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1. Climate Change 1 Driver for Renewable Fuels?

A Historic natural fluctuation between 180 and 280 ppm CO, concentration
Aundeniable break-out since 19600s
ANo visible impact of renewables introduction since
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! Source https://mwww. 002 earth/daily-co2
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1. GHG emission trend in Europe

A European GHG reduction behind target (slow reduction in Germany)
ATransport GHG emissions grow considerable

http://ec.europa.eu/eurostat/web/sdi/main-tables http://www.eea.europa.eu/data-and-maps/data/data-viewers/greenhouse-gases-viewer
Greenhouse gas emissions (source: EEA) EU28 Change in GHG emissions by sector (%) 1990 - 2015
170 reduction target and actual trend between 2009 - 2015

g

~
o

s
wu
o

== 40 % linear by 2030

&

-+-EU (28 countries)

Greenhouse gas emissions
(in CO, ), base year 1990 (= 100)

—
w
o
% GHG emission change since 1990
2 ]
|

. . sgo
110 2
base year 1990 ;
w .
90 ,\0\-"} ‘,Qoé & ‘;-.\o“ e&\ & \@& é’\f\ 6&6‘
S & @ <& d & ot ¢
m TSN S viooo&® § K &
& 2
70 65 &i\o“ \o(@\ ‘)“’&@ 2’ ‘?\’0 é?@
Ny
] \(“'é '@é@ -;'\ob p 4 ",‘\0
O ‘,0\
50 &
2009 2012 2015 2018 2021 Year 2024 b




DLR. de 6A U@iekamt et ri ch A Oppor t unitotLii egsu i an dI e@€hhanloll eorgg eess ftoorwaR adwersust ai nabl e aviati on A

1. Growth Iin Aviation Sector

Fuel for sustainable

aviation
AN 1030 510
2014 2880- 370-
D
c 440 77
— 750 60
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Europe North America China
(in billion passenger kilometers /a)
(specific passenger kilometers per capita/a)
Source: Thess etal., DGLR-Mi t gl i eder magdz Ra u Aditanf22016, p.20 = = T TR A . .
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1. IATA Technology Roadmap
4. Edition, June 2013

(optimistic) assumption until 2050: biofuels are 100% CO,-An e ut r &
demand o0-60 Mt keso8ene equivalent EU

Aviation ==CO, emission forecast without reduction measures No action
Self-commitments: Technology
o Improvement of fuel European Aviation fuel demand: Oberati
efficiency ca.565Mtlin2010 .~ . p:irfl‘ogor?s
a 1,5 % p. a g ______________________ Infrastruct.
2 e
e Carbon-neutral growth  § U
from 2020 ) T
O
e CO, emission reductions Planned Measures:
of 50 % by 2050 Improvement of technologies, operations, infrastructure 50 % CO,
(comp. to 2010) B Economic measures (CORSIA signed 2016) ©) by 2050
«. Radical technology transitions and alternative fuels

¢ [1] Fuel sEurope AStatis
DLR
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2. Sources & Routes for Alternative FT-Kerosene Tmm@@.@{mmﬂm,al botential
- RED Il restriction?

Biomass | | Green . '
Conventional CO,-source

i ici .. 4 . [, natural
(straw, organic elgctrlcny electricity (air, industrial Coal, natura
waste, residues (wind, sun, . gas
generation flue gas)
water)
‘ \
. Power and - Power and -

E:SES?SB::B' Biomass-to - Power(g?l_-)qud Coal/Gas/Waste - WaSt%'/f/%:;"qu'd LiCSi?jI/(CC;:?E;gs()tL)
Liquid (PBtL) to-Liquid q .
Optional production route f

..lllIllIllIlIHIIllIllIllIllIllIllIlllllllllllllllllllllllllllllllllllllllllllllllllllllllll,l—l‘llllllllllllllllllIllIllIllIllIllIllIllIllIllIllIIIIIIIIIIIIIIIIIIIIIIIIH --------

The supply of large quantities of alternative kerosene within low GHG emissions is possible by
coupling the sectors electricity generation and fuel markets (without biomass imports).

i DLR
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2. Renewable Energy Potential for Europe

