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Global carbon emissions (GtCO, eq yr™)

Motivation: Mobility Turnaround as Part of Fit for 55 N(IT
CO, Accumulation limits remaining GHG budget e i B e
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Liu, Z., Deng, Z., Davis, S.J. et al. Monitoring global carbon emissions in 2021. Nat Rev Earth Environ 3, 217-219 (2022). https://doi.org/10.1038/s43017-022-00285-w
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Motivation: Mobility Turnaround as Part of Fit for 55 N(IT
CO, Accumulation limits remaining GHG budget e i B e

@ Greenhouse gas “budget” is limited
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CO,-emissions in Germany -

German emissions 1990-2018: ,Climate protection

25,6 gigatons CO,, act“ 2019 |
F\”emarining budgét i
2019: 7,3 gigatons

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040
Jahr

" the German ,Council of
Environmental Issues” states a
residual budget for 2020 of

" 4,2Gt CO%-]q to achieve
Paris-goals (1,5°C @ 50%)

" 6,6 Gt CO,, 1,75°C @ 50%
identical to the targets from
Klimate Protection Act 2019

» only changing the fleet
does‘nt meet the targets!

Rahmstorf, S, 2019, Spectrum.de ScilLogs https://scilogs.spektrum.de/klimalounge/wie-viel-co2-kann-deutschland-noch-ausstossen/
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Motivation: Mobility Turnaround as Part of Fit for 55 ﬂ(l'l'
Realization of mobility turnaround

® Results by changing the fleet as part of sector-specific targets
German vehicle fleet

M NeuzulassungBEY M NeuzulassungICEV M Abmeldung

60,000,000

3,543,977 2,723,515 2,266,171 4500 9oy

3,399,716
50,000,000 3193679 3,340, 197 3,416,206 ' l94 1. .55 9. .
3,028,251 3,28
2,946,380 ‘6 06 -2,385,071-2,329,83
3,807, 013 2,915,719 3:171,480 3,079, 548 lZ 26 l141 505 70,228 ,814,588 " ,987,065
l B, 15! N 95. 605 .8 = ~2,484,879 2,537,957 018,267
541 579,027 2832338 ta et OI Ge “Iall O e e t

20,000 00041 e 3,390,719 2,352,324 347,550 98,5% r r V rl “ I I I l

50% CO,-reduction TTW would need ‘15 Mio BEV/48 Mio cars=31%
50% BEV 24.3 Mio BEV/48,7 Mio cars=50%

m=) 1,1 Mio BEV @ 1.1.2023
23,2 Mio BEV in 7 years

B mm) 3,3 Mio BEV / year
..  >100% of all new vehicles

2009 2011 2013 2015 2017 2019 2021
2008 2010 2012 2014 2016 2018 2020 2022
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Motivation: Mobility Turnaround as Part of Fit for 55
Does new Vehicle Registrations reflect the transition?

® Vehicle Change in Germany using 10.000€ bonus
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Motivation: Mobility Turnaround as Part of Fit for 55 ﬂ(l'l'
Does new Vehicle Registrations reflect the transition? == % %.%.

® Fleet consumption challenge ,
Renewables & sponsoring
new registrations BEV [ T ] — J
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m) Car manufacturers try their best to fullfill the regulation but overall GHG stays the same
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Motivation: Mobility Turnaround as Part of Fit for 55 A“(IT
Is there enough room for new vehicle registrations? == %%

® Motorization Rate enables or limits fleet exchange speed

@o1ca X. Motorization rate 2020
‘ Saturated markets don‘t

speed up fleet exchange

F

\h

$

=) \Medium vehicle age in EU
is 12 years and increasing

mm) Vehicle switch will not be fast
enough for a to reduce GHG
[1] in time
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World map of mobility energy supply ﬂ(l'l'
Available Energy Supply influences powertrain choice®= . %%

® Energy availability as decision factor for customers and professional users

<1% 3% < 1%

BRAZIL £ L] Otherjundefined 2
ARGENTINA M [ ]

Source for graphics: Bosch; Graphic: KircherBurkhardt
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Limiting the ramp up speed by limited raw
materials ﬂ(IT

® Raw materials limit ramp up of BEV

0 25 50 75 100 125 150 175 200 225 0 2500 5000 7500 10 000 12 500 15000 175...

