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1. Motivation for renewable Aviation: IATA Technology Roadmap ]

“*Forecasted CO, emissions without reduction measures

Main goals:
- No action
a Improvement of fuel efficiency about Technology
1.5% p.a. until 2020 *
15 Operations
e Carbon-neutral growth from 2020 é Infrastructure
()
50% CO, emissions reductions by 8N
2050 relative to 2005 levels -50 % CO,
by 2050
« European aviation kerosene
demand in 2010 ca. 56.5 Mt 2010 2020 2030 2040 2050

Planned Measures:

» Assumption: Demand for renewable kerosene
demand in 2050 equals total demand of 2010 Improvement of technologies, operations and airport infrastructure

w CO,-certificates and other economic measures (CORSIAR 2016)
i Radical technology transitions and alternative fuels
[1] iata.org, IATA Technology Roadmap 4. Edition, June 2013

[2] ICAO-Resolution A39-3: Carbon Offsetting and Reduction Scheme for International Aviation
[3] FuelsEurope “Statistical Report“ 2010 ; - 2 e
DLR
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2. Opportunities: Certified alternative jet fuels (ASTM D7566 — 14c [])

Feedstock Synthesis technology Fuel

Coal, natural gas, biomass, CO, & H, Fischer-Tropsch (FT) synthesis Synthetic paraffinic kerosene
(SPK)

Lipids from Biomass (e.g. algae, soya, jatropha) Hydroprocessed esters and fatty acids (HEFA) Synthetic paraffinic kerosene

Sugar from Biomass Direct Sugars to Hydrocarbons (DSHC) Synthetic iso-paraffins /
Farnesane

Bioethanol (-propanol, -butanol) dehydration+oligomerization+hydration ATJ-SPK

(Alcohol-to-Jet, AtJ)

European crop based kerosene? — feedstock options: rapeseed & soya / sugar beet / wheat

> All European rapeseed & soya to HEFA: 14.7 Mt/a (= 26 % of aviation demand) [?
> All European sugar beet to DSHC: 3.4 Mt/a (= 6 % of demand) [?
> All European wheat to AtJ: 31.9 Mt/a (= 56 % of demand) [?

[1]1 ASTM International, ,ASTM D7566 - 14C: Standard Specification for Aviation Turbine Fuel Containing Synthesized Hydrocarbons*®, 2015
2 [2] Dietrich et al., “Challenges & opportunities for sustainable aviation”, 13" Concawe Symposium - Low Carbon Pathways and Refining Technologies, March 2019, Antwerp
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2. Opportunities: Certified alternative jet fuels (ASTM D7566 — 14c [])

Feedstock Synthesis technology
Biomass, CO, & H, Fischer-Tropsch (FT) synthesis Synthetic paraffinic kerosene
Lipids from Biomass (e.g. algae, soya, jatropha) Hydroprocessed esters and fatty acids (HEFA) Synthetic paraffinic kerosene
Sugar from Biomass Direct Sugars to Hydrocarbons (DSHC) Synthetic iso-paraffins /
Farnesane
Bioethanol (-propanol, -butanol) dehydration+oligomerization+hydration ATJ-SPK

(Alcohol-to-Jet, AtJ)

European BtL Fischer-Tropsch kerosene? — feedstock forestry and municipal waste:
Forest residues, municipal waste potential 2I; ~ 8 EJ y//a

Conversion to fuel [3!: 0.363 I:,LHV, SynCrudeIPLHV,Biomass

European kerosene production based on BtL: 34.2 Mt/a (61 % of demand)

[1] ASTM International, ,ASTM D7566 - 14C: Standard Specification for Aviation Turbine Fuel Containing Synthesized Hydrocarbons®, 2015
[2] Pablo Ruiz, ,The JRC-EU-TIMES model. Bioenergy potentials for EU and neighbouring countries”, Table 38-43, 2015
[3] Albrecht, “A standardized methodology for the techno-economic evaluation of alternaitve fuels — a case study”, 2016

o
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2. Opportunities: Certified alternative jet fuels (ASTM D7566 — 14c [])

Feedstock Synthesis technology
Biomass, CO, & H, Fischer-Tropsch (FT) synthesis Synthetic paraffinic kerosene
Lipids from Biomass (e.g. algae, soya, jatropha) Hydroprocessed esters and fatty acids (HEFA) Synthetic paraffinic kerosene

