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Thought Exercise — What is the scale of the challenge?
Let’s convert 2.2 GWe RWE Pembroke Power CCGT from
natural gas to 100% hydrogen operation...
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Let’s convert RWE Pembroke Power CCGT from natural gas
to 100% hydrogen operation...

1. How much hydrogen will we need? 2.2 GW, / 60% = 3.7 GW,, Fuel

@15°C, 1 bar, approx. values m Hydrogen
50 120

LHV (MJ/kg)

Density (kg/m3) 0.67 0.084
Mass Flow for Pembroke (kg/s) 73.3 30.6
Volume Flow for Pembroke (m3/s) 109 363
Volume Flow for Pembroke (m3/d) 9.4M 31M

Note: Current UK Annual Hydrogen Production = 0.74 Mt/yr = 24M m3/d [3]
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Let’s convert RWE Pembroke Power CCGT from natural gas
to 100% hydrogen operation...

2. How do we generate 31M m3/d of “blue” or “green” hydrogen?

While 100% H, at Pembroke is unlikely, H, blending is a real possibility
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£/MWh - 15% Load Factor
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Why Hydrogen GTs?
Requires H, production at large-scale, lowering cost and supports
decarbonization of industry, transport, and heat on path to net-zero
Lower LCOE than CCGTs in flexible operation and nuclear plants in
baseload operation under future BEIS carbon price projections [9]
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Why Hydrogen GTs?
Requires H, production at large-scale, lowering cost and supports
decarbonization of industry, transport, and heat on path to net-zero
Lower LCOE than CCGTs in flexible operation and nuclear plants in
baseload operation under future BEIS carbon price projections [9]
Supports intermittency of increased renewable generation
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Why Hydrogen GTs?
Requires H, production at large-scale, lowering cost and supports
decarbonization of industry, transport, and heat on path to net-zero
Lower LCOE than CCGTs in flexible operation and nuclear plants in
baseload operation under future BEIS carbon price projections [9]
Supports intermittency of increased renewable generation
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Current State-of-the-Art
High H, (up to 100%) gas turbines are a reality today...

[10]
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In 2019, CTOs of Siemens, General Electric, Solar, Mitsubishi, Ansaldo,
and MAN Energy Solutions committed to 100% H, GTs by 2030 [11]
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H, Combustion — GT OEMs Hydrogen Combustors

Ansaldo Energia GT26/GT36
Sequential Combustor

Current Allowable H, [1]

Up to 30% H,
GT26
Upto45%H,
derated
Axial Premix .
Compressor Combustor gsgfu'::zlr Turbine
Up to 50% H,

Ansaldo Energia and Equinor collaborating on validation of 100% H, gas turbine combustor [1]
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H, Combustion — GT OEMs Hydrogen Combustors

. . . Current Allowable H, [1
General Electric DLN 2.6e Micromix 2 [1]
¥ Combustion System for 9HA Gas Turbine Up to 50% H,
R
G [12]
[1]
L
s General Electric developing 100% H, gas turbine combustor technology pathway [1]
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H, Combustion — The fun part!
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We compared H, and CH, earlier, but how do they burn?
Methane + Air (21% 0,): CH,+ 2(0,+ 3.76N,) - CO, + 2H,0 + 7.52N,  (9.50 %vol CO,)
Hydrogen + Air (21% 0,): 2H, + (0, + 3.76N,) - 2H,0 + 3.76N, (0.04 %vol CO,)

HYDROGEN (VOLUME %)
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H, Combustion — The fun part!

Let’s compare some key flame properties:

Flammability Limits in Air
(%vol Fuel, ‘LEL’ - ‘UEL’)

5-15 4-75 + 6X

Laminar Flame Speed 0.36 m/s 2.2m/s + 6X
Adiabatic Flame Temperature 1946°C 2108°C + 8%

How does this impact gas turbine combustion systems:

1) Wider Flammability Limits — Control of ignition system on start-up,
safety of downstream equipment

2) Higher Flame Speeds — Increased risk of flashback (upstream flame
movement) in premixed operation

3) Higher Flame Temperatures — Excessive NO, emissions, high metal
temperatures, machine de-rating
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H, Combustion — Gas Turbme Research Centre

RADIAL/TANGENTIAL
SWIRLER (S, = 0.8)

BURNER EXIT NOZZLE
(ID = 40 MM)

QUARTZ TUBE
(ID = 100 MM)

Experimental combustion at industrially-relevant
conditions (elevated temperature and pressure)
e Gas mixing, optical diagnostics, emissions

Project experience with H,:

