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Motivation: Climate targets of the aviation industry

Aggressive sustainable fuel deployment (ATAG Scenario 2)

Emissions re duction

= Switch to renewable

of ton

energy carriers is
essential to achieve
climate targets

Net-zero
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Aspirational and aggressive technology perspective* (ATAG Scenario 3) remain important to limit
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future energy demand
» Renewable jet fuels
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baseline case for the
energy transition in
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Source: ATAG - Air Transport Action Group, Waypoint 2050 https://aviationbenefits.org/environmental-efficiency/climate-action/waypoint-2050/
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HyFlexFuel Project overview slide
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H2020 HyFlexFuel: Main objectives

Develop process chain to sustainable liquid fuels via
hydrothermal liquefaction of various biomass feedstock

= Feedstock potential assessment D@
= Hydrothermal liquefaction I s
= Catalytic upgrading ? ((‘ . HALDOR TORSOE ()
= Co-refining of biocrudes %
PAUL SCHERRER INSTITUT @nﬁ
= Valorization of HTL aqueous phase L—_:
- fcat c digesti oS/
- Catalytic hydrothermal gasification/anaerobic digestion e i
= Recovery of inorganic nutrients >\ UNIVERSITY OF

1y HOHENHEIM

= System analyses @ Bauhaus Luftfahrt
Neue Wege.
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HTL feedstock potentials, wastes and residues in EU

Sewage sludge: Theoretical feedstock potential
Pl B P

ons dry matter|

Spatial analysis of residue and waste availability
in Europe

Feedstock density maps available for:

- Animal excretions (cattle, pigs, poultry),
agricultural by-products (straws, sugar beet leaves,
corn stover), sewage sludge, biowastes

Conversion to biofuels potentials (yield model)

Theoretical fuel production potentials
- Agricultural by-products: 26-29 Mt

- Animal excretions: 10-26 Mt Potentialsf rleferdto
- mixture of liqui
- Sewage sludge: 3 Mt hydrocarbons!

- Biowastes: 1.5 Mt

Source: T. Horschig et al. Regional feedstock potentials and preference regions for HTL projects,
HyFlexFuel Public Deliverable 2019.

Sewage sludge: Biofuel potential
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Pilot-scale HTL campaigns I RS

o —

Typical conditions: 160-220 bar, 300-350°C, -
10-20 min, 60 L/h
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= Tubular system: 140 m, 14.7 mm diameter £ = 5 .
£ 150 == I
= Counter current heat exchanger Sl L : \
- Heat recovery 75-85% (EROI* 3-7) sl T30 RT3 % 5 .
= Feedstocks: Spirulina, sewage sludge, REE © (a'o) JRCIETIR
- ength (m
wheat straw, miscanthus, manure, :
! ) Bio-crude
food waste, digestate fibres... 4N
- - *
= Total biocrude production: ; 5

> 300 kg e
= 48 h operation demonstrated = ' ‘ ‘

Source: Anastasakis et al., Continuous Hydrothermal Liquefaction of Biomass in a Novel Pilot Plant 3
with Heat Recovery and Hydraulic Oscillation, Energies 2018, 11(10), 2695 s Universitet
Thomsen et al., Hydrothermal liquefaction of sewage sludge; energy considerations and fate of
micropollutants during pilot scale processing, Water Reseach 183, 2020, 116101

energy input in the system (heating, pumps).
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Biocrude upgrading

= Continuous catalytic hydrotreatment ((‘ HALDOR ToRsOE
(Spirulina 335 h, sewage sludge 165 h, wheat straw 215 h) ;

é

JETSCREEN

= L = University of Dayton
]l | o

] . _:l d |
- {

é) Aélborg Universi

7 e?"«“ijr,"?»‘ &)
', © AalborgUniversity. ‘ Adlborg “iversity

Boiling point
= Co-processing of HTL biocrudes

( ‘. _
~ Petroleomic
Characterization of
o Bio-Crudes

emni

Co-Distillation - Refining
Tests: Ratio between
Biocrude:Fossil Feed
determined according to
BioCrude quality

g
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Sewage sludge jet-fuel properties

