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The thesis comprehensively explores the steel industry’s crucial role in our society and its
significant effects on the environment, especially CO> emissions. Considering that steel
remains indispensable to us and sets the stage for growing demand in the decades to come,
it is timely and essential to focus on CO> emissions and carbon capture technologies in the
steel industry. The thesis aims to delve into various aspects of the sector, including major
steelmaking processes, emissions quantification, and a portfolio of technological pathways
to abate emissions (such as CCUS and using hydrogen as alternative to coal). Several case
studies with recommendation remarks are provided for the purpose of showcasing how
emission mitigation techniques have been effectively employed in practice. Despite
multifaceted challenges, it remains viable to navigate the steel industry through these
obstacles by robust policy support, focused carbon reduction actions, well-developed
technologies, targeted strategies, effective knowledge sharing, and enhanced data collection
and reporting. As a whole, a more resilient, sustainable, and eco-friendly future for the
steelmaking sector can be ensured through joint efforts by policymakers, steel producers and
associations, financial institutions and investors, steel-based companies, steel consumers and
other stakeholders.
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SYMBOLS AND ABBREVIATIONS

Abbreviations

AISI America Iron and Steel Institute

ASU Air Separation Unit

BF Blast Furnace

BFG Blast Furnace Gas

BOF Basic Oxygen Furnace

CCS Carbon Capture & Storage

CCTs Carbon Capture Technologies

CCUS Carbon Capture, Utilization and Storage
CDQ Coke Dry Quenching

COG Coke Oven Gas

DOE Department of Energy

DRI Direct Reduced Iron

EAF Electric Arc Furnace

EOR Enhanced Oil Recovery

ETS Emissions Trading System

EU European Union

IEA International Energy Agency

IGCC Integrated Gasification Combined Cycle
IPCC Intergovernmental Panel on Climate Change
ISI Iron and Steel Industry

LDG Linz Donawitz Gas (the same as BOF gas)



NASA

OHF

PV

R&D

SDS

SMGs

SR

TGR-BF

TRL

TRTs

UAE

ULCOS

WSA

National Aeronautics and Space Administration
Open-hearth Furnace

Photovoltaic

Research and Development

Sustainable Development Scenario
Steel Mill Gases

Smelting Reduction

Top Gas Recycle Blast Furnace
Technology Readiness Level
Top-pressure Recovery Turbines
United Arab Emirates

Ultra-Low Carbon Dioxide Steelmaking

World Steel Association



Table of contents

Abstract

Acknowledgements

Symbols and abbreviations

1

2

INEFOAUCLION ...iiiiiitiiite et 8
1.1  Background INfOrmation ............ccoecieiiiiiienienieeeee e 8
1.2 Main Structure of the TRESIS ......cc.coveiiiiiiiiiiincccc e 8

Steel Production PrOCESSES .........coiriririinieieieiiiieeesesterterctetet et 10
2.1 Overview of Steel Manufacturing...........ccceeevreciieeiieriieniesieeie e 10
2.2 Blast FUrnace (BF) ProCess.....c..cooieriieriieriiiiiiieeie ettt eve e evee e e eee 11
2.3 Basic Oxygen Furnace (BOF) Process.......cccevcviviieviieniieniieciecieeieeie e 12
2.4 Electric Arc Furnace (EAF) ProCess.......ccvevviiciieiienieiie ettt 13
2.5  Direct Reduction FUrnace Process ...........ccoceeoueririeniiniiicniniicnececseeeee e 13
2.6 Comparative Analysis of Production Processes..........cccceevviriieviiecieeneeneeneeennene, 14

Carbon Dioxide Emissions in the Steel Sector..........ccceveriiiininiiininieiininiccnees 15
3.1  The Carbon Footprint of Steel Production ...........ccccceevieiieiienieniieeeeeeeeeen 15
3.2 Quantification of CO2 EMISSIONS ......ccccveiviieiiiieeiiieeiie e eeireeereeesireesveeeevreesevee s 16
3.3 Environmental Impact ASSESSIMENL ........c.cerirrireieeeiieeiieieerieesieeeee e eee e eseee e 16

Mitigation Approaches and Technologies.........ccuecvercieiiieiiieciieiieeeeesee e 18
4.1  Overview of CO; Emission Reduction ............coceeceeviriiiininiininicncnccicneeeee, 18
4.2 Process MOifICAtIONS .......cceoueruiieieieieiiiincsienteee ettt 19

4.2.1 Shifting from Coal/Coke to Hydrogen..........c.ccvevveevivenieeiiecieeieeieesee e 19

4.2.2  Other Innovative & Modified Processes..........coceevevveerirenenenenieniereeeenne. 19
4.3  Carbon Capture Technologies (CCTS)....ccueevuervrrrierieriienieeseeeeeere e ereesreeseee e 20

4.3.1  Overview of CCS and CCUS Technology ........cccceeveerierirnieecieeeeeeeeeen. 20

432 Pre-combusStion Capture .........c.ccceerveerieereeiieiieeieereeieesreesteeseeessnessseenseessees 20

433  OXxy-fuel COMDUSLION ...cceeieeiiiiieiieiieeieeeee ettt seeeaeeebe e enees 21

4.3.4  Post-cOmMbDUSHION CAPIUTE......cevuieieieeeieeiieieecieeieeiee ettt see e e saeesnees 21

4.3.5  Carbon Capture PrOJECES .....ccverrierieriierieeeeeteeteeteesreesteesseessreeseeseesseesseessees 23



5 Techno-Economic ANALYSiS.......cccecieiieiierienieeiesie ettt et ee e eae e eeeas 24
5.1  Cost-Benefit Assessment of Mitigation Strategies ...........cceeereveeeirerveseeneeneenen. 24
5.2 TRL Considerations of Various CCTS.....c..ccceverirriinenieniinieieneniecsieeeeneeene 25
5.3 Challenges Involved & Future Prospect .........cccecveevieeiiinieenienieeieeieeeeeieeieeeen 26

