ece
CRC

Exploring the race to
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The role of hydrogen in
Australia’s net zero future
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About Net Zero Australia

The Net Zero Australia project (NZAu) is analysing net zero pathways that reflect

Australian debate, for both our domestic and export emissio

The Study is: Net Zero Australia is a partnership between the
University of Melbourne, the University of Queensland,
Princeton University, and management consultancy Nous Group.

Scenario- Technology-
Rigorous based neutralgy
and and THE UNIVERSITY
and OF QUEENSLAND PRINCETON nous
granUIar evidence- non-political T AUSTRAMIA UNIVERSITY
driven CREATE CHANGE

MELBOURNE

NZAu uses the modelling method developed by Princeton University and Evolved Energy Research for its 2020 Net-Zero America study.



NZAu is funded by gifts and grants, and engages broadly

SPONSORS

Generous financial support has
enabled this study
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ADVISORY GROUP

Crucial input is being provided
by diverse advisers

AUSTRALIAN
CONSERVATION
FOUNDATION

' CONSUM
RUSTRALIA®

- Native Title
Eg Council

Gift and grant agreements INDEPENDENT MEMBERS
protect the project’s
independence

SPONSOR NOMINEES

NZAu has consulted widely with the project's sponsors, Advisory Group members and many stakeholders, but is independent of all of
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ENGAGEMENT

Numerous briefings have
been provided to:

COMMONWEALTH MINISTERS
AND DEPARTMENTS

STATE MINISTERS AND DEPARTMENTS

NON-GOVERNMENT ORGANISATIONS

RESEARCH BODIES

A website has also been established
netzeroaustralia.net.au

them. NZAu does not purport to represent their positions or imply that they have agreed to our methodologies or results.


https://www.netzeroaustralia.net.au/

We have modelled six Core Scenarios

REFERENCE

* Projects historical trends, does not model cost
impacts of fossil fuel supply constraints

* No new greenhouse gas emission constraints
imposed domestically or on exports

* Policy settings frozen from 2020 onwards.

RAPID ELECTRIFICATION

» Nearly full electrification of transport and
buildings by 2050

* Renewable rollout rate almost unconstrained

SLOWER ELECTRIFICATION

* Slower electrification of transport and buildings

* Lower cap on underground carbon storage rate.

—
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FULL RENEWABLES ROLLOUT
* No fossil fuel use allowed by 2050

* Renewable rollout rate almost unconstrained

* Lower cap on underground carbon storage
rate, which is only used for non-fossil fuel
sources post 2050 (e.g. cement production).

CONSTRAINED RENEWABLES ROLLOUT

* Renewable rollout rate limited to several times
historical levels (to examine supply chain and
social licence constraints)

* Much higher cap on underground carbon
storage (to make net zero achievable).

ONSHORING

* Domestic production of iron and aluminum

compared to E+ —)> using clean energy
* Renewable rollout rate almost unconstrained * Progressively displaces exports of iron ore,
+ Lower cap on underground carbon storage rate. bauxite, alumina and fossil fuels.
The Reference Scenario has no emissions objective. All other Scenarios are ‘net zero’ for both the domestic and exported emissions separately, and start from current 5

emissions, and track in a line to net zero emissions by 2050 (domestic) and 2060 (export). None of the Scenarios are forecasts.



Key insights from Net Zero Australia modelling

WHAT IT WOULD TAKE TO REACH NET ZERO WHAT AUSTRALIA MUST DO

1 Grow renewables as our main domestic and export energy source ’(Z_}N Deliver an energy
2 Establish a large fleet of batteries, pumped hydro and gas-fired firming J transformation
3  Greatly increase electrification and energy efficiency unprecedeii
scale and pace
4 Develop a large carbon capture, utilisation and storage industry
5 Greatly expand our energy transmission and distribution networks
6 Attract and invest $7-9 trillion of capital to 2060
7 No role for nuclear unless costs fall sharply and renewables are constrained
8 Transition to clean energy and clean minerals exports ﬁﬂ Transform our expo
9 Locate these new export industries in the north; possibly also in the south an essential CONEEN.
global decarbonisation
10 Expand a skilled workforce from about 100,000 today to 7-800,000 by 2060 Invest in our people
11 Move the land sector towards net zero and potentially to net negative and land
. . . . to reduce impacts and
12  Carefully manage major land use changes, including the Indigenous Estate, share bel i

ecosystems and agriculture

Today'’s presentation will focus on a sub-set of these key findings. See netzeroaustralia.net.au for the full results.



