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Executive summary

Bio-oils can be produced by several existing and maturing pathways

= Bio-oils encompass a range of technologies that convert biological material into
an oil-like substance

= Bio-oils on the market include FAME and HVO, producible from waste oils or

Feedstock Fuel production Fuels food feedstocks. These have been excluded in the first version of the position
paper due to low supply of waste feedstocks?® and the debatable sustainability
Not included due to low maximum supply* of food-based bio-fuels
FAME / HVO O = FAME/HVO = New technologies are emerging for producing bio-oils from plentiful feedstocks,
Waste oil Mﬁ such as biomass and biowaste? at low carbon intensities: Fast pyrolysis (FP) and
Esterification / hydrotreatment Hydrothermal liquefaction (HTL)
Fact Q= = Ep * FP and HTL oil are producible in a range of qualities, depending on the amount
crude
pyrolysis @ﬁ of upgrading applied: Here we assess a low cost un-upgraded “crude” which
Biomass Fast pyrolysis m FP oil requires blending with other fuels to reach specifications, and an upgraded

“oil” achieved using hydrotreatment with catalysts which is usable in oil

O: % Upgrading engines without blending

Hydro- Biomass =1= ~ * The maximum blending grade of crude oils is being investigated, and current
thermal i ﬁ HTL crude results indicate 30% for FP crude and 40% for HTL crude
liquefaction ' ol .
Hydrothermal HTL oil = Lignin Diesel Oil has also been excluded from this first molecule paper due to
Biowaste liquefaction insufficient information

Upgrading
= Pyrolysis Crude / Oil has also been excluded
1) See appendix for documentation

2) Biomasses such as residual wood and agricultural wastes. Biowaste such as organic MSW and sewage sludge. Maersk Mc'KinneY M'¢"er Center
Page 3 Icons from: Bqlng, freepik for Zero Carbon Shipping



Executive summary

Bio-oils could cover 30% of fleet energy in 2050, but uncertainties are high due to

immature pathways
Key conclusions Cost projections

= Bio-oils could startimpacting the fleet fuel mix from 2040, where volumes available for
shipping could cover>2% of the energy demand, scaling to 30% in 2050

= Regulatory measures are needed to make bio-oils cost competitive with fossil alternatives,
as production costs are 30-150% higherthan LSFO prices

= Bio-oilscanreduce well-to-wake emissions by >80% from LSFO when produced at highest
sustainability standards from non-food waste biomass

= Bio-oilscouldrequire fuel system changes, additional NOx reduction system and
operational guidelines—depending on the upgrade levels

= Bio-oilssupply forshipping willlikely be limited by technological risks in conversion steps,
maximum roll-out speed of plants and fuel competition with otherindustries

Well-to-wake Emissions?

gC02eq directemissions well-to-wake /M) Bio-oils are green alternatives to fossil fuels,

96 96 2030 when sustainable biomass is used
82 81 M 2050 = Crude bio-oils reduce emissions by >99%,
64 63 but must be blended toreach
specifications
22 5 = BlendingFP oil (30%) or HTL oil (40%) with
5 X LSFO reduces emissions by 16% and 36%
on an energy basis
o© 0\10\ 0\60\ ® N ‘63\’0\\ * FPand HTL oil reduce emissions by 80% in
\§0\°’ @?O\D‘ 2030 and >99% in 2050 - main
66\0 e contributionis from origin of hydrogen
<& «° \e\'\\*dQ

Page 4 1 Direct emissions from each step of the fuel production pathway, well-to-wake

Usb/a) Bio-oils will require regulatory measures to
30 compete will fossil alternatives
25 HTL oil

= Bio-oilsare projectedto be 30-150% more
20 FPoil — expensive to produce than the price of
fossil alternatives

15 HTL crude
~~FPcrude = The crude oilsare projected to be most
10 LSFO cost competitive
5 = Fastpyrolysisoilsare projected to have
0 lower production costs than hydrothermal
liquefaction oils
202 202 203 203 204 204 205
n g n g n g n