Iborg DIS - 03 - JET 0 O [ i [ [ [ 1 |
20.0 A Avg. Jet ﬂ?/g-oégrbc’n No. (11.3) o(227C), mil/m 2I4 2I6 300 Y Aalborg DIS - 03 - JET Outside Spec. Limits
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& . [ dicycloparaffins (19.0%) 6 8 GEJ 240 Max. Distillation
0 .5 4 trivcel ffins (2.0%) Ape [ ) T Temperatures
E - | riycloparaffins v(-40°C), cSt é 1.0 1.2 l; . /
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= Boiling point distribution and carbon numbers are in line with standard Jet A-1. S ((‘ \_/
. . . . . . . . ; : JETSCREEN
= Physico-chemical properties are compliant with positive ASTM D4054 Tier 1 testing. "(o% tf'
6 yniv
= Aromatic content is on target: 9% (acceptable range: 8-25%, ASTM D7566) University of Dayton
< HEAT Lab

Residual nitrogen content: ~30 ppm
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Valorisation of aqueous phase and solids

= Energetic valorization of aqueous phase
- Catalytic hydrothermal gasification (cHTG)
- Anaerobic digestion

PAUL SCHERRER INSTITUT

=

= Nutrient recovery (phosphates)

- Precipitation of struvite from solids, cHTG brine
and HTL process water

(gem) UNIVERSITY OF
iy HOHENHEIM
Source: E. Ovsyannikova et al., Feedstock-Dependent Phosphate Recovery in a Pilot-

Scale Hydrothermal Liquefaction Bio-Crude Production, Energies 2020, 13, 379

OS] ==

'_," ;;quenus slurry of HTL process water Fm - .
[ HTL solid residual as NH,* source sewage sludge
[~ 10 wt.% dry matter) (leachate : process water~ 1:6) = ?

~ 0,04 ggis,
From
spirulina

Precipitation
pH=9; 2 h

Leaching
pH=Z; 2 h

P-rich
leachate

1 M NaOH;
MgCl;-BH,;0 as Mg+ source

1 M H,S0,

~ 0.06 gg s,
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Typical mass balance and energy balance

= Key considerations from mass (left) and energy balance (right)

Sewage sludge (DM 20 wt%) 26.7 Sewage sludge (DM20wt%) 233 17|
HTL - Heat exchange for HTL HTL
Solids 0.7 Biocrude 1.4 IS key“ P Solids 0.8 AP 10.0 Biocrude 13.3
AP 237 (large “thermal mass” of Z 7
Gas phase 0.7 e . process water) - i
— 10 MT;[Setre1 0 CHTG gas Fuel 11.7
w223 “’” - Energetic utilization of | 0§
cHTGgas 1.5 =
T — 5 aqueous phase (soluble ac Values in MJikg
GC o _ Tay] i dry feedstock
upgraded fuel 5 carbon-containing species) —
MethaneI =
. 0.6
Aras - Hydrogen supply for ar || R
CHP SR biocrude upgrading
Hydrogen 2.4
Flue gas 4.7 Heat 1.3 Electricity 0.8

Source: C. Penke, L. Moser, VB: Modeling of cost optimized process integration of HTL fuel production, submitted to Biomass & Bioenergy.
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Techno-economic assessment

Feedstock sewage sludge

Minimum fuel selling price

roui | : Sewage sludge |
| 0.44 €/kg upgraded biocrude
Electricity : .
| (= mixture of hydrocarbon fuels)
MFSP=0.44 €/kg ubc i !
: Heavy fuel oil !
‘ Naphtha, jet fuel, diesel ki
! : Building and
Sewage sludge disposal CAPEX Contingency area purchase
CAPEX total (15%)
Employees Balance of
plant (5%) HTL
Catalysts
Waste water treatment cHP
Natural gas
cHTG HT
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Cost in €/kg upgraded biocrude

C. Penke, L. Moser, G. Ozal, A. Habersetzer, V. Batteiger, HyFlexFuel Public Report - Report on techno-economic and environmental assessment, 2021.
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Life cycle assessment

= For sewage sludge HTL: Negative GHG balance is possible when
accounting for avoided burden as a credit (displacement of
sewage sludge drying and incineration)

o total
fuel combustion
Sewage Sludge carbon capture credit
Transport of "fuel mix"
cHTG
HT
Nutrient Recovery
H2 plant
Sewage Sludge Supply
Facility and construction
HTL

-6 -5 -4 -3 -2 -1 0 1 2 3 4
GWP [kgCOZ-Eq/kgubc]

C. Penke, L. Moser, G. Ozal, A. Habersetzer, V. Batteiger, HyFlexFuel Public Report - Report on techno-economic and environmental assessment, 2021.
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Specific GHG emissions of HTL fuel

Sources and sinks of GHG emissons (miscanthus)
. Sewage sludge

total I
fuel combustion

Facility and construction 0.65 kg COZ-Eq / kg ubc
treatment of HTL solid residue
cHTG
Miscanthus carbon capture credit .
Miscanthus production : Miscanthus
Miscanthus pretreatment 1.80 kg COZ-Eq / kg ubc

