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Preface

Dear reader,

The steel sector's transformation is speeding up:
COP28 saw pledges to procure low-CO, steel, fresh
steps to harmonise measuring the sector's green-
house gas emissions and the launch of the Climate
Club, aimed at fostering international cooperation
to accelerate industrial decarbonisation.

These are encouraging signals for a sector that is
responsible for 8 percent of global CO,emissions

and has long been labelled as hard to abate. While
the current primary steelmaking route is hugely CO,
intensive and coal dependent, our study shows that
near-zero CO, technologies, in particular those based
on the direct reduction of iron, can be deployed this
decade, offering flexible pathways and new business
cases for economies at different stages of industrial
transformation. However, these key low-carbon
technologies are often more expensive than current

© Key findings at a glance

production methods. This is especially the case in the
early stages of the transition. Targeted support and
increased international cooperation are needed to
build on the current momentum and enable an accel-
erated transformation of the global steel sector.

In this study, we assess eight potential low-CO,
steelmaking technologies, analysing key parameters
such as their market readiness, cost and CO, emission
reduction potential to determine the role they can
play in the steel sector's transformation.

We hope you enjoy reading this report!

Frank Peter
Director, Agora Industry

Professor Manfred Fischedick
President, Wuppertal Institute

Key technologies for transforming the global steel industry will be commercially available this

1 decade. By 2030, over 70 percent of existing blast furnaces (BF) will require reinvestment, providing
a window of opportunity to replace this CO,-intensive process towards scrap- and hydrogen-based
steelmaking. Improving scrap quality and using renewable electricity allows high-quality steel

production with close to zero CO, emissions.

The flexibility provided by direct reduced iron-based (DRI) steelmaking as well as future electrifica-
2 tion technologies can address bottlenecks. DRI technology can be deployed today and operate with

a gradually increasing share of hydrogen; furthermore, it allows the iron and steelmaking stages

to be decoupled. Pairing the DRI process with existing basic oxygen furnace (BOF) steelmaking will

unlock the use of lower-quality iron ores, as may future iron ore electrolysis technologies.

Carbon capture and storage (CCS) is unlikely to save the coal-based BF-BOF route. Retrofitting

3 BF-BOF plants with CCS is a risky strategy: it leaves high residual emissions, requires significant CO,
transport and storage infrastructure, needs to take high upstream methane emissions from coal
mines into account and will become less and less commercially attractive as hydrogen costs decline

and CO, prices rise.

The higher cost of low-CO, steelmaking requires targeted regulatory support and international
4 cooperation to accelerate large-scale deployment of low-CO, steelmaking. Measures need to
address the entire steelmaking value chain, including support for technological options and the
development of a global market for green products. International cooperation can enable the
production of green iron in renewable hydrogen ‘sweet spots’ by rethinking global value chains.
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List of abbreviations

Term Explanation

AEL Alkaline iron electrolysis

BECCS Bioenergy carbon capture and storage
BF Blast furnace

BOF Basic oxygen furnace

Capex Capital expenditures

CCS Carbon capture and storage

co Carbon monoxide

co, Carbon dioxide

Cs Crude steel

DACCS Direct air carbon capture and storage
DR Direct reduction

DRI Direct reduced iron

EAF Electric arc furnace

EOR Enhanced oil recovery

EU-ETS EU emissions trading system

Fe Iron

GHG Greenhouse gases

GJ Gigajoule

GWP Global warming potential

H, Hydrogen

HBI Hot briquetted iron

LNG Liquefied natural gas

MOE Molten oxide electrolysis

Mtpa Megatonnes per annum

NG Natural gas

NZE-scrap-EAF Near-zero emissions scrap electric arc furnace
Opex Operating expenditures

OSBF Open slag bath furnace

PGH Process gas heater

SAF Submerged arc furnace

SMELT Smelter

tCO,eq Tonne of carbon dioxide equivalent
TRL Technology readiness level

UsD US dollar
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Introduction

The steel sector has an important role to play in deliv-
ering on the world's climate targets. Steel is a crucial
material for the global economy, including for the
technologies and infrastructure that will be needed
to achieve climate neutrality, yet the sector that
produces it is a major greenhouse gas (GHG) emitter,
responsible for around 8% of global GHG emissions.
Using coal-based blast furnaces, the current primary
steelmaking route has inherently high CO, emis-
sions, and it is clear that the steel sector will require
transformational change to be brought into line with
climate neutrality. At the same time, ambitious steel-
makers around the globe have made rapid progress
with the necessary breakthrough technologies to
decarbonise the sector, with the result that solutions
are already available or near market readiness. The
rapid introduction of key low-carbon breakthrough
technologies this decade is vital in order to accelerate
the global steel transformation and avoid the risk of
stranded assets. Our previous work has shown that
this decade marks a crossroads for the global steel
sector: more than 70% of existing blast furnaces