2. WHAT WOULD IT TAKE TO
ACHIEVE
NET ZERO

1 Grow
renewables as
our main
domestic and
export energy
source

5 Greatly

expand our
energy
networks

E+ 2020

2020
(for context)

Transmission (MW)
<1,000
= 6,600

13,000
= 20,000

| L L L L L
0 200 400 800 Kilometers

L. _‘23« <

VRE project capacity factors

Solar PV Onshore wind Offshore wind
0.14 -0.20 0.21-0.26 0.20-0.36
0.20-0.21 0.26 - 0.28 0.36 - 0.46
0.21-0.22 0.28 - 0.30 0.46 - 0.56
Bmo0.22-023 B 030-0.31 I 0.56 - 0.66
B 0.23-0.29 I 031-0.38 I 0.66 — 0.81

ABS SA2 region with population >
5,000 people & density > 100
people/km?
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2. WHAT WOULD IT TAKE TO T

ACHIEVE 0 200 400 800 Kilometers

NET ZERO

1 Grow
renewables as
our main
domestic and
export energy
source

Solar hubs include both %
transmission ' )
(blue/magenta) and solar
(orange).

5 Greatly

expand our
energy
n etWO rks Transmission (MW)

<1,000
= 6,600
m— 13,000
20,000

VRE project capacity factors

Solar PV Onshore wind Offshore wind
0.14-0.20 0.21-0.26 0.20-0.36 v
0.20-0.21 0.26-0.28 0.36 - 0.46 '
0.21-0.22 0.28 -0.30 0.46 - 0.56 ¥ 8
mo0.22-023 N 030-0.31 B 0.56 - 0.66 ABS SA2 region with population >
E+ 2060 Em023-029 B 031-038 I 0.66 — 0.81 5,000 people & density > 100

people/km?



2. WHAT WOULD IT TAKE TO [T T T T T T T
ACHIEVE 0 200 400 800 Kilometers

2060 ] % -
Tk .
(& |

5 Greatly expand
our energy and
ancillary networks:
including pipelines
carrying hydrogen

ABS SA2 region with population > ' . A7 ol
5,000 people & density > 100 s ¢ Yy
people/km? . o y
q . ) cu o
VRE project capacity factors Capacity (TJ/day) e ’Q“ -
Solar PV Onshore wind Offshore wind N i..
50 (40 m easement, 1 pipe)
0.14-0.20 0.21-0.26 0.20-0.36 . g
0.20 - 0.21 0.26 -0.28 0.36 - 0.46 === 3,845 (67 m easement, 3 pipe)
0.21-0.22 0.28 - 0.30 0.46 - 0.56 . *
0.22-023 B 030- 031 0,56 — 0.66 @ 7,690 (94m easement, 5 pipe) 9
E+ 2060 023 -029 B 031-038 E0.66 — 0.81 @ 11,53 (121 m easement, 7 pipe)
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2. WHAT WOULD IT TAKE TO
ACHIEVE
NET ZERO

5 Greatly expand
our energy and
ancillary networks:
including pipelines
carrying
desalinated water

E+ 2060

| L L L L L
0 200 400 800 Kilometers

2060 -

Pipeline water flows (GL/day)

¥ Electrolysis sites
1" DAC Sites
Desalination plant supplying water to
&) Autothermal reforming w/cc
4 Direct air capture (DAC)
4 Haber-Bosch
) Electrolysis

10



Form of exported energy (EJ/year)

Fossil energy exports are replaced by low-emissions ENERGY,
. EMISSION
energy carriers SED

Projected form of exported energy (EJ/year)

KEY TAKEAWAYS

REF E+ E+RE+ E+RE- E- * Ammonia/Hydrogen derivative
dominates energy exports except
in E+ONS, where onshored
processing of Australian iron and
alumina ores (E+ONS) displaces
the majority of current energy

exports.