Wind power increase of 34 GW/a required for aviation until 2050 !!!
(2018 European wind power capacity installation: 11.7 GW [3])

European PtL Fischer-Tropsch kerosene? — feedstock renewable electricity:
European wind power potential [2I: 44 — 109 EJ_/a (2018: 1.3 EJ /a )

Conversion to fuel [4I: 0.506 Py syncrude/Pe

European kerosene production based on PtL: 56.5 Mt/a (10 - 20% of wind potential)

[1]1 ASTM International, ,ASTM D7566 - 14C: Standard Specification for Aviation Turbine Fuel Containing Synthesized Hydrocarbons®, 2015

[2] European Environment Agency, “Europe's onshore and offshore wind energy potential,” 2009

[3] Komusanac et al, “Wind energy in Europe in 2018”, 2019

[4] Albrecht, “A standardized methodology for the techno-economic evaluation of alternative fuels — a case study”, 2016
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2. Overview: Fischer-Tropsch Kerosene Concepts [']

Feedstock & syngas preparation Syngas reforming & conditioning Fuel synthesis & refining
& I O Air Offgas T

Offgas
| Burner
CO: COq-recycle 4omenees 4
Diluted CO, | s Flue gas
———) CO; capturing
: Steam . . Cooling water
§ Heat Cooling circuit d————
h 4 h 4 ‘ -------- ’
Reverse ' HEgt
I Water ‘ Watergas-Shift External recycle
— ' (900°C) N
Electricity
\ Electrolysis + Internal recycle
Heat E 1
Product

|i

. Pyrolysis and
Gasification

Synthesis — =) Upgrading &

'S
Heat: refining
‘ Watergas—Shn‘t | |
- (230°C) + Products
E{\
Wz,.

‘ CO;-Washer ‘ N\
| | 5

4 "F. G. Albrecht, D. H. Kénig, N. Baucks und R. U. Dietrich, ,A standardized methodolo for the techno -economic evaluation of alternative fuels Fuel Bd 194, pp. 511-526, 2017.
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X3

%

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

Specific feedstock demand
Exergy analysis

3. Techno-economic and ecological assessment (TEEA)

7
(4 0‘0

\
|
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Technical
evaluation

DLR’s Techno economic process /
evaluation tool 1
\

-—————’
Prodty .

Alternative
jet fuel

€Ep€
I/-”Q/T

Standardizing economic process evaluations
= .- - - s : :
‘ Economic Ecological

assessment evaluation

% CAPEX, OPEX, NPC
% Sensitivity analysis e
* ldentification of most economic Micy, _ \Ja\\f‘)‘ % GHG-footprint

feasible process design &cological € % GHG-abatement costs
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3. TEEA approach @ DLR

» P2X for future sustainable aviation — Demand and opportunities «+ Moritz Raab + 19 June 2019, Lappeenranta, Finland
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4. Step

Identifying
crucial
process
parameters

Simulation
2. Step Automatic sequencing 3. Step
and economic
. optimization
Detailed Techno-
process economic
: : ASPEN Link .
simulation n evaluation
Exchange of process
Aspen PlUS® parameters
Stationary flowsheet m Calculation of NPC
model (CAPEX, OPEX, etc.)
Technical Iteration Sensitivity analysis &

optimization (Process
control,
Heat integration, ...)

upscaling

5. Step

Feedback to
project
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3. TE(E)A of PtL, PBtL & BtL

+ Efficiencies (X-to-Liquid, Overall)
-~ <+ Carbon conversion
~ + Specific feedstock demand

* Exergy analysis

Technical
evaluation

DLR’s Techno economic process /
evaluation tool

\
Alternative |
jet fuel I

Standardizing economic process evaluations

| — : :
\ Economic Ecological

assessment evaluation /
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3. Technical evaluation of renewable jet fuel options [']

Comparison Biomass:to:Eiquid@Rower/Biomass:to:Liquid Rower-to:Liquid
X-to-Liquid efficiency, nx.. 36.3 % 51.4 % 50.6 %
Energy efficiency, n, 82.6 % 65.0 % 66.8 %
Carbon conversion, 1, 24.9 % 97.7 % 98 %

Feedstock Supply for 100 kt/a SynCrude Production (LHV ca. 1,200 TWh,,/a)

