Renewable Hydrogen for the Pacific

Lecture 2: Hydrogen Storage, Transportation
and Utilisation
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Storage of Hydrogen

* Once produced, hydrogen must be safely stored
* Hydrogen can be stored in many forms:

* Physical storage

* Adsorption

* Chemical storage

Hydrogen Storage

Physical Storage

Compressed H, Liquefied H,

!

Adsorption

Chemical Storage

. Alternate
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Physical Storage of Hydrogen

* The storage of pure hydrogen
* In compressed (gas) form
* In liquefied form

Hydrogen Storage

! '
Physical Storage Adsorption Chemical Storage
! !
: : : Alternate
Compressed H, Liquefied H, Metal Hydrides Chemicals
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Storage of Compressed Hydrogen

High-density polymer liner

Under ambient conditions, 1 kg of hydrogen gas Carbon fiber composite
occupies a volume of 11 m3

It must therefore be compressed for effective
storage and transport

Compressed hydrogen is generally stored in
cylindrical pressure vessels

Pressures are between 3 to 35 MPa

Dome protection

N e

Valve
Temperature sensor

Boss

TPRD = Thermally Activated Pressure Relief Device
Credit: Process Modeling Group, Nuclear Engineering Division. Argonne National Laboratory (ANL)



Storage of Compressed Hydrogen

* Type I:

* Composed of metal

* Cheap but low maximum pressures
* Type ll:

* Metallic liner with a composite fiber and resin — i
overwrap &

Liner (polymer)
* Improved mechanical strength but high cost p
* Type lll:

* Carbon fiber composite pressure vessel with a metal
liner

* Improved mechanical strength but high cost Composite x resin
* Type IV:

* Carbon fiber composite pressure vessel with a polymer
liner

* Reduced risk of hydrogen embrittlement at a higher
cost

Lo

Type | Type ll | Type lll A Type IV

\/

Composite (fiber + resin)




Most mature hydrogen storage technology
High mobility and flexibility

Lower pressure than liquefied hydrogen,
requires less compression and hence reduced
operating costs

Stored as pure hydrogen, therefore no
requirement for separation by end user

Compressed Hydrogen Advantages and
Disadvantages

Requires large volume and significant
investment costs

Vessels must be thick and strong to maintain
structural integrity and avoid leakage

Not considered viable for large-scale
operations

High flammability of gaseous hydrogen




Large Scale Compressed Hydrogen

* Feasibility of storing large quantities of

: : : ADVANCED CLEAN —=
gaseous H, in underground caverns is being  tNErGY STORAGE ol MITSuBISHI MAGNUM
investigated
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Underground Compressed Hydrogen
Advantages and Disadvantages

* Low construction costs * Difficulty in finding caverns with the required
* Low leakage rates geological prerequisites: site-specific

* Fast injection and withdrawal rates * Lower mobility and flexibility compared to

* Minimal risks of hydrogen contamination above-ground storage

* Stored as pure hydrogen, therefore no * High flammability of gaseous hydrogen

requirement for separation by end user
* Large-scale storage can provide a buffer for
intermittent renewable energy




Storage of Liquefied Hydrogen

* The density of hydrogen can be further increased
through liquefaction
* Liquid nitrogen pre-cooling achieves a
temperature of -193°C
* Claude or Brayton cycle further cools to -
253°C
* Liquid hydrogen storage vessels are most
commonly double-walled with a high vacuum
applied between the wall

* The vacuum minimizes heat transfer via
conduction and convection
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Liquefied Hydrogen Advantages and

Disadvantages

* Mature hydrogen storage technology

* Much higher hydrogen densities than
compressed hydrogen, reducing transport
capital and operational expenditure

* Pure hydrogen, therefore no requirement for
separation by end user

Energy-intensive liquefaction process (greater
than a third of the energy value of producing
the hydrogen)

Expensive storage vessels

Hydrogen is prone to evaporation or “boil-off”
over time

High flammability of liquefied hydrogen




Pilot Project Supply Chain

Gasification
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syngas

oxygen
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Hydrogen has
never been shipped
in liquid form on this
scale before. This
is a world first.

Hydrogen
produces only
water as an
emission.



Chemical Storage of Hydrogen

* Hydrogen can be chemically stored,
allowing conditions more favourable
than physical storage:

* Storage as metal hydrides

e Conversion to alternate chemicals
(Power to X)

Hydrogen Storage

!