OffShore Wlnd I _

Electric car I I ‘ Onshore wind I _

# No effect of any ,,mobility transition“ without ,,energy transition*

Nuclear .

Conven tional car I Coal .

Natural gas

Beside of Steel and Aluminium IEA sees these materials as critical
with regard to the energy transition
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Motivation: Mobility Turnaround as Part of Fit for 55 ﬂ(l'l'
Limiting the ramp up speed by limited raw materials

Karlsruher Institut fur Technologie

® Parallel transitions in energy, digitalisation and mobility ask for the same raw materials
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Motivation: Mobility Turnaround as Part of Fit for 55
GHG neutral Mobility $‘(IT

®interim Balance:

- GHG residual Budgets asks for fast transitions

« Fleet Change ist limited to ~6%/year

- Ramp up of Battery electric vehicle is limited by intensive use of raw materials
« Energy from renewable sources is the key and needs limited raw materials too

the greenhouse gas reduction through a fleet change has no chance of being fast
enough !

=> Thinking fom a higher-level System
a) Internal combustion engines are energy-conversion units

b) Not the engine is responsible for additional CO,-Emission but the use of fossile
energy carrier

. . . Institut flir Kolbenmaschinen
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reFuels — potential synthesis pathes ﬂ(l'l'
Synthetic Fuels from a renewable Base

iy

Organic residual synthesis gas platform
and waste materials ‘ !
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reFuels

— fuels production

Production costs

.250 Mw

® 100 MW,
o 50 MW

PtL-FTS-Zentral
Jahresvolllaststunden [h/a]

PtL-MtG-Zentral
Jahresvolllaststunden [h/a]
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reFuels — fuels production

Gasoline fuels ﬂ(IT

® Methanol-to Gasoline (MtG) — Blending of EN 228 fuels

target
G100

concept for
gasoline fuels

= foss. Benzin = Ethanol =MTG = Leichtbenzin

gasoline = foss. Benzin = Ethanol = MTG Schwerbenzin

SGESS Leichtbenzin I

Schwerbenzin

Destillatiori DU

VAN

adapted hydrating

= optimizationof =« red. light fraction * red. light fraction = hydrierated MtO-gasoline
production = optimized aro- = hydrated heavy fraction = ETBE + MTBE from MtO
= high aromatic matic content = hydrierated FT-wax
content = ETBE + MTBE
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reFuels — Fuel synthesis

Diesel fuels ﬂ(l'l‘

Karlsruher Institut fur Technologie

® Integrierted Synthesis-Container for fuel synthesis by Fischer-Tropsch from CO,and H,
® Integration of RWGS
® Integration of the hydrogenation of the products
® |ntegration of the separation of products

——— ' PCS
tion
Separd Liquid fuel & waxes
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reFuels — Fuel synthesis
Refinery for Future REF4FU project

Hydrogen

FT-Green
Crude

AT

Karlsruher Institut fur Technologie

vy

MeOH

y

»1 Fractionation
»Naphtha |—>| Hydrotreatment
_| Hydro-Cracking / | | . . >
"l isomerisation »| Fractionation
TRL 9 TRL 9
Olefin-to-Jet »| Hydrofinishing >
TRL5-6 TRL<5
»  DtO/MtO » Olefines >
Benzine |TRL 9
DIG/MIG —>| Heavy Low » Hydrotreatment
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reFuels — testing

Nerby transparent fuels ﬂ(IT
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- E-diesel and HVO have lower density than EN590 - EN15940 paraffinic diesel
- EN15940 paraffinic Diesel will be implemented in German law (10. BImSchV)

- Aromatic content of Methanol-to-gasoline fuel has to be aligned with Octane number

Foto: Amadeus Bramsiepe, KIT
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reFuels — testing