Implementation risk

Pathways are immature, leading to high risk in production, logistics, use and certification

[Availability] Feedstock and fuel competition with otherindustries may limit supply

[Production] Conversion technologies are expected to mature late 2020ies

[Regulatory] Fuels vary with feedstock and process. Certification may be complex

[Onboard] Bio-oil storage stability, fuel system corrosion and NOx emissions are uncertain

Maersk Mc-Kinney Moller Center
for Zero Carbon Shipping
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Fast pyrolysis oil

FP oil & crude will need regulatory measures to be competitive with fossil alternatives

Pyrolysis oil pathway costs, at port
Weighted global average!
= Inallyears,the costof FP crudeis 30% higher than the priceforecastfor LSFO, and the costof FP oil USD/G)J
is 100-150% times higher than LSFO price FP crude FP oil

Highlights from cost analysis of FP crude and FP oil

= Thus, FP oil and FP crude will need regulatory measures to be cost competitive with fossilalternatives

= The maincostdriver for both FP crude and oil is the cost of raw materials:

24 24 24

1. Biomassis expected to increasein pricetowards 2050 as the demand for biomass increases driving 23 23
the industry to utilize higher costbiomasses

2. Hydrogen for upgradingto FP oil represents 30-35% of the raw materials cost. The composition of
hydrogen is expected to change from grey to blueand to green as the cost of these reach

competitive levels
12 12 12 12 12
= The processingpriceareexpected to increaseover time, as theincreaseinbiomass and hydrogen e _ =g == =d=—__—§—_ | ¢ __ . _ -« LsFO
i
costs will outweigh the learning curveimprovement to processingcosts 10 e
10 11 11 11
4 5 5

6 6
2030 2035 2040 2045 2050 2030 2035 2040 2045 2050
Logistics Capex OPEX excl feedstock Electricity M Raw materials
Hydrogen

Maersk Mc-Kinney Moller Center
Page 6 1) Assuming 60 % from lowest cost region, 40 % from 2" lowest, and 0% from 3-5t%. for Zero Carbon Shipping



Fast pyrolysis oil

FP crude and oil could cover 2% of fleet energy in 2040 and 30% in 2050 at maximum
growth

Highlights from supply analysis of FP crude and FP oil Fastest possible roll-out of pyrolysis oil supply available for maritime, with

unconstrained demand
= FPcrudeis pr(?duced togay, buF i§ solely used for districtheating, industry energy and for bio-based EJ/year
products. FP oil upgradingis stillin development (TRL 7) (Standard plants supplying shipping3)
= The current production for FP crudeis 1,3 PJ for all sectors. FP oil is expected to reach TRL 9inthe 5.0
late 2020s, where three 80 kton plants areprojected to be in operation
= To simulatecompetition with other industries, weset a maximum volume of FP crude & oil 43 Maximum supply of:
obtainablefor the maritimeindustry. Maritime’s current fraction of global non-electrifiable energy 4.0 3
demand is 8%.2 For the analysis, weused 16% which can be perceived from the industry takinga first- (2800)
mover roleinto bio-fuels, being.ableto economize from customers’ higher willingnessto pay or 3.5 FP crude
being imposed stricter regulatory incentives than the other industries Thus, 0.2 PJ of FP crudeis 3.0
availableto shippingtoday
= Consideringthe maximum roll-outspeed, modelled by assessing maximum historical biofuel roll-out 23
speeds of technical and commercial maturetechnologies with government support,® FP crude could 2.0
grow to impactthe global shipping fleet from 2040 with a maximum supply of 0.2 EJ for FP crude 15
(1.7% of shipping's need) and FP oil in 2045 with a maximum supply of 0.3 EJ for shipping (2.5 % of
shipping’s need) 1.0 £P oil
05 0.001 0.007
0 (1) (5)
0.0 (17)
2020 2025 2030 2035 2040 2045 2050
1) The fastestgrowth rate observed, that of US Biodiesel from 2003-2016?%, was used for the early roll-out from 0-1,5 EJ for maritime of each biofuel. To representa slower global roll-out after 1,5 EJ for
maritime, the growth rate of global ethanol from 2003-2016 was used above 1,5 EJ. US Biodiesel followed logarithmic growth by formula 10*(log(x)+0,152). This is the highest growth observed, between
global ethanol (0,086), Global biodiesel (0,110), Latin America ethanol (0,027) and EU Biodiesel (0,130) Maersk Mc-Kinney Mgller Center
Page 7 2)Based on internal study identifying the amount of biomass needed to cover the non-electrifiable energyneed of global sectors. Sectors (EJ): Shipping (30), Aviation (30), Road transport (30), Electricity for Zero Carbon Shipping

