G R E: NSO Hydrogen Utilization in Iron and Steelmaking
— Project Supported by Green Innovation Fund

Green Innovation in Steelmaking
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GRE:NS Global and Japanese CO, Emissions

v' Japan is the fifth largest CO, emitter in the world, ca. 3%.
v' 14% of whole domestic CO, emission is discharged from steel industry in Japan.

v Since 2008, the Japanese steel industry has been working on technology development
aimed at reducing CO, emissions from steelworks.

Refinery

Power Plant
Others 9%
23.9% Steel 14% Chemical 6%
Residential
16% [ 9
Turkey Global €O, ‘ Energy-related —Mathinery 5%
S Africa Emissions CO, Emissions |__Ceffamics 3%
Brazil 35.18t-CO, in Japan PaperfPulp 2%
Canada omme.rC|a FY2022
Korea Service Others 6%
audl Arabla 1
ran [ Transportation
(o)
Japan 4.6%|  8:0% 0%
Indonesia 2.9%

Source: GLOBAL NOTE® Source: Challenges towards Carbon Neutrality

2 Copyright © Hydrogen Steelmaking Consortium


https://www.globalnote.jp/post-3235.html
https://www.nies.go.jp/gio/aboutghg/index.html

Development of Hydrogen Reduction Steelmaking
Aimed at reducing CO, emissions in Japan

COURSE 50

[
........

2008: Launched COURSESO0 project to develop blast furnace hydrogen reduction technology.
COURSE50 means CO, Ultimate Reduction System for Cool Earth 50 .

2017: Confirmed for the first time globally that hydrogen reduction technology can reduce CO, in blast furnaces
by more than 10% using an experimental blast furnace.

Ql!ggiNS®

ion in Steelmaking

2021: Started GREINS project (Green Innovation in Steelmaking), a multi-pathway development initiative
including following processes:
» Blast furnace process
* Direct reduction process
e Electric arc furnace process
* Electric smelting furnace process (started in 2024)

Both COURSE50 and GREINS are funded by NEDO*.
* the New Energy and Industrial Technology Development Organization https://www.greins jp/en/message/message01/
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GREINS

Green Innovation in Steelmaking

Organization

GREINS project is carried out by the Hydrogen Steelmaking Consortium.

Four partners
Hydrogen Steelmaking Consortium

# NIPPON STEEL

® KOBEL(O =]

JFE

Nippon Steel Corporation JFE Steel Corporation KOBELCO JRCM
(The Japan Research and Development Center for Metals)

The consortium conducts joint research with 14 research institutes.

Joint research institutes

HOKKAIDO University

Central Research Institute of Electric Power
Industry (CRIEPI)

WASEDA University

University of TOYAMA

College of Industrial Technology

OSAKA University

NIPPON Institute of Technology

*  TOHOKU University

* The University of TOKYO

* Institute of Science Tokyo

* KYOTO University

* Research Institute of Innovative Technology
for the Earth (RITE)

* KYUSHU University

* National Institute of Technology (KOSEN),
Suzuka College
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GREINS'| What kind of steelmaking process in the near future ?

Green Innovation in Steelmaking

v Direct reduced iron using natural gas requires high-grade ore, which is limited.

v" Low-grade ore will be essential in the future.

v Producing high-grade steel via electric arc furnaces remains challenging, so blast furnaces will continue to play
a role.

v In Asia, the BF—BOF route predominates, making significant CO, reduction in blast furnaces necessary.
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GREINS Significance of Multi-pathway process development

Green Innovation in Steelmaking

v High-grade steel production by a carbon-neutral steelmaking process has not yet been established.
v In the project, we are pursuing development of the BF-BOF process and the DRI-EAF/ESF process.