Large matrix of tested fuels

O Analysis of reFueIs and their blends

G40

G85

biolig®/10 2018

bioliq®/10 2019

biolig®/30 2019

1971

180,1

173,7

196,9

1971

190,2

4,8 % Ethanol

10 % EtOH + 30 %
bioliqe 2020 +60% fossil
gasoline

85% regenerativ

90 % E5 + 10 % biolig®
2018

90 % E5 + 10 % biolig®
2019

90 % E5 + 30 % biolig®
2019

100,8

95,2

96,4

96,0

97,4

® Almost all fuels can be replaced by regenerative fuels in s
® No abnormalities in material compatibility

® No conspicuity in raw emissions with optimized blends
a

a

No conspicuity in use
Secondary potential for emissions reduction

Dr.-Ing. Olaf Toedter: Synthetic renewable fuels potential 19

B7

R33!

S33

R33?

HVO

density
[kg/m?]

833,1

837,6

821,0

821,0

821,9

780,1

AT
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100% fossil Diesel

93% fossil Diesel
+7 % FAME
7 % FAME + 26%
BtL + 67% foss.
Diesel BO
7% FAME + 24%
PtL + 69% foss.
Diesel BO
7 % FAME + 26%
BtL + 67% foss.
Diesel BO

100% BtL

Institut fiir Kolbenmaschinen
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52,7

62,6

59,9

56,7

74,8




reFuels — testing
Wide spread iof test vehicles and engines
P g AT

Karlsruher Institut fur Technologie

® Positive anaIyS|s of reFueIs and their blends i in engines, vehicles and fleets
- 220

bioliq30

4 . v’ g
Ideen sind dér beste Treibstoff: =
Dieser LKW fahrt heute schon mit Kraftstoff aus reg

. ——— ——

» Test facility tests and in-system- conformlty tests are necessary (RDE w/ PEMS)'

Institut fiir Kolbenmaschinen
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reFuels testing
HVO testing on aged train engines (cam-controlled injection systems)

particle mass
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peak pressure

®  Diesel
e HVO

MP

T T T T T T T T 1
C1.1 C1.2 C1.3 C1.4 C15 C1.6 C1.7 C1.8

® |ess particle mass but increased particle number - tends to prduce more small particles

® comparable power even at cam — controlled injection systems

Dr.-Ing. Olaf Toedter: Synthetic renewable fuels potential 21

Institut fiir Kolbenmaschinen
Prof. Dr. sc. techn. Thomas Koch




CO [g/km]

reFuels - testing

Tests with full cylinder enginge on engine test facility

BES BG40
8-
7 -
6_
5.
41
3
2]
1
0.

20 0 -7

Temperatur [°C]

-15

NO, [g/km]

2,51

2,01

0,0-

1,51
1,01

0,51

20 0 -7 -15
Temperatur [°C]

® WLTC results and RDE results are comparable
® Gaseous emissions with synthetic fuel - tends to be lower
® Evapuration curve as a major impact on particulate and gaseous emissions
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reFuels - testing

Tests with full cylinder enginge on engine test facilit ‘(IT
y ging g y *

2,5E+13 4
[ 1E5
]G40

2E+13
3
<
k=

« 1,5E+13 S
o)
o)
€
=]
c

o 1E+134
o
h=
®©
o

5E+12

0
20 0 -7°C -15°C

Particle number [n/cc]

1,6E+8

1,0E+8

5,0E+7

0,0E+0

Karlsruher Institut fur Technologie

Tstart= '1 5°C

G40
E5

400

T T 1
500 600 700
Time [s]

® Reduced PN emissions with synthetic fuel - especially at cold conditions

® Particulate size distribution is comparable

Dr.-Ing. Olaf Toedter: Synthetic renewable fuels potential

23 Institut fiir Kolbenmaschinen
Prof. Dr. sc. techn. Thomas Koch




reFuels - testing
Tests with full cylinder enginge on engine test facility ﬂ(IT

Karlsruher Institut fur Technologie

® G40 & G85 show reduced particulate number with respect to E5 reference fuel

ES G40 G85

5,500E+8
160

4,420E+8

N
N
o

=
o
o

3,340E+6

2,260E+8

Drehmoment [Nm]
@
o

(2}
o

Drehmoment [Nm]
3 3

N
o

IN

o

1,180E+6

N

o
N
o

1,000E+5
0

T T T T T T T 1
1500 2000 2500 3000 3500 4000 4500 5000

0

0

T T T L T T T 1
1500 2000 2500 3000 3500 4000 4500 5000

T T T T T T T 1
1500 2000 2500 3000 3500 4000 4500 5000
Drehzahl [min™] Drehzahl [min™"] Drehzahl [1/min]

