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1. Principles of hydrogen production with CCS
2. Application examples: Steam Methane Reformer and routes using oxygen for natural gas to hydrogen
with CCS
3. Application example: Electric power production using hydrogen - pre-combustion capture
4. Application example: Gasification for hydrogen production - coal experience and biomass aspirations
5. Principles of oxyfuel combustion with CCS, including the Allam Cycle
See also:

Hydrogen Production from Methane with CCS - Possible Near-Term Technologies for the UK
https://ukccsrc.ac.uk/best-available-technology-bat-information-for-ccs/

BAT Review for hydrogen production from methane (from natural gas and/or refinery fuel gas) with
associated carbon capture for storage (CCS) also under preparation for the Environment Agency


https://ukccsrc.ac.uk/best-available-technology-bat-information-for-ccs/
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*Based on LHV contributions by volume for hydrogen/methane mixtures
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Hydrogen production from fuels

* Summary of the overall hydrogen production process
Fuels are a combination of (mainly) atoms of carbon (C) , hydrogen (H) and possible oxygen (O), e.g. methane, CH,
To make hydrogen (H,) they are reacted with steam (H,0) and possibly molecular oxygen (O,)

The objective is to convert as much of the C to carbon dioxide (CO,) as possible, with a small residual amount of carbon
monoxide (CO)

With H, coming from the H in the fuel and from H,O that has given its O to CO,

Two stage process:
1. Make a synthesis gas (syngas) mixture containing mainly CO, CO,, H, and H,0 by reacting the fuel (e.g. CH,) with either:
a) Steam only, supplying heat externally — Steam Methane Reformer

b) Oxygen plus steam, with heat generated internally by reaction with the oxygen — Autothermal Reforming, Partial
Oxidation, Gasification

2. Shift most of the CO in the syngas to CO, by reacting with H,0O, generating more H, ; the CO, can then be captured

* More H,0 in the mixture and lower temperatures

Reversible Water Gas Shift (WGS) give a smaller amount of CO and more CO, and H,

. . . —
reaction determinesratio of COto CO, CO+H,0=CO,+H, [ ), helps to remove H, or CO, as they are formed -
in a mixture of CO, CO,, H, and H,0 £7.5M BEIS pilot at Cranfield University

https://www.gov.uk/government/publications/hydrogen-supply-competition/hydrogen-
supply-programme-successful-projects-phase-2



https://www.gov.uk/government/publications/hydrogen-supply-competition/hydrogen-supply-programme-successful-projects-phase-2

Multiple routes from natural gas to hydrogen with CCS

Lars Olof Nord, Pre-combustion CO2 capture: Analysis of integrated
reforming combined cycle PhD thesis, NTNU, Trondheim, 2010

* Route shown was selected for
natural gas to power

e But take-away is that there are
a lot of options — even more
than shown here

* And H, with high levels of CO,
capture is a relatively new
development

e UK costs and performance will
be determined by ongoing
FEED studies (and subsequent
full-scale projects)
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https://ieaghg.org/docs/General Docs/Lisbon%20presentations%20for%20website/18%20-%20S.%20Santos%20(IEAGHG).pdf

H2 Production from Fossil Fuel

STEAM METHANE REFORMER [SMR) AUTOTHERMAL REFORMER (ATR) PARTIAL OXIDATION (POX)
(Matural Gas or Other Light Hydrocarbons) {Matural Gas or Other Gaseous Hydrocarbons) (All Feedstock — NG to Coal)
Air Oxygen Oxygen

Fuel
Feedstock & Feedstock & Feedstock
Steam Steam

Flue Gas
Synthetic Gas (Syngas) Synthetic Gas (Syngas) Synthetic Gas (Syngas)
~70%v Hz, 15-45 Bar & ~850°C ~65%v Hz, 40-100 Bar & ~1000°C ~50%v Hz, 40-100 Bar & ~1400°C

k I



https://ieaghg.org/docs/General_Docs/Lisbon presentations for website/18 - S. Santos (IEAGHG).pdf