Hydrogen-based direct reduction
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Hydrogen-based reduction
in blast furnaces
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Advantages

* Enables use of low-grade iron ore

* Enables production of high-grade steel
Challenges

* CCUS required for carbon neutrality

Advantages
e Carbon-neutral steelmaking with green H2 and

renewable energy
Challenges
e Utilizing low-grade iron ore
* Producing high-grade steel
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GRE’NS R&D Topics of the GREINS Project

1. Hydrogen-based reduction in blast furnaces

*Using hydrogen from within steelworks
* Direct use of hydrogen: COURSE50 BF

*Using external hydrogen and CO, from blast furnace gas
* Direct use of hydrogen: Super COURSE50 BF
* Indirect use of hydrogen: Carbon Recycling BF

2. Hydrogen-based direct reduction for low-grade iron ore
*Hydrogen direct reduction technology
* Direct use of hydrogen: Hydrogen direct injection shaft furnace
- Indirect use of hydrogen: Carbon recycling shaft furnace
*EAF for high-grade steel production
*ESF for hot metal production
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GREINS'| pirect hydrogen use in blast furnace (BF)

Green Innovation in Steelmaking

COURSES0
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Outline of COURSES5O0 Project

(1) Reduction of CO, emissions (2) CO, capture
Reducing CO, emissions by 10%, Reducing CO, emissions by 20%,
partially replacing coke with hydrogen in BF capturing CO, from BF gas
COURSESO0 Process (S )
°
o
Current steel making process = § 20%
Iron ore l Fe,O A § % reduction
2V3 >
. 8 t&ol
-.I.I.I. < O ,C0, ,H,,N, 3 gl co,
Col Sintering plant c e % f]:_,
Cok
oke oven Slag ’L_i
s L I i
reduction ;
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using hydrogen waste heat

100% sponsored research by NEDO(The New Energy and Industrial Technology Development Organization)

operated by Nippon Steel, JFE Steel, Kobe Steel and Nippon Steel Engineering.
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Operation of Experimental Blast Furnace (EBF) in COURCE50

Concept of COURSE50 BF Operational prediction using
mathematical modeling

Conventional BF | COURSE50 BF Solid temp. H, concentration =
To i
CO Reduction: Exothermic (Top) o
FeO+CO—Fe+CO, +17 kJ/kmol s y@nilling *4ig
. - § . ——
H,_Reduction: Endothermic y ™ &4
FeO+H, —Fe+H,0 — 24 kJ/mol / Ner*ral, :
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___________ 4%

O, Moisture

m
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Carbon Consumption
Reduction Target : -10%

v H, reduction: 10 to 20%, C reduction: 30 to 20%

Tuyere» ; > ‘
(Bottom) i 2% 4

Example of calculated results. Discharge of Hot Metal.

Super COURSESO0 builds on COURSES0, targeting maximum CO, reduction by extensive hydrogen reduction
using high-temperature hydrogen injection.
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Performance of Hydrogen Injection in COURSE50 EBF

Room-temperature hydrogen injection in the 12m3 COURSE50 EBF reduced CO, emissions by 16% in 2020.
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Revised from Kamijo et. al., ISIJ International, Vol. 62 (2022), No. 12, pp. 2433-2441
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https://www.nipponsteel.com/tech/report/pdf/417-06.pdf

Q,!?mEiNS@ [Next step] COURSE50 BF Demonstration

tion in Steelmaking

Mass hydrogen-containing gas injection (COURSE50 BF)

v" Nippon Steel will introduce a hydrogen-containing gas injection facility at the Kimitsu No.2 BF;
demonstration tests will begin in FY2026.
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https://www.nipponsteel.com/en/news/20230209 _100.html
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GREINS'| super COURSES0 EBF

Green Innovation in Steelmaking

v Nippon Steel’s COURSES50 EBF at East Japan Works (Kimitsu Area) was upgraded to
enable heated hydrogen injection technology.

EBF facilities Vertical cross-section of EBF

Iron ore, Coke

l , [ | Off-gas
Inner volume
12m3
Hot Blast,
Hydrogen
|
—>| Hot metal

NEDO Green Innovation Fund Project: E
Hydrogen Utilization in Iron and Steelmaking Processes (GREINS project) I
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GREINS|  syuper COURSE5S0 EBF: Recent Progress

v Achieved: World’s first 43% CO, reduction in Super COURSES50 EBF.
v" Next: Develop scale-up technologies and push CO, reduction beyond 50%

for full-scale BF application.
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GRE:NS Indirect H, Use in BF Reduction: Carbon Recycling BF

v" Convert CO, to CH4 with green hydrogen and reuse as a reducing agent.
v Replace coke with carbon-neutral CH,4 to cut CO, emissions.