T i N Y
O = N W ko

* Coal and LNG exports drop
rapidly from 2030.

w

» Undersea electricity cable link to
Singapore is a modest share of
export energy. (NZAu modelling
was conducted prior to recent
developments in AUS>SGN
energy projects)

= MWk oy~ 0

Modelling note
Electricity export cable Onshored aluminium B Black coal (thermal+met. Energy export demand is held

B Synthetic Fischer-Tropsch lig. M Onshored direct reduced iron constant at 15 EJ/year — about 3x
. A 2050 domestic demand.
Ammonia/H2 derivative LNG

o
<
o
[
)
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PILLAR 3: Zero-carbon fuels and feedstocks

(including bioenergy)

KEY FINDINGS

Clean fuel production
will use 25-50% of
domestic electricity —
but 90% of all
electricity, given
export demand

Most Australian hydrogen will be produced through electrolysis and exported (as clean energy or
clean minerals)

Major underground hydrogen storage capacity is needed for the domestic system, and multiples
more for exports

Significant build of hydrogen transmission infrastructure is largely associated with export projects

Most Scenarios significantly reduce production and use of pipeline methane gas by 2060, except
for E+RE-, where production expands for H, production with CCS

Bioenergy potential is limited by sustainable supply of biomass, but still expands by 8.5x to ~1,100
PJ/year

Bioenergy facilities are rapidly installed from 2030, and are regionally distributed based on location
of distributed biomass resources

Aviation remains fully dependent on fossil fuels, except in E+RE+, which prohibits fossil fuel use

12



PILLARS

1 6

Most Australian hydrogen will be produced through
electrolysis and exported (as clean energy or clean minerals)

Zero carbon fuels and feedstocks

Hydrogen supply (Mt-H2/year)

Projected hydrogen supply, by Projected hydrogen use, by sector/technology
technology (Mt-H,/year) (Mt-H,/year). Note 10x difference in y-axis scale KEY TAKEAWAYS
* Haber-Bosch ammonia production
E+ E+RE+ | E+RE- E- E+ONS E+ E+RE+ | E+RE- E- E+ONS is assumed for exports. Other
150 12 hydrogen forms/derivatives (LH,,
140 T methanol, etc.) may be more
130 E E 10 prospective.
>
120 -: o 8 » Around 140 Mt/year of hydrogen
110 & .I:. 6 produced to substitute current
100 _.g s fossil energy exports with clean
90 :>:~ carriers, except for ONS where
50 2 only 80 Mt/year is produced
70 195 * Electrolysis dominates hydrogen
60 e production capacity in most
£ 5100 scenarios.
50 E g
40 "; S 75 * Blue hydrogen supplies a smaII.
&T early share in E+ and E-, none in
30 - . .
e g 50 E+RE+, and substantial share in
20 S E+RE-, due to i i
2 2 +RE-, due to increase in
10 0 maximum CCUS capacity and
8 2 &8 3 88 & 88 22 88 2 8 g 3 88 3 88 & g8 & 88 2 &
M Electrolysis ) M Electricity generation M ron and steel B Onshored aluminium small, relative to that
W Autothermal reforming wy/cc B Fischer-tropsch liquids M Other industry B Onshored direct reduced iron produced for export. 13
Bio-gasification w/cc Methanation B Transportation Ammonia production

Basic non-ferrous metals






Future Fuels production technologies

Feedstock

e

Gasification Reforming Pyrolysis Anaerobic Gasification Electrolysis
(DFR,EFR) (SMR, CSMR,ATR) (SC, MM) Digestion IPyrolysis AE,PEM
v H, Carriers:
— Bio-methane ,| Liquid H,
A4 " Methanol
,| Blue Hydrogen |, Green Hydrogen |, Ammonia
(100kta) (25kta)
v
ATR: Auto-th | Reformi
SMR: SL:eZm ?\;Ir:tianz gg;cl)r:gwing > i GaS <
SC: Solid Catalyst Pi peI ine
MM: Molten Media,
DFR: Dual Fluidized bed Reactor eve
EFR: Entrained Flow Reactor CRC
AE: Alkaline Electrolyser
PEM: Proton Exchange Membrane 1
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Green Hydrogen