Physical Storage

'
Compressed H, Liquefied H,

|
.
Adsorption

Chemical Storage

'

Metal Hydrides

Alternate
Chemicals
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Metal Hydrides

Hydrogen is bonded in hydrides with the addition of
energy
Several types of hydrides include:

* Intermetallic hydrides (FeTi-based alloys, LaNiy)

* Metal hydrides (e.g. MgH,, AlH,)

* Complex hydrides (e.g. NaAIH,, LiBH,)
Hydrogen is released by either heating or reaction
with water

Solid storage of hydrogen exhibits a high volume
density and mitigates many issues associated with
compressed and liquefied hydrogen

Absorption
Temperature Range: 25 — 2500°C
depending upon metal hydride

/ Desorption
. (Temperature Range: 120 - 200°C
Metal Hydride depending upon metal hydride) Stored Hydrogen
(5-7 wt.%)

35
II -I II I

Liquefied H2 Compressed H2 Compressed H2 MH-Low
(at 5000 psi) (at 10000 psi) Temperature

B Gravimetric Density (kWhr'kg) ® Volumetric Density (kg/1)



Metal Hydrides Advantages and

Disadvantages

e Strong bonding allows high-density storage at
ambient conditions

* Mitigates issues (such as flammability) of
compressed and liquefied hydrogen

* Reversible cycle and reusability of metals for
storage

Low maturity

More energy is required to release chemically
bonded hydrogen compared to physically
bonded hydrogen

Will require significant mass of metals for
large-scale use

Exposure to moist air can cause violent
reaction with metal hydrides




PRODUCTION AND
GAS COMPRESSION

Transportation of Hydrogen [ uw | ==
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Road

* Transport of compressed and liquefied hydrogen
in pressure vessels can be undertaken on roads
by trucks using tube trailers

* A single truck is capable of transporting up to
1000 kg of compressed hydrogen or up to 5000
kg of liquefied hydrogen a distance of up to 1000
km

* The cost of transport is approximately 2.5 $
tH,km™ for compressed hydrogen and 1.0 $
tH,km™ for liquefied hydrogen

~

$ tH,km™ is the cost of transporting one tonne of

hydrogen over one kilometer
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Rall

* Transport of compressed and liquefied hydrogen
in pressure vessels may also be undertaken by
rail

* Rail transport would allow for a greater quantity
of compressed hydrogen transport over longer
distances, reducing operational expense

* The cost of transport is approximately 0.5 $
tH,km™ for compressed hydrogen and 0.3 $
tH,km™ for liquefied hydrogen




Pipeline

* Hydrogen may be transported over short and medium
distances using steel pipelines

* Pure hydrogen can cause embrittlement in steel pipes
over long distances, however other piping materials
such as fiber reinforced plastic (FBR) and HDPE have
been proposed

* Costs of piping compressed hydrogen are expected to
be around 0.2 to 0.4 $ tH,km™

* Pipelines may also be used for hydrogen carriers such
as methane
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Ship

* Road, rail, and pipelines may be used to transport
hydrogen to export hubs, where it can be shipped
overseas

* Kawasaki Heavy Industry has developed a ship
that will carry up to 1,250 cubic meters of liquid
hydrogen

* Liquefied hydrogen may only be suitable for short
to medium length voyages due to energy losses
associated with boil-off

* Cost estimates range between 0.02 to 0.6 $ tH,km"~
1, with the inclusion of loading and unloading
facilities adding significant cost
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Hydrogen as an Energy Source

* The primary use of pure hydrogen is as an
energy source

* Advantages of hydrogen as an energy source:
* Potentially unlimited supply
* High energy density
* Clean-burning
* Storage of intermittent renewable electricity
* How can pure hydrogen be used for energy?
* Burned in gas form

* Converted to electricity in fuel cells




Fuel Cells

* Fuel cells were first used commercially by

NASA as part of Project Gemini in the 1960s

* Fuel cells work like a battery

* Chemical energy is converted into electrical
energy

* Charged hydrogen ions travel across a
membrane to generate current,
recombining with oxygen to produce water

Efficiencies:
* Fuel cells: Around 60%
* Batteries: Around 95%
* Internal combustion engines: Around 25%

PROJECT
GEMINI

/ NASA \
A\ ﬂ /’
\GEMINI /

FAMILIARIZATION
MANUAL

Manned Satellite Spacecraft

Hydrogen fuel cell

hydrogen in

Q=

water out

oxygen in

—>

energy
out




Powering Vehicles

* Fuel cells are seeing application for
powering vehicles such as cars, buses, and
forklifts

* Advantages include the high energy density
of compressed hydrogen, low refueling times
and zero-carbon emissions

* |If metal hydrides were used as hydrogen
storage in vehicles, they could be instantly
replaced when empty

