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Overview

• Perspectives of Hydrogen to Power Industries in the United States

• Research Topics on Hydrogen Production/Utilization and Energy 
Recovery for Steelmaking Industry
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Energy Key Goals in US
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H2 can provide benefits particularly in hard 
to decarbonize sectors: industry, heavy duty 
transport, and to enable energy storage.

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf
https://www.eia.gov/outlooks/aeo/pdf/AEO2022_ChartLibrary_Electricity.pdf

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf
https://www.eia.gov/outlooks/aeo/pdf/AEO2022_ChartLibrary_Electricity.pdf


Renewables Driving Energy Storage
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For the first time in history, in May 2022, 
renewable power in California exceeded 
demand.

Status and Perspective of PEM Electrolyzer
Capacity
- 172 MW in 2021
- More than 620 MW in 2022
- 60 GW by 2030https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf


Bipartisan Infrastructure Law – H2 Highlights

• Includes $9.5B for clean hydrogen:
• $1B for electrolysis research, development, and demonstration
• $500M for clean hydrogen technology manufacturing and 

recycling R&D
• $8B for at least four regional clean hydrogen hubs

• Aligns with Hydrogen Shot priorities by directing work to 
reduce the cost of clean hydrogen to $2 per kg by 2026

• H2 production from ALL resources: renewables, nuclear, 
and fossil + CCS
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DOE H2 Budget

HFTO Budget

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf


Threshold Costs for H2 to be Competitive Across Sectors
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$3.25/kg H2

$6.5/kg H2

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf
https://www.eia.gov/energyexplained/

https://www.eia.gov/energyexplained/electricity/prices-and-factors-affecting-prices.php
https://www.powermag.com/blog/hydrogen-prices-skyrocket-over-2021-amid-tight-power-and-gas-supply/

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf
https://www.eia.gov/energyexplained/
https://www.eia.gov/energyexplained/electricity/prices-and-factors-affecting-prices.php
https://www.powermag.com/blog/hydrogen-prices-skyrocket-over-2021-amid-tight-power-and-gas-supply/


H2 from the Next-generation of Electrolyzers of Water (H2NEW)
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https://www.hydrogen.energy.gov/pdfs/review22/plenary6_stetson_2022_o.pdf

https://www.hydrogen.energy.gov/pdfs/review22/plenary6_stetson_2022_o.pdf


Million Mile Fuel Cell Truck Consortium (M2FCT)

9
https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf


Trends and Perspectives of Overall and Renewable Energy in Korea
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https://www.korea.kr/briefing/pressReleaseView.do?newsId=156547521
2050 탄소중립시나리오안, 관계부처합동, 2021.10. 18.

https://www.enerdata.net/publications/executive-briefing/co2-emissions-south-korea.html
https://www.eia.gov/outlooks/aeo/pdf/AEO2022_ChartLibrary_Electricity.pdf

2022 [TWh] 2036 [TWh]
E. 

Independence 
in 2022

Renewable in 
Electricity in

2022

Renewable in 
Electricity in

2050

KO 568 667 19.8% 8% 61-71%

US 4,200 4,700 100% 21% 44%

https://www.korea.kr/briefing/pressReleaseView.do?newsId=156547521
https://www.enerdata.net/publications/executive-briefing/co2-emissions-south-korea.html
https://www.eia.gov/outlooks/aeo/pdf/AEO2022_ChartLibrary_Electricity.pdf
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DOE FECM Funding and Key H2 Activities
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https://www.hydrogen.energy.gov/pdfs/review22/plenary5_program_panel_2022_o.pdf

https://www.hydrogen.energy.gov/pdfs/review22/plenary5_program_panel_2022_o.pdf


Technical Updates: H2 Turbine
• University Turbines Systems Research —Focus on 

Hydrogen Fuels –made 6 awards in late FY21

• Key challenges
• High flame temperature and flame speed
• Thermal NOx control
• Flame detection, sealing, and high flammability
• May need flame dilution or higher efficiency air 

separation unit

• Major manufacturers: MHI, GE, and Siemens

• Performance (MHI): up to 64% for combined 
cycle and 99.6% reliability
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GEA33861 Report, 2019
Siemens Energy

