Pyrolysis

Methan Pyrolyse: Eine 6konomische
Alternative zur Elektrolyse?
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Methane Pyrolysis Input and Output
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Ecosystym

Processing Module*
Hydrogen (H2) &————

Methane pyrolysis Carbon (C) —————

Decomposition of methane at Liquid metal e———
high temperatures in a reactor
with liquid metal to hydrogen
and solid carbon

Solid carbon

* Agriculture

* Lightweight construction

* Food industry

* Industry (e.g. colors,
tyres, batteries)

Methane (CH4) e—

||

Energy for

process heat

20 to 25% of energy of
electrolysis required
* Chemical industry

* Ammonia and fertilizer
* Heavy transport

Natural gas * Hydrogen storage

methane
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A sustainable path to scalable energy supply

* Supplying the heavy industry with CO, neutral and
affordable hydrogen at industrial scale

- Utilize existing natural gas infrastructure

- Utilize carbon - the building block of life — as valuable
secondary raw material
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Cost to produce 1kg turquoise hydrogen in Europe
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tde energy pyrolysis: today and future outlook
Pyrolysis is resilient toward gas price fluctuations

Currently, green hydrogen already outcompetes grey on costs

Hydrogen production costs by supply route,
USD/kg Gas Price Today Sept 2022: 8 S MMtBu

Grey — current gas prices

Grey Long term average gas price

Onshore Wind, Germany

1 N Green Offshore Wind, UK

Solar PV, Spam

Dashed: current gas price

2020 25 30 35 40 45 2050 :
Straight: 4S MMtBu
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Hydrogen Demand Europe

European Market Energy Demand (Elect+H) at NUTS2

currently 9.7 million tons ® NH, product
. ® H, product
hydrogen production [ NUTS2 with CRIT regions

=
o 20
2030 est. 16.9 million tons Je-16

] 16-22

Distribution of main hydrogen B 22-34

. . Bl 34-50
production hubs in EU27 + UK. B 50-90
Green and blue dots represent
chemical industries with hydrogen
and ammonia production. Shaded
polygons show EU coal regions in
transition (CRIT). Background
colors represent total demand in
TWh per year i.e. the sum of

electricity consumption and the

potential demand for electrolysis e

only in hydrogen producing x

regions.
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Hydrogen Demand Europe

Green Electricity Potential Largest single RE
resource

[TWh]

[Jo-23 Type of RE resource

[] Ground PV

[T RooftopPV

[ offshore wind

[ Onshore wind

] NUTS2 with H; production

[]23-53
, [ 53-120
] I 120 - 270
I 270 - 501
[C7] NUTS2 with CRiT regions
[ NUTS2 with H, production
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Germany: 62 new funded projects onwards from
(€8Bn):2GW H, via green electrolysis for 2030.

HZ

£ B2gIeR2R28 =23

ERZEUGUNG

HGHH, Hamburg ~ Vostenfal /Shell/

Mitsubishi/Warme Homburg

Clean Hydrogen Coastline, NI - . 3%
EWE/EWE Netz/swb Y]
GET H2, lingen ~ RWE Generation .38
GreenMotionSteel, Duisburg ~ Air Liquide DE .
MAPEVA, NRW - Neumann&Esser ‘40
doing hydrogen, Rostock — APEX Energy .q
doing hydrogen, MV, BB,SA - ENERTRAG ‘a2
Green Hydrogen Hub, Leuna ~ Linde/Total .
H2-SARA, Dresden - Sunfire ‘.
LHyVE Erzeugung, Leipzig - EDL

LHyVE System, Leipzig - (VY a5
Projek noch nicht zur Veroffentlichung

freigegeben .46
Hydrohub Fenne, Volklingen ~ Siemens 47
Energy/STEAG ..
Hy4Chem, Ludwigshafen ~ BASF s
ElYance, Edongen — Siemens Energy .50

