Sequential combustion in steam methane reformers
for hydrogen and power production with CO,
capture in industrial CCUS clusters

Laura Herraiza*, Mathieu Lucquiaud?, Hannah Chalmers?, Jon GibbinsP

aSchool of Engineering, University of Edinburgh, The King’s Buildings, Edinburgh, EH9 3JL, UK
b Department of Mechanical Engineering, University of Sheffield, Sheffield, S1 3JD, UK
*|.herraiz@ed.ac.uk

=5l The
g University
Vs Of

Sheffield. RESEARCH CENTRE

THE UNIVERSITY of EDINBURGH
School of Engineering

UKCCS Research Centre Webinar
21th September 2020

THE UNIVERSITY of EDINBURGH | |nstitute for Energy

School of Engineering Systems




Presentation Outline

Low-carbon hydrogen and power production in industrial CCUS Clusters
Research objectives

Sequential combustion in Steam Methane Reformers

Integrating an Hydrogen plant & a gas turbine power plant

= Steam methane reforming (SMR) hydrogen plant downstream of a H-class Gas
Turbine

= Gas-heated reformer (GHR) downstream of an aeroderivative Gas Turbine
Key findings
Next Steps
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Low-carbon H, and power production in industrial 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 CO,
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Low-carbon H, and power production in industrial CCUS Clusters

Hy4Heat: Appliances
UK Government project to demonstrate the use of

H21: Hydrogen Distribution
' hydrogen for heat.

GB research investigating how to convert gas " Hy4Heat |

distribution networks to 100% Hydrogen. \ / _
. ~— ‘  HyDeploy: Blending H2 and natural gas
OI—lyDeplqy Collaborative Gas Network project to blend
/ hydrogen with natural gas [P2G].
INTEGRelL: Integrated Transport Electric and Gas N SEEOR N
Research Laboratory, to leverage the benefits of  » :|nTEGReL ‘
system coupling to deliver decarbonisation.
" FBM: Measuring and billing new gases
i N9 '| Maximise the amount of renewable or ‘green
\ ~ gases’ which can be carried in the gas network.
HyNet: Industrial Hydrogen N~ ' ‘ ~—
Project looking at the use of hydrogen in the :' |_| |
industrial sector. /' H100: Hydrogen Distribution

" Develop site-specific evidence to support the construction
of a 100% hydrogen demonstration project.
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https://staticl.squarespace.com/static/5b8eae345cfd799896a803f4/t/5c44695403ce64e2d205c464/1547987296431/COP24+Presentation.pdf
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Low-carbon Hydrogen demand

* Deploying a hydrogen distribution network requires production of sufficient volumes of low-carbon hydrogen at a
competitive price. Steam methane reforming (SMR) with CCS would allow for industrial scale volume of low-carbon

hydrogen, so called blue hydrogen.
Potential global demands for hydrogen to 2050, compared to potential UK
 Global hydrogen demand estimations vary widely, from 35- Gl

1,100 TWhpa in 2030 (up to 1% of global primary energy Fo00
demand), scaling up to 300-19,000 TWhpa by 2050 (0.1-8%) e
(CCC, 2018)

2015 2030 2040 2050
M Baseline non-energy hydrogen demand mARENA m Shell 'Sky' Scenario mHydrogen Council 15 Potential UK demand

Source: Hydrogen Council (2017) Scaling up; Shell International B.V (2018) Sky Scenario; ARENA (2018)

Opportunities for Australia from hydrogen exports.
Notes: Potential UK demand s based on the 'Full Hydrogen'scenario presentedin Chapter 4. IRENA (2018)

Hydrogen from renewable power assessed economic potential for 2050to be 8 EJ (or 2200 TWh).
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Low-carbon Hydrogen demand

* Deploying a hydrogen distribution network requires production of sufficient volumes of low-carbon hydrogen at a
competitive price. Steam methane reforming (SMR) with CCS would allow for industrial scale volume of low-carbon
hydrogen, so called blue hydrogen.

Demands in the Full Hydrogen, Hybrid Hydrogen and Niche Hydrogen

scenarios in the UK (2030-50) (CCC 2018)

* Global hydrogen demand estimations vary widely, from 35- 800
1,100 TWhpa in 2030 (up to 1% of global primary energy _ 70
demand), scaling up to 300-19,000 TWhpa by 2050 (0.1-8%) E 600 m Buildings heat
(CCC, 2018) "E- 500 u Power generation
2 400
] B Cars and vans
« Inthe UK, the CCC analysis (2018) estimates the hydrogen 2 i
demand for three scenarios with different levels of F TZZ e ndustry

hydrogen use in buildings, industry, transport and power.

2030 2040 2050 | 2030 2040 2050 | 2030 2040 2050
Niche Hydrogen Hybrid Hydrogen Full Hydrogen

Source: CCCruns of the Energy System Catapult's ESME model with data and assumptions updated by the CCC.