will require reinvestment by 2030. Reinvesting in
existing CO,-intensive processes with no pathway to
decarbonisation will create path dependencies that
lock in high emissions for several decades and carry

a high risk of stranded assets. This means that invest-
ments must focus on the breakthrough technologies
that are compatible with climate neutrality.

In this report, eight breakthrough technologies to
decarbonise the steel sector are analysed and com-
pared. The analysis focuses on a number of important
parameters, including expected commercial readi-
ness, energy requirements, CO, abatement potential
and residual emissions, and the CO, abatement costs.
While low-CO, steelmaking will be more expen-

sive than current primary steel production, this gap
is expected to narrow as low-CO, energy becomes
more widely available and CO,-intensive production
becomes increasingly expensive. An appropriate reg-
ulatory framework that acknowledges the require-
ments of these breakthrough technologies can help

bridge the gap from first-of-a-kind to mass-market
deployment. A combination of market demand for
green steel and an incentivising regulatory frame-
work in various regions around the world has already
resulted in a race to produce green steel, giving
steelmakers at the front of the pack the opportunity
to secure a competitive advantage.

Among the various technologies available, the
pathway to low-CO, steel that most steelmakers

are developing revolves around the direct reduction
of iron ore. This overall process comprises a set of
technological options, each with their respective
strengths and weaknesses. A detailed comparison

of the direct reduced iron-electric arc furnace
(DRI-EAF) and the direct reduced iron-smelter-basic
oxygen furnace (DRI-SMELT-BOF) routes highlights
the important complementary roles that these tech-
nologies can play in the global steel transformation.
At the same time, it seems that parts of the industry
are still hoping that applying carbon capture and
storage (CCS) to their existing coal-based steelmak-
ing assets will allow them to reach climate neutrality,
with the result that they will continue to invest in
existing and new BF-BOF production. A deep dive
into the potential role of post-combustion CCS on the
BF-BOF route reveals the risks associated with con-
tinued reliance on this technological option.

Based on our analysis of decarbonisation technolo-
gies for the steel sector and their main techno-eco-
nomic parameters, a global effort to accelerate the
deployment of these technologies will need to con-
sider the following important elements:

1. The average CO, abatement costs of most break-
through technologies are likely to be above
USD 100/tCO, in 2030. A comprehensive policy
framework is needed to create a viable business
case for low-CO, steelmaking technologies. Cur-
rently, few countries have a regulatory framework
in place that enables final investment decisions
to be made in favour of clean technologies, which
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will initially be significantly more expensive than
conventional steelmaking routes. This gap can be
bridged by a comprehensive policy framework that
encompasses the entire steelmaking value chain,
addressing the supply of upstream raw materials
and clean energy, supporting the development

of low-CO, steelmaking technologies midstream
and unlocking the potential of a green lead mar-
ket downstream (Agora Industry and Wuppertal
Institute 2023).

. Expanding scrap-based EAF production is a key
strategy as this is the most energy-efficient route.
Of all the breakthrough technology options, the
scrap-based EAF route is by far the most ener-
gy-efficient route, requiring five to seven times
less energy than primary steelmaking. Maxim-
ising the share of scrap-based steel production is
therefore a vital lever when it comes to reducing
the sector's CO, emissions. The scope for signifi-
cantly increasing the share of scrap-based steel at
a global level is dictated by the quantity and quality
of scrap. To ensure the full potential of scrap-based
steelmaking is realised, measures that support the
recycling and reuse of steel must be enhanced,
from the design of products to the end-of-life
treatment of scrap (Agora Industry and Systemiq
2023).

