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Climate change undeniable

Fig.1: Global CO, emissions 1970-2023 [1]
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Mc Kinsey order of sector decarbonization for Europe [l
« Power: wind and solar power generation technologies decarbonize power quickest, reaching net-zero by
the mid-2040s. Power demand would double as other sectors switch to electricity and green hydrogen.

Assessment example: Retrofit Coal Power Plants

[1] Mc Kinsey (2020): How the European Union could achieve net-zero emissions at net-zero cost.
https://lwww.mckinsey.com/capabilities/sustainability/our-insights/how-the-european-union-could-achieve-net-zero-emissions-at-net-zero-cost#/
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Mc Kinsey order of sector decarbonization for Europe [l
« Power: wind and solar power generation technologies decarbonize power quickest, reaching net-zero by
the mid-2040s. Power demand would double as other sectors switch to electricity and green hydrogen.

Assessment example: Retrofit Coal Power Plants

« Transportation: EV supply chains will take some ten years to set up to switch to 100 percent EV sales.
Aircraft and ships must opt for switching to biofuels, ammonia, or synfuels.

Assessment example: Sustainable Aviation Fuels in Europe

[1] Mc Kinsey (2020): How the European Union could achieve net-zero emissions at net-zero cost.
https://lwww.mckinsey.com/capabilities/sustainability/our-insights/how-the-european-union-could-achieve-net-zero-emissions-at-net-zero-cost#/
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Mc Kinsey order of sector decarbonization for Europe [
« Power: wind and solar power generation technologies decarbonize power quickest, reaching net-zero by
the mid-2040s. Power demand would double as other sectors switch to electricity and green hydrogen.

Assessment example: Retrofit Coal Power Plants

« Transportation: EV supply chains will take some ten years to set up to switch to 100 percent EV sales.
Aircraft and ships must opt for switching to biofuels, ammonia, or synfuels.

Assessment example: Sustainable Aviation Fuels in Europe

» Buildings: Renovating of the EU’s building with available technology. Gas usage in buildings need to fall
by more than half. The buildings sector would reach net-zero in the late 2040s.

 Industry: Technology required that is still under development. Even by 2050, industry would continue to
generate some residual emissions from activities such as waste management and heavy manufacturing,
which would have to be offset.

Assessment example: Sustainable Glass Production

[1] Mc Kinsey (2020): How the European Union could achieve net-zero emissions at net-zero cost.
https://lwww.mckinsey.com/capabilities/sustainability/our-insights/how-the-european-union-could-achieve-net-zero-emissions-at-net-zero-cost#/
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Mc Kinsey order of sector decarbonization for Europe [
« Power: wind and solar power generation technologies decarbonize power quickest, reaching net-zero by
the mid-2040s. Power demand would double as other sectors switch to electricity and green hydrogen.

Assessment example: Retrofit Coal Power Plants

« Transportation: EV supply chains will take some ten years to set up to switch to 100 percent EV sales.
Aircraft and ships must opt for switching to biofuels, ammonia, or synfuels.

Assessment example: Sustainable Aviation Fuels in Europe

« Buildings: Renovating of the EU’s building with available technology. Gas usage in buildings need to fall
by more than half. The buildings sector would reach net-zero in the late 2040s.

 Industry: Technology required that is still under development. Even by 2050, industry would continue to
generate some residual emissions from activities such as waste management and heavy manufacturing,
which would have to be offset.

Assessment example: Sustainable Glass Production

« Agriculture: By far the hardest sector to abate. Raising animals for food can't be reduced without
significant changes in meat consumption or technological breakthroughs. Requires offsetting agriculture
emissions with negative emissions in other sectors and increasing natural carbon sinks.

[1] Mc Kinsey (2020): How the European Union could achieve net-zero emissions at net-zero cost.
https://lwww.mckinsey.com/capabilities/sustainability/our-insights/how-the-european-union-could-achieve-net-zero-emissions-at-net-zero-cost#/
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Merit Order of Greenhouse Gas (GHG) emission reduction measures
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Option 10

Option 6

' Option 5

Option 4

Option 1

GHG-Abatement Cost / €/tcg;.