WGS in two stages to get high CO conversion to CO,

Example with
partial oxidation
reforming

HTS = High Temperature Shift
LTS = Low Temperature Shift
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Typical CO variation in HTS and LTS catalyst beds
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Expert workshop held on Thursday 16th July 2020 to identify the range of technologies that might be
used in the near-term in the UK for CH, conversion to H, with CCS. Presentations available from
https://ukccsrc.ac.uk/best-available-technology-bat-information-for-ccs/

Introduction and overview of BAT scope

Air Products — Experience at Port Arthur CCS project and general UK-related considerations
UKCCSRC — SMR combined with GT and PCC

Johnson Matthey — H, production with CCS and general UK-related considerations
Shell — Shell POX process

Wood — H, in benchmark CCS studies for BEIS and other UK-related considerations
Progressive — H, from CH, with CCS in HyNet

Drax — H, from CH, with CCS

VPI - H, from CH, with CCS in the Humber Net Zero cluster

10. PBD - H, from CH, with CCS in the Acorn project

11. SWIC - H, from CH, with CCS in South Wales

12. TVCA — H, from CH, with CCS on Teesside

© 0 N O U A W RE


https://ukccsrc.ac.uk/best-available-technology-bat-information-for-ccs/

Factors in technology selection for H, production L= Ay e H!&S&Té

from natural gas with CCS

* Level of CO, capture that can be achieved (ideally >90%)

* QOperating costs; conversion efficiency main differentiating factor (75 — 80%7?)

* Capital costs

* Cost of capital — technical risk

* Scale — SMR probably preferred for smaller scale (100-300MW), ATR/POX for larger scale (>300MW)
* Flexibility — or storage

e CCS retrofit potential — some existing SMRs

* Range of studies comparing options* but need to consider local conditions and real engineering

* e.g. https://www.gov.uk/government/publications/hydrogen-supply-chain-evidence-base
https://pubs.rsc.org/en/content/articlehtm!/2020/se/d0se00222d
https://spiral.imperial.ac.uk/bitstream/10044/1/59861/2/The%20carbon%20credentials%200f%20hydrogen%20gas%20networks%20rev5.docx



https://www.gov.uk/government/publications/hydrogen-supply-chain-evidence-base
https://pubs.rsc.org/en/content/articlehtml/2020/se/d0se00222d
https://spiral.imperial.ac.uk/bitstream/10044/1/59861/2/The carbon credentials of hydrogen gas networks rev5.docx
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Study for BEIS by Wood, formerly Amec-FW. Report and spreadsheet available. = e Centre. RESEARC” CENTRE

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment data/file/864688/BEIS Final Benchmarks Report Rev 4A.pdf

* Combustion for heat production is kept separate from the
synthesis gas

* So air can be used without introducing nitrogen

. Exhaust
e CO, then has to be captured from combustion flue gases for et

high capture levels (or H, fired in the furnace, but does not atmosphere
address residual fuel not converted after the shift)

e Overall CO, capture levels just from the process gas in an

SMR reported to be limited to 55-70% in IEAGHG study*) CO, Capture CO, Compression| <
(amine) & Dehydration CO.

Post-combustion

e Overall CO, capture levels from flue gas depend on PCC plant
design and operation, might be as high as 99%

Steam

Air for combustion

reformer PSA = Pressure Swing Absorption
flue gas

Syngas
Separation
(PSA)

Natural
Gas

* |[EAGHG 2017-02, SMR based H, plant with CCS .
https://ieaghg.org/component/content/article/49-publications/technical- PSA tail gas
reports/784-2017-02-smr-based-h2-plant-with-ccs Air



https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/864688/BEIS_Final_Benchmarks_Report_Rev_4A.pdf
https://ieaghg.org/component/content/article/49-publications/technical-reports/784-2017-02-smr-based-h2-plant-with-ccs

Air Products Port Arthur CO, Project
6 million tonnes captured to date [mid-2020]

Supplies 56,000 Nm3/h CO, compressed and
purified CO2 for injection into TX oilfields for

enhanced oil recovery (EOR) VALERO

Retrofit of 2 SMRs located in the middle of

Valero refinery Denburye
AP CO, Vacuum Swing Adsorption

Technology selected as superior to Amine for

U.S. DEPARTMENT OF

CO, VSA Technology

Sweet Syngas to
(Dehvdration b e this application i i - Bristing 5 PSR
Compression > 2 Installed upstream of PSA i-L
Cogeneration o ToFerd
\ y B 90%+ capture of CO, from the process gas
stream
Example of SMR with CO, capture from
the process gas stream: see Y i -