Biomass [kt/a | TWhy/a] 748 | 3341 199 | 889

CO, [kt/a] 310

Elec. Power [MW,| TWh,/a] 51423 180 | 1489 293 | 2419
e 'V YX¥pBplomass,LHV e ' Xplomass,LHV LTIrreecustuen

[ e R

4 [1] Albrecht, “A standardized methodology for the techno-economic evaluation of alternative fuels — a case study”, 2016
DLR
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3. TE(E)A of PtL, PBtL & BtL

Technical
evaluation

DLR’s Techno economic process /
evaluation tool

\
Alternative |
jet fuel I

Standardizing economic process evaluations
| — : :
\ Economic Ecological

assessment evaluation /

< CAPEX, OPEX, NPC

« Sensitivity analysis

+¢ Identification of most economic
feasible process design
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3. TEA tool TEPET @ DLR

« Method adapted from best-practice chem. eng. methodology
* Meets AACE class 3-4, Accuracy: +/- 30 % (basic engineering)

Process simulation
results

o Energy/
I e @aspentech Materialggllows

¥ ¥
Capital costs Operational costs
* Equipment costs * Raw materials
* Piping and installation . * Utilities
+ Service facilities * Maintenance
* Engineering » Labor

| Net production costs \

(NPC) [€/kg]
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3. Example: TEA of sustainable jet fuel production
Plant capacity: 550 ktgyncryge/@

Investment costs:

PEM-Electrolyzer (stack): 850 €/kw Il (scale factor: 1)
PEM-Electrolyzer (system): 1,370 €/kW (TEPET, incl. supplementary factors)
Fischer-Tropsch reactor: 17.44 Mio.€/(kmol;4/s) P  (scale factor: 0.67)

Raw materials and utility costs

Electricity (German grid): 99.6 €/MWh [

Biomass: 80.1 €/t = (198 €/t for 550 kt/a plant)
District heating 27.0 €/MWh .71 Byproduct

Steam (export): 19.8 €/t (6 Byproduct

General economic assumptions:

Year: 2017 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] I. Hannula and E. Kurkela, Liquid transportation fuels via large-scale fluidised-bed gasification of lignocellulosic biomass, VTT, Finland, 2013.
[3] Eurostat, Preise Elektrizitat fiir Industrieabnehmer in Deutschland, 2016

[4] C.A.R.M.E.N. — Preisentwicklung bei Waldhackschnitzel (Energieholz-Index), 2017

[5] Energieeffizienzverband fir Warme, Kélte und KWK e.V., Heizkostenvergleich nach VDI 2067-Musterrechnung, 2014
[6] Own calculations based on natural gas price from Eurostat database 2017 ) - R
[7] http://www.rogersrawmaterials.com/home.asp (accessed 02/2018) ! / a 2
; 4 K
DLR
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3. Example: TEA of sustainable fuel production — Base year: 2017
Plant capacity: 530 ktgyncryqe/a

= Labor costs

BtL PtL PBtL
 Electrolyzer . 2.91 €/kg 3.68 €/kg 3.03 €/kg
m Fischer-Tropsch synthesis
Gasifier 3.6
m Rest (CAPEX) » T e
S ]
® Biomass ‘: -
Electricity é + Investment costs: 5.03 billion € ‘
(] . i i
= Oxygen 8 2.27 GW,, biomass feed rfaquwed I
=R ining (R terials & Utilities) o —> very long transport distances
emaining (Raw materials ilities g > GHG-Footprint of
Revenue from by-products 3 SETERS e
Mai a J_
aintenance
| ]

® Rest (OPEX)
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3. Example: TEA of sustainable fuel production — Base year: 2017
Plant capacity: 530 ktgyncryqe/a

BtL PtL PBtL
= Electrolyzer ) 2.91 €/kg 3.g8 €/kg T 3.03 €/kg
m Fischer-Tropsch synthesis
e 3.6 7
Gasifier Investment ¢ * Investment costs: 4.35 billion €
® Rest (CAPEX) g 0 161 GW ele « 1.03 GW electrolyzer required - =
. 1. ————————
® Biomass v - « 0.6 GW,, biomass feed —
Electricity 2 I
S 13 . 65 %
m Oxygen c 49 %
B Remaining (Raw materials & Utilities) '% 1.2 - I
>
Revenue from by-products 3 ———
. a 06 —— {
Maintenance I 1 I
I ] ]
= Labor costs — I
® Rest (OPEX)
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3. Example: Cost sensitivity of sustainable jet fuel production — Base year: 2017

