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Both hydrogen and electricity may be generated in low-carbon CCUS industrial
clusters, using a common infrastructure for natural gas supply, electricity grid
connections and transport and geological storage of CO,
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Element Energy (2020) Deep-decarbonisation Pathways For UK Industry, A report for the Climate Change Committee, Nov 2020
https://www.theccc.org.uk/wp-content/uploads/2020/12/Element-Energy-Deep-Decarbonisation-Pathways-for-UK-Industry.pdf



Zero carbon hydrogen from natural gas requires

1. Zero direct CO, emissions at the point of production
o Capture 100% of fossil carbon entering a hydrogen plant
o Let CO, from combustion air pass through the hydrogen plant
o Effective overall capture rate of ¥99.8%

2. Zero indirect CO, emissions using negative emission technologies to offset
o Any leakage of methane occurring upstream of H, production
o Indirect CO, emissions from construction (H, plant & CCS infrastructure)
o Indirect CO, emissions for operation of CO, capture, e.g. solvent disposal
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Zero direct CO, emission H, and power generation in CCUS clusters

Hydrogen and power configurations allowing 100% of fossil CO, capture
o Hydrogen production supplying an hydrogen-fired gas turbine

o An SMR (or ATR) and a CCGT with CO, capture



Options for zero-carbon H, and zero-carbon electricity generation

An SMR (or ATR) supplying an hydrogen fired CCGT — 100% fossil CO, capture
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An SMR and a CCGT in parallel — 100% fossil CO, capture
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Assumption: H2-fired CCGT efficiency is 62.5% LHV (no derating), generic MEA solvent: 3.6 GJ/tCO, at 95% capture and 3.7 GJ/tCO, at 99.8% capture



Zero direct CO, emissions H, and power generation in CCUS clusters

Hydrogen and power configurations allowing 100% of fossil CO, capture

Direct integration of a SMR and a CCGT with CO, capture
via Sequential Combustion




What is sequential combustion?

Sequential combustion makes use of the excess oxygen in the exhaust gas of a gas turbine to
complete a further stage of combustion and provide heat to the furnace of an SMR
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Herraiz, L., Lucquiaud, M., Chalmers, H, J. Gibbins (2020) Sequential combustion in steam methane reformers for hydrogen and power production with CCUS in
decarbonized industrial clusters. Frontiers in Energy Research, 8. 180. https://www.frontiersin.org/articles/10.3389/fenrg.2020.00180
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‘Avoided Air Flow’ of 1/3 through the capture plant
Lower total flow rate entering in the capture plant -> Lower CAPEX
Increase in CO, concentration in the capture plant -> Lower CAPEX and OPEX




A purpose built SMR upstream of a H-class gas turbine
Using commercially available equipment

Direct integration of an H-Class CCGT in a radiative furnace SMR
The SMR capacity is approx. three times the size of the largest commercially

available SMR.
-> Build a very large SMR or install three SMRs in parallel
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Port Arthur Il SMR Plant (Integrated Hydrogen and Cogeneration Plant)
uses partial sequential combustion
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o Best use of high-grade heat available for power generation
o Same benefits in terms of CO, absorber reduction

With advanced thermodynamic integration
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Options for zero-carbon H, and zero-carbon electricity generation

Integration of hydrogen and electricity generation — 100% fossil CO, capture
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Efficiency improvements and ultra-high capture levels

* Advanced thermodynamic integration shows as 2% point increase in electrical

efficiency and 5.0% point increase in hydrogen production efficiency, while increasing
capture levels from 95% to 99.8% (100% CO, capture of fossil carbon)

Capture Rate
Net Output
H2 Out (HHV)

Total Fuel (HHV)

Electrical Efficiency
(LHV)

H2 Efficiency (HHV)
Flue Gas CO2 %
CO2 Captured

Flue Gas Flow rate

Mullen et al. (2021)
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CO, Absorber Design for ultra high capture levels

Advanced

SMR/CCGT in parallel integration
Capture Rate % a5 Q9.6 Q9.8
Reboiler Duty GJ/tCO2 3.66 3.69 3.54
CO2 To Absorber kg/s 720 777 706
CO2 export kg/s 209 221 205
Flue Gas Flow rate kg/s 1332 1334 852
No Absorbers - 3 3 2
Packing Height m 16 20 P!
Absorber Diameter m 14.0 14.0 14.5
Packing Volume m”3 7389 11084 7926
Lean Loading Mol CO2/Mol MEA 0.16 0.16 0.16
Rich Loading Mol CO2/Mol MEA 0.460 0.464 0.481
MEA % 35 35 35
Flooding % 0.80 0.78 0.77
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Conclusions

Zero carbon hydrogen requires
- Nudging the industry to 100% capture of fossil CO,
- Offsetting indirect emissions with negative emissions (with CCS)

No technical barriers identified for sequential combustion in a SMR,
although larger conventional designs are needed

Effective thermodynamic integration can reduce fuel costs by 7%

Sequential combustion leads to capital cost reductions of 10-18% of the
plant CAPEX



Further thoughts/next steps

Continue detailed capital costs and techno-economic analysis

For non-baseload operation of power and/or hydrogen, the higher utilisation
factor of CO, absorbers would reduce further levelised costs

Understand the flexible operation of a combined hydrogen and power plant.
Can gas turbine, SMR and capture plant cope with variability of output?

Business models
- Hydrogen and power production by a single owner

- Separate hydrogen and power production, with a 3 party capture plant
(could also be owned by the hydrogen plant or the power plant owner)
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