. ) v ] co,
https://ukccsrc.ac.uk/wp , } 4 D :|
content/uploads/2020/07/Air-Products- it,”fmch
16072020.pdf for more details Syness AR 7.
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https://ukccsrc.ac.uk/wp-content/uploads/2020/07/Air-Products-16072020.pdf

SMR+PCC integrated with a gas turbine
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UKCCSRC has developed an integrated configuration intended to cut the cost of producing hydrogen+electricity
https://www.frontiersin.org/articles/10.3389/fenrg.2020.00180/full

Instead of using air for the SMR heaters it is possible to use gas turbine flue gas (this is already done on some

commercial plants)

The CO, from the SMR and the GT can then be captured in a single flue gas stream

This is expected to reduce overall energy consumption and cost, compared to building and operating PCC on an SMR

and a CCGT separately
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https://www.frontiersin.org/articles/10.3389/fenrg.2020.00180/full

Example of a process using oxygen to produce the synthesis gas
See https://ukccsrc.ac.uk/wp-content/uploads/2020/07/Shell.pdf for more details

SHELL BLUE HYDROGEN PROCESS (SBHP) OVERVIEW

= End-to-end line up maximizing integration between different technology blocks;

= Shell Proprietary SGP and ADIP Ultra technology, with experiences of integrating entire line-up for Shell own projects;

= Owner and Operator for SGP based H, plant, with CO, produced for CCS;

r

I
i MASTER LICENSOR’S SCOPE Shell proprietary technology . Non proprietary technology 'y Shell technology embeddedI
I I
‘ |
! ) » To internal users (ASU, CO, removal unit, TEG dehydration and I
I Boiler feed water] Superheated steam power generation :
a | a
| ondforiioos | shale " wheo ; i
1 ell Gas ate 9 ogs 2
H > pox (SGP) Clean g gas Shift removal Impure Purificg H, compression ]
i .
- syngas effluent umnit H, product E
I

I
] MP CO, !
’ :
: Air I
H separation e H >
: unit (ASU) LP CO, HP CO, to storage i
’ :
L -------------------------------------------------------------------------------------------------------- I

SHELL CATALYSTS & TECHNOLOGIES JULY 2020 3

TRANSFORMING ENERGY TOGETHER


https://ukccsrc.ac.uk/wp-content/uploads/2020/07/Shell.pdf

Example of a process using oxygen to produce the synthesis gas
https://ukccsrc.ac.uk/wp-content/uploads/2020/07/Johnson-Matthey-16072020.pdf for more details

Leading Concept Hydrogen (LCH) Process

Conventional LCH is based on JM’s
LCA and LCM process

Benefits stated for LCH:

e Low methane in reformed gas
which lowers CO, emissions

e Low CO slip exit shift which
lowers CO, emissions

* CO, captured from process at
pressure so CO, removal system is
well proven and cheap v’s SMR +
CCS

BEIS-funded FEED study for HyNet
and engineering for Acorn

https://www.gov.uk/government/publications/hydrogen-supply-
competition/hydrogen-supply-programme-successful-projects-phase-2

LCH Block Diagram for Fuel
Electricity Import

02 Captured CO2
16.7 kNm3/hr CO2 633 kmtpyr
ASU Compression
Feed NG CO2
35.7 KNm3/hr v
GHR }Sec;_)ndary 5| Shift CO2 > PSA 5
—x Reformer Removal Hydrogen
100 kNm3/hr
Fuel NG Heat Recycle
0 kNm3/hr Fired Heater

JM

Energy efficiency 80.5%

CAPEX circa £170 million Fluegas CO2
20 kmtpyr

<

4



https://ukccsrc.ac.uk/wp-content/uploads/2020/07/Johnson-Matthey-16072020.pdf
https://www.gov.uk/government/publications/hydrogen-supply-competition/hydrogen-supply-programme-successful-projects-phase-2