ELECTRIC ENGINE

BATTERY SET

HYDROGEN TANK ™

DC/DC CONVERTER

THERMAL SYSTEM
(COOLING)

POWER ELECTRONIC

L LLERY . CONTROLLER
(AUXILIARY POWER UNIT)

GEARBOX

FILLER NOOZLE

7= \J ENERGY




H, Powered Boats In Fijl

FIJINEWS | NATION | NEWS

e . .. . M- Fiii . ‘ovl Vess Vit

* Fiji aims to begin replacing its current Government shipping PM: Fiji To Replace Govt Vessels With
fleet with hybrid and green hydrogen solutions. Hybrid, Green Hydrogen Solutions

u During Fiji’S Presidency of COP23, it launched the ‘Oceans During Fiji’s Presidency of COP23, il launched the ‘Oceans Pathway:. with
Pathway’ with the expectation to plClCG oceans where it the expectation to place oceans where it belongs - at the heart of climate

’ . ) action.
belongs — at the heart of climate action. o
By Rosi Doviverata

" |n Fijis’s Low Emissions Development Strategy 2018-2050, the v 1850 2=
potential for methanol, ammonia, and hydrogen as the most _ _
likely alternative fuels for maritime transport is discussed. wwr

References:
https://fijisun.com.fj/2021/11/05/pm-fiji-to-replace-govt-vessels-with-hybrid-green-hydrogen-solutions/ 26
https://unfccc.int/sites/default/files/resource/Fiji_Low%20Emission%20Development%20%20Strategy%202018%20-%202050.pdf



https://fijisun.com.fj/2021/11/05/pm-fiji-to-replace-govt-vessels-with-hybrid-green-hydrogen-solutions/
https://unfccc.int/sites/default/files/resource/Fiji_Low%20Emission%20Development%20%20Strategy%202018%20-%202050.pdf

Hyundal Nexo

* Hyundai has developed the first
commercial hydrogen fuel cell electric
vehicle (FCEV)

* Driving range of over 600 km with one
tank

* Refueling time of 3-5 minutes

* Currently costs approximately $100,000,
but costs will drop as technology and
infrastructure improves, and as
competitors enter the market




Smoothing of Intermittent Renewable
Electricity

* Renewable electricity (e.g. wind and solar) is not

COnSiStently delivered Energy consumption and Solar energy
. . . production
* If the electricity grid was powered by renewable . .
electricity, peak demand would occur when supply __ fomyss
is the lowest (at night time) energy

production

* Renewable energy can be “stored” in a chemical
form (by using the energy to produce hydrogen)
and can then be used to generate electricity when
required

consumption (kWh)

Solar generation & household

* This is known as “smoothing”

Hour of day




Hydrogen in Home: Heating

* Hydrogen may be employed to heat
homes in the same manner that natural

gas is used - i produces hydrogen cores e homes
* Hydrogen can be blended with natural q <

gas and supplied to home using current /o

piping infrastructure \ ' . ' :;
* The Hyp SA project, run by Australian Gas Al N —

Infrastructure Group (AGIG), plans to
blend about 5% green hydrogen into its
gas distribution network in Adelaide

R 7 . Transported
----------- through network
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Hydrogen in Home: Electricity

Hydrogen fuel cells may also be used for supplying
electricity in homes

Solar or grid power

The LAVO Green Energy Storage System, developed in
partnership with UNSW, uses patented metal l
hydrides to store hydrogen

The system is able to hold 40 kilowatt-hours of power
— enough to supply an average household for more
than two days, and cost $34,750 Hores

Hydrogen

Generates Electricity

The fuel cell is used to convert
energy stored in the hydrogen
back into electrical energy.

Delivers Power

Electrolyser

The electrolyser converts
electrical energy from the solar
system through electrolysis,
where the water is split into
hydrogen and oxygen.

The energy is stored as
hydrogen and the oxygen is
released into the atmosphere.

Mains Water Supply




Metals Processing

* About 7-9% of the world’s CO, emissions arise
from the manufacturing of steel

* Hydrogen can be used as a reducing agent in
steel production, to extract or “reduce” the
iron ore to metal

* Hydrogen can also be used as an energy
source to replace fossil fuels to heat the
furnaces to high temperatures required

* Electricity cannot provide such heat
requirement




Glass Manufacturing

* Hydrogen has several applications in glass
manufacturing:
* Atmosphere Control

* Prevent formation of glass defects via oxidation
reactions

* Melting and Softening

* Supplement or replace air-fuel combustion
applications to increase heat transfer

* Heat Treating

* Supplement or replace air-fuel combustion
applications for annealing, tempering,
strengthening and toughening

* Cutting and Polishing

* Supplement or replace air-fuel combustion
applications to increase heat transfer




