Uhde innovate 2024

Sustainable chemicals technologies Part 3:
Methanol to X — pathways for production of sustainable aviation fuels and selected chemicals b

June 6, 2024 | Essen, Germany
thyssenkrupp Uhde | Dr. Thomas Streich
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Drivers for Transition in Fuels and Chemical Processing
Challenges between energy demand and regulations

Dilemma: ...the need to meet rising global energy demand Assuming equal
...while at the same time significantly reducing carbon emissions “C02 productivity”
relative to 2015
Energy-related CO2 emissions (Gt/year) Reference Case:

Global oil-demand outlook by sector (mio. barrels per day) 35 Guyr in 2050
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Drivers for Transition in Fuel and Chemical Processing
Multiple approach in case of increasing abandonment of fossil feeds
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Syngas-based Pathways for PetChem Production
Dedicated routes for renewable chemicals and fuels
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Sustainable Aviation Fuel
Market Situation and Regulations (SAF Quota Scenario)

Growth in Global Aviation Fuel (AF) Demand EU Quota Scenario
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Sustainable Aviation Fuel

Associated SAF/SBC synthesis pathways from different feed sources (simplified)

Sustainable Blend
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Sustainable Aviation Fuel
Mixtures with sustainable blend components (SBC)

@ Alcohol Route @® Commercial Jet Al fuel

- > < Fischer Tropsch Route
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General operating requirements
100% [n-paraffins]
" Being easy pump-able under all operating conditions
®= Efficient combustion under all operating conditions min aromatic “Conventional (fossil)” aviation fuel
® Having as high caloric value as possible content is still needed for a full SAF.
" Permitting engine starting under all ground conditions
® Providing adequate lubrication for all moving parts max aromatic H
« Producing min . contont Where does the material come from
roducing minimal corrosive effects on fuel system in the future?
® Reducing fire hazards to minimum Allowed “on-spec” window o min density :
® Producing minimal harmful effect on turbine blades for Jet-fuel Al Smoke point
B moke poin
— o }> Demand for
Special fuel characteristics / limits “100 % drop-in” SAF
. . . . max density

® Caloric value (gravimetric and volumetric)
= Sulphur Content
= Aromatic Content (min/max) T Y= S max freezing
® Freezing Point point
® Combustion characteristics (Smoke Point)
® Volatility / Flash Point / vapour pressure T
® Viscosity 100% [isoparaffins/
= Density naphthenes] 100% [aromatics]
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Sustainable Aviation Fuel
MeOH to SAF: Design methodology for 100 % drop-in SAF’s — Starting from the end

Ideal SAF Specifications
Span of carbon species Span of carbon number distribution
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Sustainable Aviation Fuel
MeOH to SAF Project Consortium (Phase 1)

Ambitions and success factors:

Increased efficiencies, on-purpose

According to future regulations
production, higher yields

-> 100% drop-in ability

Optimized process development
strategy (“designer” fuel)

Lower product cost prices
compared to FT routes

G Increased GHG sustainability & non-CO,
effects (S0O,, NO,, cond. trails)

Flexible process and wide scope of
application (integration ability)

Time Line:
Phase 1 (bench-scale) Phase 2 (pilot-scale) Phase 3 (demo)
I [ I I
... design pilot ... designdemo
08/2022 12/2024 End of 2026 > 2026
Proof of Concept Proof of Product & Proof of Commercial

Production Process Design
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Project Consortium & Partners
for Phase 1 (funded project)

» BASF
Catalyst Developer, Catalyst Producer

 thyssenkrupp Uhde
Process Develop. /Licensing & Engineering

* OMV Refinery
Refinery Operator / first M2SAF Producer

« DLR
Institute for fuel simulation & fuel certification

* DLR/tk Uhde
Life Cycle Analysis, Cost estimation

* ASG
Certified lab for aviation fuel analysis

as well as dedicated partners in an advisory board
* Airlines

* Aircraft OEMs

* Engine/Turbine OEMs

A T Y _NOW
é RENEWABLE for Dl - VDI|VDE IT
© v FUELS and Transport NOW - GMBN.OF

on thebasis of a decision
bythe German Bundestag
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Sustainable Chemicals (BTX Aromatics)
Current aromatics production

Benzene Toluene Xylenes (m/o/p)
* Refinery derived (via Reforming, FCC, Coking) * Refinery derived (via Reforming, FCC, Coking) * Refinery derived (via Reforming, FCC, Coking)
» Naphtha Steam Cracking derived / PyGas » Naphtha Steam Cracking derived / PyGas » Naphtha Steam Cracking derived / PyGas
* Coal-derived (coke oven light oil) + Coal-derived (coke oven light oil) * Toluene - Disproportionation / - Methylation

