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Digitalization in science and engineering

Anything else than new

Konrad Zuse and his first computer,

the Z3, from 1941

Courtesy of R.J. Kee

First computer codes modeling reactive flows, 1979

Source: Deutsches Museum

https://www.ingenieur.de/technik/produkte/konrad-zuses-z3-computer-welt-80

accessed 3.5.2023
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Digitalization in Catalysis and Reaction Engineering

Numerical simulation of the behavior of chemical reactors

Hydrogen from methane by 

catalytic partial oxidation

R. Schwiedernoch, S. Tischer, C. Correa, O. 

Deutschmann, Chem. Eng. Sci. 58 (2003) 633.

ConocoPhillips GTL demonstration

plant, Ponca City, OK, USA, 2003

CH4 + ½ O2 Ą 2 H2 + CO

CH4 + 2 O2 Ą 2 H2O + CO2
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Digitalization in Catalysis and Reaction Engineering

Numerical simulation of the behavior of chemical reactors

Hydrogen from methane by 
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Digitalization in Catalysis and Reaction Engineering

Numerical simulation of the behavior of chemical reactors

E. A. Daymo, M. Hettel, O. Deutschmann, G. D.

Wehinger. Chem. Eng. Sci. 250 (2022) 117408.

Upstream Monolith Downstream

RANS LES

M. Hettel, E. Daymo, T. Schmidt, O. Deutschmann. Chem. Eng. & 

Processing: Process Intensification 147 (2020) 107728. 

Laminar ïturbulence transition behind 

a monolithic catalyst

Hydrogen from methane by 

catalytic partial oxidation

R. Schwiedernoch, S. Tischer, C. Correa, O. 

Deutschmann, Chem. Eng. Sci. 58 (2003) 633.

ConocoPhillips GTL demonstration

plant, Ponca City, OK, USA, 2003

CH4 + ½ O2 Ą 2 H2 + CO

CH4 + 2 O2 Ą 2 H2O + CO2

Reaction rate in fixed bed

reactor using micro kinetics
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Digitalization in Catalysis and Reaction Engineering

National research data infrastructure

D. Linke,  C. Wulf, 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. 

Operando Data
(Active Site, 
Mechanism) 

Data Exchange 
with Theory

Synthesis Data
(Catalyst Synthesis, 

Catalyst Conditioning)

FAIRmat

DAPHNE

NFDI4Chem

NFDI4Ing

Performance Data
(Rate, Selectivity, Lifetime)

Characterisation Data
(In-Situ Characterisation, 

Crystal Structure)

Heat & Transport Data, 

Kinetic Data
(Reactor Analysis and Design)

Molecular Modelling

Multiscale Modelling

Process Simulation

Feedback Loops

Process Design Data, 
Energy & Cost data

(Process Synthesis 
and Design)

Courtesy of J. Sauer

Courtesy of T. Sheppard

Courtesy of J.-D. Grunwaldt

Courtesy of M. Hettel

ĄA. FedorovTue 10:00
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Digitalization in Catalysis and Reaction Engineering

Outline

Á Introduction ïlong history of digitalization in science and engineering (OD)

ÁAutomated workflows on the lab scale ïmodels for heterogeneous catalysis (OD)

ÁFeedback loops ïfrom lab to pilot plant (SAS)

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

ÁPrediction of materials properties on atom scale using AI for catalyst discovery (SAS)

ÁDemocratization of tools and services: RDM @ NFDI4Cat (SAS)
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Variety of experimental methods for a better understanding of 

chemical kinetics and interaction with mass and heat transport

End-of-pipe

Fixed bed reactor

Monolithic reactors

Capillary techniques

Stagnation flow reactor

Catalytic wall reactor

Laser diagnostics Specific flow reactors Electrochemical characterization

High-temperature pressure reactor Button cell
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Software package DETCHEMfor numerical simulation of a wide 

variety of chemical reactors

www.detchem.de

DETCHEM-Library
Reaction Mechanisms

Thermodynamic Data

Transport Coefficients

Complexity
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Washcoat (optional)