Electric power it . bp
production using alternativenergy {:}
hydrogen from pre- | Technology Elements
combustion capture N
Ir
l Steam + H,0 CO, (1.8 mtpa) 475 MW

e Exampleis BP

Peterhead DF1 CHL/—\ l

technology H
. _ Catalytic _  Shift | CO, 2 |

From a presentation Stegm| Reformer Conversion Capture »  CCGT H;O

for the CCSA by Jane
Paxman, 2007 \ / H,+CO H,+CO,
e Used air-blown
autothermal Proven Technology
reforming, which
delivers a mixture of
H, and N,, suitable
for firing in currently-

available gas turbines

Uses proven reforming technology to manufacture syngas from CH, (BP Trinidad)
Uses proven shift reaction to generate H, and CO,

Uses proven amine capture technology to capture and remove CO, (BP Algeria)
Hydrogen fired CCGT proven and warranted by vendors

Duplex steel well completions of Miller proven capable of handling Co2

All technology proven at this scale around the world




DF1FEED alternativenergy
announced Powarad by BP
30 June 2005 .
! . (DF = Decarbonised Fuel)
project cancelled DF1 — Site Layout
mid 2007

Possible factors in cancellation:
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DF1 did not integrate W\ Baes —Co> Turbines & HRSCE O

—
e,

significantly with the existing
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Natural gas for power generation
* Principles established in 2005 IEAGHG report
e Post-combustion capture generally reported as cheaper

* Except for low (below 10-20%) load factors, but only provided
hydrogen storage is used to reduce the capital costs for pre-
combustion (and issue with diluent to allow H, use in gas turbine)

* No use temporarily diverting hydrogen from other fossil fuel
displacement applications to power — gives no net reduction

* Need to verify that hydrogen subsidies do not give perverse
incentives to hydrogen/pre-combustion for power from natural gas

8

7

O Electricity cost

B Capture cost

Electricity cost, c/kWh

No capture Post Pre-comb.  Pre-comb Pre-comb.  Pre-comb.
combustion Gas, Local Gas, Remote Coal, Local Coal, Remote

Levelised cost of electricity, from IEAGHG 2005/1
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IEAGHG Report 2005/1, Retrofit of CO, capture to
natural gas combined cycle power plants,

http://documents.ieaghg.org/index.php/s/YKm6B7zikUpPgGA/download?path=%2F2005&files=2005-1.zip

. Chosen Technolo
Alternative gy Reason
Reforming
Steam Reformin Auto Thermal i i
g Reforming Higher Efficiency
Other Steam I Steam .‘ Carbon Minimum to achieve
Cal’bon Ratlo Ratlo 1.0 Camnn Cunl“rersio.n
Physical Aml
Absorbent Absorbent Lower Cost
Single-Stage Two-Stage CO2 Higher Efficiency
CO2 Absorption Absorption
Nitrogen Diluent 4Iuent Nitrogen not available
Injection Water Saturation Increased Efficiency

Figure 4.1 - Technology Selection case 2


http://documents.ieaghg.org/index.php/s/YKm6B7zikUpPgGA/download?path=/2005&files=2005-1.zip
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2 net_"gy esearc
Study for BEIS by Wood, formerly Amec-FW https://www.gov.uk/guidance/funding- e Contre. RESEARC"' CENTRE
for-low-carbon-industry. Detailed report and cost calculation spreadsheet available
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https://www.gov.uk/guidance/funding-for-low-carbon-industry

CCS power plant characteristics from a UK study
Study for BEIS by Wood, formerly Amec-FW https://www.gov.uk/guidance/funding-
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for-low-carbon-industry. Detailed report and cost calculation spreadsheet available

%LHV efficiency
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CCS power plant characteristics from a UK study

Study for BEIS by Wood, formerly Amec-FW https://www.gov.uk/guidance/funding-
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for-low-carbon-industry. Detailed report and cost calculation spreadsheet available
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IGCC for power has had problems in the US —

“Three factors that doomed Kemper”

https://spectrum.ieee.org/energywise/energy/fossil-fuels/the-three-factors-that-doomed-kemper-county-igcc
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 Complex technology was one of three critical factors dogging the Kemper IGCC.

e “20 years ago, a case could be made for IGCC. Then came fracking.”