Electrolysis



Electrolysis

« Alkaline Electrolysers (AE)
- Commercially mature e

* Do not respond well to power
fluctuations

+ Efficiencies of ~54-58 kWh/kg-H,
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» Proton Exchange Membrane (PEM)
Electrolysers

* Rapidly becoming commercially
viable
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] ) ] KOH KOH 1
* Wide operating range and ramping "
ability
 Stack efficiencies of ~59-62 kWh/kg-
H2




Operating Cost ($ kg-H,)

Electrolysis

Financial Analysis

Levelised Cost ($/kg-H.,)

$7.00

$6.00 -
$5.00 -
$4.00
$3.00 -
$2.00 4
$1.00 -

$0.00 -

ELEC-PEM

ELEC-AE

Depreciation
m Principal
m Operating Cost
H Capital Cost

Capital

Expenditure

Operational
Expenditure

Sensitivity
Analysis

Total Install

el
2 $120
[&]
B 8100
$80
$60
$40
$20
$0 4 T

ELEC-PEM ELEC-AE

$5.0

z

Operating Cost ($/kg-H,)
o o
] @
[=] [=]

$1.0

$0.0

Water Cost

Capital Expenditure

Electricity Cost

ELEC-PEM ELEC-AE

mOwners Cost

u Installation

W Utility Connection
Mechanical Equipment

m Electrical Equipment

mProcess Equipment

m Equipment Packages

Fixed Maintenance
B Stack Replacement
m Electricity

mWater and Electrolyte

BHIGH
mLOW

-540

-$30 -520 510 500

$20 $3.0
Levelised Cost of Hydrogen ($ / kg H2)

CRC
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Green hydrogen from

Biomass pyrolysis with Steam reforming

biomass (Pyrolysis)

Biomass Pre- | Pyrolvsi ‘ y Steam Water-Gas AGR H, Purification | Hydrogen
treatment yrolysis | Reformer Shift (WGR) (Unit 1) (PSA) Product
A
I Chai 2\ Heat l Tail 'Ggsl
| Heat ! = = = = = - ' ..
I ] - CO2 removal Dehydration/C Steam
CombUStlon _»: (Unrt 2) ‘_>| OmpreSSlon generatIOI‘l .......................
______ o
Biomass pyrolysis/Gasification with OLGA tar treatment
Steam * Volatiles
Biomags | Pre- | D Water-Gas | OLGA tar | AGR H, Purification Hydrogen
treatment —>pGasification -" Shift (WGR) removal (Unit 1) (PSA) Product
A ) :
I Cha:l ZI Heat l Tail Gasl
I Heat ‘ —————— 1 _ -
| — — > I CO2 rgmoval Dehydratlc_)n/ eam
| (Unit 2) i Compression

generation
eve
CRC
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Green hydrogen from biomass

$11.0
$10.0
$9.0
$8.0
$7.0
£$6.0
2
§$5.o
$4.0
$3.0
$2.0

$1.0

$0.0

$2.5

$6.4
$4.9 e
$13 $1.8
! . I .

Pyro+SR/Partial CC

B Biomass cost
Fixed Opeation Cost
- Finance cost

-$0.06
—_—

$6.9

B Other Variable Cost
Annual capital cost
LCOH

$5.0
-50:39

$3.7

$9.6 A

425 $2.7

-$0.18

a7y

Pyro+SR/Max CC

Pyro+OLGA/Partial CC Pyro+OLGA/Max CC

Gasification/Partial CC

Case 10 (Biomass Gasification)

.02 [ 5 -

s4.52 ] s4.76
s4.60 [ $4.95

$4.50 ] $4.73

s3.62 [ s50:

$25 $3.0 $35 $4.0 $45 $5.0 $55 $6.0 $6.5 $7.0 $7.5

Hydrogen Breack even price A$/kg
H Max ®Min

« LCOH is mostly sensitive to Capital cost and carbon credit
 The LCOH could further drops if the carbon credit increases from $25/t (base case) to
$100/t of captured CO,,.

