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Grey Hydrogen
* Fossil fuels
* Highest contributor is steam reforming of methane (SMR)

« High CO, Emissions =
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IEA, Global Hydrogen Review (2023). Available at https://www.iea.org/reports/global-hydrogen-review-2023.
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Grey Hydrogen

* Fossil fuels

* Highest contributor is steam reforming of methane (SMR)
* High CO,; Emissions

Blue Hydrogen

« SMR with Carbon Capture and Storage (CCUS)

» Possibility of compact design and decentralised production
» Ability to utilise existing gas distribution networks

Green Hydrogen

« Electrolysis of water

* High energy input

« Significant land use and capital costs
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IEA, Global Hydrogen Review (2023). Available at https://Www.iea.org/reports/global-hydrogen-review-2023.
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Hydrogen Production
(Mt/year)

 SMR currently accounted for 62% of all H, production in 2022
* CO, emissions from current SMR plants (Grey Hydrogen) is 540 Mt annually

« Final Investment Decision is was only around 5% for blue and green production
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IEA, Global Hydrogen Review (2023). Available at https://lwww.iea.org/reports/global-hydrogen-review-2023.
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Small-Scale SMR Plants

« Capacities less than 1000 kg per day
« Compact and decentralised
« Often contained with a 20 ft freight container

Medium-Scale SMR Plants

« Capacities between 1000 kg and 10,000 kg per day
* Modular in size but often serve several industrial plants
 More permanent than small-scale plants

Large-Scale SMR Plants

« Capacities greater than 10,000 kg per day
« Large land usage and part of a distribution network
* Fixed in place until plant decommissioning
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CH,
——— Steam J

Water Gas Shift

PR

H, Purification

H,

CH, + H,0 > CO + 3H,
CH, + 2H,0 - CO, + 3H,

CO + H,0 > CO, + H,
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Flue Gas

CO, Fraction
Temperature

Pressure

Water Gas Shift H, Purification

PR

H,

S, ®

(To Reformer)

Syngas Tail Gas

Flue Gas Syngas Tail Gas
Low Low High
High Low Low
Low High Low
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F = formaldehyde B RN

C = sodium carbonate
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F = formaldehyde S

C = sodium carbonate

RF Xerogel

RF Xerogel
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l. Precursor Il. Gelation & Curing lll. Drying
% 3 days, 85°C 3 days, 100°C

. P9 ) /D

R = resorcinol @ ®
F = formaldehyde S

C = sodium carbonate

RF Xerogel

Pyrolysis

600°C - 800°C
1h/N,

RF Xerogel Carbon Xerogel
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l. Precursor Il. Gelation & Curing lll. Drying
% 3 days, 85°C 3 days, 100°C

. P9 ) @

R = resorcinol @ ®
F = formaldehyde S
C = sodium carbonate

Pyrolysis Activation

600°C - 800°C
2h/CO,

600°C - 800°C
1h/N,

RF Xerogel Carbon Xerogel Activated Carbon Xerogel
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RF Xerogel Carbon Xerogel Activated Carbon Xerogel
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RF CX ACX

ACX-600
T=600°C
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600°C - 800°C
2h/CO,

600°C - 800°C
1hIN,

RF Xerogel Carbon Xerogel Activated Carbon Xerogel
RF CX ACX

ACX-600 ACX-700 \\

=600° T=700°C |
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Pyrolysis Activation

600°C - 800°C 600°C - 800°C

1h/N, 2h/CO,
RF Xerogel Carbon Xerogel Activated Carbon Xerogel
RF CX ACX
ACX-600 ACX-700 ACX-800
T=600°C T=700°C T=800°C
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Pyrolysis Activation

600°C - 800°C
2h/CO,

600°C - 800°C
1hIN,

RF Xerogel Carbon Xerogel Activated Carbon Xerogel
RF CX ACX

ACX-600 ACX-700 ACX-800

=600° T=700°C T=800°C
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CH,
——— Steam J

Flue Gas

CO, Fraction
Temperature

Pressure

H,

v v
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(To Reformer)

Syngas Tail Gas

Flue Gas Syngas Tail Gas
Low Low High
High Low Low
Low High Low
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Flue Gas
Syngas Tail Gas
Flue Gas Syngas { TailGas )
CO, Fraction Low Low High
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Pressure Low High \ Low
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Flowrate Temperature Pressure
100 ml min- 25°C 1 bar
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Feed Conditions (Typical H, SMR Tail Gas)

