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Low-carbon H2 and electricity in CCUS Clusters 

• Hydrogen and electricity are two key low-carbon vectors with a valuable 
role for the long-term decarbonisation of the whole energy system.

• Both vectors may be generated in low-carbon CCUS industrial clusters 
and benefit from a common infrastructure for natural gas supply, 
electricity grid connections and transport and geological storage of CO2.



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
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Low-carbon H2 and electricity in CCUS Clusters 

• Hydrogen and electricity are two key low-carbon vectors with a valuable 
role for the long-term decarbonisation of the whole energy system.

• Both vectors may be generated in low-carbon CCUS industrial clusters 
and benefit from a common infrastructure for natural gas supply, 
electricity grid connections and transport and geological storage of CO2.

• Can they also share a common infrastructure for CO2 capture? If so, what 
cost reduction could be achieved?
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Steam Methane Reforming with post-combustion capture

The reforming of natural gas takes place at high temperatures. Heat is typically provided by 
the combustion of natural gas. 
These emissions must also be captured to achieve close to zero emissions



How to integrate an Hydrogen Plant & a Gas Turbine Power Plant

Net-zero capable options allowing ultra high capture levels

Option 1: Hydrogen production and hydrogen-fired gas turbine

Option 2: Hydrogen production in parallel to baseload/mid-merit power plant 

Option3: Integrated hydrogen and baseload/mid-merit power plant for cost 
reduction
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Assumption: H2-fired CCGT efficiency is 62.5% LHV (no derating)
Generic MEA solvent: 3.4 GJ/tCO2 at 90% capture and 3.6 GJ/tCO2 at 99.8% capture, external steam supply to SMR at 4.2 GWth/GWe, equivalent to steam extraction from a combined cycle

Options for zero-carbon H2 and zero-carbon electricity generation
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Assumption: H2-fired CCGT efficiency is 62.5% LHV (no derating), CCGT efficiency with 99.8% capture is 54.5% LHV
generic MEA solvent: 3.4 GJ/tCO2 at 90% capture and 3.6 GJ/tCO2 at 99.8% capture, external steam supply to SMR at 4.2 GWth/GWe, equivalent to steam extraction from a combined cycle



12Element Energy, Opportunities for hydrogen and CCS in the UK power mix, Hy-Impact Series Study 3: Hydrogen for Power Generation
http://www.element-energy.co.uk/wordpress/wp-content/uploads/2019/11/Element-Energy-Hy-Impact-Series-Study-3-Hydrogen-for-Power-Generation.pdf 

Why use hydrogen gas turbines? 
LCOE of hydrogen fired CCGTs in flexible operation and in baseload operation, under future BEIS carbon price 
projections 

There is a role for hydrogen-fired turbines as low-CAPEX, decarbonised, peaking plants
For baseload (or mid-merit) power plants, hydrogen fuel costs dominate
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What is sequential combustion?

Sequential combustion makes use of the excess oxygen in the exhaust gases of a gas turbine 
to complete a further stage of combustion and provide heat to a 2nd process/power cycle.

The post-combustion CO2 capture plant can be shared between the gas turbine and a second 
process/power cycle.

Previous examples:
Post-combustion CO2 capture coal retrofits with the objective of maintaining the site power 
output with a gas turbine (Sanchez del Rio et al, 2017)
Sequential firing in combined cycle gas turbines for additional CO2 production for EOR 
(Gonzalez Diaz, 2016)
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How to integrate an Hydrogen Plant & a Gas Turbine Power Plant

Net-zero capable options allowing ultra high capture levels

Option 1: Hydrogen production and hydrogen-fired gas turbine

Option 2: Hydrogen production in parallel to baseload/mid-merit power plant 

Option3: Integrated hydrogen and baseload/mid-merit power plant for cost 
reduction
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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



How ‘Sequential Combustion’ can lead to cost reduction ?