Hydrocracking and Desulfurisation

* Desulfurisation is the process of using hydrogen gas

to reduce the sulfur content in hydrocarbons such as B T —
petroleum or kerosene, reducing the emission of Reoycl oz Lean
o Amine [ = catalyst bed
SU|fur OdeeS ,_._[:.:,_'ml:s;ﬁ_l Fentactor Gas to amine treater _ Sour 'Eia_sL
far HyS remonal " o
* Hydrocracking is the process of converting heavy fuel sl
. . . e Reeflux
oil components into naphtha, kerosene, jet fuel, HE s
diesel oil or lubricating oils i ERAh
. .. . . (Reactor B,  Pume
* Stringent emissions regulations and use of heavier ﬁp e
. . . Exchanger - Separgtor Epar
hydrocarbon feedstocks is causing high hydrogen I_Ql—qﬁ:r—r P
demand for this application rome i ™|, besuiturized
Feed i Product
Ethanethiol  Hydrogen Ethane Hydrogen sulfide

C,HSH+ H, — C,H,+ H,S




Power to X: Hydrogen Transport
and Utilisation




Renewable Power-to-X

* This concept of “storing” excess renewable energy
as chemicals is referred to as “renewable power-

to _X” : Abundant Molecules :
RPN \[:l( : Lo i 4 a > ™ |
. . . :_-r- —_— Industry Sector E“Iectricity Generation » z A @ I
* X can be a wide range of chemicals: = (o) (2 ) (8, )| Lo s o |1 p2x Beneits
* Hydrogen ==zt ---c---c----p------ '
0 P i C i v v
° SyntheSIS gC]S . rimary OnVEI'SIOI"ICO“ | - HnO.’_
[H:' Electrolyzer ‘ ‘ Electrol‘yzer J [ Eeﬁnt’C"';"éeF ] [ EIectFolgfzer ‘ Seasonal En
* Methane |
b i ' n"e ic r‘IIr n N I
Ammonia et | (L mieten | (_smmena ] [_mnto,
* Electrolysis is powered by renewable energy to ' - .
: P B | B e Grid Stabilit
produce these chemicals from feedstock such as _':[ vaveroscn | Lo etanaton |_.[Fischer_mpsch] :

water or CO, e ———

Secondary Conversion

* The use of these chemicals is discussed later this
lecture




Hydrogen: The Decarbonisation Catalyst

Fuel cells
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PtL Pathways

PowerFuel Comparison

Each of the powerfuels evaluated offer pathways for decarbonlsing existing and emerging applicatlons. However, there are parameters that must be consldered when developing the value chaln for
these powarfusls, Including decarbonlsatlon benefits, safety and storage conditlons, which are summarised In the table below:

Technology Readiness Level

Ammonla Methanol Synthetlc Natural Gas Sustalnable Aviatlon Fusl
Productlon, Storage & Transport TEL O TRL 8 TEL 0 Production via PtL=" TEL 7 - 8 Storage

& Transpaort: TRL 2

Powsrfuel Storage Condltlons

Fressurized: Ambient temperature

and 16-18 bar Low-Temperature Liguid:

minus 33°C and 11-1.2. bar

Ambient conditions as liquid

FPressurised:200-250 bar at ambient
temperature Liquified: -162°C

Ambient conditions as liquid. Can
use conventional jet fusl storage
nfrastructure

fusl)=f

Veolumsetric Energy Denslty (MJ/L)>° 127 16.0 206 IZ2
Gravimatrle Energy Density (MJ/kg)=> 18.6 200 536 442
Decarbonlsatlon Benefit (kg COz-a,fl-cg a 095 01 (0.33-0.52 for bio-based production.

Lower valuss for PtL production

Flarmmmalble with toxic fumes and

Flammable, toxic and dangerous for the

Highly flammable and will explode at

rMaritime, Chemical Feedstock

Chemical Feedstock

Appliances

Safet dangerous for the environment it A . ) . i Aviation
y = environment if released gas-to-air ratio between 5% and 15% =
releazed
Agriculture, Mining, Power Generation, Fower Generation, Mining, Maritime, FPower Generation, Residential N
End-Use Sectors Aviation

Refarencen:

a.- H2 Tools.

be- 1ATA.

.- Johnzon Matthey.

& - ICAC

f-- Sean M. Jarviz, Sheila Samsatll, Renewable and Sustainable Energy Revisws

d.- Collig, .., Duch, K. & Schomacker, B Techno-economic azsessment of et fuel production uzing the Fischer-Tropach process from stesl mill gas. Front. Energy Res. 10, (2022 DO 10.33809,/Tenrg. 20221049220




Shipping PtL

Global shipping of PtL can take advantage of current

Figure 5: Shipped tonnage and average price ranges for some key traded commaodities.