6 Case Studies and Industry INTHATIVES .....c.eeeierierieeieee e 28
6.1  Successful IMplementations...........cceeceerierieeiieciiecieee et ebe e 28
6.2  Lessons Learned and Key TaKeaways ........ccccceevvievieerieereeiienieereeveereesieeseesenes 29

7  Policy and Regulatory Framework...........ccccoevieiieiiiiieeeee e 30
7.1  International Targets & Recommendations ............ccceceeveeerierveeireieesieenieenieennes 30
7.2 National Initiatives & POLICIES ........ccceviririiniiniiiiiiiiicccccceeeeeaae 31
7.3 Emissions Data & CertifiCation ...........coccoerverieieiieininininenencceeeeeeeeicseesnens 32

8 CONCIUSIONS ...ttt ettt ettt st 33

RETETEICE ..ot e e e e e e e e e e e e e e e e e e e e e e s s e e s e e e s nnsmnnnn 34



1 Introduction

1.1 Background Information

As an indispensable ingredient of human civilization, steel has been widely utilized in almost
every corner of society, such as the construction sector, and car-making industry. When it
comes to energy transition, steel also serves various purposes, evidenced by the fact that the
manufacturing of wind turbines, solar panels and new energy vehicles rely on it to some
extent. However, the steel production and utilization have brought about a series of
environmental issues and the steel industry has become a major emitter of carbon dioxide,
which is mainly because it has the largest consumption of coal among heavy industries.
Anyhow, steel will still be of great significance to our society and the incoming decades is
expected to see an increasingly high demand for steel. The primary objective of this thesis
is to examine multiple emission mitigation technologies in the steel-making industry while
the following part presents how the thesis will be structured, in which the main focus of each

chapter is explained thoroughly.

1.2 Main Structure of the Thesis

Based on both literature review and information searching on related websites, this thesis
starts with the investigation of four primary methods of steel production across the globe,
coupled with a collection of main differences of these processes and the extent to which they
are deployed in the current steelmaking industry. Next, after identifying emission sources of
the steel sector, CO, emissions will be quantified as a key component of the following

assessment of environmental performance.

In the fourth section, a focus will be placed on technologies and strategies developed to
achieve substantial CO2 emission reductions resulting from the steel industry. This includes
harnessing hydrogen as an alternative to coal/coke, applying carbon capture, utilization, and
storage technology (CCUS), direct CO2 removal from the air as well as other modified

processes related to technology performance and material efficiency improvement. A



techno-economic analysis is then conducted to assess the technological feasibility and

economic viability of implementing these mitigation technologies.

The fifth section of case studies and industrial initiatives will illustrate several practical
applications of emission reduction technologies and carbon capture techniques, and discuss
lessons learned from these vivid practices, aiming to provide the viewers with a more
comprehensive understanding of the subject. Regardless of the progress and breakthroughs
we have made along the way, the steel industry is facing challenges from technological,
economic, and regulatory perspectives towards a decarbonized future. But all these obstacles
and other emerging issues can be addressed properly by advancing technological innovations

and strengthening carbon reduction efforts.

There are numerous successful practices, initiatives, and programmes of implementing the
aforementioned near-zero emission mitigation technologies in various steelworks
worldwide, with only two of them (BlueScope’s Port Kembla Steelworks & ULCOS
Programme) being discussed in detail in this section. This is followed by several lessons

learned and key takeaways gleaned from these case studies.

The government, as policymakers also has a crucial role to play in accelerating the green
transition of the steelmaking sector and that is why an emphasis will be placed on the
influence of policies and regulations on global emission reduction efforts in the steel
industry. There will be a systematic review of global initiatives and ambitions, national and

regional regulations as well as how sustainable steel manufacturing can be incentivized.

In the end, there will be a summary of main findings after this long journey of literature
review. Above all, the decision-makers, technology developers, companies, and other key
stakeholders within the steel industry all have a vital role to play in facilitating this green
transformation. Hopefully, the thesis work can inspire informed policymaking, innovation,

and continuous progress towards a more sustainable future.
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2 Steel Production Processes

This section first outlines the fundamentals in terms of steel production, which is followed
by four different techniques widely applied in the current steelmaking industry. In the end,
a comparative analysis is performed to compare these production processes from several

perspectives mentioned above.

2.1 Overview of Steel Manufacturing

Basically, steel, as one of the most widely applied commodities throughout the world, is
thoroughly intertwined with global economy with millions of job opportunities being created
by the steel industry. Therefore, as an invaluable alloy and a key input material for high-end
industries, steel has been in the central stage of the contemporary trade negotiations among
major economies and enjoyed tremendous competitiveness in the international market. (IEA,

2020b, pp. 17-23)

As Figure / shows, there are two principal routes for steel production, one is Blast Furnace-
Basic Oxygen Furnace (BF-BOF), and the other is Electric Arc Furnace (EAF). (Bouwen
met Staal, 2019) Practically, which method is to be used depends on the process requirement,
the purpose as well as the availability of raw material. The BF-based route produces iron
from iron ore before a basic oxygen converter transforms iron along with scrap into virgin
steel for further use, while steel is often manufactured from scrap metal with the aim of
recycling steel scrap via an electric arc furnace. Basically, the whole process of producing
steel is composed of three key phrases, namely raw materials & preparation, ironmaking,

and steelmaking. (EUROFER, 2020)
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Figure 1. Two principal production routes for steel (Nieto, 2019)

