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TOPSOE AT A GLANCE: OVER 80 YEARS OF INNOVATION AND LEADERSHIP

We are a leading global provider
of technology and solutions for
the energy transition. We combat
climate change by helping our
customers and partners achieve
their decarbonization and emission
reduction goals.

Based on decades of scientific
research and innovation, we

offer world-leading solutions

for transforming renewable
resources into fuels and chemicals
for a sustainable world, and for
efficient and low carbon

fuel production and clean air.

We were founded in 1940 and are
headquartered in Denmark.

of the current renewable Edmonton Frederljikgrsrﬁ?]g Copenhagen
dlesel_an_d SAF operating Washington, D.C. Essen
capacity is based on Topsoe Los Angeles New Delh Bejing <eoul
technology Lol Shanghai
Mexico City Manama
Chennai Kuala Lumpur
Jakarta
+ 2 8 Oo Rio de Janeiro
' Buenos Aires Perth
employees
(EUR) e patent families
in revenue invested in R&D in 2023

TOPSOE

© Topsoe A/S. All rights reserved.
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OUR AREAS OF EXPERTISE ARE THE ELEMENTS OF OUR OFFERING

PROCESS DESIGN,
TECHNOLOGY ENGINEERING AND HIGHEPAIEI.IZFLeg.:Y;ANCE
LICENSING
PROPRIETARY BUSINESS AND ” \
EQUIPMENT TECHNICAL SERVICE
’/y e / ST
Sy e o \ -
/ *

TOPSOE © Topsoe A/S. All rights reserved. 51



SAF

SELECTED CURRENT
AND FUTURE SAF
PATHWAYS

. Feed

Process
Process (Topsoe & Partners)

Product (GHG emissions savings)

RENEWABLE FUELS

Pretreatment

Hydroprocessing

(HydroFlex™)

b

HEFA-SPK HEFA-SPK
(>50%) (>80%)

(Hydrolysis)
Fermentation

Ethanol-to-Jet

!

ATJ-SPK
(15-85%)

\ 4

Gasification

S Waste oils Corn, o Renewable

\ 4

Anaerobic digestion

;

Syngas
purification
Fischer-Tropsch
Hydrocracking

(G2L™ Biofuels)

}

FT-SPK
(>85%)

y

Methanol
synthesis
Methanol-to-Jet

(MTJet™)

eFUELS

Electrolysis Carbon
(SOEQ) capture

! !

RWGS Methanol
Fischer-Tropsch synthesis
Hydrocracking Methanol-to-Jet

(G2L™ eFuels)

(MTJet™)

1 |
o

FT-SPK/eSAF
(up to 100%)

TOPSOE

*Not approved ASTM pathways yet

Source: CORSIA, |CCT paper 2021-11, WEF+ McKinsey 2020-11
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TOPSOE HAS HIGHEST NUMBER OF OPERATING UNITS PRODUCING HVO AND SAF

RD - Operating (15)
RD and SAF — Operating (6)

RD - Engineering (5)

O Fully flexible/Jet only —
Construction/Engineering (39)

2010

Start-up of first
reference

21

Operating plants

>1/3

Of the renewable fuels
operating capacity volume

TOPSOE © Topsoe A/S. All rights reserved.



OUR CLIENTS RANGE FROM ESTABLISHED FUEL PRODUCERS TO PROJECT DEVELOPERS OR

FEEDSTOCK OWNERS (SELECTED REFERENCES)

P a
~) MONTANA RENEWABLES ™

CALUMET IS NOW THE LARGEST PRODUCER OF
SUSTAINABLE AVIATION FUEL IN NORTH AMERICA.
TOPSOE DELIVERS TECHNOLOGY

tic Business Journal - 27 July 2023

PT Pertamina chooses Topsoe SAF technology at
Cilacap facility in Indonesia

September 18, 2023 | By Mary Bailey

P Chevron
SKYNRG A&
6 uUPM

=

PHllllPS
MARATHO N preem
@ £R
KERN ENERGY
1; I.P,,.E..\:x AT.E & | NS We Fuel the Future

