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Co-HT/Co-HDO in the Waste2Road concept

Waste logistics

Hydrothermal liquefaction &

Fast pyrolysis

Intermediate bio-liquids

Bio-gasoline

"In refinery"

Bio-diesel
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Waste feedstock
(examples):

Organic municipal waste
Food waste

Black liquor
Contaminated wood
Sunflower husks
Roadside grass

Waste cooking oils

Co-HT/HDO
oMV

BTG (bioliquids)
SINTEF
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State-of-the-art

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.



Conventional hydroprocessing to fuels —ees

Hydrotreating (HT)

= Remove hetero atoms & saturate
carbon-carbon bonds

= Sulfur, nitrogen, oxygen & metals
removed

= Qlefinic and aromatic bonds saturated
* Minimal cracking (loss)

= Minimal conversion - 10 - 20% typical

= Products suitable for further
processing or final blending

= Reforming, catalytic cracking,
hydrocracking
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Hydrocracking

= Severe form of hydroprocessing
Break carbon-carbon bonds

= Drastic reduction in molecular
weight

= Reduce average molecular
weight and produce higher yields
of fuel products

= 50%+ conversion

" Products more appropriate for
diesel than gasoline

In a conventional refinery it is located before the
"Catalytic reforming and "(hydro)cracking" units
- removing critical catalyst contaminants

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.
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Conventional processing, "HDS" Sor e

HDS Process Configuration Staging of Hydrotreatment Processes

Feed_ H,

HT reactor

High-pressure

separator
340 - 370 °C
30 - 80 bars

MEA

l

*Ethanol amine (MEA) or diethanol amine (DEA)

are typically used as the absorbers in the scrubber Feed w/ high metals

+ high S content

l

«—H,S Mo/Alumi
dissolved S-recovery T Ni,S,
H,S " unit l V.S,
Gas Finish HDM CoMofAluminﬂ)
r—‘: HDS medium pores
g > . CoMoJ’Alumina)
Low S Finish HDS small pores
Fractionator Products
L > Product
Heavies

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120. 6




Commercial HT catalysts (sulphides)

Table 1. Catalysts Used in Hyvdrotreating/Hyvdrocracking Tests

WASTE2ROAD®®

——————————————
- T T T

Remarkably similar compositions!

bed. ¢ Includes phosphorus oxide.

supplier catalyst id active metals weight % support form?
Harshaw Ni-1404 Ni 68 proprietary 1/8-in T
Harshaw CoMo0402 CoO/MoO; 3/15 silica—alumina 1/8-m T
Harshaw HT 400 Co0O/MoOs 3/15 v-AlOs 1/8-in E
Harshaw HT 500 Ni1iO/MoO; 3.5/15.5 v-Al 03 1/8-m E
Harshaw Ni-3266 N1 50 silica—alumina 1/16-n E
Harshaw Ni-4301 NiO/WO; 6/19 y-Al 04
Haldor Topsoe® TK 710 Co0O/Mo0s 2/6 AlLO3 3/16-in R
Haldor Topsoe? TK 750 CoO/Mo0; 2.3/10 AlO;3 1/16-in E
Haldor Topsoe® TK 770 Co0O/MoO; 3.4/14 Al O; 1/16-n E
Haldor Topsoe TK 751 N10O/MoO; 3/13 Al O; ImmE
Katalco CoMo479 CoO/MoO3 4.4/19 AlO;3 1/16-in E
Katalco CoMo499 CoO/MoO; 4.4/19 y-ALO; 1/16-in E
Katalco KAT 4000 CoO/MoOs 3.5/14 y-AlO; 1/32-in E
Shell S411 NiO/MoOs 2.67/14.48 ALOs¢ 1/20-in T
PNL/Linde CoMo/Y CoO/MoO; 3.5/13.9 Y-zeolite/ Al,O3 1/16-in E
PNL/Grace CoMo/S1Al CoO/Mo0Os 3/13 13%A1,05 S10 3/16-in T
Amoco NiMo/Y N10O/MoO; 3.5/18 Y-zeolite/ Al,O5¢ 1/16-in E
BASF K8—11 CoO/MoO; 4.3/11 MgO spinel/ Al,O3 lmmE
Akzo KF-742 CoO/MoO; 4.4/15.0 v-Al 05 1.3mmQ
Akzo KF-840 N10O/MoO; 3.9/19.6 Al,O5¢ 1.3 mm Q
Criterion C-424 NiO/MoOs 4/19.5 ADLOs* 1.3mmQ
Strem 78—166 Pt 5 y-AlO3 P