GHEBD, DE/AUT - Hydrogenious
HyTechHofen - Rostock, Rostock ~ Rostock PORT
GmbH

Bosch Power Units, BW, BY - Robert Bosch

.51

.52
INFRASTRUKTUR .53
AquaVentus, Helgoland, GASCADE -5
HHWIN - Gosnetz Homburg .55
Cloan Hydrogen Coostline, NI - %
EWE/EWE Netz/EWE Gasspeicher
Green Crone, lingen - Hydrogenious .57
Hypeclink - Gasunie DE
GET H2, Gronou ~ RWE Gas Storage West .58
GET H2 - Nowego o5
GET H2 - Open Grid Europe o8
GET H2 - Thyssengas .l
doing hydrogen - GASCADE .82

doing hydrogen - ONTRAS

Green Octopus MD ~ ONTRAS
Green Octopus MD, Bod Louchstdt -
VNG Gasspeicher

(HyVE Tronsport, Leipzig ~ Onfros
mosaHyc - Creos DE

d NUTZUNG INDUSTRIE

Hyscale100, Kreis Dithmarschen ~ Holcim
Deutschland/Hynomics Deutschlond/@rsted Wind
Power Germany/ Roffinerie Heide

H2H, Homburg - Arcelor Mittal

Clean Hydrogen Coosfline, Bremen ~ Arcelor Mittal
DRIBE2, Bramen, EH ~ Arcelor Misal

LGH2, Lingen - BP

LGH2, Lingen - Oersted

GET H2, Salzgitter ~ Salzginer Flochsiohl
eMathanol Projekt, Stode ~ DOW

KH2steel, Duisburg - thyssenkrupp seel

Proiek Hentlich

noch nicht zur Ve

fr

Projek noch nicht zur Verdffentlich
freigegeben

doing hydrogen, BB ~ ENERTRAG
doing Hydrogen, Ridersdorf - CEMEX
H2SYNGAS, Dillingen ~ SHS/Soarsiahl
BayH2, Neustad! - Vattenfall Innovation/Bayemail
RHYME Bavario, Burghousen — Wacker Chemie

B2 NUTZUNG MOBILITAT

SENECA, Berlin - H2 MOBIUTY DE
BMW Produkt, Miinchen ~ Boyrische Motorenwerke
Brennstoffzellen Gigafoctory,
Region Kirchheim Teck — cellcentric GmbH & Co KG
PEGASUS, Warth ~ Daimler Truck
NextGen HD-Stack, Dettingen - EkringKlinger
Clean Hydrogen Coastline, Nordwesideutschiond —
FAUN Umwelttechnik

dilo, i < Foncelanh
Performance Materiols
WIPLN, Hamburg - Airbus Operations
H2lood, Hamburg - Homburger Hafen und Logistik
HyPA, Hamburg ~ Hamburg Port Authority
H2 HADAG - HADAG Seetouristik und Fahrdienst
H2SB - Green Plug

This is only 40% of the German goal of 5GW for 2030!
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Current Scenario using green electrolysis

* Volumes of green H, that could be produced from new-build renewable capacity only, will not be sufficient to
meet central demand forecast

* By allowing all (!) forms of renewable and decarbonized electricity, the EU could produce enough hydrogen in
both 2030 and 2050, avoiding imports and reliance on fossil fuel derived hydrogen.

* Pyrolysis will be advantageous and accelerate decarbonization driven by 50 to 80% less energy demand

* Transport will be reduced and capitalize on existing natural gas infrastructure

By allowing the use of all forms of RES and decarbonised electricity AURSRA
to produce hydrogen, the EU will be able to meet its demand
Potential H, supply, 2030 Potential H, supply, 2050
1,800 1,800 1,759
1,600 1,600
1,400 1,400
1,263
1,200 1,200
Central demand forecast

1,000 1,000 941

800 757 e 800

600 600

Central demand forecast
400 387 400
200 200
New-build RES only RES & Decarbonised New-build RES & . New-build RES only RES & Decarbonised New-build RES &
electricity SMR/ATR with CCS electricity SMR/ATR with CCS

11 SMR/ATR CCS Hydro Nuclear Exisiting RES New build RES High, low demand forecast
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Impact of 30% hydrogen production via pyrolysis

Pyrolysis can minimize this predicted deficit of 69TWh:

* It can save 48.6 million tons of CO, emissions.