balancing (30), Peak load heating (50), Industry (50), Plastic (90), Cement (30), Steel (20).
3) Standard plant size: FP crude: 200 kton/year, FP oil: 75 kton/year



Fast pyrolysis oil

FP oil & crude supply for shipping is mainly limited by technical risks in
development and competition for biomass and biofuel

* Biomass competition with other industries and fuels is unclear, and = Refine assessmentof biomass availability and sector competition on a regular basis

could drive up feedstock costs

Feedstock

= 4 small FP crudeplants in operation today (TRL 8) = |nvestments inresearch andinnovation mayacceleratecommercialization

= FP oil upgradingis stillin pilotscale (TRL 6)
Production
= Competition from other industries could drive up fuel costs

= |ogistic & bunkering must be established for FP oil & FP crude — = Map ports and needed supply
could benefit from existinginfrastructureif fully upgraded or
Logistics blended into established fuels = [nvestments insupplyinfrastructure
= Certification of fuels = Map the characteristics of bio-oils vs. engine performances to supportcertification process

= Standards needed to validatethe sustainability of biofuel production

Regulatory A = LCA of WtW supplychainisneeded informdecisions aboutbio-oils sustainability

= Regulatory measures will beneeded to drivedemand for FP oil = [nformation campaigns onresults in supportof decision making (ship owners, regulatory)

Maersk Mc-Kinney Mgller Center
Page 8 for Zero Carbon Shipping
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Hydrothermal liquefaction oil

HTL oil & crude will need regulatory measures to be cost competitive with fossil

alternatives

Highlights from cost analysis of HTL crude and HTL oil

= |nallyears,the costof HTL crude is 50-80% higher than the priceforecastfor LSFO, and the cost of
HTL oil is 110-150% times higher than LSFO price

= Thus, HTL oil and HTL crude will need regulatory measures to be cost competitive with fossil
alternatives

= The maincostdriver for both HTL crude and oil is the processing plantcosts (CAPEX & OPEX), with
biomass and hydrogen costs driving most of the remainder:

1. CAPEX and OPEX costs areexpected to decrease followinganindustrylearning curve. Little
improvement from economies of scaleis expected due to the associated risein biomass
transportation costs

2. Biomass costs arelower for HTL than FP oil dueto the access tosludgeand wet waste biomasses.
They are expected to increasetowards 2050 as the increasing demand for biomass drives the
industry to utilize higher costbiomasses

3. The sourceof hydrogen for upgradingto HTL oil is expected to change from grey to blue and to
green as the costof these reach competitive levels, driving the price up towards 2050

= The processingpriceareexpected to decrease slightly over time driven by learning curves but
counteracted by increases in biomassand hydrogen costs

Page 10 1) Assuming 60 % from lowest cost region, 40 % from 2" lowest, and 0% from 3-5%.