® Evapuration curve design by light synthetic fractiones helps to reduce particle emissions
® Aromatic content >= C9 as base point for particle formation
® Aromats necessary for Octane number
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reFuels — testing
Fleet test C.A.R.E diesel as an example of EN15940 diesel ﬂ(IT

Karlsruher Institut fur Technologie
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Ideen smd dér beste Trelbstoff .
Dieser LKW fahrt heute s schon mit Kraftstoff ausnmnﬂun

i i e e e e o e e e b 414 o e

® Already covered over 1,000,000 km
® parallel driving of B7 and HVO fueled trucks

® short distance tours (inner city) and long distance tours
® detailed engine oil analysis

slightly reduced fuel consumption
tends to lowe particulate emissions
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reFuels — environmental balance

Life cycle assessment of vehicles ﬂ(IT

Karlsruher Institut fur Technologie

® System Borders of life cycle assesment
Passenger Car

Production Use End-of-Life

Wind Solar gas coal

Vehicle
[ poweran )

<
l

[

Biofuels
A\ 4

\ 4

LI L L
[;<><><><>< XXXXX%

—

[ Glider

=)
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reFuels — environmental balance

Life cycle assessment of vehicles ﬂ(IT

Karlsruher Institut fur Technologie

® emissions during the production and use of a diesel and a gasoline vehicle,

35 20 o8

20 1,8
7525 - 1,6 0.07 clutch
S . §1.4 = gear
= 20 « fossile » S ., 051 lubricant
3 . fuels = Engine block
s use £ .| =l air system

B 0,13 :

2 10 c 08 73 | coolant system
l_ H

] 2,00 1,27 g 0.6 0,10 0,38 | fuel system

6,54 6,54 0.4 0,11 | electronics
0 86; u, exhaust gas aftertreatment
ICEV-d ICEV-g 0.2 009
. . 0,0 0.1
m production Glider = pwrtrainm use ICEV-d  ICEV-g

‘ Neither vehicle production nor energy sources can be ignored

. . itut fur Kol hi
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reFuels — environmental balance
LCA of vehicles using Diesel fuel and reFuels A\‘(IT

Karlsruher Institut fur Technologie

@ Variation of the diesel fuel

60

48,25

Ul
o

S
o

ICEV-d, B7

w
o

= = |CEV-d, R33 (26 % Mikro-FT, Offshore, DAC)

N
o

THG-Potenzial [t COzéq]

----- ICEV-d, 100 % Mikro-FT, Offshore, DAC

0 50.000 100.000 150.000 200.000 250.000 300.000
Laufleistung [km]

also as admixture (R33) a 22% CO, reduction in use

I =
o o

app. 82 % CO, reduction through e-fuel diesel in the fleet with electricity from offshore wind
CO, reduction potential increases with availability of energy from regular sources - fav. locations
Import of intermediates (Fischer-Tropsch crude and methanol) into existing refineries.
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reFuels — scaling production

international approaches for reFuels production :“(IT

" Import scenarios with transport of products by ship
" Wind POWEr: Enercon E112, weather data by Pfenninger und Staffell (2016)

Karlsruher Institut fur Technologie

"PV: 1-axis-Tracking
® Marokko, Agadir

@ Hybrid PV-Wind, onshore
@ Capacity factor Wind 17 %, Solar PV 30 %

® Argentinia, Patagonia
® Wind power, onshore
@ Capacity factor Wind 56 %

China

® Australien 9
® Hybrid PV-Wind, onshore _ mameiz 17 = s
® Kapazitatsfaktor Wind 30 %, Solar PV 30 % - pa \j o
® Island .- t o
a W|ndkraft, onshore s ::rﬂa—ly wind-. in parts combination Image source: Frontier economics, 2018
» Kapazitatsfaktor Wind 45 % Womicin
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reFuels — environmental analysis \‘(IT
Environmental Potential of GHG-negative Fuels =\11

@ Sensitivity Study of Life Cycle Assessment of reFuels

1.00E+00 global warming potential by fuel synthesis, distribution and use
ko COme 1M Tl reFuels are

CO,-negative!