2.2 Blast Furnace (BF) Process

It seems that iron and steel are the same thing, while in fact, steel originates from iron with
the removal of most of the carbon and is created with enhanced toughness and ductility. To
meet the needs of different applications, various grades of steel exist and each of them is

characterized by its own chemical composition and properties. (EUROFER, 2006)

Iron production takes place within a blast furnace, where iron ore is combined with coke to
produce pig iron. Coke is derived from coal grades, which are blended after being stocked
separately and carbonized in coke ovens. The resulting coke is then removed, cooled, graded,
and employed in the blast furnace. In the blast furnace, coke, ore, and sinter, along with
limestone, are charged from the top. A hot air blast is injected at the furnace's base, resulting
in the melting of iron from the ore and sinter and the formation of molten metal at the bottom.
Simultaneously, the limestone mixes with impurities and molten rock from the iron ore and

sinter to create liquid 'slag' that floats atop the metal. (Bouwen met Staal, 2019)
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2.3 Basic Oxygen Furnace (BOF) Process

Also known as Linz and Donawitz (LD) process, BOF applied in the modern age can be
described in general terms as converter, where pig iron (or hot metal from the BF) is refined
and then is converted into steel (EUROFER, 2006). This process involves the insertion of a
water-cooled oxygen lance into the converter, from which high-purity oxygen is delivered

at high pressure onto the molten metal.

The oxygen then reacts with carbon and various undesirable elements, effectively removing
them from the molten mix. To gain better control of the temperature, on average, 20-30% of
the addition of scrap is needed to support the iron-to-steel conversion. Usually, once the
refining process is done, the steel contains approximately 0.04% carbon. As the steel is
tapped into the ladle, alloy supplements can be introduced to adjust the ultimate composition
of the steel (Remus, et al., 2013, pp. 383-386). Figure 2 shown below is a schematic

representation of BOF process.

Basic-oxygen-furnace steelmaking

(Linz and Donawitz process)

Molten iron (70-75%) +
steel scraps (25-30%) +
lime/dolomite

Refractory lining

Oxygen

Tap hole

\'I

)

Steel

BOF slag

BOF converter

Figure 2. A schematic of BOF process (Yildirim & Prezzi, 2011)
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2.4 Electric Arc Furnace (EAF) Process

The process in which steel is made with 100% scrap metal via EAF route (See Figure 3) is
also called purely scrap-based process while direct reduced iron (DRI) is also used in some
EAFs (EUROFER, 2006, pp. 447-449). Essential elements in the process involve the use of
highly conductive graphite electrodes. They create an electric arc upon contact with the
metal, supplying the required heat for melting. The electric arc can reach temperatures as
high as 3,500 °C, while the molten metal typically reaches temperatures of around 1,800 °C.
Lime and fluorspar are introduced as fluxes, and oxygen is injected into the molten mixture.
Finally, adjustments are made to meet specific customer needs during tapping phase or,

alternatively, at a later stage in a secondary steel production unit.

Power cables Electrodes
&
Qf«\ -~ Hatch for iron ore,
Lap 1 lime and other material
—— ! ﬂ—%’r// Oxygen inlet

i | " 3 Tapping spout
| for molwen iron

Iron ore -

Door for
remaving slag

Figure 3. A diagram of EAF process (Templeton, 2006)

2.5 Direct Reduction Furnace Process

Apart from the processes mentioned above, other techniques as alternative technologies for
steel production are now available in many parts of the world. A prime example would be
Direct Reduction Furnace, in which DRI is used as feedstock in EAF. This route has explored

the possibilities of EAF steelmaking approach and been considered as an alternative for
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scrap-based ironmaking route. Despite a higher cost, the composition of DRI has superior
purity and uniformity compared to scrap. As for direct reduction furnace, it also involves a
reducing agent, such as a cheap source of natural gas and that is explains why the majority
of this type of steel plants are often found in the gas-rich belt around the equator. However,
a limited number of steelworks also use coal instead of natural gas as fuel to produce DRI.

(Remus, et al., 2013, pp. 549-551)

2.6 Comparative Analysis of Production Processes

According to Iron and Steel Technology Roadmap issued by IEA (2020), BF-BOF is
currently the most prevalent method of producing steel, constituting almost 71% of the total
global steel production, with the remaining parts falling into the category of EAF and open-
hearth furnace (OHF), 28% versus 0.3%. But for EU, only BOF (60%) and EAF (40%) have
been used to produce steel with the decommissioning of the last existing OHF at the end of
1993 given its inferior energy efficiency (Remus, et al., 2013, pp. 381-382). Other major
differences between BF-BOF and DRI-EAF route are presented in Table / below:

Table 1. Comparison of two steel production routes (IEA, 2020b, p. 30)

Differences BF-BOF DRI-EAF ‘
The preferred type of iron  impure iron ore or a mix of fines, high-quality DRI pellet
ore sinter, pellets, and lump ore
The state of iron ore after liquid phase in the BF solid phase in the direct reduction
reduction furnace
The reduction agents carbon and carbon monoxide hydrogen (H:) and carbon monoxide
(CO) (CO)
The final energy inputs around 15 GJ ranging from 18 GJ to 30 GJ
The way the reducing natural gas or coal mainly use coke and coal while

syngas is created natural gas is less popular
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3 Carbon Dioxide Emissions in the Steel Sector

In the third section, a brief overview of multiple emission sources in steel manufacturing
will be given before quantifying CO» emissions and evaluating environmental impacts

arising from the steel industry.