Stoichiometric combustion of methane

CH4 + 2 O2 -> CO2 + 2 H2O

Stoichiometric combustion of methane in air

CH4 + 2 (O2 + 79/21 N2) -> CO2 + 2 H2O + 2 x 79/21 N2

For a combined cycle gas turbine

Combustion of methane with excess air

CH4 + 2 (1 + ξ) x (O2 + 79/21 N2) -> CO2 + 2 H2O + 2 ξ O2 + 2 (1 + ξ) x 79/21 N2

Excess air ξ is typically around 150-200%, oxygen concentration in flue gas is 11-13% across that range
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How ‘Sequential Combustion’ can lead to cost reduction ?

For the furnace of a steam methane reactor a combined cycle gas turbine

Combustion of methane (and off-gas) with excess air

CH4 + 2 (1 + ξ) x (O2 + 79/21 N2) -> CO2 + 2 H2O + 2 ξ O2 + 2 (1 + ξ) x 79/21 N2

+ (a H2 + b CH4 + c CO + d CO2) * + e O2 + (f CO2 + g H2O )
* The fuel also includes off-gas from the hydrogen purification containing unreacted CH4, H2, CO, CO2
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How ‘Sequential Combustion’ can lead to cost reduction ?

Sequential combustion and avoided nitrogen

Combustion of methane with excess air in a gas turbine

CH4 + 2 (1 + ξ) * (O2 + 79/21 N2) -> CO2 + 2 H2O + 2 ξ O2 + 2 (1 + ξ) x 79/21 N2

Combustion of methane in the furnace of a steam methane reformer

CH4
* + 2 ξ O2 + 2 (1 + ξ) x 79/21 N2 -> CO2 + 2 H2O + (2 ξ – 2) O2 + 2 (1 + ξ) x 79/21 N2

( and off gas combustion)

The combustion in the steam methane reformer re-uses the excess oxygen in the gas turbine exhaust gas as the 
source of oxygen for combustion in the SMR furnace.

There is no additional entry of oxygen and inert nitrogen into the SMR, other than from the gas turbine exhaust
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The flue gas flow rate to CO2 capture is reduced by 1/3

Total volume of 
flue gas 
No sequential 
combustion

Total volume of 
flue gas 
Sequential 
combustion

Avoided nitrogen 
and oxygen

Lower total flow rate entering in the capture plant (<CAPEX)
Increase in CO2 concentration in the capture plant (<CAPEX and 

OPEX)
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H-class Gas Turbine downstream of a 
Steam Methane Reforming H2 plant



Source: AirScience Technologies Inc. 2009

Source: CO2CRC

Natural Gas Natural 
Gas 

Air
PSA Tail Gas

Source: General Electric Company (GE)

Source: CB Energy Recovery

GT Flue Gas Steam

SMR Flue Gas

Flue Gas

GT 
SMR

HSRG  
PCC 

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

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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Combustion of NG and tail 
gas in-duct burners
using GT exhaust gas as 
oxygen source (instead of air)

Reforming reactions inside metallic 
tubes filled with nickel based catalyst
Pre-reformer
CnH2n+2 + n H2O  n CO + (2n+1) H2
Reformer
CH4 + H2O  CO + 3 H2
CO + H2O  CO2 + H2

Herraiz et al. (2020)



SMR furnace SMR Feed HX

Pre-reformer 
Feed HX

Sulphur 
absorber HX

Superheater 

Flame temperature 
@ SMR furnace

Herraiz et al. (2020)



SMR H2 plant downstream of a H-class Gas Turbine 
Modifications on the SMR performance

• The larger flow rate in the SMR furnace reduces the adiabatic flame temperature decreases from 1795 to 1568 ºC.
• Change in the dominant heat transfer mechanism: Convective heat transfer becomes more significant than radiative

heat transfer -> 2nd Option: Convective Reformers.

• Additional steam generation for power in the Heat Recovery Steam Generator.

Results and key findings
• Reduction of 30% of the flue gas flow rate to the PCC plant

• The base case SMR absorber is redundant.

• CO2 conc. of 15 %vol, compared to 4.5 vol% at the GT
exhaust.