Mote that the price indications are spot price ranges over 2018-2020 and shipped tonnages from 2019, Far hydrogen

infrastructure trade, prices of around US4$1.50 - 2.50/kg would translate to ~US$1,500-2,500/ton, representing a relatively high value
commodity while traded volumes in various 2050 scenarios would likely be well below the shipped tonnage of some
Figure 23: LNG Shipping Density Map for 20197 existing commodities.
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Power to Ammonia (1/5)

The Concept — - s
Renewables
BT "‘J\
e |
NH; =
~*| cracking v -
m?a-,_' — &) Fuel Cell — [
S Vehicles YARA
H, ENGIE-YARA Renewable
Electrolyzer 1 Hydrogen and Ammonia Cal G?gf;g.’f#?';'ﬁu;ﬁo‘mm
> Deployment in Pilbara KNOWLEDGE SHARING REPORT
Haber Bosch =B . h =)
. — — o
> Process — 7 e T
Export Industrial OE n~eocn Worley
Green Feedstock
N Ammonia - ——
| Ar l B Economy
| Separation |
Unit > .
South Australia backs $250m green
: Power hydrogen project to kick start exports
Generation
garb 5 November 2020 [(J EDCEn |

Figure: A Green Ammonia Export Chain Figure: Several high-profile

Green Ammonia Generation
Projects are already being
proposed across Australia.




Power to Ammonia (2/5)

Ammonia Economy

Clean H, production abroad

Conversion to ammonia and transfer

Import/store ammonia

Conversion

Ammonia — H, (re)conversion

Utilization

* Import clean ammonia

Greenammonia

* Collaborate with utilize
established infrastructure

Ammonia import/storage

1L

z %@i—tj

d\:‘,-\ﬁ'
)

<

O)dliF=Yilel) M Ammonia Bunkering

Ammonia co-firing at
diesel-fired power station

Ammonia — H, 8
production \Q + Hydrogen
(1,000~20,000Nm3/h) i -
FC Development
1
| : Uy . .
Q/ ~ H, charging station
%

Ammonia * Work with domestic power

companies

Ammonia co-firing at
Coal-fired power station




Ammonia is received at the
ocean-going vessel jetty:

Power to Ammonia (3/5)

Ammonia Infrastructure and Projects

® Ammonia loading facilities ~® Ammonia unloading port facilities

Unit 4 (Site of
demonstration)

Al
7

Y Pl Area where the storage tank and i
- A Vaporizer will be constructed ‘

»

Mitsubishi Power is now expanding the line-up of H-25 P
carbon free combustion system, not only Gas Turbine @
hydrogen combustion but also ammonia direct g

combustion.

= start development of ammonia direct combustor
= plan to verify the system in 2024
= start commercial operation from 2025

Output:41.0MW

efficiency:36.2% (SC)
>80% (Cogeneration)

Sales:190 GTs

Development Schedule

: |y | 2021 | 2022 | 2023 | 2024 | 2025 ]

Combustor I S
Development

System

Source: The Royal Society, 2020; IEA, 2020 Design
Verification  ——

Commercial
operation




Power to Ammonia (4/5)

Economic Considerations

: Operational Parameters

I Balancing Tech.

| —Capacities (TPD or MW)

RE Plant

|
|
|
_'1;:‘:1 |
Z | —Energy Consumption (kWhikg,) 1 i Electrolyser NH. Plant
' —Efficiency (%) AR % ’
5 ' >l —
=l | —Water Source i ﬁ:-
3 | —Location ! Transmission W
= N B : [ AWater =
=3 | —Transmission distances (km) I f
B T T ' o
@ N H, . H.O_ NH ——
— sy S = ASU Plant
| RE Generated | [ Balancing Technology | 4+ [ Hydrogen Storage | 3 | Ammonia Plant Load |
m P T .. E.* ‘
: B g g g
Tl = o = = -
T = sy o H
o ([ % g E i
d = s | |||| =
E (] § III._---'I'I ]
Time Time Time Time I _______________ -
//’ - /
'_E_A_PE!E F_*a_ra_ m E;E';S_ 1' &
——————————— Levelized Cost of
———————————— 1 Ammonia N S T — R
L DF’EK Parameters » € 'F|nam:|al Parameters 1 iR tZ i \
____________________ P - i
| I U N I _

Figure: Summary of the framework used to assess the feasibility of green ammonia projects. The first level involves
system design to define the operational parameters. The second level simulates the chosen design with outputs
displayed graphically to determine the viability of the project. The third level uses the production output and pre-
defined cost parameters to generate a Levelized Cost of Ammonia (LCOA).