DOE/NREL-2022/3812

Siemens SGT5-9000HL 
(50Hz)
Heavy Duty Gas Turbine

✓ Simple cycle output: up to 593 MWe
✓ Combined cycle output: 880 MWe (1X1) or 

1,760 MW (2X1)
✓ Combined cycle efficiency more than 64%
✓ NOx down to 2 ppmvd with SCR or 25 

ppmvd without SCR
✓ H2 blending up to 50 vol.% (7.5 wt.%)
✓ Price: $82,500,000 ($139/kW)

http://www.keei.re.kr/keei/download/focus/ef2203/ef2203_50.pdf

http://www.keei.re.kr/keei/download/focus/ef2203/ef2203_50.pdf


RDD&D for H2 Turbine

• Program target: 9 ppm NOx emissions for 100% H2 turbines and 2 ppm with selective 
catalytic reduction

• FECM launched six projects with emphasis on 1) dense, low-porosity, ultra-high 
temperature CMC and 2) multi-layered nano-ceramic coating in a hydrogen 
combustor

• R&D on ceramic matrix composite (CMC) components, which allow hydrogen turbines 
to operate at higher working temperatures, ultimately improving cycle efficiency. 

• Raytheon Technologies Corporation — Pratt & Whitney Division plans to develop a 
2700°F (1482°C)-class SiC/SiC CMC

• To develop a thermal barrier coating composed of a novel CMC material with desired 
thermal, thermomechanical, and moisture resistance properties to meet the goal of a 
302°F to 392°F (150°C to 200°C) increase to the operational capabilities of CMCs at 
higher moisture contents in the combustor and turbine hot gas path. The multilayer 
thermal barrier coating will provide a potential of around 392°F (200°C) or 15% 
increase in temperature performance compared to the current state-of-the-art 
temperature capability.
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https://www.hydrogen.energy.gov/pdfs/us-national-clean-hydrogen-strategy-roadmap.pdf

https://www.hydrogen.energy.gov/pdfs/us-national-clean-hydrogen-strategy-roadmap.pdf


Technical Updates: SOFC
• SOFC performance: power generation up to 60% and CHP up to 90%

• RDD&D for larger capacity: Bloom Energy (500MW with SK in Gumi), FuelCell Energy, and Nexceris

• Major DOE on-going projects
• Adaptive SOFC for Ultra High Efficiency Systems (FuelCell Energy): to achieve 70% electrical efficiency
• Metal-Supported SOFCs for Ethanol-Fueled Vehicles (LBNL): 
• Hybrid SOFC/Turbogenerator for Aircraft (UM)
• SOFC/Turbine Hybrid Power System Design and Development (NEXCERIS)
• Efficient Reversible Solid Oxide Fuel Cell Systems: expected round trip efficiency at 60%; CHP up to 90%
• Durable FC MEA thorough Immobilization of Catalyst Particle and Membrane Chemical Stabilizer (GM)
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https://www.energy.gov/sites/default/files/2022-02/Fuel%20Cells%20%26%20Electrolyzers%20Supply%20Chain%20Report%20-%20Final.pdf

https://www.hydrogen.energy.gov/amr-presentation-database.html
https://www.hydrogen.energy.gov/pdfs/review22/plenary7_papageorgopoulos_2022_o.pdf

https://www.energy.gov/sites/default/files/2022-02/Fuel%20Cells%20&%20Electrolyzers%20Supply%20Chain%20Report%20-%20Final.pdf
https://www.hydrogen.energy.gov/amr-presentation-database.html
https://www.hydrogen.energy.gov/pdfs/review22/plenary7_papageorgopoulos_2022_o.pdf


Fuel Cell Technologies: Key Milestones by 2030
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FECM (H2 TBN/SOFC)

SC

EERE (PEM FC/EC)

NE

RDD&D

1.25 MW
PEM EC

Up to 200 bar & 
600 kg H2

1 MW
PEM FC

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf

https://www.energy.gov/sites/default/files/2022-06/hfto-amr-plenary-satyapal-2022-1.pdf