Transport of "fuel mix"

HTL
HT
H2 plant . Cereal straw

Transport of Feedstock 1.86 kg COZ-Eq / kg ubc
-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4

GWP [K9coz-gq/KGubcl

= Main contributors to GHG emissions: heat and hydrogen supply, as well as CO ,-
containing off-gas evolving during conversion process

= High potential for improvement by using green hydrogen, renewable heat and
carbon capturing processes (e. g. CCS) -> negative carbon emissions possible

(without avoided burden)
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Coupling with renewable electricity / green hydrogen

= Potential GWP reduction depends on GWP of electricity feed

GWP dependency on electricity input
45 800

4.0 700
conventional jet fuel (89 g CO-Eq./MJ // 3.83 kg CO2-Eq./ke)

[¥%)
%]

x

E —
3 z
2 600 £
w GWP, natural gas heating, H2 from SMR ~
~ 3.0 g
ls‘- = GWP, natural gas heating, H2 from AEL 500 CI;‘
n

8N 25  GWP, electrical heating, H2 from AEL ";
g & GWP, electricity input 400 ‘g_
c c
S 2.0 3‘
et - -

5 Preliminary results. ; 300
B 15 E
o T g g — (5 | (R - Q
< EU RED II: > 65% GWP reduction v
5 ° 200 &
& 1.0 =
o (U]
= .

) . l -
o bm. NN i .
Sweden France Finland Austria Denmark Spain Germany Poland

L. Moser, et al., EUBCE 2022 preliminary result.
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Conclusions

= Advanced biofuel production from residues & wastes is highly
relevant (e.g. fit-for-55)
- HTL conversion is increasingly perceived as a prime option for the
conversion of wet waste streams

= HyFlexFuel demonstrated feedstock flexible HTL at pilot-scale in
academic environment

= Attempts to commercialize HTL are underway, academic research
should broaden the knowledge base & support industrialization

= HyFlexFuel contributed important achievements towards jet fuel
approval, continued effort is needed

= Appropriate options need to be developed for aqueous phase
treatment (context specific)

= Potentially cost-competitive, potentially attractive GHG balance
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HyFlexFuel &

Partners

1
@-/ Bauhaus Luftfahrt
Newe Wege.

Thank you!
—

Valentin Batteiger T

o) N Akme

Bauhaus Luftfahrte. V.
Willy-Messerschmitt-Str. 1
82024 Taufkirchen, GERMANY

+49 (0)89 307 4849-61 www. hyflexfuel.eu
Valentin.batteiger@bauhaus-luftfahrt.net hvflexfuel-artti rtd.com

Follow us on Twitter @HyFlexFuel

- This project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No 764734
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Further information

= HyFlexFuel publications and media material:
www. hyflexfuel.eu/media-centre

= HyFlexFuel final project workshop, presentations:
www. hyflexfuel.eu/final-project-workshop

= HyFlexFuel project video:
www.youtube.com/watch?v=yDBIxPf06go

= JETSCREEN project video:
www. youtube.com/watch?v=VQinw9QCECs

= HyFlexFuel press release:

www. hyflexfuel.eu/wp-content/uploads/HyFlexFuel press-
release Website.pdf

- This project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No 764734
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Quantification of feedstock potentials in EU-27 and UK

= Top 10 European countries — Max. tech. potential (t/dm) n@
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Results and data availability

= Data publication available online:

https://www.openagrar.de/receive/openagrar _mods 00073600

Deutsches Biomasseforschungszentrum D@
mnitige el \

-~ -~
- - gy N s s
Agricultural Residues g A Agricultural Residues
Maximum Technical Biomass Potential Maximum Technical Biomass Potential

Cereal Straw (t/dm)

less than 50,000

50,000 - 100,000

100,000 - 250,000
[ 250,000 - 500,000
I rore than 500,000

Cattle Excretion (t/dm)

less than 50,000
50,000 - 100,000
100.000 - 250,000
250,000 - 500,000
more than 500,000

© Bellot et al. (2021), HyFlexFuel (Grant Agreement No 764734), DBFZ, 09/2021 HyFlexFuel &
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Results and data availability

= Cartographic visualizations available online: D@

https://www.dbfz.de/fileadmin/user upload/Bilder/energiegrafiken/Hyflexfuel Web.zip
https://www.dbfz.de/fileadmin/user upload/Bilder/energiegrafiken/Hyflexfuel print.zip
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