PLUG
PACKED BED

1d axial profiles

CHANNEL
2d parabolized model

of a laminar flow

MONOLITH
Transient Temperature Profile

of a Monolithic Catalyst

BATCH, CSTR, 

MPTR, ENGINE
Prefectly Stirred

Tank Reactors (0d)
Thrid-Party 

CFD-Software
(e.g. OpenFOAM,

Ansys Fluent, Star CCM+)

Arbitrary Reactor

Geometry

SOFC / SOEC
2d model of a Solid Oxide

Fuel / Electrolysis Cell

STACK
Temperature Profile of

a SOFC / SOEC Stack 

DUO
(DETCHEM + OpenFOAM)

Structured Reactors

9
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Reaction A( cm,mol,s ) ɓ( - ) Ea(KJ/mol)

R1 H2       +2(Ni)   >H(Ni)    +H(Ni)     1.000E - 02     0.0      0.00

R2 H(Ni)    +H(Ni)   >2(Ni)    +H2        2.545E+31     0.0     92.21

R3 O2       +2(Ni)   >O(Ni)    +O(Ni)     1.000E - 02     0.0      0.00

R4 O(Ni)    +O(Ni)   >2(Ni)    +O2        4.283E+20     0.0    420.95

R5 CH4      +(Ni)    >CH4(Ni)             8.000E - 03     0.0      0.00

R6 CH4(Ni)  >(Ni)    +CH4                 8.705E+15     0.0     37.55

R7 H2O      +(Ni)    >H2O(Ni)             1.000E - 01     0.0      0.00

R8 H2O(Ni)  >(Ni)    +H2O                 3.732E+12     0.0     60.79

R9 CO2      +(Ni)    >CO2(Ni)             7.000E - 06     0.0      0.00

R10 CO2(Ni)  >(Ni)    +CO2                 6.447E+07     0.0     25.98

R11 CO       +(Ni)    >CO(Ni)              5.000E - 01     0.0      0.00

R12 CO(Ni)   >(Ni)    +CO                  3.563E+11     0.0    109.27 - 50ỂCO(Ni)

R13 O(Ni)    +H(Ni)   >OH(Ni)   +(Ni)      5.000E+22     0.0     97.90

R14 OH(Ni)   +(Ni)    >O(Ni)    +H(Ni)     1.781E+21     0.0     36.09

R15 OH(Ni)   +H(Ni)   >H2O(Ni)  +(Ni)      3.000E+20     0.0     42.70

R16 H2O(Ni)  +(Ni)    >OH(Ni)   +H(Ni)     2.271E+21     0.0     91.76

R17 OH(Ni)   +OH(Ni)  >O(Ni)    +H2O(Ni)   3.000E+21     0.0    100.00

R18 O(Ni)    +H2O(Ni) >OH(Ni)   +OH(Ni)    6.373E+23     0.0    102.86

R19 O(Ni)    +C(Ni)   >CO(Ni)   +(Ni)      3.400E+19     0.0    148.00  

R20 CO(Ni)   +(Ni)    >O(Ni)    +C(Ni)     1.759E+11     0.0    100.24 - 50ỂCO(Ni)

R21 CO2(Ni)  +(Ni)    >O(Ni)    +CO(Ni)    4.653E+23    - 1.0     89.32 

R22 O(Ni)    +CO(Ni)  >CO2(Ni)  +(Ni)      2.000E+19     0.0    123.60 - 50ỂCO(Ni)