In combination
with their usage
the system can be

-4.00E-01 ) ‘ COz'neutraI

@ @ @ ¥ N e e e D @ D N e @ & @& @& X D N e @ @ @ D D N e @& &
O $<‘ :\é‘ L& 6 S *Q(‘ & 4?‘\ L& BCFS) \§§‘ §‘ b? 50 58 FUNIRS ‘8\0“ 3?‘\ L& 8 & .
R E F X E O F FEC & & (\Q‘ 0\2‘ & & & & & o o% & & & C
& & & € \“5}\ & & & & W \’ﬁ\ & & e‘% & & & & & & & & & & \%é\ & & ea‘rﬂ
G AT P TN T T T T T o S
ISP & & ST & & & S &% PSS s & F & & &
& & £ & & A R & & & & & A R
S & & S & & e & & > & &
&9 & o P & ¥ R o & o
< Q¢ < ] Qf & Q° 9
Stromgebundene Auslastung 90 % Awuslastung Stromgebundene Auslastung 90 % Auslastung
micro structured Fischer-Tropsch with direct air capture as CO, source classic Fischer-Tropsch with use of CO, from cement production
m Global Warming Potential durch Kraftstoffproduktion - kg CO2 Aq = Global Warming Potential durch Transport per Schiff - kg CO2 Aq kg aufgenommenes CO2, fossil
m kg aufgenommenes CO2, regenerativ Gutschrift fir Nebenprodukte - kg CO2 Ag m Emission des gebundenen CO2 durch Nutzung

* Summe
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reFuels — the path to refineries
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CO,
Separation
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Synthesis
‘ m— Dry gas reforming

TRL<6

Modular Production Concept

TRL>7

Methanization

Cat-Cracking

TRL <6

Methanol
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reFuels — the path to refineries

AT

Scalability of the Fuels Production

® Technology maturity needs scaling
® Scaling only works in steps
® Times deteymined by plapning , approval and construction

Ny
& -

x ml/trial  1-100 I/a1- 1.000 t/a 10.000 - 50.000 t/a > 500.00 t/a

‘ Scaling of Synthesis Units is limited by Scaling Factor and Time

. . . Institut flir Kolbenmaschinen
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Achievable Scalability of the Fuels Production

® Potential ramp up rate without fleet change is significant faster as shown
in FVV Fuels Studv IVb
exogenous | optimised (2023 onwards) ‘ Bottl en eCk eﬂ:eCtS
are smaller than
delay by changing the fleet

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0% :
2020 2025 2030 2035 2040 2045 2050

Share of carbon-neutral
vehicles in vehicle stock

——BEV - Dom. BEV - Int.
—— Methane - Int. FCEV - Int.
H2 Comb. - Int. PHEV (BEV-int. FT-Int.)
——PHEV (BEV-Dom. FT-Int) FT Fuel - Int
—— MG - Int. PHEV (BEV-Dom. MG-Int.) [4]
PHEV (BEV-Int. MtG-Int.) === Reference ramp-up (FS V)
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reFuels — scaling production

Fast Ramp-Up needs enough Energy

® Hot Spots for e-Fuels Productlon are globally dlstrlbuted

&
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- ‘ Transportability
of fuels allows
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of the global
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reFuels — scaling production

Favorable Energy Sites drops Costs and push the Ra

® Example Chile shows potentlal in saisonability and continouity
: 1%

Presentation of the fuel production costs

The determination of the fuel production costs is based on an
expansion and deployment optimization with the optimization

model SCOPE of Fraunhofer IEE. Following you can

see
simulation results based on hourly resolved weather data for the
scenario year 2050 at a capital cost of 8%. Further information
on the methodology and the assumptions made can be found

here.