Perhaps more critical to the plant’s fate were “unknown startup, operation and technology risks.”

Initially the Kemper project was estimated to cost $2.2 billion, gasification abandoned in 2017 at > $6.6 billion

For a recent overview of global IGCC (not all with COZ capture) SE€e€ https://www.powermag.com/japan-ushers-in-new-era-for-igcc-coal-power/



https://spectrum.ieee.org/energywise/energy/fossil-fuels/the-three-factors-that-doomed-kemper-county-igcc
https://www.powermag.com/japan-ushers-in-new-era-for-igcc-coal-power/

Biomass gasification has

proved challenging

Example here is a (failed) UK
project, ARBRE

Easier to produce a ‘dirty’
fuel gas for combustion,
especially close-coupled to a
boiler, than a clean syngas for
hydrogen production

For a critical review of UK
experience see

http://biofuelwatch.org.uk/wp-content/uploads/Biomass-
gasification-and-pyrolysis-formatted-full-report.pdf

Also see SuperGen Bioenergy
Hub report ‘Bioenergy and
waste gasification in the UK:
Barriers and research needs’

https://www.supergen-bioenergy.net/wp-content/uploads/2019/06/Bioenergy-and-
waste-gasification-report-. .pdf

DOLOMITE

§

T0 SCRUBBER

GASIFIER

FUEL
SAND 4
d 1
b4
Ve
2
TAR CRACKER
AR
Figure 2 TPS CFB Gasification and Gas Cleaning Pilot Plant

E. Rensfelt, Atmospheric CFB gasification, Int. Conf. On Gasification and Pyrolysis of Biomass, Stuttgart, 1997



http://biofuelwatch.org.uk/wp-content/uploads/Biomass-gasification-and-pyrolysis-formatted-full-report.pdf
https://www.supergen-bioenergy.net/wp-content/uploads/2019/06/Bioenergy-and-waste-gasification-report-2019.pdf
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Co-gasification of biomass with coal for hydrogen:
W& Institute Centre. RESEARCH CENTRE

US examples https://www.energy.gov/fe/project-descriptions-coal-first-initiative-invests-80-mition-net-zero-carbon- eIectr|C|ty and

Gasification of Coal and Biomass: The Route to Net-Negative-Carbon Power and Hydrogen — Electric Power Research
Institute, Inc. (Palo Alto, CA) and partners plan to perform a system integrated design study on an oxygen-blown
gasification system coupled with water-gas shift, pre-combustion CO, capture, and pressure-swing adsorption working off
a coal/biomass mix to yield high-purity hydrogen and a fuel off-gas that can generate power. There are several designs
capable of producing 50 MW net from a flexible generator, over 8500 kg/hr. of hydrogen, and net-negative CO, emissions.
The plant will be hosted at one of two Nebraska Public Power District sites, where opportunities for enhanced oil recovery
and sequestration have been investigated and where the need for low-carbon power and hydrogen is imminent. The
principal biomass to be used is corn stover, prevalent in Nebraska where the plant will be located. It will be mixed with
Powder River Basin coal, necessitating a gasifier that can use this feedstock and be flexible to allow other types.

Wabash Hydrogen Negative Emissions Technology Demonstration — Wabash Valley Resources, LLC (West Terre Haute, IN)
in coordination with the Gas Technology Institute, seeks to complete design development, an Environmental Information
Volume, an investment case and a system integrated design study to redevelop the existing Wabash Valley Resources coal
gasification site in West Terre Haute, Indiana, into a Coal FIRST power plant for flexible fuel gasification-based carbon-
negative power and carbon-free hydrogen co-production. Co-firing an existing gasification facility with biomass (woody
biomass and/or agricultural residue) will enable the project to achieve net-negative carbon emissions while producing
hydrogen that can be used to generate electricity or be sold as coproduct. CO, will be captured and sequestered in nearby
deep saline reservoirs that have already demonstrated suitability for storage, enabling the project to efficiently complete
preparation for permanent CO, sequestration.


