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Transporting Decarbonized Energy Long Distances

Amortized Transmission Costs per 1,000 miles

Bl Amortized Operating Cost

Cost per mile  $60 -
Bl Amortized Capital Cost

per unit of energy

transported  $50 -
} Rule of thumb:
s M Moving molecules is
2 - generally much cheaper
* 520 T than moving electrons
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$2.24/MWh -
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DeSantis et al. (2024) 10.1016/j.isci.2021.103495




Pipelines critical for producing & distributing energy
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Liquefied Natural Gas (LNG) essential to globa_l energy trade
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Cool Learnings: LNG’s relevance to decarbonized energy

Which molecules will be
moved in a decarbonised

energy system? \

H, & CO, are highly
likely candidates

Rule of thumb:
Moving molecules is
generally much cheaper
than moving electrons

Apply lessons learnt from LNG Both can be

industry about efficient transport ' transported
|dentify differences for H, & CO, efficiently as
from LNG that need new knowledge cryogenic liquids




Why CO,? All paths to Net Zero require CCS!

From Net Zero Australia Study:

Constrained renewables rollout
+ Renewable rollout rate limited to several times

GeOIOglcaI CO2 SequeStratlon (Mt-COZ/year) historical levels (to examine supply chain and
/ RE- social license constraints)
1,000 A * Much higher cap on underground carbon
storage (to make net zero achievable)

Rapid electrification

800

+ Nearly full electrification of transport and
E+ buildings by 2050

+ No limit on renewable rollout

+ Lower cap on underground carbon storage

600 - Current global rate
44 Mt CO, /yr Slower electrification

+ Slower electrification of transport and buildings
E- compared to E+
400 7] + No limit on renewable rollout rate
+ Lower cap on underground carbon storage rate

200 A Full renewables rollout

* No fossil fuel use allowed by 2050
0 P « No limit on renewable rollout rate

! ! ! ! ! ! ! ! RE+ - Lowercap onunderground carbon storage

2020 2025 2030 2035 2040 2045 2050 2055 2060 rate, which is only used for non-fossil fuel

sources (e.g. cement production)

Massive economic opportunity for countries with storage options
IF CO, transport challenge can be solved


http://www.netzeroaustralia.org.au/

Closed Carbon Cycles Need Liquid CO, Shipping

NG Extraction + LNG Shipping H2 Production
| | I | LNG Production
1 TF ‘v‘v‘v‘ @@ JAPAN
— T T e—) i P
AUSTRALIA

CO, Sequestration LCO, Shipping CO, capture & Ilquefactlon
& Utilisation

For long distances across oceans, shipping liquid
CO, is also cheaper than pipeline transport

Current industry standard “Medium Pressure”
(20 bar) regime limits CO, volume on ship

“Low Pressure” (8 bar) regime enables over
10,000 m3 but condition close to freezing line

Pressure (bar)
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Projected sources of CO, for CCS: impact of impurities

Unit HIGH PURITY CO2 LOWER PURITY CO2
Carbon Dioxide mol% 99.7 95.85
Water ppm 10 50
Hydrogen Sulphide ppm 5 5
Carbon Monoxide mol% 0.0 0.10
S0O2 ppm 20 20
Oxygen ppm 10 10
Hydrogen mol% 0.0 0.75
Ammonia ppm 10 10
Methanol ppm 10 300
Ethanol ppm 10 200
Nitrogen mol% 0.1 2.00
Methane mol% 0.1 1.25

Source: BloombergNEF

/2022 market outlook M Ammonia / hydrogen B Power generation ™ Natural gas processing
M Oil refining M Cement production Ethanol production B Chemical production
B Direct Air Capture (DAC) M Fertilizer production + iron and steel production B Other

500 million metric tons of CO2

400
200
100
0
2015 2020 2025 2030 2035
BloombergNEF

B Natural gas processing source 70% in 2022, <25% in 2030
B Power gen.,, ammonia / H2 sources dominate at 2030 11



