FVEE — Jahrestagung 2026: Lésungen aus der Forschung fiir ein wirtschaftliches und resilientes Energiesystem

Verfugbarkeit und Bezahlbarkeit von Importenergietragern: Dimethylether
DME - Multitalent fur nachhaltige Mobilitat, Industrie & Energiewirtschaft

= DME - ungiftiges Gas und blendfahig mit LPG
(Liquified Petroleum Gas), auch bekannt als
Campinggas bzw. Autogas

= DME - wird industriell aus Methanol hergestellt:
> 5 Mio t/a

» Diversifizierung der Energieimporte & Erhohung s
der Resilienz durch Nutzung der vorhandenen
Infrastruktur mittels DME

= Reduktion der Kosten durch Markthochlauf &
Innovationen
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Powerful Drivers for Sustainable Energy Fuels, Carrier & Chemicals

Improved Policy Framework pushes
RFNBOs — Regulatory Reliability
German GHG Quota (12% 2026 to 65%
2040; 600 €/t) and RFNBO Quota

(0.1% 2026 to 10% 2040; 120 €/GJ,
methanol: approx. 2,400 €/t)

Resilience and Autonomy
Fatih Birol, IEA Excecutive Director
Guardian, 24.4.2026: “The oil crisis triggered
by the Iran war has changed the fossil fuel
industry for ever, turning countries away
from fossil fuels ...There will be a significant Sustainable
boost to renewables...” Fuels & Carriers & Market Development
Chemicals Methanol has by far the biggest share
within the e-fuel market
ASTM approval MtJ
Growing market forecast for ammonia
(chemical, H,-carrier, fuel)

Technological Breakthroughs
In renewables energies, PtX and
energy storage technologies
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Global Hydrogen Flows

170 MT of hydrogen derivatives are
transported over long distances by 2050 [1]

=> Energy density is key
=> H, derivatives are relevant: NH,;, MeOH, DME

Category Unit LH2 NH, DME
H, storage density kgy, m3 709 1211 172.2*

(86.1)
Lower heating kWhkg? 333 5.2 8.0
value

Vol. energy density kWh L 2.3 3.5 5.3

*technical H, storage density including steam reforming
LH2 (-253°C, atm) / NH3 (-33°C, atm) / DME (25°C, 5.9 bar)

[1]: Global Hydrogen Flows: Hydrogen trade as a key enabler for efficient decarbonization
Hydrogen Council, McKinsey & Company, 2022
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E-Fuels Market Share by 2030

Methanol is the Frontrunner and Dimethyl Ether (DME) — Made from Methanol — Could Follow

BY FUEL TYPE |8

= Methanol has by far the biggest share within the
e-fuel market (European Energy/Kassg, etc.)

eMethanol 5% 20_ Bl/y |
Tn—. ' projected = Be aware: IEA Oil Market Report:
eGasoline/eNapnina ‘s . '
- capacities o Fossil Fuel demand: ca. 100 Mio barrel per day [2]
@ cMethane /
@D ©SAF (0]
@ cDiesel
E-Fuel Alliance [1]
4 [1] E-Fuel Alliance https:/www.efuel-alliance.eu/fileadmin/Downloads/260317 eFa Studie A4 DE ES RZ FINAL.pdf. Accessed 29.09-2026  peFz = Fraunhofer h
[2] IEA, 2026, https://www.iea.org/reports/oil-market-report-may-2026, accessed 29.9.2026 -r ForschungsVerbund
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Biomass as Carbon Source | Limited Biobased Substitution Potential

= al

Biomass potentials [all types of biomass] in PJ scenario = medium

Product potential and substitution

Biomass categories . o
Considered in all studies: Dlesel fuel 07 Mt 03 %

*

. Primary - wood and forestry by-products Jet fuel 3.7 Mt 13.8%
Livestock manure
Straw Naphtha 1.9 Mt 5.0%

Municipal waste
. Secondary - wood and forestry by-products

Mot considered in all studies: Methane 31 - 131 Mt
. Municipal waste (import)
. Agricultural by-products (import) MethanOI 9 ‘91 Mt
. Secondary - wood and forestry by-products (Import)
B Residues other areas DME 65 - 655 Mt
B (Energy) crops

Round wood

1

© DBFZ 2024

Agricultural by-products . .
Residues food processing industry Technlcal potentlal 34 - 49%
Sewage sludge . . 0,
= 7
2020 2030 2050 I Range of all scenarios Bloerl.ergy pOtentla.I 1? 45 °
= 5 5 g . 5 5 g a 5 5 5 Mobilisable potential 8%
© ® o © o © © [1] Technical biomass potential substitution of current refinery output
H g E 5 z g E H z H E H [3] Bioenergy potential ( i P )
§ g x I § g x @ E § & @ [4] Mobilisable technical potential
S 51 2 s o 2 S © 2