SEAB@ARD ‘f SGP BioEnergy

ENERGY

@ Par Pacific GI @ bal

Rt clean energy

TOPSOE
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PLANNED*
FT-BASED XTL
PLANTS

. Solid waste / biomass

Captured CO,

*Limited list of projects at various
planning stages

® %7

Undisclosed

USA, UK
4,000-40,000 bbl/day
(FEED)

Arcadia eFuels,
Denmark
2,000 bbl/day
(FEED)

Undisclosed
Germany
<200 bbl/day
(FEED)

USA, UK, Sweden, India
2,000-5,000 bbl/day
(3 feasibility, pre-FEED)

o ZT

Canada, USA, Portugal,
UK, Holland, Denmark,
Sweden,

1,000-3,000 bbl/day

(9 feasibility, pre-FEED)

TOPSOE

© Topsoe A/S. All rights reserved.
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BY THE WAY, WHERE ARE WE IN THE SAF JOURNEY?

SAF
0.5%

Fossil kerosene

99.5%

TOPSOE

© Topsoe A/S. All rights reserved.

56


https://www.iata.org/en/pressroom/2024-releases/2024-06-02-03/

PRESENTATION AGENDA

1 A FEW WORDS ABOUT TOPSOE
2 JET FUEL PRODUCTION
WHAT IS HYDROPROCESSING?

3
4 WHAT CAN BE DONE IN REFINERIES?
5 TAKE-HOME MESSAGES

OOOOOO



A FEW THOUGHTS ABOUT REFINERIES

The purpose of a
refinery is to produce
on-spec fuels (gasoline,
jet fuel, diesel, bunker
fuel) and other products
(feed for petrochemicals,
lubricants, asphalt, coke,
etc.)

Several options exist to
upgrade crude oil to
products: adding H2,
removing carbon or
cracking

vary
depending on origin
(sulfur content,
aromatics, distillation
curve, etc.).

Many refineries operate
with different crudes. As
fuel specifications are
fixed, refinery flexibility
Is key. Refinery products
are interdependent.

TOPSOE

© Topsoe A/S. All rights reserved.
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HOW DOES A “TYPICAL REFINERY” LOOK LIKE AND
WHICH UNITS CAN PRODUCE JET FUEL?

Fuel _ Fuelgas

= Refinery fuel

s
—>__> LPG ' H,S from sour water stripper
> = Butanes

Gas Il-lz Gas H,

|
‘:k v Z Isomerate
Na phtha HT ——> } ==

Gas

ST S .

Jet fuel
and/or
= kerosene

Other gases =

Crude

>
> Diesel ol
Gas
A
Heavy vacuum Alkylate =
Gas oil Gas
| Butenes pentenes
Evaporated (}‘5‘5 H. Gis he
Atmospheric/  non-condensibles 1 Naphiha | y
bottoms Light FCC feed = Hydrotreater .
vacuum ) hydrotreater ) gasoline
Gas oll FCC gas oil 7 = Fuel oil
S Gas‘? H, !
Heavy |
vacuum

|—> Hydrotreater >

Gas oil
Vacuum residuum

> I — <hat

TOPSOE

© Topsoe A/S. All rights reserved.



A FEW NUMBERS ABOUT JET FUEL

 Global oil demand: ~100 million barrel per day (M BPD)
 Jet fuel demand: 7.1 M BPD (= 330 Mt/y)
« Fossil jet fuel can mainly be produced in 4 ways:

o Virgin jet directly (or via Merox) from the crude
distillation unit

o From a kerosene hydrotreater

o From a diesel hydrotreater

Which refinery units produce jet fuel?

o From a hydrocracking unit Kerosene
o . hydrotreater (25%)
o Often it is a mix of several streams
Crude distillation unit
(37%) Hydrocracker (16%)
Understanding variability in petroleum jet fuel life cycle greenhouse gas emissions to
inform aviation decarbonization | Nature Communications
TOPSOE © Topsoe A/S. All rights reserved. 60



https://www.nature.com/articles/s41467-022-35392-1
https://iea.blob.core.windows.net/assets/140a0470-5b90-4922-a0e9-838b3ac6918c/WorldEnergyOutlook2024.pdf