GHG-Abatement Scale /' tcpeq/@

[1] https:/iwww.boerse.de/rohstoffe/Co2-Emissionsrechtepreis/XCO00A0C4KJ2
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Merit Order of Greenhouse Gas (GHG) emission reduction measures
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U Exergy analysis
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[1] Albrecht et al. (2016): https://doi.org/10.1016/j.fuel.2016.12.003

[2] Maier et al. (2021): https://doi.org/10.1016/j.enconman.2021.114651
[3] Mutel (2017): https://doi.org/10.21105/joss.00236

[4] Wernet et al. (2016): https://doi.org/10.1007/s11367-016-1087-8
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» Global coal power capacity 2023: 2130 GW

= annu al g rOWth : +48 4 GW’ Annual change in coal-fired power capacity, in gigawatts (GW)

2/3 | N C h | na @ Net change  Net change without China @ China additions @ India additions @ Other additions
@ U.S. retirements @ EU27 retirements @ China retirements @ Other retirements

= Retirements at lowest level
in over a decade [

100 GW

T Coal added
50 GW

= Emissions: 10.4 Gtg,/al?l e

» Reduction to ZERO
according to COP28? 506w

1 Coal retired

2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023

. A
Source: Global Coal Plant Tracker, January 2024 L m"_ S#%?S\',

[1] IEA (2022)
[2] IEA (2022)
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* If no retirement, individual conversion strategy for each plant required

Turbine
Generator

Base-load
electricity

| Cooling ’1

| tower p—t

generator

Conventional coal power plant(?

Locations of the coal power plants worldwide (ca. 7000 in operation)[tl

[1] https://globalenergymonitor.org/
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* If no retirement, individual conversion strategy for each plant required

o Turbine
3 Generator
5 Steam _Zull| Base-load
( < electrici
‘ Hot tank 'l. ' ty
f." | § LTS %
\~ " Optional T
4 ‘ co-firing %
(| mi e
I m - Heating = ‘ /&2 Cooling 4
mmmm |, . LS5 || tower A
Renewable energy Cold tank

Thermal storage power plant (TSPP) concept coupled with Carnot-battery!?

Locations of the coal power plants worldwide (ca. 7000 in operation)[tl

» Thermal storage electrically heated with fluctuating renewable electricity

[1] https://globalenergymonitor.org/
[2] Inigo Labairu et al. (2024) Warmespeicherkraftwerke zur Dekarbonisierung, Jahrestreffen DECHEMA Fachsektion Energie, Chemie und Klima.
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* If no retirement, individual conversion strategy for each plant required
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Thermal storage power plant (TSPP) concept coupled with Carnot-battery!?

Locations of the coal power plants worldwide (ca. 7000 in operation)[tl

* Thermal storage electrically heated with fluctuating renewable electricity
» Adapted to each capacity, turbine type, steam temperature, pressure,

[1] https://globalenergymonitor.org/
[2] Inigo Labairu et al. (2024) Warmespeicherkraftwerke zur Dekarbonisierung, Jahrestreffen DECHEMA Fachsektion Energie, Chemie und Klima.
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Coolant storage
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= HE_HX_Air_MS

B Heat engine (HE)

m Power block (PB)
Preheater
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» Steam generator (5G)
B Integration SG to PB
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[A] [C] [D] m Heat pump (HP)
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Thermal storage power plant concepts
Molten salt storage

= Retrofit / new built cost: 400 — 900 M€ / — 1.200 M€ for 300 MW block
» CO, abatement cost: 150 — 200 €/t
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= Global oil consumption 2023: 54.6 GWh U]
= annual growth: +1.34 GWh,

2/3 in China 5 CO, emisions from oil consumption: China, Europe, USA, World 20
= Steady increase of consumption, ) k
no sign of mitigation /\/\/ =
Gré M é)
:\: 12
= Emissions: 17.4 Gt.-o./a g
o 8
* Reduction to ZERO ‘
according to COP28? ) s
0 0
2000 2005 2010 2015 2020

