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Motivation

i DLR

A=
= EU Climate Neutral Goal by 2050 (Germany already by 2045)!"

= Renewable transport lacks behind

= Hart to abate: chemical energy carrier
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Entwicklung und Zielerreichung der Treibkt

1 in Deutschl

d

im Sektor Verkehr des Klimaschutzgesetzes (KSG)
200

[1] European Climate Law (europa.eu

[2] Jedamzik et al. (2020) Energiewende in Deutschland: Definition, Kosten & Ziele | co2online
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Motivation

= EiV: funding 99 Mio. € | 16 projects
= Renewable electricity based fuels

Cluster

Fuels in focus Application
C3-Mobility synth. Gasaline, DME, OMEs s, Methanol, Butanol, Cctanal (a9 €9
CombiFuel Hythan (Hydrogen + Methane) =]
E2Fuels Methanol, OMEs <, Methan, Hythan ¢ o f
FlexDME Dimethylether (DME) =3
ISystem4EFuel synth. Diesel, OMEs5 O g
KEROSyN100 synth. Jet fuel &

LeanStoicH2 Hythan (Hydrogen+ Methane) #

MEEMO Methanol Q
MENA-Fuels (Import strategies from MENA region)

MethQuest Methan, Methandl, Hydrogen o &4
NAMOSYN* OME, Methylformiat (MeFo), Dimethylcarbonat (DMC) &
PlasmaFuel synth. Diesel o
PowerFuel synth. Jetfuel r ]
SHARC (Smart energy management in harbors)

SolareKraftstoffe

synth. Gasoline Q

SynLink synth. Diesel, synth. Jet fuel, Methanol
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i DLR

BEniVer

Begleitforschung Energiewende im Verkehr

| 100+ partner

» Comparable assessment: BEniVer —
Scientific supervision of ,Energy
transition in the transport sector (EiV)”

izes

i DLR
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Motivation: SNG

» Potential of SNG and HSNG:
= Application proven
= Little CO, needed per molecule
= Existing infrastructure

Image: Volvo Trucks

u o

Gas-grid >4 bar
Image: DVGW

Heimann et al., Standardized TEA of SNG
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Source: Wolfgang Jargstorff / Fotolia.com

[1] European Climate Law (europa.eu)
[2] Jedamzik et al. (2020) Energiewende in Deutschland: Definition, Kosten & Ziele | co2online
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Motivation: HSNG

Combifuel project of Graforce GmbH, Berlin

= Addition of H, to SNG - less CO, needed
= Up to 30 % H, tested

= Emission reduction:
RC

g
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CO, Emmisionsin g/km

CNG HSNG 30% Gasoline
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BEniVer A#;ZR

Begleitforschung Energiewende im Verkehr

CNG HSNG 30% Gasoline

[1] Schlussbericht CombiFuel, FKZ 03EIV091A, Graforce GmbH, Synreform GmbH, 2022
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Motivation: HSNG B Sy 4#7

DLR

Begleitforschung Energiewende im Verkehr

Combifuel project of Graforce GmbH, Berlin

= Addition of H, to SNG - less CO, needed
= Up to 30 % H, tested
= Emission reduction: CO,, CO, HC, increase: NO,

RDE Emmisians, Caddy 2009
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[1] Schiussbericht CombiFuel, FKZ 03EIV091A, Graforce GmbH, Synreform GmbH, 2022
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Assessment Workflow

DLR

. A = [
15t step Simulation gper! o
Literature 2nd step Automfatec simulation 3rd step 4t st
1 run for parameter ste
review Detailed impact assessment TeChnO- P
process TEPET-ASPEN economl? and - Critical
sirruliism Link ecologlf:al Parameter
evaluation
Exchange w. o
. Simulation parameters
Project Aspen Plus® ¥
Partners o
rightwa
Steady-state simulation f\ 4 4
A Technical optimization | )
“ teration
BEniVer
Begleitforschung Energiewende im Verkehr Sth Step
— Case study

Economic / ecological viability of e-fuels production

[1] Albrecht et al. (2017). A Standardized Methodology for the Techno-Economic Evaluation of Alt
2] Maier et al. (2021) Techno-economically-driven identification of ideal plant configurations for a

Heimann et al., Standardized TEA of SNG

3] Weyand et al. (2023) Process design analysis of a hybrid Power-and-Biomass-to-Liquid process

ernative Fuels
new biomass-to-liquid process
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Methodology: technical analysis
Key performance indicator (KPI)

Efficiencies!']

4 moles H, converted into Methane synthesis reac

DLR

tions(?