50% CO, 15% CH; 10% CO  25% N,
Flowrate Temperature Pressure
100 ml min-? 25°C 1 bar
Adsorption 10 Dry Cyely Regeneration
Tail Gas 11 Wet Cycles (H,0)
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Feed Conditions (Typical H, SMR Tail Gas) Packed Bed
50% CO, 15% CH; 10% CO  25% N,
Flowrate Temperature Pressure
100 ml min-1 25°C 1 bar
Adsorption 10 Dry Cyely Regeneration
Tail Gas 11 Wet Cycles (H,0)

e v
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Feed Conditions (Typical H, SMR Tail Gas) Packed Bed
50% CO, 15% CH; 10% CO  25% N,
Flowrate Temperature Pressure o
100 ml min-" 25°C 1 bar o
3
3
Adsorption 10 Dry Cyely Regeneration
Tail Gas 11 Wet Cycles (H,0)

e v
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Outlet

Bed initially in inert N, atmosphere
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Breakthrough Curve
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Outlet

CO,

CH,4
CO
N,

CICq ]
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0.8 -

0.6 -

0.4 4

0.2 4

0.0

J

1 2 3

Time [min]
Breakthrough Curve
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Materials
Activated Carbon Xerogels
ACX-600 ACX-700 ACX-800
T=600°C T=700°C T=800°C

!

L
W
.
-
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Materials
Activated Carbon Xerogels

Conditions
Typical Tail Gas

ACX-600 ACX-700 ACX-800
T=600°C T=700°C T=800°C

Feed Conditions (Typical H, SMR Tail Gas)

50% CO, 15% CH, 10% CO  25% N,
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Materials

Activated Carbon Xerogels
ACX-600 ACX-700 ACX-800
T=600°C T=700°C T=800°C
Feed Conditions (Typical H, SMR Tail Gas)
Conditions \
Typical Tail Gas
50% CO, 15% CH, 10% CO  25% N,

Process Adsorption Ao G Regeneration : f

Dry and Wet Adsorption Cycles Tail Gas 11 Wet Cycles (H,0) N, N

S =z . .
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Dry Cycles o
29 20 minute Regeneration
—4 -
Y
S |
£
>
22
o | K= o
S, B o ACX-700 ACX-800
il < <%
1o 0o
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Dry Cycles

()]
J

20 minute Regeneration

N w H
L I L 1 L I L

Capacity [mmol/g]

ACX-600

o
|

Cycle

« Higher Activation Temperature = Higher Capacity
« 6.2 CO0O,/ CO Selectivity for all ACX =
« 7.4 CO,/ CH, Selectivity for all ACX
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Wet Cycles > -
Eh 60 minute Regeneration : 20 minute Regeneration | CH,: TSA
' | I co
ot | i co, |
= | |
e} |
B .
= o B | "
> - : o
S 24 I .
RS S8 : :
SIS RS | | ACX-600 ACX-700 ACX-800
< X X |
o O O ;
il << I
1 2 3 4 5 6 7 8 9 10 11
Cycle
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Wet Cycles = R
Eh 60 minute Regeneration E 20 minute Regeneration E TSA
A
9
=
E3 .
£
>
824
s \BEE
SPNl © 5 @ 0 ACX-700 ACX-800
X X X
o O O
5 Q<<
1 2 3 4 5 6 7 8 9 10 11
Cycle

 Initial 7% increase in capacity from dry to wet conditions
« Surface saturation with H,O visible (cycle 4)

 Ability to regenerate to full capacity with heat (cycle 11)
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» Faster kinetics
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« Higher adsorption capacity
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Fingers coated in ACX -

~
|
! 1.5-2.5 mm ! ' 150-250 ym !
 Lower CAPEX
« Higher adsorption capacity \
» Faster kinetics '
N
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Fingers coated in ACX

T — —

: 1.5-2.5 mm 150-250 pm

‘Finger-shaped’ pore structures
Each pore acts as a “micro-reactor”
Layer of ACX is 1-5 pym thick

Lower CAPEX
Higher adsorption capacity
Faster kinetics
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Blank Hollow Fibre
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Hollow Fibre Impregnated with RF
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Hollow Fibre Impregnated with RF Hollow Fibre Coated with ACX-800
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On-Board Capture for a HGV Vehicle (14% CO,) =

04/1 2/2023 C. Larkin, et al., Retrofitting hollowfibre carbon capture systems to decarbonise Surface transportuCOzitilisat
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