Hydrothermal liquefaction oil pathway costs, at port
Weighted global average!
USD/G)J

HTL crude HTL ail

25 25 25 25 24

2030 2035 2040 2045 2050 2030 2035 2040 2045 2050

Logistics Capex M OPEXexclfeedstock Electricity Il Raw materials

Hydrogen

Maersk Mc-Kinney Moller Center
for Zero Carbon Shipping



Hydrothermal liquefaction oil

HTL crude and oil could cover 1% of fleet energy in 2040 and 10% in 2050 at maximum
growth

Highlights from supply analysis of HTL crude and HTL oil

Page 11

TRL9 inlate 2020s

Fastest possible roll-out of Hydrothermal liquefaction oil supply available

for maritime, with unconstrained demand
HTL crude & oil productionis stillin development (TRL 7 & 6 respectively),andis expected to reach EJ/year

(Standard plants supplying shipping?)

We project 3 HTL crude plants (100 kton product/year) and 2 HTL oil plants (80 kton product per

year) inoperationin 2030

2.0

To simulate competition with other industries, weset a maximum volume of HTL crude & oil

obtainablefor the maritimeindustry. Maritime’s current fraction of global non-electrifiable energy

demand is 8%.2 For the analysis, weused 16% which can be perceived from the industry takinga first- 15
mover roleinto bio-fuels, beingableto economize from customers’ higher willingness to pay or being

imposed stricter regulatoryincentives than the other industries

Considering the maximum roll-outspeed, modelled by assessing historical biofuel roll-outspeeds of

technical and commercial maturetechnologies with government support,* HTL crude & oil could
grow to impactthe global shipping fleetfrom 2045 with a maximum supply of 0.3 EJ for HTL crude

(2.5% of shipping's need)and 0.2 EJ for HTL oil (1.6% of shipping’s need)

1) The fastestgrowth rate observed, that of US Biodiesel from 2003-2016?%, was used for the early roll-out from 0-1,5 EJ for maritime of each biofuel. To represent a slower global roll-out after 1,5 EJ for
maritime, the growth rate of global ethanol from 2003-2016 was used above 1,5 EJ. US Biodiesel followed logarithmicgrowth by formula 10*(log(x)+0,152). Thisis the highest growth observed, between
global ethanol (0,086), Global biodiesel (0,110), Latin America ethanol (0,027) and EU Biodiesel (0,130)

Maximum supply of:
09
1.0 (240)
HTL crude
0.3 HTL oil
0.5 (00) e
(143)
0.002 0.01 Oi(;G
0,5) 3) (15) .
0.0 (53)
2030 2035 2040 2045 2050

Maersk Mc-Kinney Moller Center
for Zero Carbon Shipping

2) Based on internal study identifying the amount biomass needed to cover the non-electrifiable energy need of global sectors. Sectors (EJ): Shipping (30), Aviation (30), Road transport (30), Electricity

balancing (30), Peak load heating (50), Industry (50), Plastic (90), Cement (30), Steel (20)
3)Standard plant size: HTL crude: 115 kton/year, HTL oil: 92 kton/year



Hydrothermal liquefaction oil

Adoption of HTL oil & crude in shipping is mainly limited by technical risks in consdenmacuEn et
development and competition for biomass and biofuel

Feedstock

Production

Logistics

Regulatory

Page 12

Biomass competition with other industries and other fuels is unclear,
and could drive up feedstock costs

No HTL full-scaleplants in operation today (TRL 7)
HTL oil upgradetechnology in pilotscale (TRL 6)

Competition from other industries could drive up fuel costs

Logistic & bunkering must be established for HTL oil & HTL crude —
could benefit from existinginfrastructureiffully upgraded or
blended into established fuels

Certification of fuels

Standards needed to validatethe sustainability of biofuel production
pathways

Regulatory measures will be needed to drive demand for FP oil

Refine assessmentof biomass availability and sector competition on a regular basis

Investments inresearchandinnovation may acceleratecommercialization

Map ports and needed supply

Investments insupplyinfrastructure

Map the characteristics of bio-oilsvs. engine performances to support certification process
LCA of WtW supply chainisneeded informdecisions aboutbio-oils sustainability

Information campaigns on results in support of decision making (ship owners, regulatory)

Maersk Mc-Kinney Mgller Center
for Zero Carbon Shipping
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Vessel considerations

Bio-oil emission benefits are similar to other bio-fuels, but could require fuel
system changes, additional after-treatmentand operational guidelines

General note: Bio-oil considerations are mostly based on current experience with FAME-based bio-fuels. Additional considerations have been identified based on known or
expected differences, however, further investigation is needed before confirming main considerations and potential risk mitigations.