T3] THE UNIVERSITY

+ADELAIDE

CRC
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LCOH (A$/kg)

14

12

=
o

Sensitivity Analyses

The LCOH shows highest sensitivity to
the CAPEX variation

The lowest LCOH ($3.3) is achievable
upon 30% reduction of CapEx for
biomass gasification

Effect of Carbon Credit on Biomass pyrolysis/gasification

14

12

LCOH (A$/kg)
» (o2} [e0) B

N

Effect of CAPEX on Biomass pyrolysis/gasification

A50% OBase ¢-30% =-30%CapEx, Max CC 139

$9.7 $9.5 $9.6
$7.1 $6.9 $7.1 $6.9

$6.4

$5.2
9 $4.5 $4.3 $4.7
$3.7 $3.6 $3.3 $3.3
$2.9 Vvs2.3

Pyro+SR/Partial CC Pyro+SR/Max CC Pyro+OLGA/Partial Pyro+OLGA/Max Gasification/Partial

A$100/t CO2 [@O$25/tCO2 ¢ Nocredit =-30%CapEx, Max CC
$10.6
$9.6
$7.4 .
$6.9 s64 $6.8
$5.2 . : 50
$4.9 52 $4.7
$4.1 $4.3
$3.6 $3.6
$2.9 $3.3
Vvs$2.3

Pyro+SR/Partial CC  Pyro+SR/Max CC  Pyro+OLGA/Partial Pyro+OLGA/Max CC Gasification/Partial

CcC

g3 THE UNIVERSITY
+ADELAIDE

Yt

CcC

cC cc cC

Carbon credit, also has a significant
impact on the LCOH

With the simultaneous reduction of
CapEx by 30% and carbon credit to
$100/t of CO2, LCOH would drop to
$2.2 for biomass gasification

22
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Blue Hydrogen from Coal
Steam gasification cases‘

Steam
—>
Coal_> Pre- | Steam Hydrogen |
treatment Gasification Purification
Hydrogen
SteamT C@tﬁé}g Product
Steam \ \ CO, removal Dehydratlon/
Generation amouston (Unit 2) Compression -4
' CO 0 [
Tail Gas pipeline
Steam/oxygen gaS|f|cat|on cases Hydrogen
o Pre- 0,/Steam Water-Gas _” A(lSJR_tulnit _ﬂ Hy_d_rog(_an Product
oa treatment Gasification Shift (WGR) (Unit1) Purification
Water CO, to _
2 plpéllne‘t CO, Tail Gas
Steam Steam Air Separation | Dehydration/ CO, removal
Generatlon | Unit (ASU) Compression (Unit 2)
+ | Flue Gas @- .
| CRC
24



Installed equipment cost and total investment costs

Installed Equipment cost

$900.00

.
.
sa00.00 Total investrhent cost Breakdown
700.00
§ Working capital
+ start-up, 15%
$600.00
s $500.00 Contingency+EPCM, ISBL, 44%
5 24%
$400.00
$300.00 Les®
---------
$200.00
$100.00
OSBL, 17%
$0.00 o
QBC-EFR VBCEFR VBC-DFB VBC-in-situ
B Coal handling B Coal Pre-treatment and feeding B Gasification island m |SBL ® OSBL = Contingency+EPCM m Working capital + start-up
B WGS and syngas compression B CO2 removal from syngas M Hydrogen separation & compression
B CO2 removal from flue gas B CO2 de-hydration and compression B Stem generation

B Air separation unit

« CO2 Capture, dehydration and storage makes around half of the installed equipment cost
» The coal gasification in the DFB shows the highest installed equipment and total investment cost
» The Coal gasification with calcium looping process shows lower cost due to needing lg its

CRC




Levelized Cost of Hydrogen (LCOH)