Biomass mobilization of importance >> high bandwidths and uncertainties in data for future potentials
Increasing demand for biomass by 2030 with already high utilisation rates
Example here: biomass type specific HEFA, methane via biogas, methanol / DME via gasification plus CO, via direct synthesis

Reference: [Naumann, K.; Cyffka, K.-F., Karras, T. (2024): https:/www.dbfz.de/fileadmin/user_upload/Referenzen/Statements/Hintergrundpapier Bio2x_Okt 2024.pdf ]; [Naumann, K.; et al. (2025) — h
Ressourcen und ihre Mobilisierung. DOI: 10.48480/w11j-9w27], Notes: Fuel-specific values: reference to mean values and mean scenarios of the studies (quantities in Mt oil equivalent, 1 kg oil DBFZ Z Fraunhofer ; X Verbund
equivalent = 42 MJ) | Total potential bandwidths also include min/max scenarios, resources not considered here: starchy crops, sugar from sugar beet (ethanol) | rape seed, sunflower, soya seed (diesel ISE orschungsveroun

Erneuerbare Energien

fuel, kerosine, naphtha) | lignocellulosic crops, stemwood, forest wood (methanol) | Mt = million metric tons Renewable Energy Research Assaciation


https://www.dbfz.de/fileadmin/user_upload/Referenzen/Statements/Hintergrundpapier_Bio2x_Okt_2024.pdf
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Dimethyl Ether (DME) as Hydrogen Vector and Base Chemical

<
DME is a commodity, made from methanol ‘e -

> 5 Mtpa global market
Non-toxic, low environmental impact (GWP;qo: 0.3),
high energy density

Stored as liquefied gas under pressure L = e
- Usage of LPG infrastructure (up to 20% blending) gl ,“11\,/;7 L\H B E

Current/future applications: Huge market potential

= Propellant, refrigerant, solvent
» | PG substitute & blend = global market 40 Mtpa
= 1) DME for global point-to-point hydrogen transport
= 2)Intermediate for fuels & chemicals
—> global SAF market 2050: ca. 400 Mtpa
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1) Dimethyl Ether (DME) — A Global Point-to-Point H, Carrier

Advantages of the DME/CO, cycle ‘ T — |
] ] - harbour sites -O-
DME has 48% higher theoretical hydrogen @
. . -
capacity than NH; and is non-toxic, low GWP % sndionn eneuati
only for loss
. . . comprehension water
Reduction of water consumption in : slecioysis Q s
hydrogen production by ca. 45% compared to =i
ammonia % H T
0 stwaer - 1
CO; shipping G H,0 recycle shortage : E

Closed Carbon Cycle strongly reduces CO, 4

dema nd 1 .. sepa.ratign/
% & E % . H P> «_ | purification
CO,-separation after reforming process Hydrogefi.. | . Fesding to g A BME stiEping
o use e.g. in gas grid
(concentrated CO,-source)

industry or Hz
pipelines !a

DME synthesis via intermediate, highly
dynamic methanol production reduces
need for H, storage

1
(H
(o]} from place of
o water abundance

DME reforming at
harbour sites

Place of energy consumption

DME offers potential for cost-efficient H,
Schihle, P.; Stober, R.; Semmel, M.; Schaadt, A.; Szolak, R.; Thill, S.; Alders, M.; Hebling, C.; Wasserscheid, P.;

de'“’ery Salem, O. (2023) Dimethyl ether/CO, - a hitherto underestimated H, storage cycle; Energy & Environmental Science. Link
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1) Dimethyl Ether (DME) — A Global Point-to-Point H, Carrier

DME reforming:

High temperature reforming using state of the
art catalyst from industrial SMR process

= Low- and medium temperature reforming
@TRL 2

Main reactions
= DME hydrolysis

AHL >0

= MeOH steam reforming
AHL >0

2 HyC-O-H + 2 H,0 <——> 6 H, + 2 CO,

Side reactions
= DME decomposition, MeOH decomposition,
MeOH-to-Gasoline, methanation,
Water-Gas-Shift
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DME reforming at
harbour sites

Schihle, P.; Stober, R.; Semmel, M.; Schaadt, A.; Szolak, R.; Thill, S.; Alders, M.; Hebling, C.; Wasserscheid, P.;
Salem, O. (2023) Dimethyl ether/CO, - a hitherto underestimated H, storage cycle; Energy & Environmental Science. Link
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Dimethyl Ether (DME) as Hydrogen Vector and Base Chemical

DME is a commodity, made from methanol

> 5 Mtpa global market

Non-toxic, low environmental impact (GWP;qo: 0.3),
high energy density

Stored as liquefied gas under pressure

- Usage of LPG infrastructure (up to 20% blending)

Current/future applications: Huge market potential

Propellant, refrigerant, solvent

LPG substitute & blend - global market 40 Mtpa

1) DME for global point-to-point hydrogen transport
2) Intermediate for fuels & chemicals

—> global SAF market 2050: ca. 400 Mtpa

other SAF me-SAF

24%
15%

EU minimum SAF share [1]
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PtL (Power-to-Liquid)

N
o

o
SAF output by technology pathway (Mt/year)

Gasification + FT

Predicted SAF EU output by technology pathway. Adapted from [2].