1 mole Methane

LHVEyel * NFuel

Nptr = Py NH,tF, ideal = 83.3% CO + 3H, = CH, + H,0 AH,=
LHVFuel . ﬁFuel COZ + HZ = CO + Hzo AHOZ
MH2tF = “THvy, -fe, CO, + 4H, = CH, + 2H,0  AH,=

~,

\
|

\__

[1] Rahmat et al. (2023) Techno-economic and exergy analysis of e-MeOH production hiips://doi.org/10.1016/.apeneray.2023.121738
[2] Rénsch, S., et al., Review on methanation — From fundamentals to current projects. Fuel, 2015. 166: p. 276-296.
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Methodology: Economical Analysis

Peters et.al. [1]

NPC [E] :ACC + Y OPEXing + X OPEX4ir + tiaporCiabor
L mfuel . Wruel
Pfuel Wreference

€] _ IR-(1+IR)Y | IRy
ACC [Z] =FCT- ((1+1R)y—1 5 )
FCI =31 EC;- (1+ %72, Fingij) - (1 + X}211 Finaij) i, €N

_ CEPCI logz(n)
Eci = fi(si,l; Si,Z; Si,k). (CEPCITef) : Fpre,i : Fmat,l’ : (1 - Li : )

, ni,k €N

d.
Si t
fi(Six; Sizi o Six) = fi(S) = ECrep; - (Sn:fi)

[1] M. Peters, K. Timmerhaus, R. West, 2004.
[2] F. G. Albrecht, D. H. Kénig, N. Baucks, R.-U. Dietrich, 2017
[3] Heimann, N. et al (2024), submitted.
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BEniVer &

Begleitforschung Energiewende im Verkehr DLR

Basic conditions | @ |

€0t
Electricity input (plant
+ electrolysis Sl
Full-load Hours 8,000 h/a

56 €;01/MWh
4,742 €5t
50 bar; 50 °C
69 €;015/t

Interest Rate 5%
41 €015
Plant lifetime 20 a

e - { 14
) "
' Heimann etal., Standardlz?d TEAOf SNG
P
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Large scale e-Methane production :

(SNG w. 98 vol.% CH,)

Assumptions in the simulation:
No impurities
* No side reactions

DLR
0}
dvanced TREMP™-process
[1] Tops@e, H., From coal to clean energy. 2011
[2] Harms, H., B. Hohlein, and A. Skov, 1980, Methanisierung kohlenmonoxidreicher Gase beim Energie-Transport.
Heimann et al., Standardized TEA of SNG [3] Heimann, N. et al., 2024, Standardized TEA of SCNG and HCNG, to be submitted
ACHEMA Congress Frankfurt am Main, 13.06.2024 . . . .
Assumptions in the simulation:
- 1 * No impurities
Large scale e-Methane production e
0,
(SNG w. 98 vol.% CH,) DLR

Advanced TREMP™-process -

o TREMP" process

Max. conversion

Heimann et al., Standardized TEA of SNG

+ Composition adjustment
Transport: DIN EN 16723-2:2017-10
Gas grid: DVGW G260
+ Polishing reactor & water removal
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[1] Tops@e, H., From coal to clean energy. 2011
[2] Harms, H., B. Hohlein, and A. Skov, 1980, Methanisierung kohlenmonoxidreicher Gase beim Energie-Transport.
[3] Heimann, N. et al., 2024, Standardized TEA of SCNG and HCNG, to be submitted
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Assumptions in the simulation:

Large scale e-Methane production : Noimpurities

* No side reactions

(SNG w. 98 vol.% CH,) DLR

Advanced TREMP™-process 4
[2]

5 TREMP" process Polishing reactor | water removal . *  COMposition adjustment
Transport: DIN EN 16723-2:2017-10
Gas grid: DVGW G260
» Polishing reactor & water removal

Max. conversion

SNG

[1] Topsee, H., From coal to clean energy. 2011

[2] Harms, H., B. Hohlein, and A. Skov, 1980, Methanisierung kohlenmonoxidreicher Gase beim Energie-Transport.
Heimann et al., Standardized TEA of SNG [3] Heimann, N. et al., 2024, Standardized TEA of SCNG and HCNG, to be submitted

ACHEMA Congress Frankfurt am Main, 13.06.2024

Process description (SNG w. 98 vol.% CH,))  BERiVer
Catalysis

Begleitforschung Energiewende im Verkehr DLR

. e AspenPlus® model: RPlug Pressure drop: Ergun’s equation
Trnax g1 =700°C Catalysti? MCR-2X (22 % Ni)
TinR1 =250°C Bulk density? = 1000 kg m-
pie] = 20-30 bar Bed voidage? =0.3
Lreactor =2m Lifespan(! =1 year
Dreactor =f(GHSV) Be o e o heretire

Reaction kinetic: Ronsch et.al. 3-5] GHSV® = 4200-8900 Green 7 onnassumplenfesiediaton

Combination of WGS and CO-Mathanation

[1] Topsge, H., From coal to clean energy. 2011

[2] in range of: Harms, H., B. Héhlein, and A. Skov, 1980, Methanisierung kohlenmonoxidreicher Gase beim Energie-Transport.