/Potential for Europe? i e.g. jet fuel from wind power\

ACurrent jet fuel donsumption: & 56 Mt/ a

A Power demand for exclusively power based kerosene
i n Eur opeTwWh(Ej cal5046) 0O

A European wind power potentiall?: 12,200 i 30,400 TWh
a4 8.6 - 22 times of power based kerosene demand! /

[1] Eurostat database, 2015

[2] European Environment Agency, AEurope's onshor e apnod enftfisaHaoroe 2wWiON9d. ener gy
- . E - L 3
) . - - f a5
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3. Process Evaluation of Renewable Kerosene
A Introduction to DLR methodology
A Example:PtL+ Jetfuel by FischefTropsch
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3. Process Evaluation @ DLR

Efficiencies (X -to -Liquid, Overall)
Carbon conversion

Specific feedstock demand
Exergy analysis

) Technical
RN evaluation

X X X X

DLR-evaluation and
optimization tool

Prvwnlly ‘#.;

Economic Ecological
assessment evaluation

&
Oy X\
OMicy Ecological el
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3. Multiple Options for Power-to-Liquid

CCU technologies
A Adsorption
Syngas supp” A Absorption

A Membrane Sep.

FT teckr _gic. External Recycle

A ngh Temp. /Low Temp.
A Fe-/ Co-Catalyst QO-recycle o
L 3 Oxy-fuel burner :
: o + steam cycle i Tail gas
Fischer-Tropsch product distribution oy N
o1 Lilel iU a=0.75
TN U a=0.85 Internal Recycle
% "‘".‘ ) *_‘\_\:\‘ y
» "./' . W
- ‘*\g:“'w L Hscher-Tropsch Separation &
..... : Mttt snthess 7| upgrading
Cnumber/- 30
MWchnologies
FT- Product

_u11 exchange
membrane (PEM)
fSolid oxide (SOEC) s —o
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3. Process Evaluation @ DLR

Technical
evaluation

DLR-evaluation and
optimization tool

[

Economic Ecological
assessment evaluation

x CAPEX, OPEX, NPC

x Sensitivity analysis

x |dentification of most economic
feasible process design

i DLR
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3. Techno-Economic Assessment (TEA) Methodology

A Adapted from best-practice chem. eng. methodology
A Meets AACE class 3-4, accuracy: +/- 30 %
A Year specific using annual CEPCI Index

Process simulation

Engineering y

results
Plant and unit Material and
sizes energy balance
/Aspen Plus®\ ¥
4 Capital costs TEPE&SPEN /Operational costs )
A Equipment costs A Raw materials
A Piping & installation A Operating materials
A Factory buildings A Maintenance

~N | ~Ikg , ~IMJ

Wages & /
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3. TEA: Base Case definition

PtL Plant capacity: Investment costs:
PEM-Electrolyzer (stack): 720 ~ . Wy

x Power Input: 293 MW
I Pu N PEM-Electrolyzer (system): 1,350 ~. j V factors according to'?

x Fuel Production: 100 kt/a
Fischer-Tropsch reactor: 17.44 L hn - ~ ed/9) § n Kk

Raw materials and utility costs

German Grid Power: 83.7 ~. L Wy
Oxygen (export): 23.7 ~ Bk
Steam (export): 14.7 ~ 1%
General economic assumptions:

Year: 2016 Plant lifetime: 30 years

Full load hours: 8,260 h/a Interest rate: 5%

[1] G. Saur, Wind-To-Hydrogen Project: Electrolyzer Capital Cost Study, Technical Report NREL, 2008

[2] Peters M, Timmerhaus K, West R. Plant design and economics for chemical engineers, New York, 2004

[3] I. Hannula and E. Kurkela, Liquid transportation fuels via large-scale fluidised-bed gasification of lignocellulosic biomass, Espoo: VTT Technical Research Centre of Finland, 2013
[4] Eurostat, Preise Elektrizitat fur Industrieabnehmer in Deutschland, 2016

[ 5] NREL, AiAppendi x B: Carbon Di-OxygenCRpoduet TechmoU®gPe Sdoareteinent of Energy, 2013

