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Low-hanging fruits for carbon abatement
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On the other hand, Hard-to-Abate
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Hard-to-Abate and carbon neutrality
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1. Aviation and shipping

Hydrogen- and bio-based solutions for the international transport sector

L




In principle main fuel options do exist ...
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Is it possible to use H, in airplanes?
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As such, less options...
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Renewable jet fuel: how?
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AtJ-SPK
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FT-SPK (BtL)
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Hydrogen storage
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Renewable fuels for shipping

Group 1: Group 2: Alcohols and Group 3:
Distilled biofuels liquefied gases Hydrogen-based fuels
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Criteria for Comparative Analysis

AVAILABILITY

Feedstock and
production
infrastructure

ENERGY DENSITY

Requirement of
space for fuel
storage

STANDARDS

Existence of
standards and
certifications

Icons: freepik/flaticon

APPLICABILITY

Existing fleet and
bunkering
infrastructure

ECONOMIC

LCOE - fuel,
bunkering and
ship modifications

LOCAL
SUSTAINABILITY

Air pollutant
emissions,
impacts on water

TECHNOLOGICAL
MATURITY

Readiness level
(production
and use)

SAFETY

Safety in operation
and toxicity

GLOBAL
SUSTAINABILITY

Direct and indirect
GHG emissions

Technical
Economic

Environmental

g

/
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Economic Criterion

Energy Cost (USD/MJ fuel)

0.10 0.10 Brent HFO
0.09 (USD/bbl) (USD/MJ)
50 0,009

Fossil Bunker

0.08 70 0,013
30 0,005

AN N\ AN N\ AN
O N T R R I
> L S SE G S
@ O U A & &° R
< (G & < O ') <

18



Energy Density Criterion
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Operational Safety

MGO

o Flammable liquid and
vapour

o Toxic to aquatic life

o Aspiration hazards

LNG

o Highly flammable gas
o Cryogenic gas risks

Biomethanol

o Highly flammable liquid
and vapour
Toxic if swallowed or in
contact with skin

Hydrogen
o Highly flammable gas
o Cryogenic gas risks

Flammable gas

Gas under pressure
Toxic, skin burns
Toxic to aquatic life
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SVO

Drop-in biofuel

Mature production
technology

Good energy
density

Availability
Global S. Applicability
\./
Local S. / Technological
\ Maturity
Standards Density
Safety Economic

1Kl

1+ |5

Competition with
other uses

Land use change
threats
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Biodiesel

Drop-in biofuel

Mature production
technology

Good energy
density

Availability

Global S. Applicability

Local S. / e
N

Standards \/
Safety Economic

B - [« [

Technological
Maturity

Density

Competition with
other uses

Land use change
threats

Low quality
compared to HVO
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HVO

Drop-in biofuel

Mature production
technology

Good energy
density

High quality

Availability

Global S.
Local S. /

\

Standards

Safety
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Technological
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Economic
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Competition with
other uses
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threats
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HDPO

Drop-in biofuel

Better feedstock
availability

Good energy
density

High quality

Availability
Global S. _— pplicability
Local S. / Technological
Maturity
Standards - Density
Safety Economic

B

+ |5l

Technology not
well developed yet

Higher cost
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FT-diesel

Drop-in and
high quality

Fischer-Tropsch
coproducts

Very high global
sustainability

Feedstock
availability

Availability
Global S. \rpplicability
Local S. Technological
Maturity

Standards

\./ Density
Safety Economic

B - [« [

Not yet in
commercial stage

Costs higher than
SVO/HVO
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Bio-LNG

Mature production
and liquefaction

Interesting cost

Very low air
pollutant emissions

Availability
Global S. Applicability
\./
Local S. Technological
Maturity
Standard
andards / Density
\
Safety Economic

1Kl

-+ |5

Geographically
dispersed
resources

Heterogeneous
feedstock

Requires dual-fuel
engine

Methane slip
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Good feedstock
availability