[3] Ronsch et al., 2016, Review on methanation — From fundamentals to current projects.

[4] Klose, J., 1984, Kinetics of the methanation of carbon monoxide on an alumina-supported nickel catalyst. Journal of Catalysis
[5]Zhang, J., etal., 2013, Kinetic investigation of carbon monoxide hydrogenation under realistic conditions of methanation of biomass
derived syngas

Heimann et al., Standardized TEA of SNG [6] Meylan et al., 2016, Material constraints related to storage of future European renewable electricity surpluses with CO2 methanation




18.07.2024

ACHEMA Congress Frankfurt am Main, 13.06.2024

Results KPI : 4#7
SNG w. 98 vol.% CH, BEnuar DLR

Begleitforschung Energiewende im Verkehr
KPI / efficiencies
Nper =57 %
NH,tF = 82 % MH,tFideal = 83.3 %

*Electrolysis combined efficiency 69.2 % Pg/LHV: « Exergy reuse: steam-cycle and residential heat
assumed: 1/3 PEM, AEL, SOEC each!'-3! + Highly exergy efficiency optimized

[1] Noack et al., 2015

2] Jansen et al., 2018, p. 36
Heimann et al., Standardized TEA of SNG {3} BEniVer assumpucnsp

ACHEMA Congress Frankfurt am Main, 13.06.2024

Results KPI .
SNG w. 98 vol.% CH, BEniVer 4#7

KPI / efficiencies SNG production exergy flow

Npig = 57 o 61,9 % of exergy used

Begleitforschung Energiewende im Verkehr DLR

n Hth = 82 % Raw materials input: 100% SNG plant: 66.3%

SNG: 55.4%
H2: 64.8%

Electricity: 96.6%

Generated electricity: 6.1%

Residential heat: 0.4%
Exergy destruction - Electrolysis: 30.5%

Heat: 3.4% Exergy qemtuctions: 4.3%
Exergy destruction - CO2 capture: 3.2% Exergy losses: 0.1%
*Electrolysis combined efficiency 69.2 % Pg/LHV: + Exergy reuse: steam-cycle and residential heat
assumed: 1/3 PEM, AEL, SOEC eachl'-3 « Highly exergy efficiency optimized
[1] Noack et al., 2015
Heimann et al., Standardized TEA of SNG {ﬁ} éagr;\s\s/r;re;:;‘;rrz\s&frv\spv *
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Large scale HSNG production ‘#7
HSNG w. 30 vol.% H, DLR

Adapted TREMP™ process -
t * High temperature in R1

TREMP" process Polishing reactor | Water removal
« Steam cycle

« Composition adjustment
30 vol.% H, content > HSNG-30
* Number of reactors reduced
+ Partial H, bypass
« Smaller reactors for same
output
* less H,O production

H, bypass

Assumptions in the simulation:
» No impurities
» No side reactions

[1] Ronsch, S., et al., 2016
Heimann et al., Standardized TEA of SNG [2] Heimann, N. et al., 2024, Standardized TEA of sSCNG and HCNG, to be submitted

10
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Large scale e-Hythane production (HSNG-30) 4#7
DLR
KPI / efficiencies
Nper =98 %
NH,tF ~ 89 %

X 62,4 % of exergy used
HSNG production exergy flow
(SNG: 61,9 %)

Bypass: 6.3%
Raw materials input: 100%

SNG plant: 60.1%

HSNG: 56.5%
H2: 65.1%
Electricity: 96.9%,

Generated electricity: 5.5%

Heat: 3.1%

Residential heat: 0.4%
Exergy destruction - Electrolysis: 30.7%

Exergy destraeions: 3.9%

. . .. Exergy destruction - CO2 capture: 2.9% Exergy losses: 0.1%
*Electrolysis combined efficiency 69.2 % P, /LHV:

* 1.1 % more power to fuel than SNG
assumed: 1/3 PEM, AEL, SOEC each!'-]

* 5.5 % reused in steam-cycle (compared to 6.1 %)
[1] Noack et al., 2015
Heimann et al., Standardized TEA of SNG