R23 CO2(Ni)  +H(Ni)   >COOH(Ni) +(Ni)      7.230E+18     0.0    166.00

R24 COOH(Ni) +(Ni)    >CO2(Ni)  +H(Ni)     3.230E+19     0.0     87.00 

R25 COOH(Ni) +(Ni)    >CO(Ni)   +OH(Ni)    2.740E+23     0.0     38.00

R26 CO(Ni)   +OH(Ni)  >COOH(Ni) +(Ni)      3.200E+23     0.0    111.00

R27 CO(Ni)   +CO(Ni)  >C(Ni)    +CO2(Ni)   3.200E+18     0.0    326.00 - 50ỂCO(Ni)

R28 C(Ni)    +CO2(Ni) >CO(Ni)   +CO(Ni)    3.700E+21     0.0    155.00

R29 HCO(Ni)  +(Ni)    >CO(Ni)   +H(Ni)     3.700E+21     0.0      0.00+50 ỂCO(Ni) 

R30 CO(Ni)   +H(Ni)   >HCO(Ni)  +(Ni)      4.019E+20    - 1.0    132.23

R31 HCO(Ni)  +(Ni)    >O(Ni)    +CH(Ni)    3.792E+15     0.0     81.91  

R32 O(Ni)    +CH(Ni)  >HCO(Ni)  +(Ni)      4.604E+20     0.0    109.97

R33 CH4(Ni)  +(Ni)    >CH3(Ni)  +H(Ni)     3.700E+21     0.0     57.70

R34 CH3(Ni)  +H(Ni)   >CH4(Ni)  +(Ni)      6.034E+21     0.0     61.58

R35 CH3(Ni)  +(Ni)    >CH2(Ni)  +H(Ni)     3.700E+24     0.0    100.00

R36 CH2(Ni)  +H(Ni)   >CH3(Ni)  +(Ni)      1.293E+23     0.0     55.33

R37 CH2(Ni)  +(Ni)    >CH(Ni)   +H(Ni)     3.700E+21     0.0     97.10

R38 CH(Ni)   +H(Ni)   >CH2(Ni)  +(Ni)      4.089E+24     0.0     79.18

R39 CH(Ni)   +(Ni)    >C(Ni)    +H(Ni)     3.700E+23     0.0     18.80

R40 C(Ni)    +H(Ni)   >CH(Ni)   +(Ni)      4.562E+21     0.0    161.11

R41 O(Ni)    +CH4(Ni) >CH3(Ni)  +OH(Ni)    1.700E+24     0.0     75.30

R42 CH3(Ni)  +OH(Ni)  >O(Ni)    +CH4(Ni)   9.876E+22     0.0     30.37

R43 O(Ni)    +CH3(Ni) >CH2(Ni)  +OH(Ni)    3.700E+24     0.0    110.10

R44 CH2(Ni)  +OH(Ni)  >O(Ni)    +CH3(Ni)   4.607E+21     0.0     23.62

R45 O(Ni)    +CH2(Ni) >CH(Ni)   +OH(Ni)    3.700E+19     0.0    126.80

R46 CH(Ni)   +OH(Ni)  >O(Ni)    +CH2(Ni)   1.457E+23     0.0     47.07

R47 O(Ni)    +CH(Ni)  >C(Ni)    +OH(Ni)    3.700E+21     0.0     48.10

R48 C(Ni)    +OH(Ni)  >O(Ni)    +CH(Ni)    1.625E+21     0.0    128.61

R49 H(Ni)    +CO(Ni)  >C(Ni)    +OH(Ni)    4.945E+21    - 0.7    110.05 - 50ỂCO(Ni)

R50 OH(Ni)   +C(Ni)   >H(Ni)    +CO(Ni)    2.769E+22     0.7     30.00 

Modeling of heterogeneous chemical reactions:

Development of reaction mechanisms with associated kinetic data

Experimental

Surface science 

(XPS, XRD, IR, TEM, 

STM, AFMé) 

Theoretical 

Surface science

(DFT, 

UBI-QEP, MCé)

Initial reaction mechanism

(idea)

Lab experiments
Modeling of lab reactors

(including gas phase kinetics and 

transport models)

Sensitivity & reaction 

flow analysis

Comparison of 

experiments 

and simulation

Revised reaction 

mechanism

Thermodynamic 

consistency
Reliable mechanism

(conversion, selectivity,

spatial/temporal profiles, 

coverage...)