Carbon Recycling BF Carbon recycling test BF

Furnace body
(150m3)

Blast furnace gas
CO,, CO, H2

Effective use by Raw material
CCUS charging equipment

Methanation

|
=3 < 1T N
7
o imn X
I i
e Ii

CO2+4H:

Burner for heating
(using circulating gas) ‘ .
OI

| — CH4
Carbon-neutral reducing agent HZO HZ

b e e
e Exhaust gas
— eatmen
Construction Overview

1. Construction Period: March 2022 to April 2025
2. Furnace Volume: 150m3
3. Construction Scope:
Furnace body, raw material charging, exhaust gas
treatment and methanation equipment system, etc.
4. Test Period: 2025-26 fiscal year
(continuous day and night operation)

150m?3 carbon recycling test BF completed at JFE Steel (Chiba) — Tests planned for FY2025-2026.
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GRE!NS Hydrogen Direct Reduction for Low-Grade Iron Ore

elmaking

Developing a process to produce high-grade steel from low-grade iron ore through hydrogen direct

reduction, EAF, and ESF.

Hyd rogen

Low grade
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>

Heating

’ im ~ .
o
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furnace (EAF)

Iron ore

Direct reduction
furnace

Plg iron

Electric smelting
Furnace (ESF)
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GREINS' Hydrogen Direct Reduction: Direct Hydrogen Use

Green Innovation in Steelmaking

Hydrogen-based technology to directly reduce low-grade iron ore,
cutting CO, emissions by 50%+ vs. blast furnaces by 2030.

Comparison with current shaft furnace processes

Existing Hydrogen-reducing H)O e
shaft furnaces shaft furnaces Fe,0; j |—>
Low-grade H,
Reduc.tlon Natural gas Hydrogen Iron ore
materials .... Q
s Fe,0; + 3H, = 2Fe + 3H,0 - 886 MJ/t-Fe
H., concentration 60~80% ~100% 3 Fe,0, + 3CO — 2Fe + 3CO, + 222 MJ/t-Fe
\ =
2
(L] heating hydrogen B l
Heat supply gas/exhaust gas getz gen, =N - H2 +— H,
combustion ' ® o ~100%
High q L q DRI T Conventional
. Ign-grade ower-graae Heat | shaft furnace
Raw materials pellets Pellets eat supply H,/C0=1.5~3.9

Business Strategy Vision : https://green-innovation.nedo.go.jp/pdf/utilization-hydrogen-
steelmaking/item-002/vision-direct-hydrogen-reduction-nipponsteel-002.pdf

A 1 t/hr experimental shaft furnace is under construction at Nippon Steel’s Hasaki R&D Center,
with testing scheduled to begin in FY2025.
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GREINS'| carbon Recycling Direct Reduction via Indirect Hydrogen Use

Green Innovation in Steelmaking

v' CO, from the reduction furnace is converted into CHa using H,, Direct reduction bench furnace

and the CHy, is utilized as a reducing agent. *Site: 50 m X 50 m
*Height: 30 m

*Test volume: 15 kg/h

™
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grade .’,‘

Iron ore l

H,0
exhausted

CO,, H,0
CO,H

Methanation

i

Carbon t
recycling I

Circulation

CO2+ 4H2=

+ 2H0

Reduction gas

Operating room

CHg4 Electrical room generator
* Carbon-neutral reducing agent
H,0 H,
5O DRI
Bench test furnace built; testing started FY2024 at JFE East Japan (Chiba) .. material peliets T
Reduction rate: 0% Reduction rate: >90%
Brown color Gray color with metallic luster
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GREINS

Green Innovation in Steelmaking

EAF for high-grade steel production

Demonstrating technology to refine impurities to BF levels (P <150 ppm, N <40 ppm)
using H, DRI from low-grade ore in a large-scale EAF (300 t) by 2030.