. Hydrogen-based DRI steelmaking technologies
will be commercially available before 2030 and the
key to decarbonising primary steelmaking. The
flexibility to use any proportion of natural gas or
low-carbon hydrogen is an important advantage
for its roll-out. The only breakthrough technol-
ogies for low-CO, primary steelmaking that will
be commercially available before 2030 are DRI-
based technologies such as the DRI-EAF and the
DRI-SMELT-BOF route. Modern state-of-the art
DRI plants can produce steel with close to zero CO,
emissions when operating on 100% low-carbon H,,
though they can also be run on any ratio of natural
gas and low-carbon hydrogen and combined with
CCS. This has several important advantages: DRI
plants can be rolled out now and run on natural gas
initially until low-carbon H, becomes available,
already entailing significant emission reductions
of up to 70% compared to the BF-BOF route. With
their flexibility to incorporate rising proportions

of low-carbon H, over time, they are also an ideal
anchor for ramping up the hydrogen supply and
transport infrastructure. Finally, a DRI-based
steelmaking process can take place in an integrated
manner, combining iron and steel production, but
also allows these two steps to be geographically
decoupled. Green iron could thus be produced in
locations with potential for low-cost renewable
electricity and hydrogen, while still supplying the
existing downstream steelmaking value chain.
Through international cooperation and coordi-
nation efforts, this international green iron trade
has the potential to both accelerate the global steel
transformation and lower its costs.

. The insufficient availability of direct reduction

(DR)-grade pellets could prove a serious bottle-
neck to the global steel transformation. The DRI-
SMELT-BOF route could be a possible solution,
opening up over 50% of the current iron ore mar-
ket for use in DRI steelmaking. The DRI-EAF route
requires pellets made from high-grade iron ores,
which represent only a small share of the current
iron ore market and will likely remain in limited
supply. The alternative DRI-SMELT-BOF route
currently being developed will allow the use of a
lower-grade range of iron ore qualities similar to
those used by blast furnaces today. This technol-
ogy could be one of the main solutions to alleviate
the pressure from the DR -grade pellet bottleneck
and accelerate the switch to H,-based steelmaking
(Agora Industry and Wuppertal Institute 2023).

. A combination of risk factors raises the question

of whether post-combustion CCS on the BF-BOF
route will play any significant role at all in the
global steel transformation. Our analysis has
revealed a number of factors weighing against
post-combustion CCS on the BF-BOF route by
comparison with other breakthrough technologies.
It will likely result in high residual CO, emissions
and involve high upstream methane emissions
from coal mining. Given the current low level of
industrial development activity, it will probably
not be available before 2030 and, once available,
will entail similar costs as natural gas-based

DRI routes, though the latter have the potential

to be converted into climate-neutral assets once
low-carbon H, is available. Given the high residual
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emissions, a rising CO, price towards the middle of
the decade will likely make BF-BOF-CCS uncom-
petitive compared to other breakthrough technolo-
gies. Finally, steel made via BF-BOF-CCS faces an
offtake risk in green markets due to customers not
wanting to be associated with coal-based techno-

logies when other zero-emission alternatives exist.

. Molten oxide electrolysis (MOE) and alkaline elec-
trolysis (AEL) are potential game-changer tech-
nologies — once they become available. The costs
of MOE and AEL and their CO, emissions depend
largely on the costs and emission intensity of the
electricity they use. If clean electricity is available,
these direct electrification-based technologies
combine comparatively low production costs and
the potential to eliminate almost all emissions
from the primary steelmaking process. Currently,
however, there is considerable uncertainty about
when and at what cost these technologies may
become available. In the case of MOE, large-scale
application by 2030 seems optimistic given its low
current technology readiness level, even though
the project developers are aiming for commerciali-
sation before 2030.

. HIsarna-BOF-CCS looks like a game-changer

technology from a cost perspective but faces a

number of risks and uncertainties. Solely from the

cost perspective, HIsarna-BOF-CCS also has the
potential to be a disruptive technology that could
undercut the costs of various other breakthrough
technologies. However, there are also a number

of risks: the technology's technology readiness

level (TRL) is currently uncertain, nor is it known

whether it is being actively further developed. It

is therefore unclear whether the technology will

be available in the 2030s, which was the initial

deployment target stated by its developers (Tata

Steel 2020). Furthermore, it faces similar risks

as CCS on the BF-BOF route as regards upstream

methane emissions from coal mines, as well as

a possible offtake risk with regard to steel-con-

suming companies not wanting to be associated

with coal-based production technologies, not to
mention the sector's general shift away from coal-
based steelmaking technologies, especially since
this is not a retrofit steelmaking route but would
require entirely new production facilities.