Preferred technology depend on local conditions T
[ b REb ‘.‘\“&&&\&\\\\\\\\\

{ I
l|||l|“|“l“" \\“‘“‘\‘ i \\\\\"“““
'\\

\\\\\\‘“

3 i
Y
‘3“\“‘:3\“

NPCin €/kg

90 100

70 80

Plant capacity

" 5
Electricity price
in kt/a 425 30

in €/MWh
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3. Techno-economic and ecological assessment (TEEA)

Technical
evaluation

DLR’s Techno economic process /
evaluation tool

Preeclty F,

Alternative
jet fuel

e
I
\

Standardizing economic process evaluations
| — : :

\ Economic Ecological
assessment evaluation

« GHG-footprint
< GHG-abatement costs
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4. Technical Challenges for renewable jetfuel mass production

Feedstock & syngas preparation Syngas reforming & conditioning Fuel synthesis & refining
& I O Air Offgas T

Offgas
| Burner
Co; COz-recycle 4ocmenenn 4
Diluted CO, | s Flue gas
———) CO; capturing
: Steam . . Cooling water
s Heat Cooling Circuit dmm———
-------- »
Reverse HEgt
I Water Watergas-Shift External recycle
—— (900°0) ¢
Electricity
\ Electrolysis * Internal recycle
\ Heat E 1
| 0, Product
§ Synthesis — =) Upgrading &
— Heati refining
i
Biomass

. Pyrolysis and
Gasification

CO,H,,CO:;

‘ Watergas-Shift | |
 (230°C) + i Products
CO;-Washer ‘ @
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4. Technical Challenges and research for renewable jetfuel mass production

This project has received funding from the
P I . d G -f- t- P, A B C S | European Union’s H2020 Research and
4 . I tion P Under Grant A it
yro ySlS an aSl |Ca |On S a t g:r?]vba;:o;m(r)%%ramme nder Grant Agreemen

; Deutsches Zentrum
Electrolysis = scale up and cost ‘#DLR ity e A

New Fischer-Tropsch for decentralized approach? JiC
INERATEC

the European Union’s Horizon 2020 research
and innovation programme under grant
agreement No 727476

Validation of entire process change, technology maturity cu M SYN

from the European Union’s Horizon 2020
research and innovation Programme
under Grant Agreement No 763919.

Flexible response to supply and demand m

« Accompanying research 0@ BEniVer

Begleitforschung Energiewende im Verkehr
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. . . P _ ey . ; . . ABC-Salt project has received funding from the
DLR.de + Chart 21 P2X for future sustainable aviation — Demand and opportunities * Moritz Raab « 19 June 2019, Lappeenranta, Finland European Union's Horizon 2020 research and
a t innovation Prc under Grant Ag
No 764089.

4. EU project: ABC-Salt — EU No. 764089 e
Molten salts ’ N
[
= Liquefaction of biomass in a molten salt : ﬁggggﬂ%mmnwmn I
environment with subsequent middle distillate i ]
production by the process steps: I | Newly developed [
1 molten salts [
= Biomass liquefaction 3! Liquefaction :
= Hydro-pyrolysis I
= Hydro-deoxygenation \L I
[

Salt recycl Hyd lysi

= Process development from TRL 2 up to 4 s a1 mzmy&s :
e [
= Prototype manufacture with a biomass feed of m;;g::;j:;‘;’a’;om [
100 g/h and a hydrocarbon yield of 35 wt.% :
Assessments |
= Target: Diesel net production costs < 0.80 €/I Techno-economics Socio-economics | p
' 4

\----------_-_-'

= www.abc-salt.eu
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COMSYN project has received funding from
the European Union’s Horizon 2020 research
and innovation programme under grant

4. EU project: COMSYN - EU No. 727476
Decentralized Approach www.comsynproject.eu

* New decentralized BTL production concept

10-50 kton/a each

" LUBRICANTS

Y e

| BIOFUELS
 (e.g. diesel,
KERENY gasolme, jet fuel)

OlL REFINERY

. INTERMEDIATE
CHEMICALS
(e.g. BTX)

[1] Special thanks to the contribution of: P. Simell, J. Kihiman, S. Tuomi, E. Kurkela, C. Frilund, V. Kivela (VTT), T. Boltken, M. Selinsek (INERATEC),

! H. Balzer (GKN), J. Hajek (UniCRE), V. Tota (Wood), V. Hankalin (AF Consult)
DLR -' ‘ ). B




SOLAR IRRADIATION, MJ/m?