PEM FC &EC: Key Challenges and Weaknesses

• Weaknesses of US
• Insufficient manufacturing 

capacity
• Reliance of import: Pt, Ir, Graphite
• High manufacturing costs
• Technical advancements, capital 

investment, higher production 
volume

• Lack of trained works with 
expertise in H2 and FC 
technologies

• Lack of H2 infra/tax liability
• Limited H2 transmission and 

storage infra

17https://www.energy.gov/sites/default/files/2022-
02/Fuel%20Cells%20%26%20Electrolyzers%20Supply%20Chain%20Report%20-%20Final.pdf

DOE NREL HFTO CRADA Call. 2021

Umicore

Toray

Doosan: 
PAFC/SOFC

2.5 kW/gPGM power =1.07 A/cm2 current density 
at 0.7 V after 25,000 hours equivalent 
accelerated stress test (AST)

https://www.energy.gov/sites/default/files/2022-02/Fuel%20Cells%20&%20Electrolyzers%20Supply%20Chain%20Report%20-%20Final.pdf
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Impact on Grids: Strength and Challenges
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DOI: 10.5220/0007721501370142

Strengths Potential Issues Viable Resolutions

Long distance 
transmission

Decentralized power generation 
to reduce strain on the grid and 
transmission loss

Challenges in power conversion 
efficiency of voltage and frequency for 
existing power transmission grids

Needs advanced AC/DC power 
converters or rectifiers depending 
on grids to load

Grid stability
Mitigating renewable 
intermittency and voltage 
regulations

Propagated intermittency or harmonic 
distortion of hydrogen-based power 
generation -> Directly related to the 
power exchange market depending on 
the hydrogen availability

- Requires advanced control 
systems, grid monitoring, and 
real-time data transfer to 
ensure and minimize 
fluctuations and variability

- Positioning at peak-load 
possibly middle-load

Grid resilience
To back up unexpected outage 
or inclement weather

- Needs proper sizing for back up, 
capacity planning and system 
readiness 

- FC affected by temperature and 
humidity fluctuations

- Inclement weather also impacts on 
the fuel cell systems; e.g., blocking 
pathways through porous gas 
diffusion layer and catalyst layer as 
preventing the movement of 
reactants

- Vulnerable in long-term outage and 
inclement weather event

- Requires advanced heating and 
cooling technologies

- Event monitoring with wireless 
sensor network

- Islanded mode of operation 
can provide uninterrupted 
power during extended 
outages or severe weather 
events
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Considerations for H2 to Power Business

• Pre-requisite: low cost power and hydrogen generation 
closer to wholesale option

• To secure domestic manufacturing and supply chain that is 
independent of foreign sources of critical materials

• Potential impact on market: fuel cell vs. hydrogen turbine

• Any potential issues on the existing power grids

• Any potential issues on O&M
• Degradation of catalyst and membrane
• Impurities of hydrogen and water management
• Thermal fatigues induced from excessive heat cycles
• Contamination and corrosion issues to mitigate
• Design off conditions from partial load operations
• Resiliency to incremental weather/disaster
• Securing engineers, technicians, and first responders, etc. to 

handle hydrogen and related technologies

21
https://www.hydrogen.energy.gov/pdfs/us-national-clean-hydrogen-strategy-roadmap.pdf

https://www.hydrogen.energy.gov/pdfs/us-national-clean-hydrogen-strategy-roadmap.pdf


Conclusions

• Postulates: Electrolytic hydrogen production would have minimized impact 
from the raw material costs, and follow up the trend of renewable power 
generation. Resiliency for inclement weather.

• Feasible to start up the hydrogen-based power generation business with 1) 
fuel cell and/or 2) hydrogen turbine? 
• Hydrogen as a secondary energy as well as energy carrier is viable for utilization only 

if 1) the end-user price of hydrogen is competitive, 2) the conversion efficiency of the 
system is competitive, and 3) no further emission is released.

• Any potential issues in loading to the existing grid?
• In addition to the concerns and viable solutions discussed, the hydrogen-based 

power generation business may need to be competitive in the power exchange 
market depending on its position: either peak- or middle-load.