&N

[1] European Council Infographic. 2023. https://www.consilium.europa.eu/en/infographics/fit-for-55-refueleu-and-fueleu/, accessed 29.09.2026

ZZ Fraunhofer
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[2] Clean Skies for Tomorrow. 2021. https:/www3.weforum.org/docs/WEF CST EU Policy 2021.pdf, accessed 29.09.2026
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2) DME as a Platform Molecule for the Production of e-fuels

Project partners Associated partners
e-Fuels-furs-Land-Projekt PUREM Z Fraunhofer ) ‘é STUTTGART
by Everspacher 1A0 mlRo AIRPORT

A“(IT Z Fraunhofer PORSCHE

uuuuuuuuuuuuuuuuuuuuu ISE

Project Goals

= Assessment of different scenarios for
production of DME-based e-fuels

High-value products

Fuels

diesel

regarding fuel production costs and Sustainable resources Efficient synthesis
value added in Baden-Wurttemberg N
. éﬁ\ (@- ':zo_eﬂlz -@ - Technology innovations ,Made in The Land”
= Comparison of DME-based e-fuels i O g LD D (DAC, DME and olefin synthesis)
. . & = - Power-based PtL process dominates
with state-of-the-art technologies R - DME import by ship
(e.g. e-methanol/reference scenario)
A B o a0 e EEEs G S
=) :,g_'_hcq - = [|{ome i 7

= Showcase a concept for an early =5 ~‘c&g w. @3 i |

iy t
sl Fi‘”q = fi‘”*q | oo R dn

business case for e-fuels in
Baden-Wurttemberg based on DME

Baden-Wirttemberg

= B

) |

|Inside Baden-Wiirttemberg
iIlInnovations scenario
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DME as a Platform Molecule for the Production of e-fuels

ii) Referenz-Szenario (2035)

Exportregion: je ein Szenario fur
Finnland, Spanien und Brasilien

AN H,
~ ! ’
,;ﬂ-
T Wasser
Em @_)) . Elektrolyse
Erneuerbare
Energien 500 kt/a
:) '\.
% %)J K ‘ -G DH:)
Luft Direct air capture Methanolsynthese
AuBerhalb § ﬁ
Baden-Wiirttembergs : g
)

= Input: Wasserstoff aus Elektrolyse und CO, aus Direct Air Capture
= Nutzung von State-of-the-Art Technologien:
= MeOH-Synthese
= MeOH-to-Olefins
= Olefins-to-Fuels
= Nutzung von Technologie-Innovationen , Made in THE LAND":
= Direct Air Capture (Purem, ISE)
= MeOH-Import per Schiff bis nach Baden-Wurttemberg

__________________ -
= ! m?.{. Benzinfraktion |
b e dilm
e | MeOH-to-Olefins Olefins-to-Fuels LPG I

|

| .

iInnerhalb Baden-Wiirttembergs '

iii) Innovations-Szenario (2035)

Exportregion: je ein Szenario fur
Finnland, Spanien und Brasilien

éc’]g u?

s O ju @
— \ Wasser
Em! Elektrolyse

Erneuerbare
Energien

500 kt/a

=) m
_U ‘\' %)J . H'(::-D@
CUz Ht
Luft Direct air capture Methanolsynthese
AuBerhalb £
Baden-Wirttembergs [

\Wasser

e-Fuels-furs-Land-Projekt

= Input: Wasserstoff aus Elektrolyse und CO, aus Direct Air Capture
= Nutzung von Technologie-Innovationen ,,Made in THE LAND“:

= Direct Air Capture (Purem, ISE)

= DME-Synthese (ISE)

= QOlefin-Synthese (KIT)
= DME-Import per Schiff bis nach Baden-Wirttemberg

Benzinfraktion

[ PR i1 R SAF l
ﬂﬂﬂ@ |- | wﬁm Dieselfrakion |
Olefins-to-Fuels LPG |
|

Olefin-Synthese

DME-Synthese I
5

8 IInnerhalb Baden-Wiurttembergs
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DME as a Platform Molecule for the Production of e-fuels
e-Fuels-furs-Land-Projekt — Report [1]