O High temperature

Choose electrolysis
Low temperature

Site 4 in Magallanes y Antértica Chilena | Chile
100

80 £ .

€ Ynuﬂ o Q@

Cost share [EMWH]

o0 @ o0

PV @ Wind @ Storage Technology”

W

o

@ Thermal Engineering® () Electrolysis® (| DAC/ ASU*

@ Synthesis @) Compression/Liquefaction

1 Battery and heat storage as well as hydrogen or Methane

mlermemale storage

Z Large heat pumps andlor slectric boilers
Sing peripherals (also seawater desalination)
* Direct air capture or air separation unit
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Country analyses | Costs and transport

Bandwidths of the fuel production costs

Here you can see country-specific ranges of production costs
for the PIX fuels studied

Bandwidths in 2050 | Chile

< @ w0 00 w0 o
T 0 a0 0@ w0 W

@viasies @

Wind s

PV sites

PtX transport costs by ship @

One option for exporting PtX products is transportation by ship
The following diagram shows the import costs of the liquid PIX
fuel variants to the countries of the EU for the scenario year

ssumed s a transport by ship, which is propelled with
the fuel to be transported

Select import country Cost price

Germany v Mean value v

Import costs in 2050 | Chile — Germany

100
0
&
w©
»
0

FT CHIOH CH4 W20

Cast share [€MWH]

Product o be exported and marine fuel

@ e producton cosis @ Transport

* Taking into account possible boikofflosses.

Country analyses | Volatility

Full-load hours and seasonality

X fuel generation is
and thus ighy voltle. Sysiom design and th use of smrage
can stabilize generation. Following you can see a

Caunty 6l baced an houryesoed wostnar S o1 the
2050 scenario year

Select PtX product and area category.

High temperature

FTfuel (disel keross v (@) oy embarature

PIX potential in coastal waters v

Average full load hours | Chile

5000
2000
2000
= | .
c -
Sy

Wind PV Electolsis

Fullload hours

@ Hyvid stes @ Wind stes () PV sites

Seasonality of the generation output | Chile

‘Share of total generation output (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

@ Hybrid sites @) Wind sites (1) PV sites

Site analyses | System design

System design and generation characteristics @

Following you can see site-specific simulation results based on
hourly resolved weather data for the scenario year 2050. The
bar chart shows the system design and full load hours of the
major system components. The volatile renewable-based PtX
fuel generation is shown as a weekly pattern in the time series
chart below. More details on the methodology can be found

e

Choose PtX product Select electrolysis

High temperature

FT fuel (diesel, kerose v

© Low temperature
S\(e 5 in Magallanes y Antértica Chilena | Chile °
3
50 £
s 700 3
£ 6000
=
g 300 D &
2 200 100 3
2 1o 50 3
o 3
omﬁ‘s e g
@ Fuilload hours @ Curtaiiment @) Pover
< Week1 v >
Site 5 in Magallanes y Antértica Chilena | Chile
o 30
=
S a0
£ 250
=
2 0
£ 10
g %

Jan1 Jan2 Jan3 Jan4 Jan5 Jan6 Jan7
Day of the hist. weather year 2010 (scenario year 2050)

PV [l Wind — RE-Curtaiment — Electrolysis

¢IT

i Technologie

Production
Costs
between
0,8 and
1,5 € are
realistic
today

Additional Cost Reduction as Result of
ongoing Developments are expected
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Fast Ramp-Up needs enough Energy

® [s there enough energy?
® ,Reasonably Assured Recoverable Reserves® of renewable Energy Resources compared
to finite fossile Enerav Reserves

@ ‘ Efficiency is not the issue, transport and
storage are the tasks

Geo-
thermal
TOTAL FINAL ENERGY Biomass

CONSUMPTION
308 TWyrso >,
£3

FIN

O
o . ze,;::f;m o ‘ when regulatory constraints take physics into
Wind 1,500 TWyry,  Hydro 90 TWyr; Coal 450 TWyrs,
W ST Getm iV account, reFuels will come

[6]
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