DLR.de « Chart23 « P2X for future sustainable aviation — Demand and opportunities « Moritz Raab + 19 June 2019, Lappeenranta, Finland oo T FlexCHX project has received funding
~ from the European Union’s Horizon 2020
i research and innovation Programme
under Grant Agreement No 763919.

4. EU project: FlexCHX — EU No. 727476
Flexible response to supply and demand

OPERATION DURING "DARK HEATING SEASON”

ENRICHED AIR

ELVLVENY GASIFIER &
ass 4 REFORMER

s TS SYNTHESIS H}\g&ﬁ "”@
CLEANUP [ JONCE-THROUGH Ll

EERHEATING NEED ~ ——SOLAR IRRADIATION To sk | L, | Off-gasandsteam

900 700 power and heat ™+ to boiler
15 MW S
2 Steam to gasifi Sl
- o 2 e iR s rowen W 8oy
700 0 >
500 w
600 E
o
500 400 -
[
400 300 8
300 S OPERATION DURING "SOLAR ENERGY SEASON”
200 2 15 MW
200 E Low heat RENEWABLE ELECTRICITY
T

" ] . B o - I
0 R — 0 & W H,
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec ngh o, .
GASIFIER & I GAS SYNTHESIS 20 MW
renewable o R I I 5 O)
SN2

electricity S—  Oftgas and steam

availability A— 2w
Heat for biomass drvin:‘ HEAT o el
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0 Q Begleitforschung Energiewende im Verkehr

4. BEniVer
Accompanying research for energy transition in the transport sector

» Focus on renewable fuels for internal combustion engines
» = 15 Projects with different concepts, fuel production routes, fields of use...

 Holistic evaluation of every concept (energy system, TEEA, integration into existing markets, acceptance...)
»Comparable TEA of different fuel production roots

»>Further kerosene production routes are considered (e.g. Methanol to Jet)

Further information
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5. Outlook

Renewable aviation fuels development requires strong research commitment and immediate scale up efforts

European GHG abatement will change global fossil energy market = leading countries, other stakeholders?

Upcoming CO, regulation will need techno economic guidance = GHG abatement costs

Technology demonstration not sufficient for future renewable aviation
=» market introduction requires political measures

DLR supports every promising technology towards renewable aviation = HORIZON 2020 calls available

i DLR
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th E p n 2020 research
g ramme u d r grant

Decentralized Approach: EU project COMSYN
Project tasks and responsibilities

DFB Gasifier
Finalized: 2015
Biomass feed:
Gasifier temper:
Oxidizer tempe
Bed material: D

iy .

DFB
GASIFIE

9

eemen t N 727476

UNIT
Within COMSYN: Beyond COMSYN:
« Technical Validation « No. of European sites for
« Fuel Flexibility decentralized fuels production | 4ing
« Techno-economic assessments  Logistic to interconnect sing of FT-waxes or
« Ecological impact multiple decentralized sites treatment
« Business cases for different « Mass manufacturing of ydroisomerisation unit)
European regions decentralized fuel plants _
UniCRE
Validation of decentralized sustainable fuel production [“proauet
for large scale defossilization of aviation! Upgrading
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EU project FlexCHX

Project tasks and responsibilities

Fischer-Tropsch reactor
different operation points

SXB gasifier

« Experimental evaluation of the flexible lab-scale FT synthesis for
« Demonstration plant combining mobile synthesis unit (MOBSU) with the

« Comparison of different off-gas recycles

AC

Process highlights:

Large range of possible feedstock
Tar removal in the gasifier

No gas cooling for the filter required
Flexible electrolyzer with oxygen

storage
Autothermal reforming

Cost-efficient gas clean-up
FT By-pass for high heat demand

FILTER

IN ERATEC -economic & ecologic analysis g
\
ELECTRO- I
LYZER \ |
FISCHER-TROPSCH PRODUCT
—~ REFORMER - SYNTHESIS ~|_UPGRADING

CHP INTEGRATION




