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Hydrogen — a versatile chemical substance

Large additional amount of H, Is required In - BASF
the future for different applications We crste chemity

Chemicals — CO, utilization Fuel Energy Energy carrier
today's major elow exampre storage
use (60 million t 902

H./y globally) ~10 million tons H,/y required for utilization

of industrial 62 million tons CO,/y

Co, - H, with low CO, emissions and low cost is
€missions Energy important for competitiveness in industrial

In Germany production

2015 (ETS) in

million t/y Industry lllustrative numbers for water electrolysis

* 1400 large water electrolyzers

» Electrical power 60 GW (Germany today: 180 GW)

» Electricity consumption 500 TWh p.a. (Germany today 600
TWhly)

Agriculture
Waste management\
— 11—
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Comparison of conventional and new H, production processes
Methane pyrolysis is the most cost

it P O -BASF
competitive H, process at low CO, emission e S
Hydrogen production cost *|
A
. Metal oxide
Electrolysis s CO, emission only r H,

100 % electricity from wind reduction from energy Supply
of CO,
ﬁ emission t

N at low Methane Pyrolysis

Depending on scenario Carbon Energy we) B8 CH, > 2H,+C
and assumptions Footprint

Biomass

gasification Metallurgical Carbon

f100% (_elzctricity J b .
rom win Methane ‘
Methane pyrolysis* / -

Electricity mix Germany 2030 R&D project (TRL 4- 5)

~50-75% reduction of CO, emissions taking

carbon use into account funded by the German Government (“FfPaG™)

Carbon Footprint [kg CO, / kg H,]
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Methane pyrolysis — a new source of H,

Project outlook and financing aspects e.DASE

Risks and project financing
» breakthrough process development
« carbon utilization in metallurgy

* industrial scale reference required ’
« CAPEX and OPEX support

. Reference/demonstration
unit on commercial scale
® Pilot Unit ~€100 million investment
~€20-40 million investment (start-up 22024, TRL 8-9,
(start-up >2020, TRL 6-7, ~20 000 Nm#h H,, ~40 000 tly
~1000 Nm3/h H,, ~2 000 t/y carbon) ~carbon)
Ongoing

R&D-Project funded by the German Ministry of Education and Research

July 2013- July 2017
| 7\‘_\\ | technische universitat
@ thyssenkrupp L & dortmund

Total R&D cost €25 million
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Methane pyrolysis

Pyrolysis reaction video-images [1:-BASE

We create chemistry

BFI inductively heated lab scale reactor
- Methane pyrolysis in moving C-bed -

r

Methane Pyrolysis
CH; 2> 2H,+C

Contact:

VDEh-Betriebsforschungsinstitut GmbH
Stahl-Zentrum - Sohnstralle 65 - 40237 Dusseldorf
Michael Hensmann

Telefon +49 211 6707-206 - Fax +49 211 6707-205
E-Mail Michael.Hensmann@pbfi.de - www.bfi.de

Metallurgical Carbon

Pyrolysis Carbon
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Methane pyrolysis

Experimental units [1:-BASE

We create chemistry

Lab scale - Methane pyrolysis (BASF)
Reaction kinetics, carbon formation, fluid dynamics, materials of construction

| Lab/Technikum scale - Methane pyrolysis (BASF)
88 Heat input, carbon formation, fluid dynamics,
& materials of construction

Lab/Technikum scale - Methane pyrolysis (BASF)
Heat input, carbon formation, fluid dynamics, materials of construction

Semi-Pilot scale - Methane pyrolysis
(BASF)

Carbon samples, reactor design,
materials of construction
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Methane pyrolysis — carbon footprint

Cradle-to-gate analysis

State of the art
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Up to ~50 % reduction of CO,-emissions for the same production of hydrogen,
metallurgical coke and heat — allocation not included.
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Methane pyrolysis — carbon footprint