1Full Hydrogen scenario: Widespread repurposing of gas grids to H, Notes: Hydrogen consumption in buildings and transport was fixed at the values shown above for the ESME runs

2 Hybrid Hydrogen scenario: H, plays a back-up role in a system with widespread hybrid heat pumps forall scenarios. For power generation, the model was free to select the cost-optimal level of consumptioninall

IRl L2 . . scenarios. Forindustry: for the niche scenario, the model could use hydrogen only where CCS or electrification
Niche Hydrogen scenario: gas grids are not repurposed to H, and pipe supply of H, no available for options were not available; for the Hybrid and Full scenarios, hydrogen is assumed to be deployed wherever

other sectors feasible.
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Research Objectives

* This work investigates design options for simultaneous generation of low-carbon hydrogen by steam methane reforming (SMR) and
low-carbon electricity in combined cycle gas turbine (CCGT) plants with a shared post-combustion carbon capture system.

* The objectives are to achieve capital cost reduction of the CO, capture system and efficient and flexible thermodynamic
integration allowing for simultaneous generation of low-carbon hydrogen and electricity.

Base Case Integrated System
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Sequential combustion in Steam Methane Reformers

* Sharing the CO, capture process is possible via sequential combustion of the SMR fuel gases in the gas turbine exhaust flue gas. The
excess oxygen at the gas turbine exhaust (ca. 10- 14 vol% O, ) is used as the source of oxygen for combustion in the SMR furnace or
combustion chamber.

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

Natural Gas p
(feed) —> e Steam
Reformer Turbines
Natural Gas ¢ Water/ f p CO,-depleted gas
team
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. Heat
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. train
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cO Raw H,
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J
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Sequential combustion in Steam Methane Reformers

Sharing the CO, capture process is possible via sequential combustion of the SMR fuel gases in the gas turbine exhaust flue gas. The

excess oxygen at the gas turbine exhaust (ca. 10- 14 vol% O, ) is used as the source of oxygen for combustion in the SMR furnace or
combustion chamber.

L Lower total flow rate entering in the capture plant (<CAPEX)
Increase in CO, concentration in the capture plant (<CAPEX and OPEX)

The concept of sequential combustion is critical to the thermodynamic integration of hydrogen production with a gas turbine;
previous work on using sequential combustion in thermal power plants with capture include:

v Gonzalez Diaz, Sanchez Fernandez, Gibbins, and Lucquiaud, M., (2016) Sequential supplementary firing in CCGT with PCC: A

technology option for Mexico for low-carbon electricity generation and EOR, Int J GHG Control:
http://dx.doi.org/10.1016/].ijggc.2016.06.007

Sanchez del Rio, Gibbins, Lucquiaud, (2017) On the retrofitting and repowering of coal power plants with post-combustion carbon
capture: An advanced integration option with a gas turbine windbox, Int ] GHG Control:
http://dx.doi.org/10.1016/|.ijggc.2016.09.015
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Sequential combustion in Steam Methane Reformers

Port Arthur Il SMR Plant (Integrated Hydrogen and Cogeneration Plant)
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Sequential combustion in SMR: investigated configurations

Configuration 1:
Steam Methane Reforming H, plant

downstream of a H-Class Gas Turbine
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SMR H, plant downstream of a H-class Gas Turbine

* A purpose-built SMR is considered downstream of a commercially available H-class gas turbine
 The SMR size is approx. three times the size of the largest commercially available SMR (i.e. 200,000 Nm3/h)

GT
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SMR H, plant downstream of a H-class Gas Turbine
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SMR H, plant downstream of a H-class Gas Turbine
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SMR H, plant downstream of a H-class Gas Turbine
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SMR H, plant downstream of a H-class Gas Turbine

HRSG Temperature vs. Heat transfer flow rate diagram
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SMR H, plant downstream of a H-class Gas Turbine

Assumptions & Constrains of the integrated system

e GT Exhaust flue gas completely replaces combustion air in the SMR furnace.
* The purpose-built SMR is designed/sized to maintain:

* Reformer Equilibrium Temperature @ 910 2C (same as in Base Case)

e Oxygen excess @ 1 vol% (same as in Base Case)

* The same H, production is possible by keeping the same Steam-to-Carbon ratio in the pre-reformer and the reformer.
* CO, capture rate 90%

Modifications the SMR performance

 The larger flow rate and the higher temperature of the GT exhaust flue gas changes the dominant heat transfer
mechanism in the SMR furnace, i.e. convective heat transfer becomes more significant than radiative heat transfer
-> 2" Option: Convective Reformers

* The adiabatic flame temperature decreases from 1795 to 1568 2C due to the high volume of flue gases.
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SMR H, plant downstream of a H-class Gas Turbine

Configuration Integrated

4xSMR + | CCGT + H-class GT +
PCC PCC SMR +SC + PCC

Performance parameters:

H, production (Nm3/h) 692,920 -- 696,366
Power output (MWe) ! 35.2 582 651.3
NG feedstock (kg/s) o1 -- 51
NG fuel (kg/s) 15 22 36
Additional power output (MWe) -- -- 34.3
Net efficiency (%) 34 39
Capture plant (90% capture rate) 2xPCCPlants 1 xPCC Plant
Flue gas flow rate (kg/s) 624 849 971
CO, conc. (%vol) at 45 °C 18.9 4.5 16.30
Sp. Reboiler duty (GJ/tCO,) 3.12 3.26 3.12
Absorber packing vol (m3) 11,146 11,690 18,850
Number of absorbers 1 2 2

THE UNIVERSITY of EDINBURGH | |nstitute for Energy

Systems
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Results and key findings

30% reduction in the flue gas flow rate to be treated
in the PCC plant.