Existing
infrastructure

Competitive costs

Easier to storage
than LNG

Availability
Global S. / \ Applicability
Local S. Technological
Maturity
Standardsl\ Density
Safety Economic

1Kl

+ |5l

Requires
dual-fuel engine

Intermediate
energy density

Flammability
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Availability
Applicability T
: Global S. Use in diesel
Mature production — engine requires
pProcess / \.\ booster
Local S. Technological
Maturit '
Safe biofuel / 4 Intermedlat_e
Standard energy density
andards . / Density
Standards
available Safety Economic

B - [« [
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Green H,

Very high global
sustainability

No air pollutant
emissions

Availability

Global S. Applicability

Local S. L Technological
\:/’./ Maturity
Standards

Density

Safety Economic

B : [« [

Low TRL and
applicability

Safety concerns

Cost of
electrolysis

Poor energy
density
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Green NH,

Very high global
sustainability

No air pollutant
emissions

Haber-Bosch,
mature process

Availability
Global S. Applicability
Local S. Technological
Maturity
Standards Density
Safety Economic

B

+ |5l

Low TRL and
applicability

Safety concerns

Cost of
electrolysis

Poor energy
density (but > H,)
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e-diesel

Drop-in and
high quality

Fischer-Tropsch
coproducts

Very high global
sustainability

Good energy
density

Availability
Global S. Applicability
Local S. Technological
Maturity
Standards Density
Safety Economic

B : [« [

Not available in the
near-term

High costs

Water consumption
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e-LNG

Mature CH,
production and
liguefaction

CO2 recycling

Availability
Global S. Applicability
Local S. / \./ Technological
/ Maturity
Standards — /.\ Density
Safety Economic

B : [« [

High costs

CO, unavailable
(DAC/CCS)

Only dual-fuel
engines

Methane slip
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Storage
advantages (bio-
LNG or e-LNG)

CO2 recycling

Availability
Global S. Applicability
Local S. M/ Technological
Maturity
Standards Density
Safety Economic

B : [« [

High costs

CO, unavailable

H,O consumption

MJ/L = bunker +
2.5
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Criteria Weights

Icons: freepik/flaticon
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Score and Ranking
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What is an integrated assessment perspective on these
matters with a special focus on aviation and shipping?
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The BLUES model

BLUES (2010-2050)
Linear programming

5 regions

Inputs / Outputs
Technology I Energy p> [ nergy use

System

progress

) GHG emissions
—) Petrochemicals
FCONOMIC e ey Agricultural products

projections Agriculture Water demand
K and land use

Population ===p

Materials




Fuel routes represented in BLUES .-

(%Q\Q ?:\\'b
Ot?ers Fossil kerosene —
Crude petroleum —> Oil refining —>  Fossil products Fossil diesel —
Fossil tthene —>  Oligomerization T Fossil heavy —
Fossil na*tural gas —|-> Chemical synthesis »  Fossil methanol —
Ot?ers Biokerosene —
Oilseeds/animal fat — Cat. hydrogenation — Bio-based products Bio-based diesel ——

1

Ethanol —>  Oligomerization Bio-based heavyy ——
LC biomass Biomass-to-Liquids » Biomethanol —
Residues Z Biodigestion route
Hydrogen Y Haber-Bosch > Ammonia —
tit H,-to-Liquids Ot?ers H,-kerosene —
Co, s:)urces —|-> H,-based products H,-diesel —

H,-heavy —



Additionally, coprocessing...

4 )

CR
Crude

oi| =—p{  ADU

;£ -, s ]

Diesel or

. Kerosene
gasoil
SVO
g J
|::[ ou
FCC l

E{ SVO/PO

Gasoline blending

Kerosene blending
Diesel blending

ADU = Atmospheric distillation unit
VDU = Vacuum distillation unit

FCC = Fluid catalytic cracking

HDT = Hydrotreating

CR = Catalytic reforming



Design of scenarios:

. ' Carbon budget:
Originally, four scenarios: Global IAM, Brazil as a region

in a World below 2°C
IATA IMO IATA IMO B2C

Current policy view Current policy view

Combination of the first Climate policy scenario:
IATA2050 as a restriction IMO2050 as a restriction

two scenarios Brazil well-below 2°C

In a second moment, sensitivity analyses:

IATA IMO (KeroExp) IATA IMO (Sml BtL) B2C (Sml BtL)

For simplicity, : :
IATA/ICAO scenarios LATA‘IMO with Erazﬂ IATA_IMO considering B2C considering smaller
are referred to as IATA ecoming a major

aviation biofuel exporter smaller BtL plants BtL plants
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International aviation CO, emissions”®
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International shipping CO, emissions”
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International emissions associated with the Brazilian fuel supply (not total international shipping emissions)
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Brazilian CO, emissions”®

1200 IATA
IMO
1000 IATA IMO
. 800 IATA IMO (KeroExp)
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L;a (slight differences neglected)
» 400
)
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S
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2
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*
Does not include the emissions shown in the two previous graphs (which are international)



Aviation fuels in 2050

500

400

W
o
o

no
o
o

Fuel consumption (P))

100

In IATA IMO scenarios, a
fraction of the demand is
met by kerosene coming
from HVO-diesel plants

In the absence of a climate

policy for aviation, fuel
supply is almost 100%

based on fossil kerosene

2020

IATA

IMO

A

A

IATA IMO

IATA IMO
(KeroExp)

option

With higher BtL costs, the

oligomerization route

becomes an important

IATA IMO
(Sml BtL)

B2C

The need for negative
emissions brings about a
preference for BtL with

carbon capture

B2C (Sml
BtL)

B Biokerosene, HVO-diesel

m Biokerosene, BtL (+CCS)
Biokerosene, BtL

W Biokerosene, At

B Biokerosene, coprocessing

M Fossil kerosene
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Shipping fuels in 2050 . s

demand for vegetable oils

600

For shipping alone, the In deep mitigation
mitigation effort is based on scenarios, biobunker comes
the use of vegetable oils mostly from road diesel BtL
500 (SVO/HVO) plants (not biojet)
400
300 mSVO
W HVO-diesel
W Biobunker, coprocessing
200
Biobunker, AtJ
Biobunker, BtL (diesel) + CCS
100 Biobunker, BtL (kerosene) + CCS
Biobunker, BtL (kerosene)
0 .

M Fossil bunker

Fuel consumption (P))

2020 IATA IMO IATA IMO  IATA IMO IATA IMO B2 B2C (Sml
(KeroExp)  (Sml BtL) BtL)
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Is there a synergy between sectors?

R
|1 |
— Coproduction
of biobunker

Hydrogenation to Biomass-to-Liquids drop-in biojet
produce HVO (higher quality) Alcohol-to-Jet

Shipping: preference for SVO
However: technical limits

Unavoidable
need for

Coproduction

of biojet LC biomass,

ethanol

However, the difference in the size of the two sectors does not allow a full-scale synerqy = B2C scenarios: shipping fuels mostly associated with road diesel plants

Icons: Freepik/flaticon
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Concluding remarks (1/2)

* Fuel switch is key to mitigate GHG emissions in aviation and shipping

= From an IAM perspective, drop-in biofuels are the most promising alternatives for both aviation an
shipping

» Brazil: shipping >> aviation

» As such a synergy between these two sectors is somehow limited

» This synergy would probably be greater if the opposite were true (premium fuel demand >> residual

fuel demand)

= Still a certain degree of synergy can be observed
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Concluding remarks (2/2)

BtL and AtJ kerosene plants produce significant amounts of bunker fuels

HVO-diesel plants built to fuel the marine sector coproduce kerosene

National climate policy = need for negative emissions

Thus, large amounts of BECCS — biojet plants, but especially bio-based road diesel plants

In all these scenarios biobunker stands out as a major byproduct

In sum, there is no silver bullet for HtA sectors in the short to medium term

Different niche markets do exist for different geographies, sectors and realities, and as such

only a truly integrated approach can provide the best response for each case
48
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