* This enables the use of RES for other sectors other than
hydrogen production such as heating, power generation etc.

e Pyrolysis can help in regions with low RES

1200
1000
800
600
The EU has a net deficit of 69TWh if only new-build RES is used for AURSRA
hydrogen production
400
70’50. Hydrogen supply - hydrogen demand, New-build RES only
g Hl o 200
% L soto100

0
2021 2030 2050

RV Y
S
(-}

TWh Pyrolysis TWh
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Cost of hydrogen imports to Europe

Cost of hydrogen imports are significant and may change the economics

Levelised cost of delivered hydrogen to Germany, 2030
€/kgH,, real 2019

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Average EU RES
& decarbonised
electricity 3.38
Morocco (sea)?? - 3.62

Morocco (pipe)’ _[EEE
Chile? I

5.0

5.05

Hydrogen production Preparation for Transport! [J] Transport Preparation for Delivery

5.5

6.0

5.78

1} Preparation for transport includes conversion into ammonia, preparation for delivery includes conversion from ammonia to H2. 2) H2 production costs in Morocco, Australia & Chile were calculated based on a discounted wholesale price. 3) Transports

costs assume new-build pipeline
Source: Aurora Energy Research, IEA
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Green house gases comparison

,Worst case scenario after Horwarth et a

Greenhouse gas footprint per unit of heat energy
gC02 eq per MJ

owse.on. |
TDE ENERGY (VPRI
BLUE HYDROGEN wiTH FLUE GAs cAPTUrE  [IEXZIII e

BLUE HYDROGEN 51,7 86,9

GREY HYDROGEN 77,6

M CO2 m Methane
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Note:

tde energy process driven by green
energy

tde process demands lower
temperature compared to other
pyrolysis processes resulting in
lower emission

Howarth et al.
https://doi.org/10.1002/ese3.956
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Value Product Carbon

- Soil Improver: Carbon Credits for addition of agricultural areas
And improvement of fertilization?
- Construction: Substitution of cement?

Carbon nanotubes

E IIIins of hectrs of degraded or very degraded soils

worldwide
Potentially collectively over 100k ha of ~60% Needle COke
accessible farmland humic substance amount ‘
5 ;
~10-15% ) é)f sodlunf1!cont<:nt
~10-20% mean yield increase yearsf;) tong- b Graphene
higher water retention in commercial trails i X
‘ll xﬁi_x 3
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lithium-ion batteries

Graphite electrodes for electric arc
steel furnaces

Graphene used in flexible electronics,

batteries, solar cells

Type of Carbon Types of Applications Expected Price for Carbon
Carbon Black Tires, printing inks, high perfomance ~ $0.4-2+/kg depending on
@ <5 == coating and plastics product requirements
Graphite _exaens Lithium-ion batteries; Graphite $10+/kg
. electrodes used in steel furnaces,
» Greatly increases the health of soils and the plants that grow in
them. It also contributes to CO2 emission reduction in agriculture Carbon Fiber 3D printing, Aerospace, automobiles,  $25-113kg depending on
(fertile soils require fewer inputs and produce more biomass). sports and leisure, construction, wind product requirements
%" » Accelerated and stronger plant growth turbin_es' carbonrginforced comPOSite
e materials and textiles
Polymers, plastics, electronics, $0.10-600.00 per gram

depending on application
requirements

~$1.5/kg

~ $50 855/ kg
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European Business Strategy

« Turquoise hydrogen fits very well in Europe:
Cost competitive

Less energy
Not canniba
Less depend

Easy to imp

demand

izing on RES resources

ency on hydrogen imports

ement into existing industrial and

pipeline networks
Technical easier to handle compared to CCS and CCU
No water demand