EU FP7 H2IGCC—up to 2 MW H,

EPSRC Flex-E-Plant —15% H, in CH, (P2G) |

EPSRC Advanced Gas Turbine — Pure and dilute H,-air %0 I 50

BEIS Hy4Heat — Industrial Fuel Switching .
25-75 H,-CO,-air

WEFO FLEXIS — Pure H,, H,-NH,, and NH, 2 =2

EPSRC SAFE AGT — Pilot-scale NH,-H, GT development " =_6:0’36 ';
EU H2020 FLEXnCONFU — NH, and H, in P2G GTs €=
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OUR

H, Combustion — EU FP7 H2IGCC Project

CH,-Air 85%H,-15%N.,-Air
Stable Swirl Flame Swirl Flame Flashback Event
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Experiments conducted at GTRC
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H, Power Generation — Ongoing Projects
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1) HyNet and HyDeploy — Cadent Gas, Progressive Energy, others

[14]
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H, Power Generation — Other Ongoing Projects

Nuon Magnum CCGT Conversion Project (Netherlands) -
Mitsubishi, Vattenfall, Equinor, Gasunie
 Aim to convert 440 MW CCGT to 100% Hydrogen by 2023 [15]

EU H2020 “HotFlex” / “ComSOS” Project (Austria) — Verbund AG,

Sunfire, TU Graz

 Utilize excess renewables to generate “green” hydrogen for
blending with natural gas at 838 MW CCGT plant (Mellach) [16]

EU H2020 ENABLEH2 Project (UK) — Cranfield University, SAFRAN,

Heathrow Airport, others

* Evaluate liquid-H, for aviation utilizing micromix combustion
technology [17]

Japan’s “Basic Hydrogen Strategy”
* Develop and demonstrate H, blended, pure H,, and pure NH,
gas turbines by 2030 [18]
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Challenges and Research Opportunities

Challenge: The fully fuel-flexible combustor

100% Natural Gas to 100% H, (and their blends)

What fuel/air injection strategy avoids flashback and
thermoacoustic instabilities with high efficiency and low
emissions over the GT load range?

Can additive manufacturing play a role in novel combustor
designs to improve cooling, mixing, and pressure drop?

What about safety? Start-up, flame monitoring, auxiliary
components...build on vast H, process industry experience.
HSL are certainly interested [19]
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Challenges and Research Opportunities

Challenge: When should GT users (e.g. utilities) invest?

Retrofit vs. New Build

Do we strand existing CCGT assets by moving to H, blending
or 100% H,?

Should new-build CCGT be H,-ready? The CCC thinks so [20]

When/if decarbonized H, will be ready to supply H,GTs at
scale? Navigant report provides the pathways [21]

How to integrate H,GTs and H, storage? ETI have a view [22]

Is small-scale, decentralized H,GT CHP a viable alternative?




) Hydrogen Power Generation — Challenges and Prospects for ('\ UKCCS
; 100% Hydrogen Gas Turbines R“H“H S

N
1 3 We are currently in the Hydrogen ‘Field of Dreams’
LL. i

If you build large-scale,
b gt S decarbonized hydrogen
- e AR TE e M production....

a0

....dispatchable,
flexible, H, GTs
will come!

Crunta Oaiblyge
Mhanbarthed Ewreg

« Fund



Hydrogen Power Generation — Challenges and Prospects for ('\ UKCCS
100% Hydrogen Gas Turblnes RESEARCH CENTRE

(CARDIFF
UNIVERSITY
PRIFYSGOL \<?
(ARRDY®

Thank youl!
WWW.cu-gtrc.co.uk

:GTRC

GAS TURBINE RESEARCH CENTRE



http://www.cu-gtrc.co.uk/
http://www.cu-gtrc.co.uk/
http://www.cu-gtrc.co.uk/

TURE

AR GYFER EIN DYFODOL

Hydrogen Power Generation — Challenges and Prospects for
100% Hydrogen Gas Turbines Hjﬁscscmé

Useful Resources and References:
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[1] ETN Global, Hydrogen Gas Turbines — The Path Towards a Zero-Carbon Gas Turbine, Link

[2] RWE Ltd, Pembroke Power Station, Link

[3] Vaughn, A., UK could use hydrogen instead of natural gas - if it can make enough, Link

oA [4] Air Products, Air Products to Make Largest-Ever U.S. Investment of $500 Million to Build, Own and Operate Its Largest-

AT i Ever Hydrogen SMR, a Nitrogen ASU and Utilities Facilities, and Wins Long-Term Contract to Supply Gulf Coast Ammonia’s
New World-Scale Texas Production Plant, Link

[5] Idaho National Laboratory, HTGR-Integrated Hydrogen Production via Steam Methane Reforming (SMR) Economic
Analysis, Link

[6] Kalamaras, C.M. and Efstathiou, A.M., Hydrogen Production Technologies: Current State and Future Developments, Lin

[7] European Commission, European Union Transaction Log, Link

[8] REFHYNE — Clean Hydrogen for Europe, Project Overview, Link

[9] Element Energy, Opportunities for hydrogen and CCS in the UK power mix, Hy-Impact Series Study 3: Hydrogen for Power
Generation, Link