Dephosphorization

Melting

Denitrification

High-speed melting and refining of DRI in EAF

DRI melting rate
Optimization of DRI specifications, feeding position and rate,
and improvement of stirring

Phosphorus reduction
Promotion of dephosphorization by improving stirring and
controlling slag composition, reduction of slag generation

Nitrogen reduction
Accelerated denitrification by atmosphere control, carbon
addition and decarburization

Optimal stirring
Optimization of stirring methods such as energizing type,
furnace dimension, etc.

Tests begun in FY2024 using a 10 t experimental EAF at Nippon Steel's Hasaki R&D Center.

Preheating DRI and secondary refining

Tests begun in FY2024 using a 10 t experimental eaf at JFE Steel's East Japan Steel Works (Chiba area).

DRI melting technology

A 20 t small commercial furnace was remodeled at Kobe Steel Takasago Works, and tests started in FY2022.
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GRE;NS Electric smelting furnace (ESF) for hot metal production

ion in Steelmaking

v" Developing technology for efficient production and impurity control using low-grade iron ore (BF level).
v" Developing ESF slag control technology for domestic cement applications.

Hydrogen *

Low-grade
Iron ore

Dewatering Direct reduction
furnace

| | I Pig iron

ﬁ q
Direct reduced iron U -
BOF

Heating

carbon etc. Electric smelting

Furnace(ESF)

A test ESF will be constructed, and testing will begin in FY2026 at Nippon Steel Corporation.

SOURCE: https://www.greins.jp/en/technology/technology05/
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courseso | Development of energy-saving CO, Capture Technology

]
........

Basic technology was established in the COURSES0 project.

Commercialized 2 plants

ESCAP® N Chemical absorbent: Nippon Steel & RITE*
- Chemical process : Nippon Steel Engineering (120t & 143t-CO,/day)

*Research Institute of Innovative Technology for the Earth

ESCAP ° (Energy Saving CO, Absorption Process): Registered trademark of Nippon Steel Engineering Co., Ltd.

5 m QR = reaction heat
8*‘ m QS = sensible heat
o 4.0
= 4r m QV = vapor latent heat
=
g :“
> 3 r Yol b
‘qif 2.5 oo -
c ] 2.1 Commercialized plant No.1 Commercialized plant No.2
g 2 r I N 1.6 (AIR WATER Green Design) (Sumitomo Joint Electric Power Co., Ltd)
= 1 Plant No.1 Plant No.2
S (from 2014) (from 2018)
o
S 0 :
MEA  RITE-5C  RN-3C  Target Capacity 120 t/day 143 t/day
Conventional COCS | -STEP1 II-STEP1 . . . ;
~2008 ~2012 ~2021 Emission Ironmaking hot-stove  Coal-fired power plant
‘ Y ' sources exhaust gas exhaust gas
COURSES0 S Generates industrial Manufactures feed
Advances in New Chemical Absorbent Development i Co, additives

Source : Nippon Steel Technical Report N0.127 (2022) p29.

Source: https://www.eng.nipponsteel.com/english/whatwedo/energy_solutions/escap/escap
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Participation in Advanced CCS Projects

Nippon Steel is participating in three advanced CCS joint projects
involving geological storage of captured CO.,.

Three projects were officially selected in Aug—Sep 2024 for engineering design work under JOGMEC's FY2024 call for advanced CCS proposals.
Later-stage feasibility studies will focus on overall CCS value chain design and preparation for storage potential evaluation* during FY2024.

Assumed Assumed Assumed
. - . . . . emission emissions  storage
Project Participating companies Project characteristics sources area area

Itochu Corporation

Nippon Steel Corporation _ _ _ _ _ o CCS around Tohoku area
1)Tohoku Region Taiheiyo Cement Corporation » Transportation of liquefied CO, via ships and pipelines facing sea of Japan

Mitsubishi Heavy Industries, Ltd. » Offshore storage in deep saline aquifers,
West Coast CCS ltochu Oil Exploration Co., Ltd. Sea of Japan (Tohoku region) Capture from domestic
INPEX Corporation wide-area emission sources