JET FUEL STANDARDS AND PROPERTIES

« A number of regional specifications and fuel types
are in use globally for fossil jet fuel:

« Jet A-1 (Europe) (DS 91-091 and ASTM D1655)

Jet A (North America) (ASTM D1655)
Jet B (Canada) (CAN/CGSB 3.23)

No.3 Jet Fuel (China)
TS-1 (Russia and CIS states)

« Some key jet fuel properties are:

 Freezing point, smoke point, density, boiling curve,
aromatics, flash point, viscosity, LHV, thermal
stability, sulfur

« These properties are affected by the chemical
composition of the fuel

TOPSOE




WHAT FUEL PROPERTIES ARE IMPORTANT FOR CONTRAIL FORMATION
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Current jet fuel specifications (ASTM D1655/DefStan
91-091) require sulfur content less than 3000 wtppm
and aromatic content less than 25vol%

For jet fuel containing SAF (ASTM D7566) the aromatics
must be in the range 8-25vol%

TOPSOE

Markl, R. S et al: Powering aircraft with 100 % sustainable aviation fuel reduces ice crystals

in contrails, Atmos. Chem. Phys., 24, 3813-3837, https://doi.org/10.5194/acp-24-3813-2024,

2024.

© Topsoe A/S. All rights reserved.




CRUDE OILS IS COMPOSED OF MANY CLASSES OF MOLECULES

R
N
88 @@
& S

o o §

N-Paraffins

NG

Iso-Paraffins

N

disulfides , )
dibenzothiophenes quinolines I
pyridines FYIROI0S
j,R
/
S
N O
thiophenes @
S S
benzothiophenes benzonaphtho- quinolines
thiophenes indoles carbazoles
R CHs CHs
O,
OH =
benzofurans
phenols
HsC

COOH
COOH
SOGIN

. . aromatic acids
naphthenic acids

l CH;,

R
Hs
metalloporphyrins

alkylbezenes

Qo

fluorenes

O
Yo

phenanthrenes

QO

pyrenes

O
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@:@.z

naphthalenes

00

acenaphthenes

e

dinaphtheno-
benzenes

ol

chrysenes

@)

Not shown here:
»  Silicones — from flow improvers
* Inorganics - incl. trace metal sulfides and oxides

alkylcyclo-

clee!

decalins

ey

indanes

oy

dinaphtheno-
cyclohexanes

‘@

dinaphtheno-
naphthalenes

(poly-)
Aromatics
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Napthenes

Naptheno-
aromatics

TOPSOE
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ADJUSTING CHEMICAL COMPOSITION TO MEET JET FUEL PROPERTIES IS AN INTERESTING PUZZLE

/\/\/\

High smoke point,
High freezing point

Aromatics

Low smoke point,
High density

N-paraffins
Iso-
paraffins
High smoke point,
Low freezing point
Cycloparaffins

Low smoke point,
High density

TOPSOE

© Topsoe A/S. All rights reserved.




A FEW POINTS TO REMEMBER

ol

Each refinery is different in

Chemistry is key in order to

terms of complexity, units, Jet fuel can be produced " :
. : solve the puzzle “chemical
product slate, feedstock from several refinery units composition” vs. "fuel
supply, etc. Yet it produces and is often a blend P '

on spec products properties

TOPSOE © Topsoe A/S. All rights reserved.
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HYDROPROCESSING BY CATALYSIS

HYDROPROCESSING = EITHER HYDROTREATMENT OR HYDROCRACKING

Remove sulfur

: Requires a
Remove nitrogen
: and
Saturate aromatics
Improve fuel quality
Induce carbon-carbon
bond breakgge in or.c!er to Requires a
convert higher boiling
crude oil fractions into and

lower boiling
transportation fuels

TOPSOE

© Topsoe A/S. All rights reserved.
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WHAT ARE
THE TYPICAL
REACTIONS
TAKING
PLACE IN
HDP
REACTORS?

HDP =
HYDROPROCESSING

Hydrogenation of olefins
Hydrogenation of aromatics
Hydrodemetallization

Sulfur and nitrogen removal
Hydrocracking
Isomerization

TOPSOE

© Topsoe A/S. All rights reserved.
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WHAT DOES A HYDROPROCESSING CATALYST LOOK LIKE ?

