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Developments in Liquefaction routes

and other renewable fuels
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Forestry dominates sustainable biomass resources in Norway

78% of the 33 TWh of theoretical available biomass for energy applicationsin 2024

Agriculture, 3284

Aquaculture, 2054 | Waste, 1382

Forestry, 25700 Sludge, 558

FME Bio4Fuels - Norweian Centre or Sustainable Bio-Based Fuel and Ener

https://www.enova.no/nb/bedrift/industri/hvor-mye-baerekraftig-biomasse-har-vi-i-norge-til-energiformal




Selected routes to Sustainable Transport Fuels Blkls
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o » Hydrogenation
Lipids
Fats, Used Cooking Oil,
Vegetable oils
Liquefaction ’ Upgrading
= Ppyrolysis, Hydrothermal
Liquefaction
Lignocellulose _
Forestry and — » Fischer-Tropsch S —
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»  Gasification
Methanol
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Biogenic, Direct Air —
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FME Bio4Fuels - Norwegian Centre ﬁorSusta/nable Bio-Based Fuel and Energy



Liguefaction routes with refinery integration

Fuels and
Products

)).

Refinery

FME Bio4Fuels - Norwegian Centre for Sustainable Bio-Based Fuel and Ener




Multiple Processes relevant for Integration 44refinery
of bio-liquids in refinery

Representative Feedstocks

= Two primary conversion processes of biomass
= Pyrolysis
= HTL

Empyro

= Four refining processes to upgrade the bio-liquids Standard Steeper

= Co-FCC Pyrolysis
= Co-HT liquid

= Co-HDO
= HT

Standard
HTL liquid

= Final products State of art

= Gasoline Pyrolysis
) . liquid
= Diesel Drop in fuels

= LPG

Crude oil derivatives Renewable oils

)

SINTEF

« _‘/‘_ Gasoline - Green Diesel - Diesel
AALBORG UNIVERSITY c Eﬂteg‘erh” WT

DENMARK

4refinery - Scenarios FOR integration of bio-liquids in existing REFINERY processes
European Union's Horizon 2020 research and innovation program, GA No. 727531




&4refinery

Exhaustive evaluation of all potential pathways into refinery
Process and Techno-Economic models

Pyrolysis Pyrolysis Pyrolysis Pyrolysis Pyrolysis Pyrolysis Pyrolysis Pyrolysis Pyrolysis HTL HTL HTL HTL Pyrolysis
FCC-1-P FCC-2-P FCC-3-P FCC-4-P FCC-5-P FCC-6-P FCC-7-P HT-1-P HT-4-P HTL-1-P HTL-3a-P HTL-3b-P HTL-4-P HDO-4-P
Forest residue Eucalyptus Straw Forest residue Eucalyptus Straw Forest residue Forest residue  Forest residue  Forest residue Straw Straw Forest residue Forest residue

| |
| } | |
Stabilization
Stabilization Stabilization Stabilization Stabilization Stabilization  Stabilization Stabilization
d I FCC-4-S FCC-5-S FCC-6-5 FCC-7-S HT-1-S HT-4-S HDO-4-S

Deoxygenation
model

Deoxygenation Deoxygenation Deoxygenation
FCC-7-D HT-1-D HT-4-D

¢ i ¢ v
Co-FCC Co-HT Co-HT Co-HDO
HT HT HT
HT-1-C A HTL-1-C HTL-3a-C HTL-3b-C g dlelestss
VGO SRGO SRGO Rapeseed oil
Gasoline Gasoline Gasoline Gasoline Gasoline Gasoline Gasoline Gasoline/ Diesel Diesel Diesel Diesel Diesel Diesel

uiesci

FCC models
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&4refinery
Prioritization of feedstock from different locations

= Forest residue:
= Northern Europe
= Baltics |

= Eucalyptus:

= Southwestern
Europe (Spain) | l l l

= Straw:

= Central Europe
= Denmark

4refinery - Scenarios FOR integration of bio-liquids in existing REFINERY processes
European Union's Horizon 2020 research and innovation program, GA No. 727531

STABILISATION STABILISATION STABILISATION STABILISATION STABILISATION STABILISATION
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Evaluating Business Cases

&4refinery

i De-centralised . .
Business Raw. : Refinery Processing Product
Case Material | Pre-processing
FCC-1 For(f:st Fast Pyrolysis Gasoline
Residue N plant(s)
Forest .
HTL-]_ Residue % D|ese|
HT-1 Forgst Fast Pyrolysis UPGR Diesel
Residue N plant(s) 1 plant

4refinery - Scenarios FOR integration of bio-liquids in existing REFINERY processes
European Union's Horizon 2020 research and innovation program, GA No. 727531




Developing the most promising Business Cases &4refinery

Business Raw De-centralised : .
, . Refinery Processing Product
Case Material | Pre-processing
FCC-1 rorest Fast Pyrolysis FCC REFOLUTION
RESIdue [\ plant(s) Unlocking the potential of biofuels

F t
HTL-1 ores Diesel
Residue
Forest Fast Pyrolysis UPGR ~
HT-1 Residue N plant(s) 1 plant Fu eI U p

4refinery - Scenarios FOR integration of bio-liquids in existing REFINERY processes
European Union's Horizon 2020 research and innovation program, GA No. 727531