This report aims to provide a better understand-

ing of the various breakthrough technologies, their
techno-economic parameters and their potential
roles in the global steel transformation. The appro-
priate breakthrough technologies chosen by each
steelmaker will have to be considered site by site,

as the choices will largely depend on existing local
conditions; specifically, the potential for low-carbon
electricity and hydrogen, the availability of key raw
materials, the existing industrial infrastructure and
the specific structure of the local regulatory frame-
work. Nevertheless, with more than 70% of global
blast furnace capacity reaching the end of its cam-
paign life by 2030, there is a clear window of oppor-
tunity for major investment decisions to accelerate
the deployment of key low-carbon technologies

and kickstart the transformation of the steel sector
towards climate neutrality.
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1 Overview of low-carbon technologies

To achieve its climate neutrality targets, the steel
sector will need to switch from highly CO,-inten-
sive iron and steelmaking routes to new low-carbon
technologies. Currently, more than 70% of global steel
production is coal based via the integrated steelmak-
ing route, relying on blast furnaces in which iron ore
is reduced to hot metal through the use of coke and
then further processed into steel in a basic oxygen
furnace (known jointly as the BF-BOF process). This
is a highly energy- and CO,-intensive process, with
CO, being produced at multiple points within an
integrated steelmaking plant, including the BF, the
coking ovens that produce coke, the sinter plants and
the BOF. This route is also heavily coal-dependent,
with coke playing a major role as an energy carrier, a
reducing material and providing structural properties
in the BF - a role that cannot be fully substituted by
different fuels. The other main steelmaking route is
via the electric arc furnace (EAF), which is mainly
used to turn recycled steel scrap into new steel. This
is a comparatively energy-efficient process that can
run almost entirely on electricity. EAFs are also used
to turn direct reduced iron (DRI) into steel. DRI is a
primary ironmaking route that involves reducing
iron ore pellets in a DRI plant by a syngas (CO and
H,), which currently comes mainly from natural gas.
Though natural gas-based DRI is a mature, commer-
cial process, it currently accounts for only around 5%
of global steel production.

Given that the iron and steel sector is currently
responsible for 7 to 8% of global GHG emissions and
that global steel demand is set to continue to rise,
decarbonising primary steel production by deploying
new steelmaking routes is one of the most important
challenges faced by the steel sector. This report anal-
yses eight technologies which can play an important
role in the transition to a climate-neutral steel sector.
They can be grouped according to the following cat-
egories: 1) primary steel via hydrogen-based tech-
nologies; 2) primary steel via technologies based on
direct electrification; 3) primary steel via CCS-based
technologies; 4) secondary steel via scrap-based

technologies. Section 5 of this report presents spe-
cific factsheets for each technology, which provide
an overview of key information such as existing
projects, production costs and CO, emission reduc-
tion potential.

11  Hydrogen-based primary
steel production

Using coking coal to reduce iron ore to iron in the
blast furnace and then turning it into crude steel

in the basic oxygen furnace (the BF-BOF route) is
highly CO,-intensive because carbon is not only an
energy input but also generates CO, emissions when
it removes oxygen from the iron ore in the form of
CO,. When hydrogen (H,) is used instead of coking
coal to reduce iron ore, the by-product is H,O rather
than CO,, meaning that these emissions can be almost
entirely eliminated if hydrogen produced via renew-
able energy is used. Instead of the BF-BOF route,
ironmaking with hydrogen uses direct reduced iron
(DRI) technologies. The iron is subsequently made
into steel in steelmaking furnaces.

The current commercial process combines the direct
reduction furnace with an electric arc furnace (DRI-
EAF route), where iron ore pellets are reduced in their
solid state in the shaft furnace of the DRI plants and
the resulting DRI is processed into crude steel in an
EAF, where steel scrap can be used as an additional
feed depending on the desired steel quality. While
the DRI-EAF steelmaking process using natural gas
is already mature and accounts for 5% of global steel
production, DRI using hydrogen is currently being
developed by several steelmakers. Modern DRI plants
also allow the use of natural gas until sufficient vol-
umes of renewable hydrogen become available.

A small amount of solid carbon is required to foam the
slag in the EAF (a necessary step to remove impuri-
ties and to increase the efficiency of the process) as
well as to add carbon as an alloying element to steel.
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To produce high-quality steel grades via the DRI-
EAF route, iron ore pellets with a high Fe content
(DR -grade pellets) are needed.