$5.50
$5.00
$4.50
$4.00
$3.50
$3.00
$2.50

AS$/Kg H2

$2.00
$1.50
$1.00
$0.50
$0.00
-50.50

S4.5
S4.1v
$0.95 $0.81
- I I
QBC EFR VBC-EFR VBC-DFB VBC-in-situ
M Coal cost M Other Variable Cost ™ Fixed Opeation Cost

H Annual capital cost ™ Finance cost

Sensitivity Arialysis for best case
Case 6b

CAPEX
SR Vsaz0 I ;-

Elec. Price
($/MWh) $3.82 --\ms\
(25/128)

CO2 Storage
($/Tonne) $4.06 I- $4.41 $41
(4.5/30)
Coal PRICE Base case
($/GJ) $3.92 [ s424 L. COH
(0.64/2)

$2.50 $3.00 $3.50 $4.00 $4.50 $5.00 $5.50 $6.00

Hydrogen Break even price A$/kg
®Max ®Min

This technology has a highest sensitivity to the capital cost

* QBC gasification using EFR and steam/oxygen gasification shows a highest LCOH ($4.9)

» VBC gasification using EFR and steam/oxygen gasification shows a lowest LCOH ($4

CRC
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Sensitivity Analyses

Effect of CAPEX on coal gasification

7
» The LCOH shows highest "o e - s
sensitivity to the CAPEX variation g » 50
 The lowest LCOH ($3.3) is us | e 45
achievable upon 30% reduction 8as| odsm—-a__ . R T
for the VBC in an entrained flow s | ks i 532 550 !
gasifier R R '
3 Effect of Coal Price on coal gasification QBACSCI)EOZRD Base YZ(;;FE-SO%CapI;/:CMIi::]FSoaI price VBIS/;?yf:ilrjlg Min
55 $5.5
% ° $4.9 ijf: $4.6 . :
S a5 84.7 502 o o The coal cost variation has a noticeable
T 4 - . T e - ==_ | impact on LCOH for QBC case
Sas | 1 T R =807 =s |  The impact of coal cost variation for the
o e T . N =0 | VBCis not very significant
20 QBC-EFR VBC-EFR VBC-DFB ) ;B;-I:-S-i-tu‘
A Max coal price OBase coal price ¢ Min coal price

=-30%CapEX,Min coal price *Everything Min
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Steam Methane Reforming(SMR)& Combined SMR Reforming
Air Separation | | CO, to ATM

(Combined SMR) —
Capture ehydration :
Natural Steam éA +P% }"Npression P To CO, 4 o
Gas pipeline * H, to pipeline

* Flue Gas | 100kT,99.97%

Pre-Reforming Main Reformer Water Gas ,Capture ’—»{ Hydrogen
Shift (Hot & Cold) A+PZ) Purlflcatlfn-(PSA)

v

NG as fuel T Tail Gas as fuel

.
.
.
*e .
..........
.............

ATR-Optimum Energy Efficency (ATR-OP)-CO, Capture from Reformer ONLY

Auto-Thermal Reformer (ATR)

002 to ATM
as | | Generation | (MD Compress|on pipeline
l Oxygen
JL (0,/C=0.5)
’ Pre-Reforming Autothermal Water Gas CO, Capture qurpg(a_n
Reformer Shift(Hot/Cold) (MDEA+PZ) Purification
(PSA)
Tail Gas fuel): Tail gas H, to pipelieo
Off gas 100kta,99.97%
Compression oee
CRC
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Inside Battery Limit Cost
Breakdown*

$450.00
$400.00
$350.00
$300.00 I I
= $250.00
3
< $200.00
$150.00
$100.00
$50.00 . l I I
$-

CSMR ATR-Optimum

m Reformer section

CO2 removal from syngas
H Flue gas Quench H CO2 removal from flue gas
B CO2 de-hydration and compression ® Steam Turbine

B ASU+O2 compressor

*)No Contingency and EPCM are included

u Water gas shift+ syngas Quench

Hydrogen separation & compression

Total Investment :Cost
Breakdown for SMR plant

Working Capital +

Start-up
15% Process plant-
ISBL
44%
Contingency +
EPCM
24%
Total OSBL
17%

.
.
-------

+ CapEx significantly increases with high CO, capture

rate
ATR technology has the lowest CO, capture cost
 ATR at optimum energy efficiency competes with
SMR at this scale
* Cost reductions in the air separation unit improve
CapEx significantly — by ~25% in ATR processes