Effect of emission allocation [1:-BASE

We create chemistry

Allocation of 4,67 t* of CO, for specific CO,-emissions /
based on different rules (kg CO, per kg H,)
B Market value: H,: 2 000 €/t, C: j’g ¢ only H2
200 €/t 2 ]
_ 4,0 -
B Heating value: H,: 120 GJ/, C: 35 - ® market value
33 GJit 30
B Mass:H,: 1t C:3t 2,5 - ® heating value
B For heating value: 2,6 kg CO2 / ig
kg H2 corresponds to 22 kg CO, | ® mass
/ GJ H, with electricity grid-mix 1.0 7
2030 (well-to-tank report data for 0,5 1 |
comparison: electrolysis via renewable 0,0 . . . . (,)n y IPyrol—C o

electricity 9,1 kg/GJ, conventional reference

value ~90 kg/GJ) 00 020406081012 14 1,6

specific CO,-emissions / (kg CO, / kg Pyro-C)

* see previous page: 4,37 t CO, (pyrolysis) + 1,17 t CO, (coking plant using Pyro-C) — 0,87 t CO, (direct and indirect emissions for heat in coking plant system) = 4,67 t CO,
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Methane pyrolysis
Business case [1-BASE

We create chemistry

Coupled production of hydrogen and carbon by thermal decomposition of methane

Established product, locally produced,
H, 500 (fuel value) - 1 000 (US) — 2 000 (NWE) EUR/t

New for the markets: pure and in bulk amount,
transportable, 3 kg C / kg H2

Established carbon products: 100 — 1 000 EUR/,
commodities, specialties

B Carbon product is value driver of the process

B Special high temperature process and introduction of new technology —
cooperation in consortium
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Methane pyrolysis

Economics and carbon utilization [1-BASE

We create chemistry

Lohmuller, 1984

Electrolysis

1.00

Estimates for
methane pyrolysis
depending on
value of pyrolysis
antial oxidation carbon

0.50

W
Gas purification

10 100 1000 10000 100 000
Capacity of H,-production plants,
m(STP)/h ——=
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Production costs., DM/m(STP)
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Several projects since ~1900, sample production
max ~1kg/h, no commercial realization, FfPaG* e
first targeting ~5-10 kg/h carbon Ve create chemisty

1950 1960 1970 1980 1990 2000 2010

Alox Chem/etc al Freiberg 1stup to
(Essoiexxon ) CSIRO-comBen  m.sERVC carbon

. * M.S. Meyer Steinber
Universal - HYPRO y ’ Muradov Hazer

1stindustrial
scaleplant, ~—~ » |~

decommissi
oned 2001 Kvaerner - CB&H
Pyrolysis Method GasPlas \
Plasma-arc tube - carbon black AHI installing 15t full
® Fluidized/moving bed / thermal
® Liquid metal bubbler -
. i CO, emission concerns provide
Feste und fluide Produkte aus Gas > adv%antage to COz-free HZ from
methane pyrolysis
Early efforts worked on lab scale but Recent works suffer from difficulty of
1950 could not compete or were not unwanted C buildup, unsalable C 2016

optimized to the product market product, or difficult scalability
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CO, activation

Carbon dioxide utilization

A: low energy input, CO2
incorporation, processes
on stream

B: low energy input, CO2
incorporation, processes
under advanced study
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D: high energy input,
future applications

C: high energy input,
future applications,
obtainable by electrolysis

Source: Aresta,
M.(Ed.) VCH-
Wiley, 2010
,Carbon dioxide
as Chemical
Feedstock”
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CO, utilization projects at BASF o.DASF

2009 — 2012 CO, as polymer component

2009 — 2011 Photocatalytic CO, reduction

2011 — 2014 Solar thermal production of chemicals from H,O and CO,
2011 — 2014 Sodiumacrylate from CO, and ethen

2012 — 2015 Dimethylther from CO, and CH4

2013 — 2016 Methane pyrolysis and CO,-activation

2016 — Formaldehyde from CO,

2016 - OME from steel plant process gas
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