Power to Ammonia (5/5)

Cost Challenges

t CO;-e MWh1

a) b) mPower Generation  mHydrogen Production @ Haber Bosch
0.79
0.003 | MA3CCGT —E—W
i i ] 0.83
oos | wisccor [ o
0 | receor T
i ] | 1.07
0| oo
i i | 079
i ] ] 0.83

0.00005 Semi |sl. 2

= - 1 0.58
0.22 Semilsl, 1

£

0.62
0.66

L

%8 oee

0.35 Grid 0.69

|

0.25 05 0.75 1 125
LCOA (USD Kgyus™")

=

Figure: Power source and balancing technology comparison for 1 MMTPA ammonia plant in
2030. (a) Estimated carbon intensity for scope 1 and 2 emissions for different power sources
and balancing technologies assessed. (b) Breakdown of costs covering power generation,
hydrogen production and Haber Bosch for each of the power sources and balancing
technologies assessed.



Power to Synthetic Fuel

Power to Hydrogen
Power to Methanol

Power to
Methane
Renewable power .@ Power to Fuels
Carbon Capture and
biomass
Clean energy carriers P Clean energy storage
Green fuels ‘K Closing the O%o Decarbonising the
Green chemicals and carbon loop value chain
products Trade and export

UNSW. Sydney, “NSW Power to X ( P2X ) Industry Pre- Feasibility Study A Roadmap for a P2X economy in NSW.”
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Power to Methanol (1/5

Current production Current production
cost levels cost levels
Mature production Mature production
. . cost levels cost levels
Established Trade in Methanol
e 2400 ' 2380
million
1' 2200 1
onnes A carbon credit of USD 50/t CO, would
2000 lower renewable methanol production cost
by about USD 80/t MeOH
1800 |
Formaldehyde
o 1600 | 1620
c
Methyl chloride (chloromethane) ﬂ?%thyl e aeces g’ _E 1400
2% —
Methylamines 2 o0 1120
2% g
Methanethiol (methyl me(ccpto‘n) 1000 TO13
Methyl methacrylate (MMA) DGR el 800 pag 820
2% - 764
553
Aceti id 600 630
cetic o%l : 455
Biodiesel ADO .
3 327 355 Current fossil
250 290 methanol price
Dimethyl ether (DME) 200 227
3% Current fossil
methanol cost
Methanol-to-olefins 0
Sy Fuel uses 25%
iy chemical uses Bio-methanol < USD 6/GJ . E-methanol - CO, from combined
feedstock cost renewable source
Source: Based on data from MMSA (2020) Bio-methanol USD 6-15/GJ . E-methanol - CO, from DAC only

feedstock cost

Notes: McOH = methanol Costs do not incorporate any carbon credit that might be availabie. Current fossil methano! cost and price are from
coal and natural gas feedstock in 2020, Exchange rate used in this figure is USD 1= EUR 0.9,

=
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Emerging Uses as Bunker Fuels

World's first container vessel
operated on carbon neutral fuels

Renewable Methanol -
(250 Mt/y — 2050)

. Marine transport
fuel
Fuel Type Container Capacity Top Speed . Chemical Feedstock
Carbon Neutral (L1 2100 TEU* 18kn (MTO, DME, etc.)
Fuels incl. reefers
S . Renewable energy
zdixind trade and export
L shnmne ) s smn 1 sammne [ sanmns 1 sanm o) mmam 1) wanmn 1 wanm
‘\\ 1) s ) e ) manme a)) oo o) msaw ) e Af s 1)) s ) e ° FueI ceII bGCkUp
1 s 1) 1 e 1 anmn o) e W) s 1 wanm 1 waames 1 s
power

— L:172m —

Methanol Tanks

FUEL SYSTEM
MAN 6G50-LGIM Complete Fuel flexibility with Methanol,
Methanol main engine and Bio fuels and conventional fuels Capable “ ASEAL%MI:IDY
methanol capable gensets. of carbon neutral operation during 2023 NORKEI CRMEAN
.
5.2
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Production pathways and source of carbon Green methanol

Gasification/ N ot
Biomass R YNQas N Bio-methanol
reforming Renewable

Bio-
e-methanol

COz Low carbon
Renewable E-methanol intensity
Renewable

Electrolysis

electricity

Green hydrogen

Non-renewable

CH,OH

Renewable Biue methanol

and storage (CCS) c02

Non-renewable Non-
T renewable

Carbon capture

Natural gas Reforming yNnQgas CH3°H
Grey methanol High

carbon

intensity
Gasification CH30H
Brown methanol

Renewable CO, from bio-origin and through direct air capture (DAC)
Non-renewable CO,: from fossil origin, industry