3.1 The Carbon Footprint of Steel Production

As mentioned above, coal is an essential raw material in the processes from which steel is
manufactured, thus making carbon dioxide emissions unavoidable. According to Iron and
Steel Technology Roadmap released by IEA (2020), as a CO» emissions-intensive sector,
around 25% of industrial CO2 emissions was induced by steelmaking, corresponding to 7%-
9% of total global emissions of energy sector where fossil fuels are mainly consumed.
Moreover, Figure 4 presents that direct CO2 emissions from the iron and steel sector
experienced a substantial rise over the past two decades (2000-2019), finishing at nearly 2.6
Gt at the end of the period. This could be attributable to the rapid growth of China’s crude
steel output, representing more than half of global steel production and just below one fifth
of CO> emissions of Iron and Steel Industry (ISI) in its domestic carbon footprint. (IEA,
2020b, pp. 18-24)

1200 60.00%
meem Crude steel output in China/Mt
1000 } —u— Share of China's crude steel in global steel 1 s50.00%
output during 1990-2019/%
i Proportion of CO2 emission of China's IS in
China's carbon emissions/%
800 | 4 40.00%
600 | 1 30.00%
400 | "un 4 20.00%
200 ¢ 4 10.00%

0 0.00%
FEPESEFSE L E I FEE S F R %

Figure 4. China’s steel production and change of CO» emission in proportion (Yue, et al.,
2022)
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3.2 Quantification of CO2 Emissions

Quantitatively, on average, 0.6 t and 1.4 t of CO; is emitted in a direct and indirect manner
respectively as a result of producing one tonne of crude steel. Take BF-BOF as an example,
one tonne of crude steel produced via this route comes with about 1.0 t of indirect CO>
emissions from heat and electricity generation, combined with 1.2 t of CO; caused directly
by coal injection in addition to injection of other fuels. Likewise, in the case of DRI-EAF,
considerably low emissions intensities are achieved because natural gas instead of coal is
primarily used as one of key raw materials in practice. Specifically, the figures for direct and
indirect CO2 emissions from natural gas-related DRI-EAF for every tonne of crude steel are
1.0 t and 0.4 t. As for other counterparts, like scrap-based production method, they result in
a relatively low level of CO> emission intensity on either a direct or indirect basis. (IEA,
2020b, pp. 38-40)

3.3 Environmental Impact Assessment

In addition to CO; released into the atmosphere, a number of environmental issues have
resulted from steel production processes since the steel industry is highly intensive in both
energy and materials (Remus, et al., 2013, pp. 43-44). Notably, it was common in previous
decades that a rather low utilization rate of raw materials could be achieved in global steel
making industry despite the introduction of energy-saving equipment and the optimization
of energy consumption. For example, in the EU-27 in 2006, only 206 Mt of crude steel out
of 357 Mt of total inputs and major mass streams was produced, with the remainder ending
up with off-gases, and solid production residues. According to the IPCC Climate Change
Synthesis Report 2007, global warming as a global-scale environmental crisis cannot be
solved without stabilizing the concentrations of atmospheric greenhouse gases (like CO»,
CHas, N20O). With such high intensity of CO2 emissions, the ISI has enormous potential for

carrying out mitigation policies as part of the solution to curb emissions of greenhouse gases.
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Beyond CO; emissions, it is also important to take other matters of environmental concern
into account, such as outdoor air pollution (See Figure J5), local soil contamination,
groundwater usage and pollution, odour nuisance, and noise emissions (IEA, 2020a, pp. 44-
46). For instance, according to a report by World Steel Association (2019), nearly 2.9 million
premature mortalities are a direct consequence of air pollution globally, of which the steel
industry solely contributes to 45% of SOx, and about a quarter of NO2 and PM2 5 on a yearly
basis (WSA, 2021). As far as soil contamination is concerned, several studies have revealed
that an elevated concentration of heavy metal is monitored in local soil based on soil samples
of surrounding steel plants. This can be explained by the fact that large amounts of heavy
metals in raw materials as energy inputs in steelmaking processes are released into and
accumulating in the soil, which exceeds the concentration limits and lead to soil degradation
(IEA, 2020b, p. 45). The steel industry also has highly noticeable requirement for water
resources, and it is estimated that 28 cubic meters of water is required for producing one
tonne of steel. Worse still, wastewater, especially that comes from the coking process is also
highly toxic and damaging to water bodies due to several carcinogenic organic compounds
such as cyanide and ammonia (WSA, 2021). The contaminated water and land change also
pose great risks to local biodiversity with a growing number of steel factories being built

nowadays.

6.0
5.0

4.0

20

i
' . |

Ukraine China Russia Poland Spain EU27 France Germany Belgium Austria United Sweden
States
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w
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Figure 5. Air pollution from global steel industry (Hasanbeigi, et al., 2022)
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4 Mitigation Approaches and Technologies

So far, various strategies and methods have been implemented worldwide to lessen the
environmental burden posed by steel production. To effectively abate CO2 emissions, either
conventional steel production techniques are modified, or new low-carbon and carbon-free

technologies have been developed and employed on a large scale.