• Both systems strongly rely on the hydrogen price and storage capacity, etc.
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Steelmaking Processes and GHG Emissions
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https://doi.org/10.1038/s41467-021-22245-6

https://doi.org/10.1038/s41467-021-22245-6


EAF: Cycle and Energy Balance
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https://www.osti.gov/servlets/purl/1221728

1,500

800

https://www.osti.gov/servlets/purl/1221728


Techno-Economic Analysis for Methane Pyrolysis
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DOE ARPAE-001 Project Annual Merit Review Meeting, 2022



Current Approaches vs. Methane Pyrolysis
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https://www.hydrogen.energy.gov/pdfs/review20/h2045_dagle_2020_p.pdf

DOE: $11.5M

DOE: $300M

https://www.hydrogen.energy.gov/pdfs/review20/h2045_dagle_2020_p.pdf


Potential Reactor Configurations

29

https://doi.org/10.1021/acs.iecr.1c01679



제철분야수소생산기술개발

30

• 제철공정에사용되고있는전기아크로에서배출되는약 800 - 1,500 
oC초고온부생가스 (CO/CO2/N2/H2/H2O/분진) 는사이클간헐성, 
분진및공간등의제약사항들로인해서폐열에너지를회수하지
못하고대부분water spray cooling tower를통해서버려지고있는
실정임.

• 미국및유럽에서개발중인용융금속/용융염또는플라즈마를
이용한메탄열분해 (흡열반응) 공정은필요한초고온을얻기위해서
연소또는전기에너지를소모하고있으며안전성등의문제가있음.

• 165톤급전기아크로충전시배출되는 30 kg/s 이상의부생가스
온도구간 (1,500 – 1,000 oC)의엔탈피로환산할경우, charging cycle 
동안약 20 MW의열에너지회수가가능함. (기존냉각수소모량: 약
5.8 kg/s)

• 제철플랜트전기아크로초고온부생가스열회수와메탄열분해
시스템수소생산공정을융합할경우, 수소 1몰당 37.7 kJ 흡열조건
가정시, 해당공정온도범위에서이산화탄소발생없이최대 55
톤/일급의무촉매고순도수소생산이가능함.

• 제철산업측면에서, 부생가스및냉각수배출로인한에너지손실을
최소화하고생산된수소를수소환원철또는후단부제철공정에
공급함으로써이산화탄소발생을저감시키고탄소중립에크게
기여할수있음.

• 필요한핵심기술로써전기아크로부생가스간헐성완화기술, 시스템
융합기술, 초고온열교환기설계기술, 수소및고체탄소무촉매분리
및정제기술등이있으며제안자정광국교수는국내전력사들과의
협력연구개발을통해발전소후단부다상유동열교환기개발및
플러그반응기운전실험등의경험을바탕으로본핵심기술개발을
위한 exploratory idea를갖고있음. 

CH4
Pyrolysis

in
EAF Charging

2H2

C(s)

PSA
in

EAF Discharging

Pyrolytic Hydrogen Swing 
Enhanced Reaction Process 

(PHY-SERP) for Simultaneous 
H2 and Carbon Production

HT-
WSN

HT-
WSN
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제철분야수소활용기술개발
• The feasible H2 co-firing ratio corresponding to the limiting case of AFT up to 2,000 

K has been found as 0 % to 50 % (thermal equivalence): bounded by blue-dotted 
box -> 75.5 vol.% H2 and 26.4 wt.% H2

• It was obvious that the flue gas recirculation has a critical role in matching the presumed 
design constraint.

• The subsequent steam output corresponding up to the 50 % H2 co-firing ratio has 
been estimated to cover from 100 to 96.8 % per the full design load due to the 
reduced mass flowrate of the combined fuel.

• At the H2 co-firing ratio 50%, the calculated CO2 emission has been reduced from 
13.4 to 7.6 wt.% which is equivalent to the normalized reduction of CO2 emission 
up to 56.9 wt%.

• The hydrogen co-firing has impacted on the increased moisture contents in the 
exhaust from 10.7 to 15.7 wt.%, which is equivalent to the normalized increment of 
H2O emission up to 1.47 times.

• The co-firing H2 in the natural gas horizontal firetube boiler would be feasible by 
leveraging the steam output duties to the adjusted load in conjunction with 
minimal retrofit and high temperature silicon carbide (SiC) wireless sensors 
between the consumption and generation sites.

• Current research partners: A-State, UAF, BRS, & RIST
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29ICDERS2023-17

IMECE2023-113442

xH2: 0              8.2            19.3          34.9          58.9         100 
yH2: 0             43.5           67.3          82.2          92.5         100 



Thank You!
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