Whife there is not a standard colour code for the different types of methanol production processes; this illustration of various types of methanol
according to feedstock and energy sources is an initial proposition that is meant to be a basis for further discussion with stakeholders
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Cost Framework

Carbon Capture

6% T &

i Hydrogen Generation E i Buffer Systems i I Methanol Production i
i ¥1i=ry P ’E gooseeaneaneans b I
el
e I. .......... e e = l---------T __________
Hyd
. . ydrogen ()Q
Ny Dynamic modelling JJ hl ‘L M I Open-source tool @d
- L g
ELT': Configuration analysis —lL Ll L'LU—L———J“—‘L—J'——— Location specific results
% Buffer systems [T 1l CO, point source types Q
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Base Case

Cost Framework CO, Source 1444 | 2012 Fermentation CO, / DAC
H, Storage 1384 | | 1676 Salt cavern / UG pipe
Energy Balancing Technology 1646 |1789 Battery / DMFC
Feedstock Balancing Technology 1646 | 2198 H, Storage / Battery
Carbon Credits ($/tcon) 1353 | 1646 100/0
Scale (tpd methanol) 1524 | | 1889 5000 / 100
RE Sizing Ratio (1 — 4 x P,) 1646 | 1955 2 X Ppax I 1 X Prax
RE Mix (Solar:Wind) 1646 | 1942 50:50/90:10

Location (RE Profile) 1543 | | 2178 Gladstone QLD / Darwin NT

1000 1500 2000 2500
So T e LCyeon ($tyreon)

Mackay (AS/ty.on)

Al Ethanol © 1,520

Pilbara® (AS/ty.on)
@& DAC 1.940

A Gas 1.540
@ DAC 1,730

Gladstone (AS$/ty.on)
£ Coal 1.590

i i Cement 1,540
@ DAac 1.900

Darling Downs(AS/ty.on)
i Coal 1.630
& Ethanol © 1.510
& DAC 1.940

Hunter Valley(AS$/ty.on)

A Coal 1,980
di Ammonia 1,990
@ DAC 2320
Ejyre Peninsula*(A$/tyr.on) [Port Kembla (A8/ty.om)
] i Gas® 1.920
i Gas 1,520 i
i Cement 1.360 e ;‘emlem 12;8
- i Steel o
il Steel 1.400 R
$nac Rl & DAC 2,010
Latrobe Valley (A8/ty.on) “
i Coal 2.030 _ B'ell Bay (AS/tyeon)|
& DAC 2,380 - i Gas® 2310
TAS i Cement 1,690

& DAC 2,070




el Marine’s Technology in the Marshall Islands

= el Marine's M-series methanol to hydrogen generator has received
Approval in Principle (AiP) for marine applications from the
Republic of the Marshall Islands (RMI) Maritime Administrator on
any vessel type.

= Through el Marine’s hydrogen generation technology, fuel cell-
grade hydrogen is safely and cost-effectively generated from
methanol and water. It can be delivered on-site, onboard, and on-
demand, and it provides an immediately viable pathway to green
energy.

= |n the Marshall Island’s Rebbelib 2050 decarbonisation framework,
the potential for the deployment of green electro-fuels (ammonia,
methane, hydrogen) are discussed for decarbonisation of transport.

Figure: el Marine's methanol to
hydrogen generator M18.

Reference: https://www.elmarine.com/resource/approval-in-principle-certification-from-the-marshall-islands-
marks-increasing-support-for-el-marine 50
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Power to Sustainable Aviation Fuel (1/3)

Sustainable aviation fuel (SAF) is the main term used by the aviation industry to describe a sustainable,
non-conventional, alternative to fossil-based jet fuel.

Current SAF focused on so-called ‘drop-in fuels’

* Physical and chemical characteristics are almost identical to conventional fossil based jet fuel and
can therefore be safely mixed (at various blend ratios).
* Uses the same fuel supply infrastructure and doesn’t require adaptation of current global fleet.