4.1 Overview of CO2 Emission Reduction

As mentioned earlier, with global average energy intensity of 19.76 GJ and CO; emission
intensity of 1.83 tonne for producing one tonne of steel, there is an exigent need to develop
a portfolio of technologies and strategies to decarbonize the industry (IEA, 2020b, pp. 57-
58). And when it comes to the future of steelmaking, it is justified that CO» emissions directly
arising from steel production-related processes must fall by one half by the middle of 21
century in accordance with the climate targets and carbon abatement goals of the Paris
Agreement. On the other hand, driven by growing demand, steel production is predicted to
witness an unprecedented increase in the coming three decades, rising from 1.9 Gt in 2019
to more than 2.5 Gt in 2050 examined by the Stated Policies Scenario. These facts all call
for concrete and decisive actions to reduce the carbon footprint of steel making processes

(Pandit, et al., 2020, p. 4).

In the context of Sustainable Development Scenario (SDS, 2020-2050), cumulatively, more
than three quarters of emission reductions is expected to be achieved by means of
conventional measures including technology performance enhancements, material
efficiency as well as electrification using commercial technologies. But in the long run,
innovative near-zero emission technologies, such as fuel shifts from coal towards hydrogen
and carbon capture, utilization and storage (CCUS) are promising candidates to for a carbon-

free future. (IEA, 2020b, pp. 76-80)
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4.2 Process Modifications

4.2.1 Shifting from Coal/Coke to Hydrogen

Instead of using coal/coke as a major energy source and a reductant, the significance of
hydrogen and other low-carbon alternatives in long-term emission reduction has been
highlighted by two prominent organizations in the field of steelmaking, the World Steel
Association (WSA) and the International Energy Agency (IEA). Now global initiatives in
steel making are increasingly shifting the focus away from coal to clean hydrogen although
the use of hydrogen is still in early stages of development, which means more efforts are
needed in order for hydrogen to be employed on a commercial basis. For instance, HYBRIT
is a Sweden-led flagship program to replace coal with hydrogen as the reducing agent and a
source of energy for steel production. Similarly, an initiative called COURSES0 has been

proposed by Japan, aiming to reduce iron ore with hydrogen rather than coal. (WSA, 2021,
pp. 4-5)

4.2.2 Other Innovative & Modified Processes

Firstly, albeit with limited penetration or under development currently, reduction by
smelting, which directly uses iron ore fines instead of agglomerated pellets and sinter is one
alternative technology to produce hot metal and has the potential to be widely adopted in the

decades to come. (IEA, 2020b, p. 3)

Secondly, equipped with a Top-pressure Recovery Turbines (TRTs), the physical energy
blast furnace top gas can be converted into around 30-40 kWh of electricity. The reason why
a TRT is installed in a BF is that it can ensure the normal operation of BF as BF top gas
expands stably in a turbine. BF-based steelmaking can also benefit from the installation of

TRTs in terms of lower load on utilities and less reliance on power imported from the grid.

Thirdly, apart from hydrogen, it is also technologically desirable to harness other energy
carriers with low carbon intensity, like natural gas, biomass, and electricity as a substitute

for coal to significantly reduce carbon emissions. To illustrate, a project led by Petmin in the
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US revealed that 20% fewer direct emissions can be achieved through natural gas-injected

DRI-EAF than coal-based BF-BOF. (IEA, 2020b, p. 80)

Finally, as one of the applicable energy efficiency measures, coke dry quenching (CDQ) is
a technically proven technology where inert gas rather than water spray is used for coke
cooling, thereby allowing the thermal energy to be recovered in the quenching gas. However,
CDAQ is popular in Asian-Pacific countries while it is yet to see widespread installation in

the EU and the US owing to long payback period. (IEA, 2020b, p. 75)

4.3 Carbon Capture Technologies (CCTs)

4.3.1 Overview of CCS and CCUS Technology

Both CCS and CCUS technologies are currently available technologies for carbon emission
abatement, where carbon capture serves as the starting point for minimizing atmospheric
concentration of carbon dioxide within the steelmaking sector and other fossil fuel-based
industrial processes. In general, CCTs have been classified by scholars into three categories
based on the order in which it takes place, pre-combustion capture, oxy-fuel combustion,
and post-combustion capture. Many global initiatives aim to implement COz capture
technologies as one solution to curb carbon emissions from steelmaking, like COURSES0

discussed above. (Pandit, et al., 2020, p. 4)

4.3.2 Pre-combustion Capture

As the name suggests, it refers to the removal of CO» from fossil fuels before the completion
of combustion, during which the primary fuel (coal or biomass) is decarbonized (Long &
Carpenter, 2017). Typically, it is widely deployed in coal-fired power plants, especially
when integrated gasification combined cycle (IGCC) is involved. In the context of
steelmaking, hydrogen as a green reducing agent can be produced after coal is gasified in
steel industries. In addition to benefits like higher adsorption efficiency and easier carbon
removal, this technology has been fully developed for widespread deployment and

commercialization over the past decades (DXP Marketing, 2022). While economically, the
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overall investment cost of the gasification process is relatively higher than that of a
pulverized power plant, let alone additional scrubbers are required to cope with NOx

emissions, increasing the capital expenditure.