Elliott, D.C., “Historical developments in hydroprocessing”, 2007

This
23.0

@ E = extrudates; R = ring; T = tablet: Q = quadrilobe extrudates: P = powder: and the size given is the o.d. ? All three catalysts were used in a layered

State-of-the art also for renewable processing

Erzcﬂ(ze%t has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.




Existing renewable plants (commercial)

1. Generation (limited resources)

Production of "HVO diesel", Hydrogenated Vegetable Oil

WASTE2ROAD & &

e ———————————
- T T T |

2. generation

Pyrolysis oil

Company . i
Name Location Feedstocks Capacity Technology
Neste The Netherlands Vegetable o1l and waste animal fat 1,000,000 tn/year NExBTL
Meste Singapore Vegetable o1l and waste amimal fat 1,000,000 tn/year NExBTL
Diamond Green Non-edible vegetable oils and ..
Thi

Diesel USA . mal fats 900,000 tn/year Ecofining

: Vegetable oils, animal fats and .

Ti : ™
UOP/Emu Italy used cooking oils 780,000 tn/year Ecofirung
Meste Finland Vegetable o1l and waste animal fat 380,000 tn/year NExBTL
Renewable : i :

Hi 1d low free fatty acid Dynamic Fuels
Energy Group USA fee%il;ta: s ow free fatty aci 250,000 tn/year 1L Caﬂm e
(REG) Inc.
) Non-edible natural oils and .
] Thi
AltAir Fuels USA agricultusral waste 130,000 tny/year Ecofining
UPM Biofuels Finland Crude tall oil 100,000 tn/year UPM BioVerno

NOTES: Also, there are a number of compamies co-processing vegetable oils with petroleum
distillates such as Petrobras (Brazil), Cepsa (with several refineries in Spamn), Preem (Sweden),

Repsol (with several refineries in Spain) and British Petroleum (Australia).

(Esterification with CH3OH to FAME)

Hydrodeoxygenaton + isomerization to reach fuel quality

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.

BTG Bioliquids / Empyro /
Netherlands "rotating cone"

BTG Bioliquids / Green Fuel
Nordic / Finland

BTG Bioliquids / Pyrocell /
Sweden (Autumn 2021)

VTT / Savon Voima Joensuu /
Finland (earlier Fortum)

"fluidized sand"

Ensyn / Plants in Canada




W2R challenges

co-HT/co-HDO

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.



Chemical, physical and technical challenges
in processing of renewables

= High oxygen content; Exothermic reactions and a high consumption of hydrogen
= Might include a high H20 content

presence of oxygenated compounds, carboxylic acids

= Contaminants; Deposits causing pressure drop and catalyst deactivation due to the
presence of components such as Si and P, and others

= Product Quality; The establish on the density and cold flow properties of the end product,

Feedstock supply; The ability to secure a reliable supply of renewable feedstocks of
sufficient quality

W2R solution is diversity in feedstock types and technology

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.

Materials; The risk of corrosion due to a high acid number, a high chlorine content and the
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Upgrading needs and strategies (W2R) WASTE2ROAD& &

H, H,0, CO,, C,-C,

Gases

350 - 400 °C

50 - 150 °C

Upgrading
Primary

R —— Stabilization Deoxygenation Co-treatment

Contaminants

High O / H20
Reactives / carbon precursors
Contaminants

"Low ppm/ppb

"Thousand ppms" i
. PP requirements"”

Solids
|
e How many upgrading steps are needed? - As few as possible
e What quality oil should be delivered to the refinery (O, contaminants),
Contaminants should be Crude?, Stabilized? Deoxygenated?
removed as far e Where should the H, be used (outside or inside refinery)? This is
upstream as possible depending upon availability
e What are the sources for H,?
e (Catalyst protection
* Fuel quality e Hydrotreatment = Stabilization + Deoxygenation + co-treatment

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.