Different SIZ€S

Different shapes

Different colo's

TOPSOE

© Topsoe A/S. All rights reserved.
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AROMATIC SATURATION IS REVERSIBLE REACTION AND IS A BALANCE BETWEEN TWO OPPOSITE

FORCES (THERMODYNAMICS VS. KINETICS)

» Hydrogenation (forward reaction) typically dominates
in hydroprocessing units at lower temperatures and
high pressures

» Dehydrogenation dominates at higher
temperatures as reactions become thermodynamically
controlled

Thermodynamic equilibrium

Aromatic saturation, %

Temperature

Aromatic saturation, %

Many parameters have an impact on

hydrogenation reaction

» Operating conditions such as temperature,

pressure and LHSV

» Feedstock reactivity

Temperature

Aromatic saturation, %

Temperature

TOPSOE

© Topsoe A/S. All rights reserved.
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HYDROGENATION REACTIONS IN A KEROSENE HYDROTREATER REMOVE SULFUR AND SATURATE

AROMATICS
| ‘ Purge gas Hvdroaen .
y g \ s Oil
Make-up 1
gas
— — Catalyst Catalyst
) support
N
\_
== N
water - sour H>S Hydrotreated
Feed AL oil

4@ >

Product to stripper

CAPEX for 25,000 BPSD unit ~ 40-50 mio EUR

Typical catalysts: NiMo or CoMo
Typical operating conditions: 280-350 °C and 10-40 barg

TOPSOE

© Topsoe A/S. All rights reserved. 71
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FOUR SOLUTIONS ARE POSSIBLE TO CHANGE THE CHEMISTRY OF JET FUEL

1 — Hydrotreating of
fossil kerosene in a
kerosene or diesel
hydrotreater (aromatic
saturation)

2 — Hydrocracking of a
Vacuum Gas Oil (VGO) in
a hydrocracker (more
paraffinic jet fuel)

3 — Co-processing
renewable feedstock in
a hydroprocessing unit
(more paraffinic jet
fuel)

4 — Producing

(HEFA-SPK or FT-SPK)

TOPSOE © Topsoe A/S. All rights reserved. 73



HYDROTREATING IN A KEROSENE OR DIESEL HYDROTREATER ALLOWS CATALYTIC AROMATIC
SATURATION THAT IS DICTATED BY THERMODYNAMIC EQUILIBRIUM

. Qo
R HighP | o @@
A+nH, ©AH [ — <
S Low P g
Exothermic reaction: 63-71 kJ/mol H, | & E &
A=TT PT=AH | § :
<
Temperature Temperature
X
c
O
©
2 « Catalyst activity
& « LHSV
é * Feed reactivity
5
= /7 7/
< 7 7/
el | . . .
Temperature

TOPSOE © Topsoe A/S. All rights reserved.




AROMATIC (AND ESPECIALLY NAPHTHALENES) CAN EASILY BE HYDROTREATED
D8267 GC-VUV OF PRODUCTS WITH VARYING AROMATIC CONTENT

. Diaromatics
Saturates Monoaromatics
Feed Arom=23 wt%, Sulfur=2380 ppm
Feed Arom=23 wt%, Sulfur=2380 ppm Feed Arom=23 wt%, Sulfur=2380 ppm ’ PP
—_ 0, —_
Arom=20 wt%, Sulfur=16 ppm Arom=20 wt%, Sulfur=16 ppm Arom=20 wt%, Sulfur=16 ppm
= 0, =
Arom=12 wt%, Sulfur=1.2 ppm Arom=12 wt%, Sulfur=1.2 ppm Arom=12 wt%, Sulfur=1.2 ppm
Arom=6 wt%, Sulfur=0.8 ppm
Arom=6 wt%, Sulfur=0.8 ppm Arom=6 wt%, Sulfur=0.8 ppm ’ PP
0.8
18 5.0
0.6
16 4.5 i
2 0.4
14 4.0 s 0
12 35 0.0 1
3.0 D@SQ:ﬁQSﬁSDE_
o\‘i 10 xR 7 @) UUUUUUU
wv) -
2 A 25
s 8 <§f 0.025
2.0
6 0.020
1.5 ® 0.015
1.0 S 0.010
2 0.5 0.005
0 0.0 0.000
: N O OO~ AN M S 1D O N~ 0 O
CARBON # CARBON # CARBON #