https://www.energy.gov/fe/project-descriptions-coal-first-initiative-invests-80-million-net-zero-carbon-electricity-and
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Oxyfuel combustion in boilers and industrial furnaces

In boiler oxyfuel plants combustion air is replaced by a mixture of recycled CO, and water vapour with added O,.
Coal boiler example shown here, similar principles for biomass boilers (including fluidised beds) and industrial furnaces

White Rose CCS Project CAPTLRE
https://www.gov.uk/government/collections/c ALST@M 47/ B0C POLUER

rax A Member of The Linde Group
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The Allam-Fetvedt Cycle for natural gas
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= Oxy-fuel, closed-loop, CO, working fluid
= High-pressure cycle, low pressure ratio turbine
= 200-400 bar; 6-12 pressure ratio

= Addition of a simple hot compression cycle maintains

= HP CO, and liquid water are the only byproducts

= No added costs of capture, separation or compression of CO,

efficiency and eliminates the need for ASU side heat
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Hideo Nomoto, Toshiba Corporation, Rodney Allam, NET Power, Presentation to 7th Trondheim Carbon Capture and Sequestration Conference, June 5, 2013



The University Translational
Of Sheffield. Energy
Energy Research

Institute Centre. RESEARCH CENTRE

The Allam-Fetvedt Cycle for natural gas
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Allam-Fetvedt Cycle Power Plant for UK Deployment
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https://www.gov.uk/government/publications/call-for-ccus-innovation/ccus-innovation-programme-selected-projects

Funded by the BEIS CCUS Innovation Programme

8 Rivers Capital is conducting a feasibility study for the deployment of the revolutionary Allam-Fetvedt power cycle to
bring the technology to the UK. The Allam-Fetvedt cycle is a technology that achieves highly efficient and low cost
electricity generation with zero emissions through use of a novel supercritical carbon dioxide as the primary process fluid.
This technology has been successfully demonstrated at 50 MWth scale in La Porte, Texas, and is now being
commercialised by NET Power LLC, with 8 Rivers leading development of full-scale commercial projects.

The study, conducted under the BEIS CCUS Innovation Competition, aims to achieve the primary goals of the feasibility
study strand of the competition, defined as “the evaluation and analysis of the potential of a project, which aims at
supporting the process of decision-making by objectively and rationally uncovering its strengths and weaknesses,
opportunities and threats, as well as identifying the resources required to carry it through and ultimately its prospects for
success”.

The goal of the feasibility study will be to advance both the location-specific commercial scale design, cost and business
case of a project providing 300MW of dispatchable, zero carbon electricity to the Teesside region. The feasibility study
will complete a cost estimate to AACE class IV, advancing the project to the point of being ready to proceed with
deployment of the full-scale system in Teesside. The program will also advance the design to reduce cost, improve
reliability and investigate options for increased flexibility and grid response. 8 Rivers will be collaborating with its partners
and subcontractors McDermott International, WSP and Sembcorp to successfully deliver the work.


https://www.gov.uk/government/publications/call-for-ccus-innovation/ccus-innovation-programme-selected-projects

Conclusions
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Multiple options for hydrogen production being considered in the UK:
Retrofit (and new?) Steam Methane Reformers (possibly with post-combustion capture in the UK)

New oxygen/air ATR / partial oxidation routes using pre-combustion capture

Hydrogen with high levels of CO, capture is a relatively new development: UK costs and performance will be
determined by FEED studies (and subsequent full-scale projects)

Hydrogen also being considered for power production: this has been extensively examined in the past and appears to
be competitive only for low load factor power applications and when coupled with H, storage

Biomass gasification is also being considered for hydrogen production with CO, capture but has proved challenging in
the past, especially for syngas production

Co-gasification of biomass with coal is being developed in the US — this allows entrained-flow gasifiers to be used

Atmospheric pressure oxyfuel combustion for boilers or industrial furnaces uses ‘synthetic air’ made from recycled
flue gas with added oxygen

Costs estimated as comparable to post-combustion capture for power applications, but less proven

Pressurised Allam Fetvedt oxyfuel cycle is being developed for power applications with a feasibility study being
undertaken for a Teesside project — a significant stage will be to demonstrate extended running of a large scale plant
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Questions?