• The net power output increases by 11% with a ‘fully
subsidised’ absorber

Configuration Base Case Integrated

Performance parameters: SMR CCGT
H-class GT + 

SMR + SC
H2 production (Nm3/h) 762,000 -- 767,000
Power output (MWe) [1] 27.3 584.5 679.3
NG feedstock (kg/s) 51 -- 51
NG fuel (kg/s) 15 22 40
Additional power output (MWe) -- -- 67

Capture plant: 2 x PCC Plants 1 x PCC Plant
Flue gas flow rate (kg/s) 616 849 1,037
CO2 conc (%vol) 18.9 4.5 15.1
Absorber packing vol (m3) 11,146 11,690 18,850
Number of absorbers 1 2 2
[1] With Carbon capture and CO2 compression train 
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Port Arthur II SMR Plant (Integrated Hydrogen and Cogeneration 
Plant) 
• Cogeneration 

100 MWe
• 3 million 

Nm3/day

Source:  Air Products  



Gas-heated reformer (GHR) downstream 
of an aeroderivative Gas Turbine



Source: CO2CRC

Aeroderivative GT Convective reformer 

PCC 
Source: General Electric Company (GE)

Source: CB Energy Recovery

HSRG  

Source: Haldor & Topsoe

PSA 
Tail Gas

A purpose built gas-heated reformer (convection heat transfer) downstream of a 
commercially available aeroderivative gas turbine engine.

The reformer size is 50% larger than a commercially available gas-heated reformer 
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Gas-heated reformer (GHR) downstream of an 
aeroderivative Gas Turbine

Configuration Base Case Integrated

Performance parameters: GHR CCGT
Aero GT + 
GHR + SC

H2 production (Nm3/h) 73,558 -- 73,558
Power output (MWe) [1] 57.3 71.5
NG feedstock (kg/s) 5 -- 7
NG fuel (kg/s) 0.2 2.9 2.9
Additional power output (MWe) -- -- 14.2

Capture plant: 2 x PCC Plants 1 x PCC Plant
Flue gas flow rate (kg/s) 71 148 162
CO2 conc (%vol) 14.1 3.4 10.2
Absorber packing vol (m3) 751 1,142 1,543
Number of absorbers 1 1 1
[1] With Carbon capture and CO2 compression train 

Results and key findings
• Reduction of 30% of the flue gas flow rate to the PCC plant

• The base case SMR absorber is redundant

• CO2 conc. of 10.2 %vol, compared to 3.4 vol% at the
aeroderivative GT exhaust.

• The net power output increases by 25% with a ‘fully
subsidised’ absorber



Results and key findings (summary)

Steam Methane Reformer (SMR) Gas Heated Reformer (GHR)

Configuration: H2 plant CCGT Integrated H2 plant CCGT Integrated

Performance parameter:
4x SMR H-class GT H-class GT + 

SMR 
1x GHR Aero GT Aero GT  + GHR 

H2 production (Nm3/h) 762,000 -- 767,000 73,558 -- 73,558
Power output [1] (MWe) 27.3 584.5 679.3 0 57.3 71.5
Additional power output (MWe) -- -- 67.4 -- -- 14.2
NG feedstock (kg/s) 51 -- 51 5 -- 7
NG Fuel (kg/s) 15 22.2 40 0.2 2.9 2.9
Net thermal eff (MWe/MWthNG) [1] -- 56.6 65.7 -- 42.9 53.5

Capture plant (MEA 30 wt%) 2 x PCC Plant 1 x PCC Plant 2 x PCC Plant 1 x PCC Plant
Flue gas flow rate (kg/s) 616 849 1,037 71 148 162
CO2 conc (%vol) 18.9 4.5 15.1 14.1 3.4 10.2
Absorber packing vol (m3) 11,146 11,690 18,850 751 1,142 1,543
Number of absorbers 1 2 2 1 1 1
Note [1]: With CO2 capture and CO2 compression
SMR: Steam methane reformer; GHR: Gas heated reformer; GT: Gas Turbine; 
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How to integrate an Hydrogen Plant & a Gas Turbine Power Plant