TOPSOE © Topsoe A/S. All rights reserved.
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GC-GC-FID ANALYSIS CONFIRMS THAT NAPHTHENE (CYCLOPARAFFIN) CONTENT INCREASES WHEN

AROMATICS ARE SATURATED

Feed (23 % aromatics)

Product 1 (20% aromatics)

| [ |
" \.‘ll'l'l"‘l“' 0 OO
| e T

L

‘ Product 1 Product 2 Product 3

Paraffins, wt % 63.1 60.2 61.1
Naphthenes, wt % 14.2 23.9 30.3
Mono-aromatics, wt % 224 15.9 8.6
Di-aromatics, wt % 0.3 <0.1 <0.1

TOPSOE

© Topsoe A/S. All rights reserved.
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AS AROMATIC CONTENT DECREASES, H, CONSUMPTION INCREASES THOUGH
IT CAN BE EXPENSIVE; HOWEVER, QUALITY OF JET FUEL ALSO INCREASES,

(@)
o

Smoke point, mm
NN W w w w w
NN A OO0 O N DM O

(@)

o
N
o

=
s}

H2 consumption,
Nm3/m3
NS
o (@)

FEED 53.0

52.5
52.0
51.5

< 51.0

< 505

= 500

T 495
49.0
48.5

(@)

0 10 20 30
Aromatic content, wt%

Calculated cetane index

FEED

5 10 15 20 25
Aromatic content, wt%

Feed
5 10 15 20 25
Aromatic content, wt%

Freezing point, °C

TOPSOE

w
o

D5972 Freezing point, °C

=0

-39.5
-40.0
-40.5
-41.0
-41.5

-42.0

0 10 20
Aromatic content, wt%
40
._.. 35
¢ e 30
....'" ° P
20
o 15
10
¢ 5
0
70.0 80.0 90.0 100.0

D2425 Total saturates content, wt%

© Topsoe A/S. All rights reserved.

30

D1322 Smoke point, °C
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H, CONSUMPTION WILL AFFECT THE CARBON INTENSITY OF THE JET FUEL BUT IT DEPENDS ON THE
EMISSION FACTOR OF THE HYDROGEN USED

Production | Carbon intensity

Colour Feedstock

process (kg CO,/kg H,)
- 80
£ 70
ME 60 Methane Reforming 11t09

(natural gas) (SMR)

o \

Z 50
S 40
230
£ 20
e

£ 10
(]

0% 20% 40% 60% 80%

2 --I-

I

Total aromatics saturation, %

Source: Singh, H. Decarbonization technology, Feb. 2024

TOPSOE © Topsoe A/S. All rights reserved.
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HYDROCRACKING OF A VACUUM GAS OIL (VGO) IN A HYDROCRACKER ALLOWS PRODUCTION OF A

HIGH QUALITY AND PARAFFINIC JET FUEL

« VGO can be hydrocracked to obtain high quality jet fuel
and diesel.

« The higher the cracking conversion, the higher the
selectivity to jet fuel.

« For example: a high-quality jet fuel obtained at > 70
wt% conversion at the following conditions:

 Catalysts: Topsoe hydrocracking TK-931, TK-951

« Conditions: 80-100 barg, 370-400°C, LHSV=1 h-1

30
28
26

€24

22

£20

Q18
216
214
w12

10

e Test 1 (TK-931, VGO@100 bar)

Figure: Smoke point as function of conversion
at various operating conditions and catalysts

0 10 20 30 40 50 60 70 80 90 100

390°C+ true conversion, wt%FF

e Test 2 (TK-951, VGO@80 bar)

Test 3 (TK-951, VGO@100 bar)

TOPSOE

© Topsoe A/S. All rights reserved.
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CO-HYDROPROCESSING IN KEROSENE HYDROTREATER INCREASES THE PARAFFINIC CONTENT OF
JET FUEL