* FAME, HVO and vegetable oil have been used onboard vessels without major * Proper bio-oil fuel specifications and standards to be developed
modifications, mainly strong fuel management practices and some caution

* Bio-oilsareless developed for marineuse with different fuel characteristics
that canimpactsystems

* Inadditionto fuel oil replacements, bio-oils could be used as a pilot for
alternativefuels

* Bio-oil energy densities aresimilarto fossil-based fuel oilsand require roughly
“Drop-in” the same volume

distinction & fuel * Burningproperties can be likefossil-based equivalents, however, the

specification flashpointmustbe above 60°C under SOLAS regulations

e Current ISO standardis notapplicableto bio-oils
*  Onlyconsiders FAME up to7% incertain distillate grades
Insurances, warranties and contracts mayinclude clauses on 1SO 8217
Equations are not valid for calorificvalues
No analysis tool for measuring how much biofuel a fuel contains
Acid number does not differentiate between strong acids in fossil fuels and weak
acids inbio-fuels

Collaborate with fuel providers to determine optimal fuel standard thatbalances fuel -based
(upgrading) and vessel-based measures

* Acidsincrudegrades canleadto corrosioninthefuel system » Fuel system materials to be compatible with acids and fuel characteristics (e.g., elastomers/sealing

* Bacterial growth can occur at the oil/fuel and water interface material)

* Tank coatings and cleaning procedures

Fuel storage &
systems

* Oxidativestability canlead to breakdown of the fuel and formation of
harmful components, potentiallyleadingto corrosion and filter blockages e Ensure excess water can be drained

Maersk Mc-Kinney Mgller Center

Page 14 Sources: MAN Energy Solutions “Concerning 100% biofuel and blends with ISO 8217 compliant fossil fuels” 22 March 2021* for Zero Carbon Shipping
ABS “Sustainability Whitepaper: Bio-fuels as Marine Fuel” May 2021

* MAN Energy Solutions experience are solelyrelated to FAME and FAME-blends of biofuels. Considerations related toall other types of bio-oils and future blends are not currently known.



Vessel considerations

Bio-oil emission benefits are similar to other bio-fuels, but could require fuel
system changes, additional after-treatmentand operational guidelines

* Bio-oilscanbeconsidered equivalentto residualfuels in terms of heating *  For marineapplicationsa careful review of the ship's fire plan documents and system layoutin
value, density, etc. but they have own distinct composition. collaboration with Class may be necessary.
* Engines can manage bio-oils with proper analysisand optimization * Analysebunker fuel to confirmcomplianceand adjustparameters such as fuel tankand system

. . . temperatures, fuel injection temperature and viscosity or cylinder lubrication rates
* Bunkered (or mixed) fuel could have properties not suitablefor use P ) P tyorcy

Energy converters (flashpoint, viscosity, cold flow properties, water content, acid number/value) * Optimize engine combustion usingactual calorificvalue
* Measured calorific value needs to be used to run the engine efficiently * High-quality fuel filter system
* Tank-to-wake carbon emission intensity aresimilarto MGO * IncaseNOx increaseis aboveacceptablelevel,engine adjustments (with potential efficiency impact),

water injection, selective catalyticconverter (SCR) or exhaust gas recirculation (EGR) technology can

* Local airpollutants includingSOxand PMare reduced due to their low L .
P & reduce NOx emissions atthe engine or as part of after-treatment

sulphur content and high oxygenation

* NOx emission characteristics display largevariation depending on bio-fuel
Emissions chosen, engine and engine load, potentially requiring further NOx reduction