Net-zero capable options allowing ultra high capture levels

Option 1: Hydrogen production and hydrogen-fired gas turbine

Option 2: Hydrogen production in parallel to baseload/mid-merit power plant 

Option3: Integrated hydrogen and baseload/mid-merit power plant for cost 
reduction

35



Advanced integration between the SMR and the combined cycle

• Further improvements in efficiency
• Best available use of high-grade heat available for power generation
• Same benefits in terms of CO2 absorber reduction



HP Steam
LP Steam

By Re-design of heat recovery steam generator and power cycle

Mullen, D. Herraiz, L., Lucquiaud, M. (2021) Advanced Thermodynamic Integration in Combined Fuel and Power (CFP) Plants Producing Low Carbon 
Hydrogen & Power with CCUS (Feburary 11, 2021). Proceedings of the 15th Greenhouse Gas Control Technologies Conference 15-18 March 2021, Available 
at SSRN: https://ssrn.com/abstract=3811367
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• Advanced integration shows as 13.3% point increase in electrical efficiency
over the base case and 6.5% point increase over the Direct Case

• (Direct integration is an H-Class CCGT with sequential combustion in a
radiative furnace SMR)

Efficiency improvements and ultra-high capture levels

Mullen et al. (2021)



Efficiency improvements and ultra-high capture levels

• Advanced integration more than compensates for the increase energy
penalty to achieve 99.8% capture

Mullen et al. (2021)
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CO2 capture plant cost reduction

• Sequential combustion reduces the size and number of CO2 absorbers, flue 
gas conditioning and absorber ancillaries

• On the solvent regeneration side of the capture process, solvent flowrate and 
CO2 flowrates are unchanged.

• CO2 compression costs are unaffected, as the total volume of CO2 captured is 
unchanged

• Large discrepancy in capital costs of post-combustion CO2 capture in public 
domain FEED studies

• Two FEED studies for 35%MEA show absorber capital costs

43
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Unit
Karsto -

GassNova Poza Rica ROAD CCS Shand - SaskPower Loy Yang - Bechtel Petra Nova

Plant type - CCGT CCGT Coal Coal Coal Coal
CO2 % % Vol ~4-5% 3.81 13.7 11.4 11.2 11
CO2 Flow rate (Kg/s) KG/s 35.3 22.6 46.95 75.7 76.23 55.3

Capture Rate % 85 85 90 90 90 90
Absorber Dia m 12 31 12.8 - 15 -
Currency - NOK USD EURO USD AZD USD
Exchange Rate - 5.3 1 1.3 1 0.77 1

Total Capture CAPEX M$ 422 228 247 986 720 635
Absorber CAPEX M$ 67 - - - 120 -
Absorber % of CAPEX % 15.8 - - - 16.6 -
Absorber CAPEX $/kgCO2/s $ 1.88 - - - 1.57 -

Scaled CAPEX (300kg/s) with 
scaling factor M$ 1556 1104 766 2285 1661 1781
CAPEX /kgCO2/s with scaling 
factor 5.19 3.68 2.55 7.62 5.54 5.94
Solvent - 35% MEA 30% MEA EFG + MHI 40% MEA KS-1

Average CAPEX $/kgCO2/s with equation M $ 5.08
Standard Devation M$ 1.6
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Unit
Karsto -

GassNova Poza Rica ROAD CCS Shand - SaskPower Loy Yang - Bechtel Petra Nova

Plant type - CCGT CCGT Coal Coal Coal Coal
CO2 % % Vol ~4-5% 3.81 13.7 11.4 11.2 11
CO2 Flow rate (Kg/s) KG/s 35.3 22.6 46.95 75.7 76.23 55.3

Capture Rate % 85 85 90 90 90 90
Absorber Dia m 12 31 12.8 - 15 -
Currency - NOK USD EURO USD AZD USD
Exchange Rate - 5.3 1 1.3 1 0.77 1