FOSSIL NAPHTHA + GASES
FOSSIL KEROSENE
RENEWABLE PROPANE DEWAXING TEST IN KEROSENE CO
RENEWABLE FEED PROCESSING
0 - ¢ PRESSURE 1 ® PRESSURE 2
2.7% «I]
-10 4
— & 20 -
o % WITH NO DEWAXING
Dewaxing D -30 -
catalyst -
TK-930 D-wax™ ﬂ\ 3 s
O Biogenic carbon 2.5% s -40 - °
B Fossil carbon L 2
\ -/ O Biogenic carbon -50 -
B Fossil carbon e ® '
’ JETA OR A1 -60
¥ SN
/ SAF Dewaxing WABT, °C
HYDROTREATING SPLITTER o .
REACTOR 3vol% co-processing

TOPSOE

© Topsoe A/S. All rights reserved.



EXAMPLE:

COPROCESSING
2 VOL% SOY OIL
WITH

21 VOL% VB

e Visbreaker kero+SR kero FP=-56°C
Coprocessing 2 vol% FP=-68°C

U
w -35
c
'©
Q 45
o
=
N -55 s s °
E
L 65
270 310 350 390

Temperature, °C

KE RO + ® \isbreaker kero+SR kero Sulfur=900 wt pmm ® Visbreaker kero+SR kero DA=3.4 wt%
79 VOL% SR KERO c Coprocessing 2 vol% Soy oil Sulfur=880 wt ppm Coprocessing 2 vol% Soy oil DA=3.3 wt%
3
o 10.0 s 90
9]
£ 80 = 80 * o
2 60 270 -
@ 40 s 60
f £ 50
2 20 £ Ve
-g . © oG S 40
= e £ 270 310 350 390
270 310 350 390 o
Temperature, °C
Temperature, °C
TOPSOE © Topsoe A/S. All rights reserved. 81




SAF

SELECTED CURRENT
AND FUTURE SAF
PATHWAYS

. Feed

Process
Process (Topsoe & Partners)

Product (GHG emissions savings)

RENEWABLE FUELS

Pretreatment

Hydroprocessing

(HydroFlex™)

b

HEFA-SPK HEFA-SPK
(>50%) (>80%)

(Hydrolysis)
Fermentation

Ethanol-to-Jet

!

ATJ-SPK
(15-85%)

\ 4

Gasification

S Waste oils Corn, o Renewable

\ 4

Anaerobic digestion

;

Syngas
purification
Fischer-Tropsch
Hydrocracking

(G2L™ Biofuels)

}

FT-SPK
(>85%)

y

Methanol
synthesis
Methanol-to-Jet

(MTJet™)

eFUELS

Electrolysis Carbon
(SOEQ) capture

! !

RWGS Methanol
Fischer-Tropsch synthesis
Hydrocracking Methanol-to-Jet

(G2L™ eFuels)

(MTJet™)

1 |
o

FT-SPK/eSAF
(up to 100%)

TOPSOE

*Not approved ASTM pathways yet

Source: CORSIA, |CCT paper 2021-11, WEF+ McKinsey 2020-11
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JET FUEL PRODUCTION SQUEEZED FROM ALL SIDES

Safe Fuel

Economic Sustainable
Fuel Fuel

N
) A \ S
. - ‘: =5 .‘~.‘_
e ora T
vy eh WW |v‘ > .
Ll AT 3 s S
Ealie) o
y L “! g [’/
- ] [
Y S % »ﬁm

TOPSOE

s ..‘s\

mh ~

© Topsoe A/S. All rights reserved.
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TAKE-HOME MESSAGES

« Lowering aromatics and sulfur in fossil kerosene can be
done with existing catalysts and hydroprocessing
technology.

« Additional hydrogen consumption is unavoidable and
grey hydrogen carries CO2-emissions

« Only lowering di-aromatic content is simpler, less costly
and with minimal hydrogen consumption

« Requiring substantially lower total aromatic content in
jet fuel will increase jet fuel price and require
investments from refineries

e SAF in the form of HEFA-SPK or FT-SPK delivers on both
low aromatics and sustainability

« Co-processing brings some of these benefits with low
investments
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