[6] Own calculations based on natural gas price from Eurostat database
14 ' 5 e T
DLR , : T2y B
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3. Base Case Results of TEA

B Electrolyzer [1 Powerll B Labor costs

Bl Fischer-Tropsch [1 Remaining (Utilities) £ Remaining (OPEX)
E Remaining (CAPEX) B Maintenance

Power-to-Liquid (PTL)

Investment: ca. 742 mio. G ARenewabl e kerosene cano6t compet e
Fuel production: 100 kt/a
Fuel costs : ca. 2.25 U/l ARenewable electricity price has to decrease tremendously

CAPEX: in order to make PtL fuels competitive

17.0 %

AHow to reduce the costs for renewable kerosene?
Alncreasing and subsidizing renewable power production
Alncrease efficiency (e.g. electrolyzer)

o5 o0 AReduce PtL CAPEX (e.g. electrolyzer, FT synthesis)

0

(1.47 G/Y) A System integration (Sector coupling and multiple products: Fuel,
chemicals, district heat, steam, oxygen, power-storage, etc.)

> T e R T S - g h
- -‘ ,[ > -’,f ’!&ﬂ 5‘ X . ’}' . &.

ZN 5. T ? ion = $ R
ot Tee = ¥ et NI
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3. Process Evaluation @ DLR

Technical
evaluation

DLR-evaluation and
optimization tool

Jo—

Economic Ecological
assessment evaluation

x CO,-footprint
x CO,-abatement costs

&
Oy X\
OMicy Ecological el

— —
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3. CO,-Footprint Calculation - Methodology

‘ _ Carbon footprint of feedstock and energy sources
Power footprint defines carbon footprint of product! Footprint of products:
Fuel/Heat/H, etc.

« AN

efficiency losses

System integration

Carbon dioxide footprint

PtX - Concept

SUoISSIWS Jue|d

Plant efficiency

Accounting for by-products

s s osei be 0'Q'QQQ BTN (Y® 6¢ i 0 |
Vo wow 0 5006 Qi (YD G0 Qf &
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3. CO,-Footprint calculation - Bounderies

Power Carbon dioxide Oxygen

Functional unit [kQco2egMWhH] 2 [KOcozedt] ° [KQcozedt] ©
Low boundary 10 5 100
Average 272.5 77.5 250
High boundary 535 150 400

aLow boundary value for pure wind electricity taken from[1]. High value corresponds to the actual CO,-footprint of the German electricity sector [2].

b Based on own calculations. The carbon footprint represents emissions arising from sequestration of CO, from flue gas. Flue gas from cement
industry and coal fired power plants were investigated. The probably fossil nature of the flue gas was not taken into account. Low/high value:
energy demand of CO2-sequestration is covered with wind energy/German electricity mix.

¢ Taken from ProBas databank [1]. Low/high value due to different electricity sources.

[ 1] Umwel t bRrozedseremtiente Basisdaten fir Umweltmanagementsysteme, 0  hamw.grabds umweltbundesamt.de/php/index.php.
! [2] Umwel t b uBEntivielduagnder spezfischen Kohlendioxid-Emissionen des deutschen Strommix in den Jahren 199071 2 0 1 6 , fi -Roflaus2@ld.
DLR
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3. CO,-Footprint - Results

_ & T Ilm e e P YV .
FE=4+ <m0 +«ﬁl “Er0 vl g®o T |- CO,-Abatement costs:
30 Case 11 Status quo:
300 - = Price of fossil kerosene: ca. 0.5 U/l
- Power price: 83.7 U/MWh
= 250 - Fossil fuel
hﬁ_—, reference:
% 200 Ca. 83.8 gcop/MJ Case 21 Pressure on fossil energy:
- 150 — Price of fossil kerosene: ca. 1.0 u/l
£ Power price: 30 U/MWh
s 100 -
LR L
a0 I CO,- emission reduction CQO-Abatementcosts €/ 0
3 0 T — Case PtL-Low
B Oxygen Power mCO2
-50 - - - - 1 827
Low M><mh ) 155
PtL .
PtL-concepts only viable using CO,-neutral power! Current CO, price of EU Emissions Trading System:
Ca. 5'15 u/tcozeq

: *-
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