30
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Levelized Cost of Hydrogen(LCOH)

3.50
$ 2.97 so7 A
$3.00 2.92
$2.50
~ $2.00
s = R =
2 $1.50
B
< $1.00
$0.50
$-
< &
23 & ,\\@
oR
Q.{
o
m Total NG m Utilities and Consumables
CO2 transport and storage Operators+Admin + Insurance
® Maintenance m Tax

Annual capital cost Finance cost

Natural gas has the highest contribution to
OpEXx, and has the largest impact on SMR
process due to the higher feedstock
requirement

Sensitivity Analysis fof the best case
SMR

m Max

Raw Water
$2.95 [i] $3.01 o Min

(A$Im3)(1/2 14)

CAPEX
(-30%/ 1+50%) $3.65

Elec.(A$/MWh)
(25 /85/ 128) $2.87 I $3.05
CO2 Storage
(A$/Tonne) $2.04 I $3.13
(4.5/9/30)

NG (A$/GJ) _
(2.5/6/9) @ $3.57

$2.00 $2.20 $2.40 $2.60 $2.80 $3.00 $3.20 $3.40 $3.60 $3.80
H2 A$/kg

* $2 H,/kg is probably achievable at lower
natural gas price

+ CapExis the second largest influence on
the process economics

CRC
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LCOH,(A$/kg)

Sensitivity analysis results

Natural Gas Price $4.50 Capital Cost
$4.00 2.5-95/GJ 64.00 -30% to +50% 405 ,
’ 3.81
3.57 3.65 3.79 3.61 vor
$3.50 T 3'47 $3.50
' 2
$3.00 2 $3.00
% L 4
$2.50 2.59 S 4250 2.57 2.62 2.74 2,51
2.27 s I 2.3 I e
$2-00\’/——;—; 211 L s $2.00 q,_é—?"'_'"' o 21 T s
_________________________ 1_ 3 I ¥ \‘~~~--____________'_9___ __________1_8_8______———’
$1.50 $1.50
SSMR -CCS CSMR-CCS ATR-CCS ATR-CCS(OP) SSMR -CCS CSMR-CCS ATR-CCS ATR-CCS(OP)
©$2.5/GJ 1$6/G) A9$/GJ =-30%CapEx@$2.5/GJ ©30% mBase A50% —-30%CapEx@$2.5/GJ

To achieve the $2/kg H, target both low natural gas prices and substantial CapEx reductions are

required
At larger scales we know from experience that ATR(OP) will become more competitive than

SMR+CCS ece
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Emerging technology - Pyrolysis of Methane

Thermal dehydrogenation of methane produces
hydrogen and carbon

CH,=C + 2 H,

CO, free hydrogen production from CH,

.
..
.
. .
..........
.............

* Carbon is a by-product but can also be a problem:
= Deactivates catalytic surfaces
= Restricts gas flow through reactors
= Is removed by combustion, producing CO,




Emerging technology - Pyrolysis of Methane

* Two pyrolysis technologies-with proven
concept

Selected technologies remdyve carbon continuously
= Solid Catalyst- Pilot plant TRL 5

: . CHy+H,
= Carbon is removed through reaction

CH,+H,
with catalyst

= Molten Media- Pilot plant under

investigation TRL 4 Catalyst —] googj, ..........................
. .. i ¥ oot i
= Molten Media facilitate to remove  Selid e
Carbon Solid particle [°% ¢ 3
the by-product carbon

* Plant capacity -100kta H,

Gas bubble | 25 €s

Feed —>{rAz7ml °'.'. E’f’j
S C Feed
* Feedstock characteristic Molten Media Consubmed Catalyst
= Australian Pipeline Standard for Natural Gas + Carbon
= Coal Seam Gas - 98.68% methane Molten Media Solid Catalyst
4 cases 3 cases

eve
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Natural Gas Pyrolysis- Solid Catalyst

Indirect Heating

Catalyst

Ll

_+

{ Furnace

N

4

Pyrolysis reactor
Multi-stage FBR

Pre-Pyrolysis

Hydrogen ‘
Purification

To H, pipeline
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Carbon
Separation

l

Reactor

Natural Gas,
Au Pipeline

CSG

_

]

»

O, Dehyd. & ’

|—>hoz Capture ‘w,kmp.