Total Capture CAPEX M$ 422 228 247 986 720 635
Absorber CAPEX M$ 67 - - - 120 -
Absorber % of CAPEX % 15.8 - - - 16.6 -
Absorber CAPEX $/kgCO2/s $ 1.88 - - - 1.57 -

Scaled CAPEX (300kg/s) with 
scaling factor M$ 1556 1104 766 2285 1661 1781
CAPEX /kgCO2/s with scaling 
factor 5.19 3.68 2.55 7.62 5.54 5.94
Solvent - 35% MEA 30% MEA EFG + MHI 40% MEA KS-1

Average CAPEX $/kgCO2/s M $ 5.08
Standard Devation M$ 1.6
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Unit
Karsto -

GassNova Poza Rica ROAD CCS
Shand -

SaskPower
Loy Yang -

Bechtel Petra Nova
BEIS 

(Wood)
BEIS  

(Wood)
Plant type - CCGT CCGT Coal Coal Coal Coal SMR CCGT

CO2 %
% 

Vol ~4-5% 3.81 13.7 11.4 11.2 11 16-18 4.5
CO2 Flow rate (Kg/s) KG/s 35.3 22.6 46.95 75.7 76.23 55.3 22.9 100
Capture Rate % 85 85 90 90 90 90 90 90
Absorber Dia m 12 31 12.8 - 15 - 22 - 32
Currency - NOK USD EURO USD AZD USD Pound Pound
Exchange Rate - 5.3 1 1.3 1 0.77 1 1.3 1.3

Total Capture CAPEX
Mill 

$ 422 228 247 986 720 635 121.16 384.8

Absorber CAPEX
Mill 

$ 67 - - - 120 - -
Absorber % of CAPEX % 15.8 - - - 16.6 - - -
Absorber CAPEX 
$/kgCO2/s

Mill 
$ 1.88 - - - 1.57 - - -

Scaled CAPEX (300kg/s) 
with scaling factor

Mill 
$ 1556 1104 766 2285 1661 1781 582 752

CAPEX /kgCO2/s with 
scaling factor 5.19 3.68 2.55 7.62 5.54 5.94 1.94 2.51
Solvent - 35% MEA 30% MEA EFG + MHI 40% MEA KS-1 Cansolv Cansolv
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Advanced integration
Power Out MWe 1000

H2 Out (LHV) MWth 2270
FG Flow Rate KG/s 1276
Capture Rate % 99.8
CO2 Captured KG/s 289
CAPEX CO2 Solvent Treatment M$ 354
CAPEX Flue Gas Treatment M$ 172
CAPEX CO2 Compression M$ 73
Total CAPEX M$ 600
CAPEX M£/KGCO2/s 2.08
CAPEX £/MtCO2/yr 65.51

CAPEX Reduction (Inc CO2 compression) % 9.7%

CAPEX Reduction (Exc CO2 compression) % 10.9%

Capital cost reduction for post-combustion CO2 capture plant with 
sequential firing

CO2 capture CAPEX only
This does not include
Capital costs for the SMR
Capital costs for the CCGT

Further cost reduction
- Reducing the number of capture plants
- Reducing the number of steam cycles
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Key messages 
• No technical barriers identified for sequential combustion in a SMR,

although larger conventional designs are needed

• Effective thermodynamic integration can reduce fuel costs by 9%

• The reduction of the number of absorbers leads to capital cost
reductions of circa 10% of the capture plant CAPEX

• For non-baseload operation of power and/or hydrogen, the higher
utilisation factor of CO2 absorbers would reduce levelised costs of
electricity and/or levelised costs of hydrogen
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Further thoughts

• Detailed capital costs and techno-economic analysis are necessary

• 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 3rd party capture plant
(could be owner by the hydrogen plant or the power plant owner)

• How to allocate cost reduction in shared capture infrastructure in clusters?

• Who benefits? Plant owner, taxpayer, consumer
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