4.3.3 Oxy-fuel Combustion

Oxy-fuel combustion is one technology applied to capture CO; from steel-making processes.
Intuitively, this technology involves the process of using nitrogen-free air (or nearly pure
oxygen) to support the combustion of fossil fuels. And to regulate the flame temperature,
flue gas, mainly composed of water and CO», are usually recycled back into the combustion
chamber, which can provide favourable conditions for the following carbon utilization and
sequestration. This CO> capture process has low NOx emissions because pure O is generated
from an Air Separation Unit (ASU) as oxidant gas, not to mention that it has enjoyed great
popularity in existing power plants due to high applicability and scalability. On the other
hand, its further commercialization is limited by the intensive energy consumed by ASU to

some extent. (Stanger, et al., 2015)

4.3.4 Post-combustion Capture

Unlike pre-combustion capture, post-combustion capture (like Figure 6) comes into play
after the burning of fossil fuels and is regarded as the most viable option for retrofitting
carbon capture to the existing power plants (DXP Marketing, 2022). As a mature technology,
up to 800 tonnes of CO> can be recovered on a daily basis and it has significantly progressed
and widely implemented in various industrial sectors since it does not need to be modified
in upstream processes. One disadvantage of this technology is that its inefficiency of carbon
capture mainly because the concentration of CO; separated from the flue gas is much lower
than that of pre-combustion capture (Mukherjee, et al., 2019). The low efficiency of carbon
capture also incurs excessive costs associated with transportation, storage, and electricity
generation. However, despite these challenges, it is still highly favored by operators due to
its technology maturity and the fact that various standardized techniques have been
incorporated into practical applications compared to carbon capture alternatives (Chao, et

al., 2021).
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Figure 6. A schematic of post-combustion capture (Breeze, 2015)

Furthermore, in terms of the development status of CCTs, solvent absorption-based CO2
capture process (See Figure 7), which is typically facilitated by amine-based solvents, gains
prominent presence in large-scale carbon capture projects. For example, almost 800,000
tonnes of CO: per year is projected to be removed by a CO: capture facility in Emirate Steel
Company LLC. The facility is based on a conventional monoethanolamine (MEA) Amine
Absorption System with a CO; purity level of 98%, mainly intended for gas liberation and
enhanced oil recovery (EOR). (Kiani, et al., 2020)
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Figure 7. A simplified schematic for amine-based CO; capture (Wang, et al., 2020)
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4.3.5 Carbon capture projects

According to Energy Technology Perspectives 2020, substantial innovation efforts have
been made towards mitigating carbon emissions from steel production processes via carbon
capture globally despite variations in the importance for net-zero emissions and deployment
status. Among them, several projects aim to lower emissions from conventional BF
production either by hydrogen enrichment or CO> removal for further use of storage. For
example, the well-known COURSE 50 project in Japan has completed the first experimental
testing phase; the second phase is aimed at achieving full commercial scale by 2030; it can

be deployed with CCUS. (IEA, 2020a, p. 211)

The status of leading existing or planned projects related to CCUS technology is also
included in Energy Technology Perspectives 2023. Overall, recent progress on scaling up
CCS and CCUS in the steel industry has been modest. By far, only one commercial-scale
project could be regarded as near zero emission primary production. It is a natural gas DRI-
EAF steel plant with CCS in the United Arab Emirates (UAE) under the operation of
Emirates Steel Industries. Similarly, only one CCUS project in France, known as the 3D
project by ArcelorMittal has the potential to qualify as near zero emissions and it is expected
to capture about 1 Mt of COz per year by 2030. As for the already mentioned Course50
project in Japan, it is committed to employing carbon capture to the BF while it is less likely
to roll it out within the decade and the demonstration on a commercial scale is to be realized

by 2030. (IEA, 2023, p. 192)

It is also worth noting that a project called CaLby2030 has been launched by 18 partners to
decarbonize high-temperature industrial processes. Using CaO as a sorbent for CO> capture
in a carbonator reactor to form CaCOs, calcium looping technology (Cal) is an emerging
CO» capture technology, especially across the European area. The technology utilizes
circulating fluidized bed (CFB) reactors and aims to achieve a CO> capture rate of higher
than 99% by 2030. The project places a focus on carbon emissions derived from steel-
making processes, for which flue gases is considered to be a source of hard-to-abate CO>

emissions. (CaLby2030, 2022)
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5 Techno-Economic Analysis

To better understand different mitigation options, a cost-benefit evaluation, and Technology
Readiness Level (TRL) test will be conducted as follows, in which both technological

feasibility and economic practicality of each carbon reduction technology are considered.
5.1 Cost-Benefit Assessment of Mitigation Strategies

It should be clarified that the thesis will not provide a comprehensive review of all near-zero
emission steel production routes from an economic perspective. Instead, only the economic
performance of major negative emission technologies will be evaluated below. Given the
uncertainty caused by regional variation in energy prices, the simplified levelized cost (See
Figure &) would provide much convenience for us to assess and compare the input costs of
various steel production pathways. It is estimated by SDS that the production costs of process
routes (like CCUS-based Smelting Reduction and 100% Electrolytic Hydrogen-based),
which are to be fully developed in the latter half of SDS (2030-2050), are 10%-50% higher
than that of their counterparts (such as conventional BF-BOF and Natural gas-based EAF),
which have been applied on a commercial scale. (IEA, 2020b, pp. 108-110)
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Figure 8. Simplified levelized cost of steel production for five routes (IEA, 2020a)
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(Note: BF-BOF=Blast Furnace-Basic Oxygen Furnace; [ISR=Innovative Smelting Reduction
(SR) with CCUS; Gas DRI=Natural gas-based Direction Reduced Iron/Electric Arc Furnace
(EAF) with CCUS; H2 DRI=100% Electrolytic Hydrogen-based)

Regarding the investment needed to drive the transition of steelmaking industry, cumulative
capital investment in core process equipment is estimated to increase by around one fifth to
USD 1390 billion in 2050 in relative to the investment costs in 2021 evaluated by the SDS.
At the same time, there will be a significant rise in the investment per tonne of steel produced,
growing from about 20.3 USD/t in 2021 to around 26.8 USD/t in 2050 by the same scenario.
Furthermore, the spread of investment also presents some regional differences due to
disproportionate distribution of steel production across the globe. For example, China takes
the lead in terms of cumulative investment, accounting for over one quarter (about 26%) of
the total investment, which mainly targets the replacement and retrofitting of its extensive
existing capacity stock. India takes the 2™ place, with an increase of 18% in its cumulative
investment in a bid to expand the overall capacity as the production level grows. (IEA, 2020b,

p. 113)