Reactivity scale of bio-oil components
Needed upgrading - wide T range

400°C SR - - - - -

350°C e -

300 °C

250 °C

200 °C ==

150 °C ==

Bagnato G.

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.

dibenzofuran
diphenyl ethers
phenols
phenolic ethers
carboxylic group
thermal

aliphatic alcohols —=Z==» 5 glefins

aliphatic esters

aldehydes and

ketones -3 alcohols

olefins

et al., Catalysts, 2021

Temp. [°C] 4
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Co-HDO/co-HT

Deoxygenation

Low-T chemistry

>




I l : WASTE2ROAD & &
Deactivation mechanisms & causes S

General Conventional oil HDS/HDN-processing
= (i) Poisoning (blocking of active sites) = Ni, V present (a.o.) Demetallization

= (ii) Coking / carbonaceous

= (iii) Sintering

Deactivation typically by

e Asphaltene formation

* Niand V sulphides deposition
e V on the exterior, Ni interior

(iv) Solid-state transformations
(v) Masking or pore blockage (fouling)
(vi) Leaching (loss of active phase)

Typical poisons found in renewable feeds Surface and pore blocking
e Phosphorus (present in cell walls in form of phospholipids) Transport limitations

o Alkali metals like potassium or sodium (from soil as nutrients or counter ions of phospholipids)
e Iron (due to corrosion during transportation and storage in iron vessels)

e Silicon (from dust or soil)
e Chlorides (a counter anion) Limiting regeneration and life-time

Removal; by adsorbents, ion exchange, etc.

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120. e



PO and HTL oils properties

WASTE2ROAD&®

TABLE 11.3 [Properties of Wood-Drerived Bio-Oil from Fast Pyrolysizs and
Liquefaction
Property Pyrolysis oil HTL oil
Elemrental corposition [Yo)

Carbon [C) 58 73

Hyrdrogen (H) 7 &
Cogrgen (O 40 1& S
Mitrogen [IN) g2

Water content [wis) 30 1 -
Yiscosity () 100 15,0007 < m—
rH 25
Heafing value (M) kg 19 34 e
“At L
BAt B2 L. D. Elliott and G. Schiefelbein, Liguid hydrocarbon fuels from
Adzpted from Ref. [6). Chermisey Arnd Mesting Breprints, 1585, voL 24, pp. 1160-1165.

HTLoHreIPO

Higher C content

e Large heavy fraction above
middle distillate range

e Lower H/C

e Lower O/C

* Lower H,O

e Higher Viscosity

ChaHenges
Flowability/processability
e Miscibility

e (Catalytic O removal
e Also a CRACKING need

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.




Oils compatibility / miscibility WASIEAROADES

30% PO in WCO 10% PO in SRGO 10% HTLO in SRGO 10% WCO in SRGO 10% HTLO in PO

[ | bottom

Compatibility Abolutely no A minor Compatibility at Some
compatibility compatibility 10% level compatibility

Needs processing
adapted to reactivity

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.




Feedstock properties

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.
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Primary feedstock and contaminants WASIEAHQADS®
Contaminated wood Food waste Black liquor Waste Cooking oil

= H,0,12-20 wt.% = N,1.3-3% * Na, 18 -22 wt.% * H,0, ca. 100 ppmwt.%

= O, ca.38wt.% = Total solids, 50 - 300 g/kg = K, 1.8-4wt.% = 0,>8.3wt%

= Ash, 0.02-0.17 wt.% " Partlyinsolubles = S,02-5wt% “ N, ca. 200 ppm-wt%

= Si, 790 - 8700 mg/kg " Proteins, 78 - 13% = Cl,0.4-5wt.% “ S, ca. 20 ppm-wt%

* Ca, 1700 - 4300 mg/kg " Carbohydrates, 40 - 80% “ Si,0-4wt% = Polars, 99.75%

“ Na, 350 - 1400 mg/kg Lipids, 6- 10%

« K, 500 - 1300 mg/kg el EEE MED = Lignin « Proteins

= Fatty acids

= Mg, 230 - 590 mg/kg = Polysaccarides

= Fe, 210 - 1800 mg/kg
= Pb, 20-56 mg/kg

Feedstock variations - a challenge
* Cu, 6-52mg/kg

Paint, etc.