10

Technical reactors

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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Automated workflows in catalysis and reaction engineering:

Speed-up of model development by CaRMeN

H. Gossler, L. Maier, S. Angeli, S. Tischer, O. Deutschmann. 

PhysChemChemPhys 20 (2018) 10857; Catalysts 9 (2019) 227; 

www.detchem.de/software/carmen

11

Experimental data 

including all metadata for 

different reactors, 

conditions, sources for 

given chemical system

Combines chemical 

and physical models 

and can be used for 

easy comparisons of 

different

Å reaction 

mechanisms,

Å transport models, 

Å computer codes é

Automated comparison of 

experimental and/or 

numerically simulated data

Performance

Synthesis

Characterization

Models

Simulation

Model vs. Experiment

meta data of experiments data of physical & chemical models
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Automated workflows in catalysis and reaction engineering:

CaRMeN as data basis for model parametrization and optimization

H. Gossler, L. Maier, S. Angeli, S. Tischer, O. 

Deutschmann. PhysChemChemPhys 20 (2018) 

10857; Catalysts 9 (2019) 227; 

www.detchem.de/software/carmen

12

Optimization

B. Kreitz, P. Lott, J. Bae, K. Blöndal, S. 

Angeli, Z.W. Ulissi, F. Studt, C.F. Goldsmith, 

O. Deutschmann. ACS Catal. 12 (2022) 

11137. 

R. Chacko, K. Keller, S. Tischer, A.B. Shirsath, P.  Lott, 

S.  Angeli, O. Deutschmann. J. Phys. Chem. C (2023)

Ą Poster 6.01 Chacko et al. 

Experimental data 
including all metadata for 

different reactors, 

conditions, sources for 

given chemical system

Combines chemical 
and physical models 

and can be used for 
easy comparisons of 

different

Å reaction 

mechanisms,

Å transport models, 
Å computer codes é

Automated comparison of 
experimental and/or 

numerically simulated data

Performance

Synthesis

Characterization

Models

Simulation

Model vs. Experiment

meta data of experiments data of physical & chemical models

ĄMartin Votsmeier Tue 10:25

Neuronal networks
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Digital twin of reactor and direct transfer of performance 

and meta data: Software tool Adacta

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

ÁFocus on traceability of data

ÁCaptures exact details to an experimental setup

ÁSetups composed of devices and samples

ÁTime line as independent variable to visualize relationships

ÁData exactly associated with recording device

ÁCatalyst/materials history monitored including efficient search tools 

Reactor data Analytics data
Data archive and extraction of metadata for setting up 

input files for models and simulation

Catalyst data

13

ADACTA
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Digitalization in catalysis and reaction engineering:

Value-added coupling of digitalization tools 

ωCatalyst synthesis 
information

ωBasic and detailed 
characterization 
data

Chemotion, 
SciCat

ωDigital twin of 
experimental setups

ωCatalyst performance 
(meta)data

Adacta

ωAutomated simulation 
workflows
ωVisualization model vs. 

experiment data

ωOptimization of model 
parameters

ωChemical/Physical 
Models

ωNumerical 
simulation of 
catalytic reactors

DETCHEM

CaRMeN

14
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Digitalization in Catalysis and Reaction Engineering

Outline

Á Introduction ïlong history of digitalization in science and engineering (OD)

ÁAutomated workflows on the lab scale ïmodels for heterogeneous catalysis (OD)

ÁFeedback loops ïfrom lab to pilot plant (SAS)

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

ÁPrediction of materials properties on atom scale using AI for catalyst discovery (SAS)

ÁDemocratization of tools and services: RDM @ NFDI4Cat (SAS)



hte-company.com 16

Feedback Loops: Causeand Effectmadesimple?

