of kinetics and morphology )= e e o Tenoioy

A TGA analysis: Cycling by oxidation with air and reduction with H, works
A Significant morphological and reaction rate variations

T =700 °C; d,™s =23 um SEM images of iron particles after one and ten cycles
e 4 A 4 ™)
]
{
;
E
{
|
; Oxidation k ) k J
ance -— Reducti . .
eduction Particles morphology alteration

A Poster 9.08 Kuhn, Knapp et al.
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