China —Europe —USA —World

[1] Oil consumption in TWh from: https://ourworldindata.org/grapher/oil-consumption-by-country, 1 TWh crude oil = 0.319 Mt CO,
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i Source: MiRO “Vom Tanker zur Tankstelle' http://miro-ka.de/german/contact/P_PP.pps
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Decarbonization of refineries
Transition towards sustalnablllty

atmospheric : 3 i
distillation

4* International Conference on

DLR

a November OccldentalA(eneaMar

propylene, butylene

naphtha to petro-
chemical processes

New feedstocks

........... ! benzme

crude : : 3 3 refining Lonias premium petrol

oil : X : i g MEXIng wnit 3
: : regular petrol
reformed petrol to

» Suystainable @ @ | .- ] ' ...... theﬁetrochemistfy-

diesel fuel

: ; , : : : 3 middle distillato :
Carbon : : ; ; \ ; : ; maing unit heating ol EL
Bi ; : : : i ; 3 : . : (extra light) :
[ IomaSS ......... - - S : : : : . : : R S ST e SERER e e
. . . : 4 : turbi:ne kerosene:
= Direct Air Capture : 5 5 5 5 oo : j : i
* (Industrial CO,) o
h heating oil $
(hea\'l‘;?
vasuune

= Sustainable i ; . ; . _ ‘
Hydrogen | - i § . 1L pp— ? it

distillates ; ; R R e | 11 of basic od g mixture

= Biomass

* RE electrolysis biturhen
vacwom L e Y| o R o
distillation petn?l-(okes
. bl separation g .tr.am.for.ma.uon..?‘..,.....g.........g....af.tcr..tr.t@.tm.ent...i ......... T s

| Source: MiRO “Vom Tar_'\ker zur Tanl;slelle' hllp:i//miro-ka.de?gennan/conilacw,PP.pp:s




«DLR.de + Slide 30 - Dietrich et. al « Decarbonization of Industry and Transport « 4t Carbon Chemistry and Materials, November 2024, Barcelona, Spain

Decarbonization of refineries
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Example aviation arhon Chemistry
Sustainable Aviation Fuels (SAF) and Materlals DLR
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m m Paseo Garcia Faria 37-47, 08019
lona, Spail

FIeXCHX pro Bssresere i UnaINgEem the European

Union’s Horizon 2020 research and innovation Programme

under Grant Agreement No 763919

Electricity

g Gas Fischer- Product FT product
Gasifier . >
reformer cleaning Tropsch sep.

Biomass

Long recycle Off-gas

>

CO, recycle

Process details:

« Plant size: 50, 200 and 400 MW,

« Experimentally validated gasifier and reformer model (literature/project data)lt-2!
« AEL electrolyzer — most mature electrolysis technology 2!

« Fischer-Tropsch: Slurry bubble column reactor [4

« Fischer-Tropsch product Cg, to be converted in to SAF in central refinery

[1] Hannula, I. (2016). Hydrogen enhancement potential of synthetic biofuels manufacture in the European context: A techno-economic assessment. Energy, 104, 199-212.

[2] Kurkela, E., Kurkela, M., & Hiltunen, 1. (2021). Pilot-scale development of pressurized fixed-bed gasification for synthesis gas production from biomass residues. Biomass Conversion and Biorefinery, 1-22.

[3] Buttler, A., & Spliethoff, H. (2018). Current status of water electrolysis for energy storage, grid balancing and sector coupling via power-to-gas and power-to-liquids: A review. Renewable and Sustainable Energy Reviews, 82, 2440-2454.