Hydrocarbons? - Very little if any!

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.




Pyrolysis oils and HTL oil properties

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.
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Pyrolysis bio-oil - A world of oxygen chemistry

CELLULOSE DERIVED COMPOUNDS

LIGNIN DERIVED COMPOUNDS

(o] Incl. small :
Oﬁ HO__~ CH,OH OCH3 :
OH  ethanat | reactives @ ©’CH3 :
: Cydnpentannna Ethylene glycol WVanillin '
Ho Phenol Cresol :
o o H-CO OCH

W 3 3 H CU
o“ ) on S0 M ’ :
S-hrt:n:hxfrl;lmﬂlﬂ Glyoxal O :

b N

OH H" H
OH HO Ha Fermaldehyde

1.
Ho Formic acid
.-""""‘u,

; !E ]\,UH HDVJ'I\ A:nl::ldnhy:lné Z__0 f
. Cellobiose Hydraxyacetona : 5H OH Furfural O_OH:
‘" H o : : Arabinose Q’
: OH O_OH X0H: BIO-OIL : OH o) HO' ‘(OHE
0 OEIOH J: I Glycolaldehyde : o A OH :
H OH HO™ O - ﬁi—f OH Xylose

' Levﬂg'l.l'c'um Hydroxyacetaldchyde dimer BIO-CHAR Furfaryl alcohol Acetic acid

Literature source: ?

WASTE2ROAD & &

Conventional HT;

HDS =

H H

H'..Ck‘- ';,:.C--.H

s
Tiophene
Benzothiophene
Di-benzothiophene

S

Splitting of S by
hydrogenolysis

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120. 9




HTL properties ===

Table 2. Groups of chemicals of hydrothermal liquefaction bio-crude.

Main Components Area% * Range References
Phenolics 6%—65% [14.20.39]
Esters 2%—44% [14.27.39]
Aromatics and heterocyclics 6%—35% [14.39]
Aldehvdes 0%—18% [14.20]
Carboxylic acids 2%—40% [20.27.35]
Ketones 0%—38% [20,27.35.40]
Alkanes 9% —13% [35.40]
Nitrogenates 12%—23% [35.40]

Note: *. Area % from gas chromatography-mass spectrometry results.

o ”?ﬁi% &Bj&lc'hag Q@&%@ﬁm%%f&m the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.
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Results examples

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.
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Waste Cooking oil / Main chemical pathways WASTEZROADSS

Triglyceride C-O or C-C splitting
| | |
~—  CHy— 0—CO—CypyHy CH,~; O—CO—-Cy7Hs;
c3 | 3H, | I I I
— CH— O—CcO0—Cy;Hy; = CH— O-T1COTCy7H;s
backbone | | I I I
_ CHy—0—-CO=—CsH;; CHr:'{)—:-Cﬂ':-CI?HH

131{1
Decarboxylation
C]TH:!E- + - SC,;H”CDGH i E‘]-I-IB

H, 3H,
Hydrodeoxygenation

Decarbonylation

Ci7H3s + HO CygHsg

Rogelia Boyas
- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120.




Complex oils / NiMoS / RSO + 5% SDPO

SRGO periods - Rape seed oil periods - Cofeed og RSO & Stabilized Deox. Pyrolysis oils

DAYS

1 ref.

ref.

. ref.

16

d4refinery

Sample Temp. Pres. LHSV | Density S HDS N HDN (0] HDO
id [°c] [bar] [h™1 | [g/ml] |[[wt%ppm]| [%] |[wt%ppm]| [% [wt.%] | [%]

