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TNO connects people and knowledge to create
innovations that boost the competitive strength of (2 (<)
industry and the wellbeing of society in a sustainable
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This is our mission and the professionals of TNO have ° ©
used their knowledge and experience to this end for -;:} G)
more than eighty years. (4
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Our dedicated pockets of technology &
knowledge development and a
multidisciplinary approach towards the
market and our customers



) THE POWER OF TNO

) Active in all steps of the
knowledge development
process

) Multidisciplinary: combination
of knowledge domains

) Cross fertilization: tap into
expertise from other markets
and applications
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WHY DO LARGE SCALE PYROLYSIS?
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CARBON MARKET FOR DIFFERENT PRODUCTS o
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Tuneable carbon technology development can accommodate variety of products.

doi.org/10.1016/j.ijhydene.2017.12.081c
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Context

Technology basis

Experimental validation

Scaling up and reactor design
Techno-economical comparison

Future Vision
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BASIS: PYROLYSIS

FOR H , AND C PRODUCTION
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Steam methane C:)HThermodynamic
reforming* CH,+2H,0A CO, +4H, 41 kJ/mol H,
CO, reforming CH,+CO, A 2CO + 2H, 124 kJ/mol H,,
Hydrolysis HO A %O, + H, 283 KJ/mol H,,
Pyrolysis CH, A~ C + 2H, 38 KJ/mol H,

* Water gas shift is included in the reaction equation.

A At 100% conversion, energy/mole reaction is similar for reforming and pyrolysis.
A Steam reforming results in CO, problem; Pyrolysis results in (solid) carbon product.
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Towards a new clean hydrogen production technology

Direct Minimum
CO, emissions energy demand
in kg CO,/kg hydrogen in kd/mol hydrogen*®
Steam reforming CH, + 2H,0 >
State-of-the-art ¢t ra) gas 4H,+ CO, o o
Option 1 Water electrolysis  2H,0 > 2H, + O, 0
[ Option 2 Methane pyrolysis CH, > 2H, +C 0 . 37 ]

Water electrolysis and methane pyrolysis
yield clean - CO,-free — hydrogen,
but only in case of non-fossil electric heating

Dr. Andreas Bode, BASF Research Press Conference on January 10, 2019
Standard reaction enthalpy as approximation

] December 10, 2019 | Dr. William Daloz, BASF
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) Grey hydrogen

» Green hydrogen

» Turquoise hydrogen
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HYDROGEN PRODUCTION PATHWAYS

(at 100% efficiency)

Heat: 5.7 MWh

Methane: 1989 kg

Water: 4468 kg

SMR +
WGS

Electricity: 39.4 MWh

Water: 8936 kg

Electrolysis

If CO, stored than
blue hydrogen

Hydrogen: 1000 kg

Oxygen: 7936 kg

Heat: 5.2 MWh

Methane: 3978 kg

Methane
Pyrolysis

Hydrogen: 1000 kg

Hydrogen: 1000 kg




THERMODYNAMICS OF METHANE PYROLYSIS
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High temperature is favour carbon formation.
H, dilution, fast reaction and temperature quench lead to higher carbon atoms products.
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https://doi.org/10.1016/0378-3820(94)00109-7

TIMELINE: METHANE PYROLYSIS o L
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Formation and separation of carbon has been a major challenge throughout.



http://dx.doi.org/10.1023/A:1012944615974
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Methane pyrolysis and CO, activation
BMBF sponsored first project FfPaG (“fluid and solid products from gas”, 2013-2017)

SPONSORED BY THE

$ Federal Ministry
of Education
and Research

CO, Utilization
H, + CO, > CO + H,0
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technische universitat
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Basic ideas behind FfPaG
» Activation of CO, from steel plant (CCU)

<% » Breakthrough technology for
R Methane sustainable hydrogen with
Energy mw) Pyrolysis i i
New heating CH, > 2H,+C : e with low carbon footprint
concepts e and low energy demand

» Substitution of coal-based carbon

High Purity
L Carbon

Methane

= X

Bode et al., 1. Jahrestagung der GDCh Fachgruppe Chemie Oct. 06, 2016 und Energie, 6.-7.10.2016 in Jena

5 December 10, 2019 | Dr. William Daloz, BASF
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NEW DEVELOPMENTS:  CATALYSTS
TNO 7 e e

Mg molten metal batch setup  Tin bubble column reactor Capilary slug flow reactor Ni-Bi bubble column reactor

doi:10.1016/j.molcata.2007.12.018 http://dx.déﬁg/l ' 1016/j.ijhydene.2015.04.062 http://dx.doi.org/10.1016/j.ijhydene.2016.12.044 Uphamet al, Science858, 917t921 (2017)

~20% conversion ~40% conversion ~80% conversion ~95% conversion

Advantages of inherently designed separation and floatation of carbon.
Tuning of carbon quality by different conditions and ( ) catalyst.
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