Over 450,000 flights have taken to the skies using SAF
1 technical pathways exist

Over 300 million litres of SAF were produced in 2022

o o0 o o

SAF can reduce emissions by up to 80% during its full
lifecycle

© Around 17 billion US dollars of SAF are in forward
purchase agreements in 2022

© More than 50 airlines now have experience with SAF

Decarbonisation
Technology
Pathways

Emissions reduction
potential

Aircraft design
impact

Range and type

Aircraft refuelling
infrastructure
impact

Technology
Readiness Level and
deployment
timeframe

Sustainable aviation fuel

Medium to High,
depends on blending
ratio

Minor design changes

Applications to full
range and both cargo
and commuter flights

Low Impact, existing
infrastructure can be
used

6-9, deploying with
commercial projects

Battery-electricity

Low to Medium, if powered by
renewable electricity but
restricted for short-haul flights

Medium to High, new design for
battery and control system

Restricted applications between
500 km and 1000 km,
commuter flights only

High Impact, energy storage,
transmission and fast-charging
infrastructure required

3-4, R&D and early piloting, to
be deployed post-2040

Hydrogen (fuel cell and turbine)

Medium to High, restricted for
short-haul flights and
depending on hydrogen
production pathways
Medium impacts on design

Restricted applications
between 500 km and 10,000
km, both cargo and commuter
flights
High Impact, liquid hydrogen
storage and distribution
infrastructure required

3-4, R&D and early piloting, to
be deployed post-2040
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Global Commitments and Projects

UK: 10% SAF by 2030,

net-zero domestic

aviation:emissions by
USA:20% 2040 and net-zero
aviation by 2050

American Airlines:34mL SAF by 2030, emission
purchase agreement with refineries reduction by

British Airways: net-

reduction by 2025,

investment in SAF

2050, USDS$ 400m ’A Neste Refinery (840 mL) China: 4.5% emissions intensity

AltAir Paramount Refinery (4.6
Lanzalet Project

EU: 55% emissions reduction by

L) / . _
2030, ReFuelEU Aviation for Orlgntal ey Wiy
ited Airlines: kies Alli increased SAF, EU Biofuels Bt
United Airlines: Eco-Skies Alliance, ) /—) el Zhenhoi

’ 2030 withSAF zero emissions by Velocys Project (60 mL/year)
m
7

USDs$30m in refinery, USD4o million Flightpathway, SAF policies fcfinery (0.1mL)

investment in SAF R&D . .
Norway: 0.5% blending mandate in
ific. 0,
Delta Air Lines: 10% SAF by 2030, 2020, 30% SAF by 2030, l Cathay Pacific: 10% SAF by 2030 ‘

USs2m in feasibility study, emissions Norwegian Air: 45% emissions reduction 1 ’ China Airlines: net-zero by 2050 ‘

California: Low Caron
Fuel Standards

transparency MoU by 2030, 500 mI SAF demand

’ Virgin Australia and GEVO Brisbane Trial ‘

Qantas Airways: net-zero by 2050, 20 mL SAF purchase ”

agreements, AUD$50m for local R&D and industry .- Road
ustralia: Bioenergy Roadmap

’

indicates SAF ’ Air New Zealand: net-zero by 2050 ‘
production capacity)

Jetstar Airways: net-zero by 2050
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How is it made?

Fischer-Tropsch Synthetic Paraffinic Biomass (forestry residues, grasses,

0,
Kerosene (FT-SPK) municipal solid waste) 2003 up to 50%
Hydroprocessed Esters and Fatty Acids Oil-bearing biomass, e.g., alzae, .
(HEFA-SPK) jatropha, camelina, carinata 20m up to 50%
Hydroprocessed Fermented Sugars to Microbial conversion of sugars to
Synthetic Isoparaffins (HFS-5IP) hydrocarbon 2014 upte10%
Renewable hiomass such as municipal
FT-SPK with aromatics (FT-SPK/A) solid waste, agricultural wastes and 2015 up to 50%
forestry residues, wood and energy
crops
Alcohol-to-Jet Synthetic Paraffinic Agricultural wastes products (staver, 2016 up to 30%
Keraosene (AT]-SPK) grasses, forestry slash, crop straws)

To be determined.
It is expected to be opproved by up to 50%
ASTM by the middle of 2018,

Hydroprocessed Esters and Fatty Acids Dil-bearing biomass, e.g., algae,
Plus (HEFA +) jatropha, camelina, carinata




Use of SAF in New Aircraft

= Airlines in the PICT region are yet to announce any SAF
procurement targets.

= However, Air Niugini has purchased 4 Trent 1000 engines to
power two new Boeing 787-8 Dreamliner aircrafts, which can
technically operate at up to 50% sustainable aviation fuel blend.

= SAF is set to be the primary avenue for decarbonisation of the
aviation sector over the next decades.

Figure: Rolls-Royce Trent 1000 engine.

Reference: https://www.rolls-royce.com/media/our-stories/discover/2023/poweroftrent-rr-welcomes-air-
niugini-as-new-trent-1000-customer-following-selection.aspx 54
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