ñéSimple causal reasoning about a feedback system is difficult because the first system influences 
the second and second system influences the first, leading to a circular argument. This makes 

reasoning based upon cause and effect tricky, and it is necessary to analyze the system as a 

whole. éò

ðKarl Johan Åströmand Richard M.Murray, Feedback Systems: An Introduction for Scientists and 
Engineers
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Feedback Loops in Action



hte-company.com 18

FromNaphtato Reformate

WO2019179887A1 Method for analysing process streams, Marius Kirchmann, Christoph Hauber
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NaphtaReformingon a Technical Scale
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Why TestingunderαLǎƻά-Conditions?

ÅComparabilityon a relative scale

ÅComparabilityon an absolute scale

ÅRetrieval of kineticdata-sets thatlink intoscale-upcriteria
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Complexityof the Analysis
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hte Software Solutions
Combining workflow key steps with one tool

ÅRecipe editor

ÅProcess control

ÅIndustry standard 

process 

visualization

ÅIntuitive test rig 

operation

ÅFast and efficient 

failure diagnosis

ÅAccess data from 

your desktop

ÅAll data in one 

database

ÅEvaluate and 

create reports

ÅIntegrate your 

R&D environment

GENERATING DATA GENERATING KNOWLEDGE

Developing Combinatorial Support for High-Throughput Experimentation Applied to Heterogeneous Catalysis 
ChemInform33(45)·November 2010DOI: 10.1002/chin.200245248 W. Strehlau, D. Demuth, H. Hill, U. Vietze
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Iso-Operation 
Integrated Cyber-Physical Interaction

Åmyhteallowsinteractive
self-adaptation to

prechosenvaluesfor

distinctvariables

ÅThis is an excellent

examplefor a self-adaptive
cyber-physicalinteraction

Performance testing of naphtha reforming catalysts
M. KIRCHMANN, A. HAAS, C. HAUBER, S VUKOJEVIC PTQ Q4 2015, 119-128
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Feedback Loops in Action
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Transalkylationof Aromatics



hte-company.com 26

MulticomponentMixturesOverlay of wavelengths: 
chemometrics
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TransalkylationPredictionof C9+ conversion
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Feedback Loop
AchievingConstant Conversion
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Fast Feedback Loop basedon Chemometrics
the Power of FTIR Spectroscopy

Haas A., Hauber C., and Kirchmann M. (2019). ACS Catal., 9: 5679ī5691
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Digitalization in Catalysis and Reaction Engineering

Outline

Á Introduction ïlong history of digitalization in science and engineering (OD)

ÁAutomated workflows on the lab scale ïmodels for heterogeneous catalysis (OD)

ÁFeedback loops ïfrom lab to pilot plant (SAS)

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

Á High-temperature electrolysis

Á Carbon-free chemical energy carriers

Á CO2 emission reduction in steel production

ÁPrediction of materials properties on atom scale using AI for catalyst discovery (SAS)

ÁDemocratization of tools and services: RDM @ NFDI4Cat (SAS)
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Hydrogen from high-temperature electrolysis: Process 

intensification trough coupling of thermal and chemical processes

Solid-Oxide Electrolysis Cell (SOEC)  operated >700°C

L. Wehrle, D. Schmider, J. Dailly, A. Banerjee, O. Deutschmann. Appl. Energy 317 (2022) 119143.

1

Differentstepsto model the methanationreactor

04-2014 ïMeeting DVGW-EIFER ïR. Anghilante

SOEC stack
ɲI°= 242 kJ/mol

Power

Catalytic
methanation 

reactor
ɲI°= -165 kJ/mol

CO2

Steam source

H2O(g)

SNG

(CH4)

H2

H2O(l)

Cooling system of

methanation reactor

Power-to-Methane: Thermal integration of 

SOEC stack & methanation reactor for 

ÁWhat is the best SOEC configuration for thermal integration?