[2] Jansen et al., 2018, p. 36
[3] BEniVer assumptions

- i iom
: PRRr 1 P
.y {

=

' Heimann et.al.,‘Staggardiz‘ed TEAOf SNG
Jam
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Results: Fixed Capital Investment BEniVer ‘#7
Begleitforschung Energiewende im Verkehr DLR
50 m Steam Cycle
o Separation train ' C| reduction for Hythan30
- :z = Compressors  COMpared to SNG = 23 %
¢ 30 Heat exchangers - Significant reduction in
9 25 ® Reactor compressors and reactors
o
15 — Steam cycle, heat-exchangers
10 remain significant FCI
I —
SNG HSNG-30
Heimann et al., Standardized TEA of SNG
ACHEMA Congress Frankfurt am Main, 13.06.2024
Results: Net Production Costs BeEniVer ‘#7
electrolyzer excluded Begleitforschung Energiewende im Verkehr DLR
173 -49% | 166
180 B T "CAPEXAmuiy
160 L H
ydrogen .
140 . = NPC reduction for Hythan30
_ u Carbon dioxide o
2120 compared to SNG: = 4 %
g Electricity
100
g 5 162 oo somerrMauT " L€sS Hpneeded
S Mean b x i .
L o e 2t ———- . Steam sales = >8 fold natural gas price
6]
% 40 u Labor costs
20 Mean border-crossing i @ Indirect OPEX
gas price 2018
0
-20 SNG HSNG-30

Heimann et al., Standardized TEA of SNG

[1] BAFA - Erdgasstatistik

12
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Results: Sensitivity of NPC BEniVer ‘#7

Begleitforschung Energiewende im Verkehr DLR
200
180 7 €/MWh
160 i, LHY
140
=120
<
= 100
Em 80 Mean border-crossing (']
S 60 gas price 2022
W, —_—
5 40 . SNG
% 20 Mean border-crossing HSNG-30
0 gas price 2018
-90% -80% -70% -60% -50% -40% -30% -20% -10% 0%
Electricity price change
6 11 17 22 28 33 39 67 50 56
LCOE [€,9,¢/MWh]
Heimann et al., Standardized TEA of SNG [1] BAFA - Erdgasstatistik

ACHEMA Congress Frankfurt am Main, 13.06.2024

Results: Comparison of e-fuels BE&niVer 4#7
DLR

Begleitforschung Energiewende im Verkehr

Comparing generic fuels / designer fuels
57 58 53 40 42 47 52

Nper (%]
NPC
[€301/MWh, ] 173 166 204 321 360 329 298
Application * Heavy truck + Combifuel |+ Usedin « Certified * Better * Better * Better
parameter examples +  Drivetrain *  Heavy China sustainable combusti combustion combustion
retrofit truck *  Low vapor jet fuel on « Blending « Blending
LI * Drivetrain pressure LI « Blending ratio? ratio?
retrofit » Further ratio? . ... . ...
. .. conversion . ...
in Europe?

Heimann et al., Standardized TEA of SNG

13



18.07.2024

ACHEMA Congress Frankfurt am Main, 13.06.2024

Conclusion ,_#7
= Renewable non-electrical transport : SNG and HSNG preferable DLR
= 300 MW production plant to small for German demand
= German grid electricity not 100 % renewable
+ SNG:

= High efficiency

= Existing technology

= Existing infrastructure

+ HSNG-30

= Higher efficiency
= Better performance in combustion

ACHEMA Congress Frankfurt am Main, 13.06.2024
Outlook ‘#7
= Cheap renewable electricity needed DLR

= Political will needed
= [dentical HSNG spec. for both heat and transport applications needed

Transparent, standardized DLR assessment methodology available

Heimann et al., Standardized TEA of SNG
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Example Results:
DLR

ble H, prod cost of 3.28 €/kg in Namibial'l
—“——-m:-—

29.5 469.6 59.6 145.0 158.5 84

% (GWipy F GWe ) 60.6 55.4 57.3 54.7 53.6 433

“ % (GWLHV,F GWiHVH h 98.4 97.3 82.8 80.1 81.8 63.9
_ GWe) GWi iy F 1.80 1.74 1.83 1.86 2.31
€001 kg'! 5.00 3.55 2.05 1.10 0.71 3.37

€000 MWh ! 147.6 198.6 137.6 306.5

I I (P by P
Renewableffossil [ (.0 IOl PR R e
Regasification cost €021 MWhLHV = -1 26.7 5.4 - -

Specific FCI €x001 kW pyy 1 1,365 874 656 475 347 799
OPEX MEpgpy a1 1,035 230 1,059 1,084 786 1,123

[1] Encyclopedia of Electrochemical Power Sources, 2nd Edition, in publication
2] https: iea.org/data-and-statis average-levelised-cost-of-hyd ion-by-energy-source-and 2019-and-2050
13] 16U World LNG report - 2022 Ediion
[4] Methanol Pri methanol.org
Heimann et al., Standardized TEA of SNG 16] Mineral Commoity. Summaries 2022 - Nitogen (usgs.go) .
[6] Spritpreis-Entwicklung: Benzin- und Dieselpreise seit 1950 (adac.de) (German market prices minus taxes)

DECHEMA Jahrestreffen der Fachsektion Energie, Chemie und Klima Frankfurt am Main, 12.03.2024

THANK YOU FOR YOUR
ATTENTION!
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