2-11GO 340 44 1 0,8471 1,9 (60)| 57 (99,5)
2-2RSO 1 340 44 1 0,7807 0,9 98,2 3,6 99,7 | 0011 | 99,9
2-3 RSO 355 44 1 0,7798 0,085 | 992
2-4 RSO 370 44 1 0,7799 0,8 98,2 0,8 99,9 | 0001 | 100,0
2.5 RSO 355 38 1 0,7781 0,003 | 100,0
2-6 RSO 355 32 1 0,7782 0,2 99,6 1,0 99,9 0 100,0
2.7 RSO 355 44 2 0,7778 0,2 99,6 0,0 100,0 0 100,0
2-8 RSO 355 44 3 0,7795 0,6 98,6 0,0 1000 | 0114 | 99,0
2.9 RSO 355 44 1 0,7784 0 100,0
2-10 LGO 340 44 1 0,8487 6,7 14,1
2-11 RSO 355 44 1 0,7814 0,9 98,1 0,6 99,9 | 0,003 | 100,0
2-12 RSO 355 44 1 0,7811 0,045 | 996
2-13 Cofeed 355 44 1 0,7883 38,8 17,9 7.4 99,3 | 0,085 | 99,2
2-14 Cofeed 370 44 1 0,7872 29,2 38,2 10,7 99,0 | 0042 | 99,6
2-15 LGO 340 44 1 0,8496 14,0 26,5
2-16 RSO 2 355 44 1 0,7796 0 100,0

SRGO/LGO
S:ca. 1141 wt.% ppm
N: ca. 47 wt.% ppm

RSO
S:<1wt.% ppm
N: <1 wt.% ppm

Theoretical 0.77 - 0.78 g/ml C,, HC
(Deep HDO established)

High degree of
oxygen removal
maintained during
whole test

Lowered HDS and HDN in SRGO reference
periods over time are indicative of
deactivation processes (see red circles)
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NiMoS / Light gases formation d4refinery

Period Co, co Coz (= |OSS)
[e/h] | [g/h] CO (a poison)
Day 1 LGO
0 Rape seed oil 1 || 2,62 0,45
RSO 107 048 HCs (value, H,)
RSO 1,96 0,57
RSO 230 | 055 G
RSO 2,72 0,63 Propane
RSO 3,37 0,88 Propene
RSO 3,85 1,14
RSO 2,01 0,48
LGO
RSO 2,44 0,51 Order
RSO 244 | 048 CO,
RSO/SDPO 224 | 042 G,
RSO/SDPO 1,94 0,49 0
4 LGO C,
Day 18 | Rape seed oil 2§ 2,24 0,53 C,
Theoretical (CO,): ca. 4.2% Theoretical "C;Hg" : ca. 5% Ca
Observed: ca. 6% Observed "HCs" :ca. 4%

o 24



Liquid product composition from RSO

Fraction conc.

0,6

0,5

0,4

0,3

0,2

0,1

RSO reference periods (T, P, SV variations)

Linear saturated parafins

Fractions

® C18
e C17
C15
Ci16
e C19
b4 ® ® °® °® ® °® ® ® °® ®
2 4 6 8 10 12 14 16

Days on stream

18

d4refinery

C-yield total: > 90%

Low Temperature, i.e.
340 °C favor high C,5/C,,
ratio ("favor CO,")

Cs, Cier €9 NOt much
affected by the
performed parameter
variations

Analysis by 2D-GC-MS

25




- WASTE2ROAD&
Conclusions & way forward —a=s

= Various types of waste feedstock have a potential for middle distillates production

= Co-feeding of renewable oils in conventional refineries is a rational strategy
= Hydrotreating / (Hydro)cracking

= Critical aspects
= Qils compatibility / contaminants & levels / reactives

= Cleaning technology;
= Efficient deep contaminant removal is a critical aspect for upgrading
= Number of processing steps should be minimized

= Robust technology;
= Variability of feed composition is a challenge

= Catalysts materials;
= New renewable dedicated non-sulfide based HT/HDO catalysts are desired

The W2R project is progressing the field of renewable processing

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 818120. -
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Thank you for your attention!

Presenter: Senior Scientist Rune Lgdeng
Tel: +47 98243476
Email: Rune.Lodeng@sintef.no

Coordinator: Dr. Duncan Akporiaye
Tel: +47 930 59 166
Email: Duncan.Akporiaye@sintef.no

PROPRIETARY RIGHTS STATEMENT
The information in this presentation reflects the views only of the author, and the Commission cannot be held responsible for any use which may be made of the information contained therein.
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