[10] Linstrand, N., This Swedish scientist works towards fulfilling Siemens’ 2030 hydrogen pledge, Lin
[11] Wezel, R. and Baron, S.C, The Turbine Industry Commits to Provide Europe with “Renewable Gas-Ready” Turbines, Lin
[12] Hughes, M. and Berry, J., Advanced Multi-Tube Mixer Combustion for 65% Efficiency, Link

[13] Goldmeer, J., Power to Gas: Hydrogen for Power Generation -Fuel Flexible Gas Turbines as Enablers for a Low or
Reduced Carbon Energy Ecosystem, Link

[14] Cadent Gas Ltd, HyNet, Link

[15] NS Energy, Nuon Magnum Power Plant, Lin
[16] Tsanova, T., Austrian pilot to test hydrogen as substitute for natural gas in TPP, Lin
[17] Cranfield University, ENABLEH2, Link

[18] Japan Science and Technology Agency, Energy Carriers, Link

[19] Hawksworth et al., Safe Operation of Combined Cycle Gas Turbine and Gas Engine Systems using Hydrogen Rich Fuels,
Link

[20] Committee on Climate Change, Hydrogen in a low-carbon economy, Link

[21] Navigant, Pathways to Net-Zero: Decarbonising the Gas Networks in Great Britain, Lin
[22] Gammer, D., The role of hydrogen storage in a clean responsive power system, Link
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https://etn.global/wp-content/uploads/2020/01/ETN-Hydrogen-Gas-Turbines-report.pdf
https://www.group.rwe/-/media/RWE/documents/03-unser-portfolio-und-loesungen/betriebsstandorte/pemb-power-station-a4-20pp-brochure.pdf
https://www.newscientist.com/article/2206546-uk-could-use-hydrogen-instead-of-natural-gas-if-it-can-make-enough/
http://www.airproducts.com/Company/news-center/2020/01/0108-air-products-to-build-its-largest-smr-to-supply-gulf-coast-ammonia.aspx
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwip_paM4sXpAhXUtHEKHYUaCQAQFjABegQIBRAC&url=https%3A%2F%2Fart.inl.gov%2FNGNP%2FINL%2520Documents%2FYear%25202010%2FHTGR-Integrated%2520Hydrogen%2520Production%2520via%2520Steam%2520Methane%2520Reforming%2520-SMR-%2520Economic%2520Analysis.pdf&usg=AOvVaw3vsnsnfl_35hLJb5P2PM2T
https://www.hindawi.com/journals/cpis/2013/690627/
https://ec.europa.eu/clima/ets/ohaDetails.do?accountID=97190&action=current&languageCode=en&returnURL=resultList.currentPageNumber%3D24%26installationName%3D%26accountHolder%3D%26permitIdentifier%3D%26nextList%3DNext%26form%3Doha%26searchType%3Doha%26currentSortSettings%3DaccountHolder%2BASC%26mainActivityType%3D20%26installationIdentifier%3D%26account.registryCodes%3DGB%26languageCode%3Den&registryCode=GB
https://refhyne.eu/about/
http://www.element-energy.co.uk/wordpress/wp-content/uploads/2019/11/Element-Energy-Hy-Impact-Series-Study-3-Hydrogen-for-Power-Generation.pdf
https://new.siemens.com/global/en/company/stories/energy/hydrogen-capable-gas-turbine.html
https://community.asme.org/international_gas_turbine_institute_igti/m/mediagallery/11375/download.aspx
https://www.netl.doe.gov/sites/default/files/2019-11/2019 UTSR Project Review Mtg/November 5/Track A/2019 UTSR Presentation - GE- Multi-Tube Mixer for 65pct CC Efficiency.pdf
https://www.ge.com/content/dam/gepower/global/en_US/documents/fuel-flexibility/GEA33861 Power to Gas - Hydrogen for Power Generation.pdf
https://hynet.co.uk/
https://www.nsenergybusiness.com/projects/nuon-magnum-power-plant/
https://renewablesnow.com/news/austrian-pilot-to-test-hydrogen-as-substitute-for-natural-gas-in-tpp-649049/
https://www.enableh2.eu/
https://www.jst.go.jp/sip/pdf/SIP_energycarriers2015_en.pdf
https://h2tools.org/sites/default/files/2019-08/paper_245.pdf
https://www.theccc.org.uk/wp-content/uploads/2018/11/Hydrogen-in-a-low-carbon-economy.pdf
https://www.energynetworks.org/assets/files/gas/Navigant Pathways to Net-Zero.pdf
https://d2umxnkyjne36n.cloudfront.net/insightReports/3380-ETI-Hydrogen-Insights-paper.pdf?mtime=20160908165800