* Increased NOx emissions canlead to non-compliance with MARPOL Annex VI
Regulation 13

* Engines arecurrently certified on fuel derived from petroleum refining

Maersk Mc-Kinney Mgller Center
Page 15 Sources: MAN Energy Solutions “Concerning 100% biofuel and blends with ISO 8217 compliant fossil fuels” 22 March 2021* for Zero Carbon Shipping
ABS “Sustainability Whitepaper: Bio-fuels as Marine Fuel” May 2021

* MAN Energy Solutions experience are solelyrelated to FAME and FAME-blends of biofuels. Considerations related toall other types of bio-oils and future blends are not currently known.



Agenda

Topic Page
Executive summary 3
Pathway A: Fast pyrolysis 6
Pathway B: Hydrothermalliquefaction 10
Vessel Considerations 14
Appendix 17

Maersk Mc-Kinney Mgller Center
for Zero Carbon Shipping



FAME has not been included in the
position paper due to low potential

Maersk Mc-Kinney Moller Center
for Zero Carbon Shipping



FAME

FAME from waste products (2" gen) could support up to 2% of shipping’s energy need

Fastest possible roll-out of 2" generation FAME supply available for

maritime, with unconstrained demand

= FAME is produced from two sources today: Food oils ( palmoil, soybean oil...)and waste oil (used (EJ/year)
cookingoil,acid oil...). FAME made from food oils, here named 1stgen, is considered to have high
emission factors dueto usingland space, which either directly orindirectly causes deforestation —
therefore, we only consider FAME produced from waste (2" gen) 12

11

Supply analysis conclusions

3 -—_ <« shipping's fuel demand

= Today, the global 2"¥gen FAME productionis 0,3 EJ for all sectors3. To simulate competition with
other industries, weset a maximum volume of FAME obtainablefor the maritimeindustry.
Maritime’s current fraction of global non-electrifiable energy demand is 8%.2 For the analysis, we
used 16% which can be perceived from the industry takinga first-mover roleinto bio-fuels, being
ableto economize from customers’ higher willingnessto pay or being imposed stricter regulatory
incentives than the other industries Thus,0.04 EJ is available to shippingtoday (0.3% of shipping's

[any
o

energy need)

= The maximum global potential of 2" generation oils converted to FAME is believed to be 1.5 EJ (~40
mt/year)*, or 0,24 EJ for shippingassuminga 16%availability (1.8% of shipping’s energy need)

= Consideringthe maximum roll-outspeed, modelled by assessing historical biofuel roll-outspeeds of
technical and commercial maturetechnologies with government support,® FAME could grow to

maximum supply of 0.2 EJ in 2030 for shipping (1.8% of shipping's need) ]
0.2 Maximum supply of:

FAME - 2nd gen

0.04 0.1 0.2 0.2 0.2 0.2

o B N W B U1 O N 00 LV

2020 2025 2030 2035 2040 2045 2050

1 The fastestgrowth rate observed, that of US Biodiesel from 2003-2016%, was used for the early roll-out from0-1,5 EJ for maritime of each biofuel. To representa slower global roll-out after 1,5 EJ for

maritime, the growth rate of global ethanol from 2003-2016 was used above 1,5 EJ. US Biodiesel followed logarithmicgrowth by formula 10*(log(x)+0,152). This is the highest growth observed, between

global ethanol (0,086), Global biodiesel (0,110), Latin America ethanol (0,027) and EU Biodiesel (0,130)

2. Basedon internal study identifying the amount biomass needed to cover the non-electrifiable energy need of global sectors. Sectors (EJ): Shipping (30), Aviation (30), Road transport (30), Electricity Maersk Mc-Kinney Mgller Center
Page 18 balancing (30), Peak load heating (50), Industry (50), Plastic (90), Cement (30), Steel (20) for Zero Carbon Shipping

3) UFOP (2020) Report on Global Market Supply 2019/2020

4) Ecofys (2019), ICAO (2018)