Á Stack simulation based on physical and chemical characterization of the SOE Cell

Á Optimization of design parameters and operating conditions
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Hydrogen from high-temperature electrolysis: 

Development chain from button cell to stack to system

Electrochemical

characterization

L. Wehrle, D. Schmider, J. Dailly, A. Banerjee, O. Deutschmann. Appl. Energy 317 (2022) 119143.

Coupling with channel flow 

and 2D heat transport 

Coupling with 3D 

heat transport models 
Coupling with upstream and 

downstream devices and processes

Ą Poster 4.02 Furst et al.
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Hydrogen from high-temperature electrolysis: 

Digitalization tool CaRMeN accelerates parametrization

L. Wehrle, D. Schmider, J. Dailly, A. Banerjee, O. Deutschmann. Appl. Energy 317 (2022) 119143.

Electrochemical model 

parameters

Electrochemical

characterization

i-V EIS
ValueParameter

CSCESCCell type

Ni-YSZNi-CGOCathode material

0.68Ĭ

e-105000/RTĬpH2
-0.1ĬpH2O

0.33

5.9Ĭ103Ĭ

e-111900/RTĬpH2
0.01ĬpH2O

0.08

Exchange current density

/ (A cm-1 or A cm-2)

0.60.75Anodic CT-coefficient

0.40.25Cathodic CT-coefficient

LSCLSCFAnode material

7.6Ĭ105Ĭe-150000/RTĬpO2
0.228.5Ĭ102Ĭe-138000/RTĬpO2

0.11
Exchange current density

/ A cm-2

0.650.5Anodic CT-coefficient

0.350.5Cathodic CT-coefficient

Ὥȟ ϳ ὃ ϳ ÅØÐ
Ὁ ϳ

ὙὝ
Ὢὴ ȟὴ

Á Next step: Automatic parameter adaptation

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

 800 °C

 825 °C

 850 °C

 900 °C

E
C

e
ll 

/ 
V

i / A cm-2

-0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00
0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

 700 °C

 750 °C

 775 °C

E
C

e
ll 

/ 
V

i / A cm-2

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

 600 °C

 650 °C

 700 °C

 750 °C

E
C

e
ll 

/ 
V

i / A cm-2

CSC: Ni-YSZ/YSZ/CGO/LSC,

p = 1 atm, 90%/10% H2O/H2, Luft

ESC: Ni-CGO/CGO/3YSZ/CGO/LSCF, 

p = 1 atm, 90%/10% H2O/H2, Luft
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Ą Poster 1.01 Jägerfeld et al.
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Hydrogen from high-temperature electrolysis: 

Digitalization and multi-scale modeling supports scale-up

L. Wehrle, D. Schmider, J. Dailly, A. Banerjee, O. Deutschmann. Appl. Energy 317 (2022) 119143.

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

Electrolyte-supported cell 

(ESC)

Cathode-supported cell 

(CSC)

Ą Lukas Wehrle, Tue 11:20
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Á 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 

35

Reactive metals as carbon-free energy carriers for a 

circular energy economy: Iron cycle

Iron powder flame

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.

C. Kuhn, A. D¿ll, P. Rohlfs, S. Tischer, M. Börnhorst, O. Deutschmann. Appl. Energy and Combust. Sci. 12 (2022) 100096.

H2O

H2

FexOy

Fe

M. Fedoryk, B. Stelzner, S. Harth, S., D. Trimis.

Appl. Energy and Combust. Sci. 13 (2023) 
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Á TGA analysis: Cycling by oxidation with air and reduction with H2 works 

Á Significant morphological and reaction rate variations

36

Iron as carbon-free energy carrier: Cycling demands a 

detailed understanding of kinetics and morphology 

SEM images of iron particles after one and ten cycles

Oxidation

Reduction

T = 700 °C; dp
avg = 23 µm

Particles morphology alteration

Ą Poster 9.08 Kuhn, Knapp et al. 