P
Total Concept for the Value Chain

DECENTRALISED CENTRALISED

CARBON MANAGEMENT

EXTRACTION
ALCOHOLS, KETONES,

CARBOXYLIC ACIDS

BIOGAS

(ANJAEROBIC
TREATMENT

GAS PHASE STREAMS

ADVANCED

Deoxygenation BIOFUELS

|

100-200L

450-500L

300-350L

GREEN HYDROGEN

CATALYSTS - COMMERCIAL AND OPTIMIZED

LCA - GHG emissions

Commercial scale process design

btg*, btg L & Ranido (Tiiprag 42 Avecom @ aistEne @@ LSTO © Ketien @ .SINTEF
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Fuel=Up

Understanding the Chemistry in the Process Steps

SUGAR CHEMISTRY LIGNIN CHEMISTRY

Stabilised Stabilised deoxygenated Hydrotreated

pyrolysis oil rolysis oil is Oi
Pyrolysis pyroiy pyrolysis oil

Liquids

100-250 °C; > 150 bar
Picula

Stabilization
¥

|
.1

Pyrolysis

100-250 L Ha/kgey
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Alternatives of co-processing & REFOLUTION

Marine Products

Aviation Products
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Attaining specifications for drop-in fuels

Stabilization Deoxygenation Hydroprocessing Hydroprocessing
Stage | Stage |l

Water and Oxygen Content

Drop-in Fuel compatibility

* Efficient upgrading is essential to reduce oxygen content and enhance fuel quality ‘

*1’ Oxygen content strongly influences fuel stability, miscibility, and drop-in compatibility ﬂ ﬁi

13



Upgrading steps

Stabilization Deoxygenation Hydroprocessing Hydroprocessing
Stage | Stage Il

450-550 °C 200-250 °C 350 °C 425 °C 425 °C

6 =y Wy,

Pyrolysis oil Stabilized Stabilized Hydroprocessed Hydroprocessed
pyrolysis oil deoxygenated pyrolysis oil pyrolysis oil plus
pyrolysis oil

. Marine Diesel/Kerosine
Heavy fuel oil diesel/Kerosine

14



Benchmarking of Fuel Parameters

Standard RF80 = Light bio-residual fuel, ISO 8217:2024
Standard DMB = Marine Gas Oil (MGO), ISO 8217:2024

PO has a very

high acid
content

PO shows a significantly
( higher density

Pyrolysis Oil

SDPO complies with RF 80

SDPO shows a
significant reduction in
TAN but remains too

high for pure
application, permitting
up to 50% blending.

Very low TAN,

HPO conforms

to the standard
of DMB

HPO
complies
with DMB

DM

w

kin viscosity (max) density (max) TAN (max)

15



Optimisation of Fuel Parameters

Standard

Parameters DMB

Kin. Viscosity at 40°C
Kin.Viscosity at 50°C
min/max

Water content (max
Total acid number (max
Oxidation stabili

Flash Point (min

Cloud Point
Pour Point (max)
Sulphur content

HPO: Fully compliant with ISO 8217 (DMB);
excellent drop-in compatibility with marine
diesel and FAME.

SDPO: Meets new ISO 8217 (RF80) criteria;
slightly elevated acid number, but blending
up to 50 % would be possible.

REF0010

DIN EN ISO 8217

(distilled at
flashpoint)

900.0
412

3.29

Parameters

[ Density |
Kin.Viscosity at 40°C

Kin.Viscosity at 50°C
Water content

Flash Point

REF0011

(distilled at
flashpoint)

878.7

433
3.44

16
0.05
7.04

82

-21.7

Unit

kg/m?

mm?/s

mm?/s
ppm

Total acid number mg KOH/g

°C

REF0021

(distilled at
flashpoint)

891.4

3.99
3.26

24
0.05
>48

61

-34.5

Standard
DIN EN ISO 8217

RF80
991

20.0-80.0
50,000

2.5
60

(distilled at
flashpoint)

908.9
472
3.72

28
0.08

75.6
-31.3

(el nYnVa

BTG 2024-2956, REF0070

(distilled at flashpoint)

981
64.3
35.6
108.5
5.86
80.6

16



Full value chain assessment of climate impact in Norway for

liquefaction value chain

Maximization of Marine diesel
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1 Mm? feedstock

Maximum mitigation scenario:

o HIL

‘ Forestry residues

e

10 small plants

Vedant Ballal * , Marcos Djun Barbosa Watanabe °, Matteo Gilardi *, Eirik Ogner Jastad
Per Kristian Rgrstad °, Bo Huang *, Marvin Werra ", Filippo Bisotti ”, Bernd Wittgens ",
Francesco Cherubini
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Today

Marine diesel

48P) o ;
: 9.67 savings
47 of marine fuel demand M' CO, eq oo g
Shipping
Gasoline 4.4% savings
0.1 0 Gasoline cars
1.5P) M CO; eq.
6% of gasoline demand
0. l 1

2.6% savings RED, -

2050

FUELS

12.9% savings
Shipping

0.42

Mt CO, eq

0.14

M CO, eq.

3.6% savings

6 o
Gasoline cars

0.55

Mt CO, eq.

> savings

FME Bio4Fuels - Norwegian Centre for Sustainable Bio-Based Fuel and Ener

" Energy Conversionand Management,327 (2025) 119586



BIO
FUE%S

Summary

Liquefaction routes produce drop-in fuels with promising results
for optimisation for Marine fuels and Marine fuel blends

Integration with existing refinery processes provides options for
using existing infrastructure with potential for achieving
production at scale
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