Carbon
Handling H

Consumed
catalyst +
Carbon
Product

Natural Gas Pvro|v§is- Molten Media

Direct Heating via Molten Media

H2-Rich Gas Case
(Optimum, 5b)

;)ég)(glc?rlssmrry ‘_.MOIten Salt ‘
Bubble Column Heater _l

v

. Carbon
Pre-Pyrolysis L— Separation |

Reactor Co,
T | | Dehyd. &
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.
.
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.
.
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‘ apture

To H,
pipeline

CRC



Natural Gas Pyrolysis

Integrated with renewable energy

Hydrog_en ‘
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. N
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~Byrolysis_ L Carbon
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Levelized Cost of Hydrogen (LCOH) Sensitivity Ahalysis result

Impact of electricity price 100 kta Solid Catalyst with CCS
$450 395 o 410 \a07 40 " 1 Max
$4.00 3.68 grarbon LT
(stomne) 52 50 |+ '
$3.50 (500/50/0) -~ o Min
$3.00 CAPEX R oy
250 - P v I
3 $2.00 i158% Electricity '
1.50 ($iMWh) $3.79 $407 e
$ . (25 185/ 128) . . .
$1.00 002 Sorage MIN €CONOMIC drivers
$0.50 l (ASTTonne) 8395 || 399
N (45/9/30)
Natural 4
O O @ O & L O esod (o I I ¢
\Co‘\ Q@% c_ocgg' \Co% Q\Oc’ 6@& O\ﬁ? (25/6/9) -
Q O Q ]
£ ¢ & § 8 & $240 $280 $320 S360 $400 $440 $480 $520
& 4
\ N

NG feedstock Other variable cost High quality carbon is a game changer

n Fixed Opeation Cost ® Annual capital cost _ _

m Finance cost LCOH is based on mixed

CH,+H,

79 mol% of H,
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Sensitivity analysis results

Natural Gas Price

$5.50 ___o--mmmTT T e e
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Process economics are less plausible under higher
NG price due to higher NG consumption compared to
conventional technologies
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High quality by-product carbon drives the
process economics towards the target price eoe
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Summary



LCOH
Comparison

Feedstock

-
B
“.

(

Technology

Ccmbmed

Standa\one

CO, capture > 30%
CO, capture optimised
Solid catalyst

Molten media

=

Molten media

| Awseeores

Solid catalyst

OLGA tar removal

Steam tar treatment

ﬁ-—|_

Case 1

Case 2

Case 3a
Case 3b
Case 4a
Case 5a
Case 5b
Case 6a
Case 6b
Case 7a
Case 7b
Case 5c
Case 5d
Case 5e
Case 4b
Case 10
Case 9a
Case 9b
Case 8a
Case 8b
Case 13
Case 14

cenario (LCOH (AS/kg,,

Y

Lo unuvLuvunuonunununnnnonnonnnnn

2.98
3.06
3.25
2.92
3.95
4.11
1.58
4.90
4.12
4.83
4.48
4.08
4.05
3.76
3.90
4.66
6.37
9.63
4.94
6.89
6.20

6.40 ‘

N
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Predicted CapEx Cost Trajectories

Net Zero Australia Project

Green

Blue

2020
2025
2030
2040
2045
2050

2020
2025
2030
2035
2040
2045
2050

Alkaline
1580
1264
1068
777
739
725

ATR + CC
$/kg-H,/year
6.50
6.37
6.21
6.06
5.91
5.76
5.62

Capital cost (2020 AU$/kW-e)

PEM
1868
1086
738
474
446
436

Brown coal gasif. + CC
$/kg-H,/year
11.6
113
11.0
10.8
10.5
103
10.0
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