3.5

= = e o w
o &) o w o

Levelized cost of fuel
in €024 per litre petrol equivalent

e
un

3.5

Levelized cost of fuel
in €024 per litre petrol equivalent

0.0- .
Finland Spain Brazil Finland Spain Brazil
B \Wind power B H2 storage Il Heat @ Hydrogen in BW
[ Photovoltaic B DAC Transport Pz Grid power in BW
I Grid power Methanol synthesis E Others B2 Heat in BW
Il Electrolysis DME synthesis 2 Fuel synthesis in BW B Cooling in BW
Reference scenario: Methanol transport & methanol to fuel Innovation scenario: INDIGO & DME transport & DME to fuel
12 [1] https:/publica.fraunhofer.de/bitstreams/ba3b6374- Funded by . Baden-Wiirttemberg DBEz) 2 Fraunhofer ,_\
ef95-4869-a30b-c2f2796ee9ff/download SR Ministerium fiir Verkehr ForschungsVerbund
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DME Synthesis: INDIGO Technology by Fraunhofer ISE

Patent Granted: DE102022114811B4

Conventional Process
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Mudller et al. (2000); DOI: 10.1002/14356007.a08_541

2 MeOH,, = DME,+H,0,

Reactive distillation

INDIGO Technology
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V. Methanol- I . g 1
CO/H, Synthesis || % 'I
= ]
v S ll
\
\\ I%’I
H,O
\~ _zf,

Cholewa, T.; Semmel, M.; Guttel, R. et al (2022):
In: ChemEngineering 6 (1), DOI: 10.3390/chemengineering6010013
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World‘s First DME Production Directly from Crude MeOH

Pilot Campaign with thyssenkrupp Uhde

= Feedstock: Real crude MeOH including
contaminants from side reactions from CO,-based

S D

methanol synthesis with commercial catalyst from -
Carbon2Chem Pilot plant [']. =

= Stable day/night operation for more than 400 h TOS
with very low catalyst deactivation.

= Fuel-grade DME product was achieved in a single
catalytic distillation unit without further purification
steps.

= Successful validation of Aspen Plus process
simulation based on piloting campaign.

il
=L

DN 50 distillation column,
commissioning & operation

since 2024 ‘ \
E_z) h

[1] Nestler, F., VoB, J., Fastabend, A., Niemeier, T., Ruland, H. and Hadrich, M.J. (2024), Methanol Synthesis from Sustainable Feedstocks — A Quantitative Side Product Analysis. =
DB Z Fraunhofer

ISE ForschungsVerbund
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Chemie Ingenieur Technik, 96: 1166-1176. https:/doi.org/10.1002/cite.202400009
Renewable Energy Research Association
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Assumptions:

I N DIGO TeCh nOIOgy Electricity price: 166.5 €MWh

Nat. gas price: 22.8 €/ MWh
Depreciation period: 20 years
Interest rate: 5 %

Labor cost: 54 €/h

Techno-Economic Analysis [1]

Net conversion cost (NCC) / €/t
Electrolysis MeOH synthesis Distillation DME synthesis ~ Case 0 50 100

Crude Conv. DME 8
MeOH dist. - synthesis qu 0 _ I 132

Low temperature (AEL/PEM) I = 33%

| ™

W 0, CO,-based Crude ‘ INDIGO
. = , : @ Crude MeOH
High temperature (SOEL) I T .
l ' INDIGO Distillation
] technology I 88
ODME Synthesis
130 Y

|
Crude Conv. DME #
MeOH dist. - S [
1 [3EFE
|
e e |
Co- Ha[ 102 CO-based Crude INDIGO
electrolysis ‘ (COR ~ 0.5) ...E.,,@ -I MeOH dist. ‘ technology
H_
|
INDIGO
technology

® - 110

_ )
S | 75 2%

ZZ Fraunhofer ,_\

ISE ForschungsVerbund
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15 [1] Feuerbach, S., Nestler F., Schaadt, A., Szolak R., Frei E. and (2026), Production of Methanol and Dimethyl Ether via the PtX pathway: A DBEz)
techno-economic comparison of different process routes. Fuel, submitted for publication
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Summary & Conclusions

= DME is already commodity chemical. Due to its advantageous properties, there Is
enormous market potential as a
= Global point-to-point energy carrier and
= Platform molecule for fuels and chemicals.

= Many components of the DME value chain are already available. Biomass
is an important feedstock. This enables a fast ramp-up and resilience.

= Future cost reduction will be realized through global scale-upand
technological improvements by optimization in syngas production and process
intensification.

» INDIGO technology from Fraunhofer ISE enables significant cost 8 :

reductions.
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