[4] Todic, B., Bhatelia, T., Froment, G. F., Ma, W., Jacobs, G., Davis, B. H., & Bukur, D. B. (2013). Kinetic model of Fischer—Tropsch synthesis in a slurry reactor on Co—Re/Al203 catalyst. Industrial & Engineering Chemistry Research, 52(2), 669-679.
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Grid connected PBtL:
Northern Europe preferred

Net production cost [€,,,,/KJcs.]:

4.0

3.5

3.0

€/kg

4* International Conference on

Garhon Chemistry

and Materials

‘s November | Occidental Atenea Mar
Paseo Garcia Faria 37-47, 08019
Barcelona, Spain
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+ Abundant cheap woody biomass and
low carbon electricity in Scandinavia

— High carbon footprint of power production
in most European countries
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Natural gas consumption arbon Chemistry
and Materials DLR

“am'a November | Occidental Atenea Mar
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= Global gas consumption 2023: 40.1 GWh [1]
= annual growth: +0.5 GWh,

gradual rebalanCing after 2022 2.5 CO, emisions from gas combustion: China, Europe, USA, World
gas price shock [2]
= “expected to see solid growth ” ;
in 2024” B3, no sign of mitigation 5 8
* Emissions: 8.1 Gt.g,/a E °
(additional along supply chain)
0.5

» Reduction to ZERO
according to COP28? 00 4

2000 2005 2010 2015 2020
China —Europe —USA —World

[1] Gas consumption in TWh from https://ourworldindata.org/grapher/gas-consumption-by-country, 1 TWh natural gas = 0.319 Mt CO,

[2] IEA (2022) https://www.iea.org/reports/gas-market-report-q1-2024
[3] Keisuke Sadamori, IEA Director of Energy Markets and Security, https://www.iea.org/news/global-gas-demand-set-for-stronger-growth-in-2024-despite-heightened-geopolitical-uncertainty,



https://ourworldindata.org/grapher/gas-consumption-by-country
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HVG-DGG
Service und Forschung fiir die Glasherstellung

furnace!l

CO, from carbonates!"

cheap fuel

(natural gas) Prod. capacity é}
300t,,,,/d

[1] Drunert et al. (2023) Techno-economic assessment of carbon capture and utilization concepts for a CO2 emission-free glass production, https://ustv-dgg-2023.sciencesconf.org/44970
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CO, capture of glass production [} and Materials
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HVG-DGG
Service und Forschung fiir die Glasherstellung

Gas
cleaning!!

furnace!l

CO, from carbonates!"

cheap fuel

(natural gas) Prod. capacity é}
300 t,,.,/d

[1] Drunert et al. (2023) Techno-economic assessment of carbon capture and utilization concepts for a CO2 emission-free glass production, https://ustv-dgg-2023.sciencesconf.org/44970
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Example glass furnace arbon Chemistry
CCU for glass production ] and Materials
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2z [ [1a s

(
JL EIectronsiswl @ HVG DGG

co,

Syn-fuel Gas
synthesis cleaning!!

furnace!l

CO, from carbonates!"

cheap fuel

(natural gas) Prod. capacity é}
300t,,,,/d

[1] Drunert et al. (2023) Techno-economic assessment of carbon capture and utilization concepts for a CO2 emission-free glass production, https://ustv-dgg-2023.sciencesconf.org/44970
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Example glass furnace
CO,-free glass production [l

( -
JL Electrolysis 1| @ HVG DGG

co,
Syn-fuel Gas

synthesis cleaning!!!

(
st

furnace!ll
_ Y

Surplus syn-fuel Prod. capacity @@ @

300 t,,,/d

CO, from carbonates!!

LR

[1] Drunert et al. (2023) Techno-economic assessment of carbon capture and utilization concepts for a CO2 emission-free glass production, https://ustv-dgg-2023.sciencesconf.org/44970
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CCU process description

Process flow diagram: SNG

O,

to glass furmace

Electricity ]‘

]

2

( .
| Electrolysis

Hy

S3

54 Novemb
] m Paseo Garcfa Faria 37-47, 080:
’ Barcelona, Spain

HE3
CO, Gas cleaning!!!
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HE6

Garhbon Bhemiétry
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-
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¥ \r*

%
Ho-bypass Wastewater

[1] Drinert et al. (2023) Techno-economic assessment of carbon capture and utilization concepts for a CO2 emission-free glass production.