CO, conc. of 16.3 %vol @45°C, compared to 10.5
vol% by mixing the two flue gas streams in the base
case configuration.

* The base case SMR absorber is redundant. The total
absorber packing volume is 20% smaller than in the
base case.

* The net power output increases in 34 MWe and the
net thermal efficiency increase in 5 percent points
with a ‘fully subsidised’” absorber.




Hydrogen plant and CCGT power plant: Integrated systems

Configuration 2:
Gas-heated reformer (GHR) downstream

of an aeroderivative Gas Turbine

Aeroderivative GT Convective reformer
Natural
Gas PSA

ey i BE ] Tail Gas ¢
Air Tube bundie

Source: General Electric Company (GE)

GT Flue Gas L -

CO,-depleted Gas

: Steam
) rssoneen
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Gas-heated reformer downstream of an aeroderivative Gas Turbine

A purpose built gas-heated reformer (convection heat transfer mechanism) is considered downstream of a

commercially available aeroderivative gas turbine engine.

The GHR size is ca. 50% larger than a commercially available GHR (i.e. 50,000 Nm3/h)

Aeroderivative GT

Convective reformer

Source: General Electric Company (GE)

GT Flue Gas L
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Gas-heated reformer downstream of an aeroderivative Gas Turbine
Process gas outlet (600 °C) -
Process gas inlet (450 °C) |
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Gas-heated reformer downstream of an aeroderlvatlve Gas Turbine
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Gas-heated reformer downstream of an aeroderivative Gas Turbine

GHR Temperature vs. Heat transfer flow rate diagram .
HRSG Temperature vs heat transfer rate diagram
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Gas-heated reformer downstream of an aeroderivative Gas Turbine

Assumptions & Constrains of the integrated system
e Aeroderivative GT exhaust gas completely replaces combustion air in the GHR combustion chamber

* The purpose-built GHR is designed/sized in order to :

* Maintain reformer equilibrium temperature approach @ 350 2C (Same as in Base Case)
* Produce enough steam in the HSRG to supply the reboiler duty in the capture plant
* The NG feed flow rate is evaluated to maintain the same H, production as in the base case.
* CO, capture rate 90%
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Gas-heated reformer downstream of an aeroderivative Gas Turbine

Conflguratlon

Performance parameters: GHR CCaT Aero GT + GHR
. + PCC +PCC +SC +PCC

H, production (Nm3/h)

Power output (MWe) !
Additional power output (MWe)
NG feedstock (kg/s)

NG fuel (kg/s)
Overall Thermal Efficiency (%)

Capture plant (84.5% capture rate)
Flue gas flow rate (kg/s)

CO, conc (%vol)
Sp Reboiler duty (MJACO,)
Absorber packing vol (m3)

Number of absorbers

Base Case Integrated

80,749 80,749
0 57.3 76.36
-- -- 19
5.9 -- 6.7
0.2 2.9 2.9
39.5 571

2 x PCC Plants 1 x PCC Plant
77.8 148 162
14.1 3.4 10.4
3.17 3.36 3.17
751 1,142 1,943

1 1 1
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Results and key findings

30% reduction in the flue gas flow rate to be
treated in the PCC plant.

CO, conc. of 10.2 %vol, compared to 6.9 vol%
from mixing the two flue gas streams

The absorber for the GHR in the non-integrated
configuration is redundant. Ca. 20% reduction in
the absorber packing volume.

19 MW of additional power is generated at a
marginal efficiency of 13 percent points with a
‘fully subsidised’ absorber.




Key message

 Reduction of number of absorbers could reduce capital costs

* No technical barriers identified. Larger conventional designs are needed.

e Effective thermodynamic integration allows:
- Higher electricity production per unit of fuel at constant hydrogen output
- Higher hydrogen production per unit of fuel at constant power output

 Higher capture plant utilisation factor facing variable hydrogen and electricity
demand
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Next steps to develop the concept further

e Collaborative study with engineering contractors (gas turbine + SMR designers and
operators) focusing on

- Detailed capital costs and techno-economic analysis
- Feasibility study for large scale deployment

* |dentify key factors with large effect on the short- and long-term variability in
demand for both vectors

* Engineer flexibility in gas turbine, SMR and capture plant to cope with variability
of output
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Thank you!

Dr Laura Herraiz Dr Mathieu Lucquiaud

bad  l.herraiz@ed.ac.uk > M.Lucquiaud@ed.ac.uk
Y LauraHerraiz ) Mathieu Lucquiaud
y)  @Herraizl 4 @matlucquiaud

Massive Open Online Course: Climate Change: Carbon Capture and Storage
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