5.2 TRL Considerations of Various CCTs

Indisputably, the deployment of various innovative near-zero emission technologies is the
cornerstone of achieving carbon neutrality of the steelmaking industry, mainly represented
by CCUS and hydrogen. There is still a long way to make these technologies available
commercially since they are not at the same status of development or technology readiness
level (IEA, 2020b, pp. 48-49). Initially proposed by the National Aeronautics and Space
Administration (NASA) in the 1970s in America, TRL has been frequently applied by
technology developers worldwide as a general criterion for defining the level of maturity of
a given technology, which is beneficial to prioritize research targets and facilitate the design
of programmes (IEA, 2020b, pp. 90-95). Typically, the hierarchy of scale consists of nine
layers from bottom to top and three consecutive phases, namely research, development and

deployment as Figure 9 shows below.
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Figure 9. A diagram for Technology Readiness Level (Javed, 2023)

RESEACH

While TRL scale used by the IEA is slightly different from that generally applied by research
institutions, the former is composed of six categories from low level to high level according
to the granular level of maturity, ranging from concept, small prototype, large prototype,
demonstration, early adoption to mature. The following table presents development status of

a diverse range of emission reduction technologies in the ISI based on this scale.

Table 2. A table of technology options at varying levels of readiness (1EA, 2020b)

Level of maturity Examples of technology
Concept Not available
Small prototype -Iron ore electrolysis: low- and high-temperature
-Smelting Reduction (SR): H; plasma reduction
Large prototype -100% Hydrogen-based DRI

-BF: off-gas hydrogen enrichment

-Auxiliary processes: Ha for high-temperature heat
Demonstration -SR with CCUS

-BF: converting off-gases to chemicals

-BF: torrefied biomass

Early adoption -Natural gas-based DRI with CCUS
-BF: use charcoal rather than coal
Mature -Scrap-based EAF

5.3 Challenges Involved & Future Prospect

As SDS predicts, in the short- and medium-term, almost 70% of cumulative direct CO>

emission abatement will be ascribed to technologies classified as mature or in the early
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adoption stage by 2050, with the remaining being divided by demonstration (20%) and
prototype technologies (10%). While an increasingly diverse array of technologies is set to
achieve demanding CO> emission reduction targets with the growing demand for steel and
steel-based industrial products, more efforts should be taken to overcome technological
barriers and reduce costs to advance the global steel industry in a sustainable manner. (IEA,

2020b, pp. 90-97)

As is often the case, the selection of technology portfolios for future transition of steel
production depends on multiple factors, varying from accessibility of different energy
sources, energy costs, the availability of infrastructure and all necessary resources, the scale
of existing assets in a specific regional context. Another important thing is that the possibility
of adopting a technology sometimes can be predominantly influenced by public attitudes

and the local regulatory environment. (IEA, 2020b, p. 101)
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6 Case Studies and Industry Initiatives

As a supplementary section of previous ones, this part presents several examples of how
mitigation technologies have been implemented successfully within the steel sector, in

addition to lessons and takeaways learned from these real-world applications.

6.1 Successful Implementations

» BlueScope’s Port Kembla Steelworks
BlueScope’s Port Kembla Steelworks is an Australian steel producer, and it is cited here as
an example of efficiently utilizing Steel Mill Gases (SMGs), such as blast furnace gas (BFG),
Linz Donawitz Gas (LDG) and Coke Oven Gas (COG). For example, not only has a process
of producing methanol from SMGs through a chain of chemical reactions been developed
by Thyssenkrupp, but also LanzaTech (LT) investigated a bio-chemical process for ethanol
production from SMGs along with BlueScope. The former was examined by scenario 1 (no
external source of hydrogen) and scenario 2 (additional external hydrogen was available). It
was found that scenario 1 and scenario 2 would result in a 16.6% and 25.9% decrease in CO2
emissions respectively as opposed to gas combustion for energy production. (Pandit, et al.,

2020, pp. 69-70)

» ULCOS Programme
ULCOS Programme is a typical example of partnership between the governments, private
sector, and other entities. The full name is Ultra-Low Carbon Dioxide Steelmaking, which
was initially launched by a consortium of 48 European enterprises and organizations nearly
two decades ago and funded by the EU and participating companies. As one of the most
extensive initiatives, its original objective was to achieve 50% reduction of CO2 emissions
in relative to modern BF-BOF steelmaking route. In total, four CO» capture technologies
were developed under ULCOS, among which Top Gas Recycle Blast Furnace (TGR-BF)
was firstly piloted successfully at LKAB’s Experimental BF in Sweden in 2010 and put into

commercial deployment ten years later. Despite higher operational costs, over 50% CO>



29

emission can be reduced compared to average BF using this technology. (Pandit, et al., 2020,

pp- 27-30)

6.2 Lessons Learned and Key Takeaways

» The Thyssenkrupp process is highly dependent on the presence of Hz, mainly from
COG. However, the COG that is currently available at BlueScope’s Port Kembla
Steelworks is insufficient, making it impractical economically in the long term.

(Pandit, et al., 2020, pp. 70-72)

» Although the availability of additional hydrogen and electricity from low-carbon
sources can lead to increased reduction of carbon emissions, the incremental is so
small that other carbon capture options are required to achieve substantial cuts.