Glass

furnacelll
(oxyfuel)

\
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Decarbonization of basic industry

Example: CO,-free glass production
Synthetic fuels from oxyfuel offgas CCU: DE, 2022, 300 t/d container glass

550
Syn-MeOH
450
CAPEX: 142 M€,,,,

9 350

250

150

50

= Electrolyzer (AEL)
= \Wet scrubber & membrane

Methanol reactor

= Compressors & pumps -50
Heat exchangers

= Steam cycle
Storages

41

NPC [€2022/ 1:glass]

474

105

B Indirect costs
O Labor costs
| Electricity
ORemaining OPEX
® Remaining FCI
®\Wet Scrubber & membrane
B Electrolyzer (AEL)
ducts (sol

4* International Conference on

550
SNG

450

CAPEX: 147 M€,,,

7‘ 350
;\ 250
150
50

= Electrolyzer (AEL)

» \Wet scrubber & membrane
Methanation reactors

= Compressors -50
Heat exchangers

= Steam cycle
Storages

[1] Drunert et al. (2023) Techno-economic assessment of carbon capture ar%%)(i_lng%lon cor‘cepgg for a CO2 emission-free glass production, https://ustv-dgg-2023.sciencesconf.org/44970

DLR

B Indirect costs

OLabor costs

B Electricity

ORemaining OPEX

B Remaining FCI

m\Wet Scrubber & membrane
E Electrolyzer (AEL)

O By-products (sold)
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Decarbonization of basic industry Carbon Chemistry
Example: CO,-free glass production [ e DLR

i’ November | Occide ar
Paseo Garcia Faria 37-47, 08019

Synthetic fuels from oxyfuel offgas CCU: DE, 2022, 300 t/d container glass

550 NPC [€2022/tglass] 550 NPC [€2022/tglass]
Syn-MeOH 474 SNG 77
106
450 105 450
350 Conventional beer bottle: 350
(330 g) =15 ct. €,,,,/bottle
Eco-friendly beer bottle
250 . ca26ct €,00,/bottle 7 7 ) 250
150 CO,-abatement costs: 643 €,,,,/tco, 150
50 130 €2022/tglass; 50
Natural gas
Avg. market price
-50 B Indirect costs -50 BIndirect costs
O Labor costs @ Labor costs
B Electri.ci.ty B Electricity
DRema!n!ng OPEX ORemaining OPEX
:\?VeeTglngSt?bz(r:!& membrane a9 £
42 B Electrolyzer (AEL) :\é\llg(t:tfglyzbekie(;ig embrane

[1] Druinert et al. (2023) Techno-economic assessment of carbon capture ar%%)(i_lpzraqgo%cégr%&l)gg for a CO2 emission-free glass production, https://ustv-dgg-2023.sciencesconf.org/44970 OBy-products (sold)
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and Materials DLR
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» Climate change mitigation is urgent on a global scale
» GHG emission reduction required from 35.8 Gt/a to ZERO

» Developed countries need to provide technical solutions,
International regulations need to ensure its commercial viability
= Europe and others can be demonstrators, large emitters have to adapt

» Techno-economical and ecological assessment can provide transparent,
technology-agnostic guidance
» Choosing preferred technologies and locations
» R&D demand and optimization potential
» Purposeful regulation

*» DLR standardized methodology is globally applicable =»
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Partner search arbon Chemistry A#y
towards Decarbonization and Materials DLR
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Looking for research partner

* Fuel consumer on the way to sustainable transport
= Explore new fuels and its impact on your environmental footprint and costs

» Energy / fuel / chemicals supplier with pressure to become sustainable
= Explore the integration of renewables into your production scheme
» Find electrolyzer applications that fit into your production scheme

» Technology supplier for fuels and chemicals
= Explore new process routes that include renewable feedstocks

* Technology developer for sustainable products
= Search for the economic and ecological optimal production
= Quantify opportunities for improvement, localize bottlenecks
» Predict new processes market rollout
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