* By-product of styrene production

Transalkylation

» Ammonia Synthesis —— Ammonia
— Steam Reforming »  Hydrogen
Natural CHA | > :Iitl:ane
. . Gas —»  Ethylene
Refinery & SC-derived [ oo 0 = Propylene
Aromatics Production _ - gasfeeds =" |PetroChemistry 7
Gas Processing £ _— — [Pyrolysis Gasoline (BTX) ] appr. 30 %
iquid feeds . :
)) LPG (C3/C4) | C2/C3/C4 — » Steam Cracking — >  Butadiene
. > C4-C6 Hydrocarbons
Naphtha, Gasoil > [ BTX (via Reforming) ] appr. 70 %
gglude etinery Heavy Naphtha | | »  (C3/C4 (catalytically cracked)
) - — Transportation Fuels 5]
Processing Naphtha, Kerosene, Gasoil g
» —p Heating Oils [
VGO, Residue | Lubes & Waxes } _a:) (=
» Pet Coke, Asphalt. )

FCC: Fluid Catalytic Cracking | PyGas: Pyrolysis gasoline | VGO: Vacuum gas oil | AGO: Automotive Gas Oil
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Sustainable Chemicals (BTX Aromatics)
Sustainable aromatic production

BTX-Aromatics: Mainly using existing infrastructure

Elatural o — Ethylene
as
' gas feeds PetroChemistry! —* Propylene
— (as Processin >
g + i feed —  Pyrolysis Gasoline (BTX)
Iquid Teeds .
| C2/C3/C4 — > Steam Cracking — Butadiene
L—p» (C4-C6 Hydrocarbons
Renewable Green —  Propylene, Butenes
Syngas - Naphtha [ FCC T
—| Fischer Tropsch > —> BIX
—>»  Gasoline
—  Hydrogen
— — > BTX
LPG (C3/C4) Reformer
—  Gasoline
o Naphtha / Gasoil
g:lu de w Heavy Naphtha

—>  Petroleum ;
Processing Naphtha, Kerosene, Gasoil rbTransportatonFuels }

l—b Heating Qils
VGO, Residue| I:: Lubes & Waxes
Pet Coke, Asphalt.

Transport

Others

alternative: direct use of sustainable
liquid feeds for SC and Reformer

BTX: mixtures of benzene, toluene, and the three xylene isomers
TRL: Technology Readiness Level
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BTX-Aromatics: New sustainable pathways (only TRL > 3 shown)

Synthesis Gas

l |
| pmmw | mEmm
.

) I

i !

Methanol /
Oxygenates
l (5-10% BTX) (< 11% BTX)

(50-70% BTX)

On-purpose production,
high HC-yields



Sustainable Chemicals (BTX Aromatics)
Chemical reaction mechanism for MtA synthesis — aromatization versus alkylation

MTA-Step Purification Current Development with partners (undisclosed)
: : BTX
MeOH Synth. MeOH to DME Aromatic Synthesis —  RX Product Separation BTX Separation — Targets / Ambitions:
l l *  Maximum (B)TX yield
A C6-/ Co+ Paraffins *  Minimization of paraffin formation

*  Minimization of C,, formation

) naphthene - .
T - Cq- olefins . «  Good regenerability of the catalysts (against
. iz7atio Clizatj 1
o(\(\;\;‘\:\r;;r;“aom — __\\Ki‘ Q (B)TX Aromatics COkIng)
. q, . . .
e Y = > O %f" - Catalysts with longer lifetime
0\ef® @ i .
W-N/' /\ ﬁ, 6/ *  Optimum match of MTA synthesis and BTX
N Olefin alkyfation purification
4
Higher alkylated Timeline:

C,+ Aromatics

«  Currently in incubation phase (prove of

\ concept)
. : bf *  Next step: Piloting
Polycyclic Aromatics OO ‘///ciriej//’w”

sNge
-> coke precursor 0‘
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Conclusion
Uhde as partner for dedicated sustainable “Methanol to X” downstream processes ...

Government founded project with several partners
for development of efficient produced 100% drop-in
: _— [ > iation fuel

Sustainable Aviation Fuel g e avistion we

(M,SAF) via MeOH Route

: e (Y
o YETH T T A
=% gl oS
CH;OH : . @\@
Sustainable Aromatics Uhde’s initiative to devel fficient svnthesis steps f tainabl -
ia MeOH Route (MtA) e’s initiative to develop efficient synthesis steps for sustainable E;rfgr
e production of aromatics (BTX) from MeOH or MeOH/DME ® (%C% o Ej

Uhde’s proven technology for producing aerosol grade /
fuel grade DME as propellant or sustainable LPG blend
component / diesel substitute

Sustainable/Green DME
from bio-based-/e- MeOH

Syngas DME +H20

Biomass (Gasif) —» MeOH — DME I
meeey % Cnm[ﬁ:;sicnf ’—'
CO,-based DME Processes o initiat ; ; e ; Electrolysis 2, feemet L DME +C02/ H20
2 - Uhde’s initiative on direct conversion of gasified biomass / captured CO, meane 52|
for SAF/aromatics (DTX) to DME as versatile feedstock for sustainable fuels/chemicals ®
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Thank you for your attention

Global Head of Green Technologies /

Decarbonization Portfolio

@ thomas.streich@thyssenkrupp.com
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