Impact of impurities on CO, transport

High Purity CO, Mixture

80-—
Unit HIGH PURITY CO2 LOWER PURITY CO2 i
60 |
Carbon Dioxide mol% 99.7 95.85 B
5 9
Water ppm 10 50 Q40
~
Hydrogen Sulphide ppm 5 5 Q
2ol vapour
Carbon Monoxide mol% 0.0 0.10 I
S0O2 ppm 20 20 O'_--"
Oxygen ppm 10 10 ~60 40 20 0 20
Low Purity CO5 Mixture
Hydrogen mol% 0.0 0.75 80" S |
Ammonia ppm 10 10 B
Ne)
Methanol ppm 10 300 6ot liquid
_ I
Ethanol ppm 10 200 3 |
I ~ 40t
Nitrogen mol% 0.1 2.00 Q | .
liguid + vapour vapour
Methane mol% 0.1 1.25 20l
O __I 1 1 1 L 1

r/c ' “ 12



Challenges of Shipping Cryogenic Liquids: Boil Off Gas (BOG)

Mormal rate of
boiloff-gas production

i
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Evaporation
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N; Compressor Svstem Process Heat  Expander
W2, comps Exchanger

Wiz, comp1 Wiz, come2
L

BOG Valve
Condenser F

NG tank

How big should the on-
board BOG compressors be?
Over-design expensive

BOG rate estimates in
large tanks are empirical —
charts provided by vendor

Complex scale-dependent
process: hard to model or

measure accurately
13



Boil Off Gas Research Facilities
Experiments & models deve
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Hydrogen Value Chain For Energy Decarbonisation
Making & moving H, molecules also central to decarbonisation

/" Production " / Storage N /Transport\ /Utilisation\

%?1 H » H =
(ks D= I
\@ —— i) g A0 Y/

Highly analogous to LNG supply chain
What lessons from LNG sector are relevant to future H, supply chain?

_ " Storage &
Acd gas? S2Ele /L' Regasification Sales gas

C2+ 15

products?



Risks Associated with Cryogenic Liquefaction
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RasGas LNG Train 4 Case Study, Ismail & Al Thani, Presented at LNG-18, Perth 2016



https://twitter.com/Lindeplc/status/494838507412938752/photo/1

Measuring trace impurity freeze-out in LNG

Cs, Heavy Content / mol %

<
o

Sampson et al (2020) Chem Eng J

doi:10.1016/j.cej.2020.12708
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The Enormous Challenge of Hydrogen Liquefaction
For liquefied hydrogen (LH2) must cool to -253 °C (20 K).

Costs 30% of energy in the H,
Boil-off Gas (BOG):

Predict BOG in storage tanks
and manage BOG generated

Catalyst for ortho- to
para-H, conversion

Feed Compression HXs )
-8 Mpa | T T LT e L o 'I"/ duri ng LH 2 Storage & tra nsport
H2 Feed Precooling NN
System BOG
298 -313K (Optional)
0.1-3 MPa 80K

25% para-H,

Impurity Risk: Liquid H2 -

Freeze-out in Product -
catalyst filled 20K

late-fin heat 0.1 MPa
P 99% para-H,
exchanger

C -

Compression Pre-Cooling ryogenic Liquid H2 qumd H2 Liquid H2
Cooling

2 — 8 MPa 80 K to < 30 K Product Storage Transport



Impurity freeze-out in liquid hydrogen (LH2)

He supply from
compressor |]:
He return to
compressor [I:
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He exchange gas supply
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Microscope

Measurement
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N2 Solubility / ppm

New Cryoscope: Operating conditions
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New results for part-per-million (ppm) N, solubility in H,

N, Solubility

N2 / ppim

Barwood et al. Int. J. Hyd. Energy (2024)

) v
\ Untuned model,
4 - & A 100 ppm N, in H,
g solid boundary
7= N

p / MPa

45

New high-resolution data show
N, is 10 times less soluble in

UntulnedL;noldeI, 1.2I MPa
30 35 40 45
T /K

liquid H, than previously thought.
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Making LH2 = Industrial Scale Quantum Mechanics