Taisei Corporation
INPEX Corporation

2) Metropolitan Nippon Steel Corporation i cP)lfr;e#ne tr?nsportgtlgn i . CCS around Metropolitan
Area CCS Kanto Natural Gas Development Co., Shore storage In deep saline aquiters, Tokyo Bay)area
Ltd. Tokyo Bay area
'l\\l/lil;t;)liﬁ:sgtleitl)?grrsgfa:ion > Collection and liquefaction of CO, emissions from CCS around areas
: e - multiple industries in the Ise Bay/Chubu region facing Pacific Ocean
E Mobil Asia Pacific Pte. Ltd. . .
3) Oceania CCS xxonMobil Asia Pacific Pte. Ltd » Transport and storage in depleted offshore oil and

Mitsubishi Chemical Corporation

Mitsubishi Corporation Clean Energy gas fields or deep saline aquifers in the Oceania region Transport to

. L . _ . _ Oceania and store
* The CO, storage potential of each planned storage site is continuously examined as part of this advanced CCS project.
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GREINS

Green Innovation in Steelmaking

Project Roadmap

Fundamental study & small-scale demo.

METI's R&D and social implementation plan regarding the “Hydrogen Utilization in Iron and Steelmaking
Processes” project, October 27, 2023. Provided schedule is an example of assumed schedule.

Medium-scale Hll® Large-scale & actual Stage-gate

2021 ~ 2025

2026 ~ 2030 2031 ~ 2040 2041 ~ 2050

[R&D item 1] Hydrogen reduction technology using blast furnaces

(1) Hydrogen Reduction
Technology
by COURSE50 BF

Hydrogen Reduction

Test with a small-scale blast furnace
.

(Design) Altering an

actual furnace

Development of element technology

o h 4 4 h 4 h 4
Tech nologles Design & Test with a small-scale
by Super COURSE50 BF construction test blast furnace -
(Design)

and Carbon recycling BF

Demonstration test
with an actualfurnace

Demonstration furnace

Y implementable

Medium-scale test blast furnace

Demonstration
test

Demonstration test

E Y implementable
with an actual furnace

Construction of a

[R&D item 2] Direct hydrogen reduction technology to reduce and melt low-grade iron ore

Development of element technology
. . . .

Design & Test with a small-scale
construction test furnace —

(1) Hydrogen direct
Reduction Technologies
by Direct use of H, and
Indirect use of H,

@ Electric arc fu rnace(EAF) Development of element technology
for high-grade steel Test with a small-scale
production

(Design)

Design &

construction test elect$ furnace

(Design)
(3) Electric smelting furnace
(ESF) for hot metal
production

i
L]
=lih1
i~

Design &
construction

Construction of a
demonstration

Large-scale test electric furnace
Construction of a Demonstration *
demonstration furnace test

Test with a medium-scale electric smelting furnace

Demonstration

Test with a medium-scale direct reduction furnace
*implementable(natural gas)

Demonstration test .
with an actual furnace * implementable(hydrogen)

™

cooperation

Demonstration
test

furnace

mplementable

test DREIEEUEI IS Y implementable(hydrogen)
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GREINS| Conclusions

Green Innovation in Steelmaking

v The Japanese steel industry was the first in the world to pursue hydrogen reduction
steelmaking through the COURSESO0 project, supported by NEDO since 2008.

v’ Building on technologies developed in COURSE50, we are advancing a multi-pathway
process development initiative (GREINS project) to achieve carbon-neutral steelmaking,
supported by NEDO since 2021.

v" Achieving carbon neutrality requires a stable, large-scale supply of carbon-free hydrogen
and electricity at rational costs, significant investment, and overcoming numerous

technical challenges.

v' We remain committed to driving green innovation in steelmaking.
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GREINS

Green Innovation in Steelmaking

Thank you for your attention |

GREINS (Green Innovation in Steelmaking)

The Green Innovation Fund Project "Hydrogen Utilization in Steelmaking Processes" is commissioned and subsidized by
the New Energy and Industrial Technology Development Organization (NEDO) (JPNP21019).

Nippon Steel Corporation, JFE Steel Corporation, Kobe Steel, Ltd. and the Research and Development Center for
Metallic Materials (JRCM) have formed a consortium to work on this project.

GREINS is an abbreviation for this project.
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