(Pandit, et al., 2020, pp. 74-75)

» As seen in the European ULCOS project, even though the recycling of off-gases from
BF combined with hydrogen-rich syngas as a reducing agent used in BF has limited
effect on CO; emission reductions and energy input requirements, it makes the

integration of CCTs into the configuration much easier. (IEA, 2020b, pp. 93-95)

It is worth mentioning that many steel manufacturers and large-scale projects other than the

subject of interest have encountered similar problems, but they are not covered in the thesis.
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7 Policy and Regulatory Framework

The aim of this section is to provide a basic review of recommendations and initiatives made
by global organizations (WSA and IEA) and certain countries for reducing emissions in steel
production. Moreover, the standards established by international organizations for collecting

and reporting CO2 emissions will be also reviewed.

7.1 International Targets & Recommendations

In light of SDS, an average decline by 1.9% per year in the CO: intensity of crude steel
production is a minimum demand to limit the temperature rise below 2 °C and meet other
climate goals of Paris Agreement (IEA, 2020b, pp. 149-150). Accordingly, overall emissions
from the steel industry and the average direct CO> emission intensity of steel production
must halve and fall by at least 60% respectively by 2050 following a pathway towards a net-
zero emission energy system. It seems that a consensus has been achieved among
international community that technologies and innovations will mostly deliver a more

sustainable future for steelmaking.

For example, WSA and IEA have similar recommendations on reducing CO2 emissions from
steel production, with both placing an emphasis on hydrogen and biomass as alternative
reducing agents to fossil fuels (coal), the reduction of iron ores through electrolysis, as well
as the integration of CCS and CCUS into new and existing steelmaking processes. (Pandit,

et al., 2020, pp. 25-26)

Figure /0 below indicates that a portfolio of technological innovations for mitigating
steelmaking-induced emissions has been developed, including the scaling up of biomass,
CCS, CCUS, hydrogen reduction as well as electrification. Also, more attention has been

paid to the combined use of various technologies and the potential synergy between them.
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Figure 10. Innovative technologies for emission reduction in steelmaking (1E4, 2019)

7.2 National Initiatives & Policies

At the nation level, many countries have launched CO; reduction programmes oriented at
new and innovative technologies compatible with country-specific goals of emission
reduction. Take the United States as example, American Iron and Steel Institute (AISI) have
joined hands with the US Department of Energy (DOE) to promote R&D on molten oxide
electrolysis and hydrogen flash smelting. Another South Korea-proposed initiative called
COz Breakthrough Framework Programme (also known as POSCO) focuses on an extensive
array of innovations, ranging from CCS using excess heat and ammonia, CO; fixation with
marine bio-slag to hydrogen produced from by-products gas form the steelmaking processes.
Unlike Korea and the US, as a major gameplayer within global steel industry, China is
stepping up efforts on decarbonizing its own steel production by integrating photovoltaic
cells (PV) into steelmaking and scaling up CCUS ethanol production from BOF gas (Lanza
Tech) in the so-called Bao-steel Programme. (Pandit, et al., 2020, pp. 25-27)

Governments, as policymakers, have a key role to play in accelerating the transition of ISI
towards a carbon-neutral future. Many countries have already implemented a set of strategies
and policies to reduce CO; emissions within ISI, like adopting a cross-sectoral approach to
encouraging CCUS infrastructure and hydrogen application, create a level playing field for

zero-emission steelmaking technologies, providing financial support for steel producers in
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the field of R&D and project demonstration, establishing emissions trading system (ETS)
encompassing the steel industry. Overall, a robust and supportive policy framework, together
with the active engagement of governments hold the key for long-term success. (IEA, 2020b,
pp. 148-154)

7.3 Emissions Data & Certification

In late 2019, a standard and certification programme, aimed at social and environmental
sustainability within the steel industry have been established by the global not-for-profit
organization ResponsibleSteel in collaboration with steel manufacturers and consumers. In
a similar fashion, WSA have formulated standardized approaches for defining consistent
criteria to distinguish low-emission steel, which are invaluable for purchasers, incentive

initiatives and regulatory frameworks. (IEA, pp. 2020b, 156)
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& Conclusions

To conclude, steel has been an integral part of human society since its birth, playing a pivotal
role in a variety of sectors, like construction, agriculture, power generation and distribution,
machinery manufacturing, medicine, and households. This thesis briefly describes the steel
industry as a whole, covering topics such as critical issues of CO2 emissions and the
significance of both conventional and innovative emission mitigation technologies in

mitigating environmental impacts concerning the steelmaking processes.

Throughout the course of extensive research and literature review, the thesis has examined
four currently available steel production routes, emissions quantification and the technology
solutions developed to achieve substantial cuts in carbon emissions from the industry.
Moreover, the section of case studies and industrial initiatives illustrates examples of how
these technologies and approaches are integrated into the decarbonization in the industrial

operation units, along with an analysis of the lessons learned from their implementations.

The thesis also acknowledges a series of obstacles facing the steel industry now, from
technological and economic hurdles to regulatory complexities. Otherwise, the importance
of the industry’s potential and capacity for innovation are underscored as the challenges can

be addressed through technical advances and heightened carbon reduction efforts.

More importantly, the thesis has also stressed the necessity and key role of government
policies and decision making in accelerating the industry’s transition towards a cleaner
future. This is achieved by a comprehensive review of global initiatives and national
regulations for boosting sustainable steel production. Clear standards and certifications
related to emission data collection and reporting set by global organizations are also
highlighted in the thesis. And finally, it is my hope that this thesis work will offer the readers
some insights into the steel industry and keep them informed of what technologies can be

developed and applied to mitigate CO2 emissions induced by steel manufacturing.
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