80% 1 Heat of conversion: 703 J/g
S 70% ] /
2 :
O o b
= 60% 1 “Normal” H, (25 °C) slow
T 509 A 25% para-H,
S :
© 40% A
£ :
S 30% ] J Ortho , Para
Ef 20% 4 — 4 —@—
10% 1 Liquid H, (-253 °C) 3 —o— 3 —
: / 99.8% para-H, ) — ) ——
0% 1 LI | I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1 % 1 —
-275 -225 -175 -125 -75 -25 25 0 — 0 —@®—

Temperature / °C o .
Heat of vaporisation (aka “Boil Off”):

445 J/g

Riaz et al., International Journal of Hydrogen Energy, vol. 48(68), (2023), pp. 26568-26582 2 1

Barrén-Palos et al., Nuclear Instruments and Methods in Physics Research A, vol. 659(1), (2011), pp. 579-586.



Catalysts Essential for Efficient Hydrogen Liquefaction

Feed
Compression
2 -8 MPa

; |
| _ ,
208 -313K | | Cold-box F?W?QG{_"C HX1 HX2 HX3 | 1
0.1-3MPa 1 | i 1L 10
25% p-H, I | Precooling | i 5 7 X ] |
S t = Para] e 33! A i 4 AR
H2 Feed I )8/?) f(m e ~77 K L
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- - Iﬁl: ____ N G I

rapid
- , ,
- i 0.1 MPa .
-
P , 99% p-H, Catalyst Materia
- -~ p o Separator \_J L1quid H,

Cold Stream Flow

(N (Y ()

Catalysts are susceptible to:

* Impurity freeze-out causing blockages

* Impurity deactivation decreasing
ortho-para conversion rates

,,,,,,

Passages

Hot Stream Flow

Al Ghafri et al., Energy & Environmental Science, vol. 15, 2022, pp. 2690-2731. 22



Catalytic Conversion of H,: New sensors and data
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- Testing new materials
- Checking for impact of impurities
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Ortho-Para Catalyst Activation and De-activation

21 ppmV H,0 Catalyst Deactivation
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Lowering the cost of hydrogen liquefaction

Water Electrolysis

H2: 298 K; 2 MPa |
Pre-cooling stage
(Existing Facility)

Heat
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Proposed Demonstration Facility

Mixed refrigerant
technology widely
used in LNG industry
to raise liquefaction
efficiency

Demonstrate
hydrogen liquefier
with novel mixed

refrigerant
technology

g9 Australian Renewable

Energy Agency
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The need for scale in hydrogen liquefaction

For small scale (<10kg/day) liquefiers it is impossible to find relevant
compressors & expanders

Need to go to larger scale to demonstrate ) %Tg

true benefit of mixed refrigerant e Bhoe TN
25108
K
Adapt Commercial Design: R R
bar bar
i MR_HX1 300.17 300
Helium dual-Brayton cycle - §§ K <
liquefier — e B

*1 2 bar iy

78.819 K Mg‘l‘)ar

31.535
LN2_H2_HX % % K T%g
MR_HX2 é § o

1K
Swap helium refrigerant L
. . 1 Fosd Nz 2
for Nelium = mixture of w00 K 78089 K ks
. old H E old *ar MR_Expander
helium gas and neon gas epr 3on ro—

at a given mole-fraction
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Bringing hydrogen liquefaction research, development &
demonstration to Kwinana, Western Australia

Integrated electrolyser & liquefier at
100 kg/day scale to be
demonstrated at FEnEx CRC’s
Flagship Project - the Kwinana

Energy Transformation Hub (KETH)
27




Conclusions

Future decarbonised energy systems will need to transport H, and CO,
- Moving molecules is cheaper than moving electrons
- No net zero without CO, transport

Shipping cryogenic liquids is best way to move molecules overseas
- LNG supply chain is technically mature & cost-efficient

.. Apply lessons from LNG industry to efficiently transport CO, and H,

Identify differences for CO, and H, where new knowledge is needed

Research underway to provide solutions

28
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