In contrast to the DRI-EAF production route, the
second hydrogen-based route included in this anal-
ysis, the direct reduced iron-smelter-basic oxygen
furnace (DRI-SMELT-BOF) route, is based on the
continued use of the basic oxygen furnace (BOF).
Here, the solid DRI needs to be liquified so that it can
be processed in the BOF. A submerged arc furnace
(SAF) or an open slag bath furnace (OSBF) unit are
therefore required as a smelting stage between the
DRI production and the BOF. For the BOF to turn the
hydrogen-based DRI into steel, the DRI needs not
only to be melted but must also have its carbon con-
tent increased (carburisation) through the addition of
carbon into the smelter (SMELT). The DRI-SMELT-
BOF route thus requires a larger input of carbon than
the DRI-EAF route. The main advantage of this route
is that lower-grade BF-grade iron ore pellets can

be used to produce high-quality steel. This is due

to several reasons: as the DRI process does not fully
reduce the iron oxides to iron, the metal can be fur-
ther reduced in the smelter by the prevailing reduc-
ing atmosphere; and by melting the solid iron, impu-
rities can be removed in both the smelter and the BOF
via slag formation. Therefore, the DRI-SMELT-BOF
route can tolerate higher levels of impurities and
lower iron-content ores than DRI-EAF, which, by
contrast, requires higher-grade DR pellets to ensure
the highest possible metallisation level and to operate
efficiently.

1.2 Direct electrification of primary
steel production

In this report, we examine two primary iron and
steelmaking processes that use electricity directly
to reduce the iron ore. On the molten oxide electrol-
ysis (MOE) route, the iron ore is directly converted
into aliquid metal by electrolysis. In the electrolytic
cell, the iron ore is dissolved in an electrolyte solu-
tion above the melting point of iron and electricity
is passed through the solution to reduce the iron
ore. The desired steel properties can be achieved by

subsequently adding alloying elements. This route
generates no direct CO, emissions since no carbon-
based reducing agent is required.

In the alkaline electrolysis or electrowinning
(AEL-EAF) process, ultra-finely ground iron ore
grains in an alkaline solution are reduced at around
110 degrees Celsius by an electric current before
being turned into steel in an EAF. In contrast to the
MOE route, the electrolytic cell operates at much
lower temperatures and the iron ore is reduced to

a solid iron plate. Direct CO,emissions can also be
almost entirely eliminated on this route since no
carbon is used in the ironmaking process. Some small
residual emissions occur in the grinding and leach-
ing of the iron ore, as well as in the EAF steelmaking
step. While the AEL route will likely be paired with an
EAF to melt the iron and make steel, the MOE process
produces liquid metal which can be directly fed into
the downstream steelmaking processes.

1.3 CCS-based primary steel production

Conventional steel production via the BF-BOF route
can be retrofitted with a chemical absorption amine-
based CO, capture unit that is connected to major
CO, point sources: the on-site power plant that runs
on the steel plant's flue gases, the coking plants and
the blast furnace hot stoves. These three CO, sources
have the highest concentration of CO, in the flue gas.
According to our analysis, capturing the additional
flue streams at the steel site which have lower con-
centrations of CO, (for instance from the sinter plant)
would be technically and economically difficult. As a
result, our calculations show that the BF-BOF route
with carbon capture and storage (BF-BOF-CCS)
allows for a capture of around 70-75% of on-site

CO, emissions.

The natural gas-based DRI process can also be com-
bined with post-combustion CO, capture since the
DRI furnace emits a stream of CO, of relatively high
concentration and is the main CO, emitting process. If
high capture rates are achieved, this could lead to CO,
emissions of 89% below those of the current BF-BOF
route. It must be noted that natural gas-DRI (NG-DRI)

10
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with CCS is already a commercially deployed tech-
nology, albeit one with currently relatively limited
CO, capture rates and where the CO, is being used
for enhanced oil recovery (EOR).

The HIsarna-BOF-CCS technology entirely replaces
the blast furnace with a new type of smelting reactor,
thereby also eliminating the need for the coking and
sintering stages of the current BF-BOF route. In the
HIsarna reactor, iron ore is reduced to pig ironin a
single smelting process and further processed in a
basic oxygen furnace, as in the current steelmaking
process. Given that the HIsarna reactor produces only
one relatively pure CO, off-gas stream, this techno-
logy can be combined with cryogenic separation as

a capture process — a much less energy-intensive
process than capture with amine-based absorption.
In combination with CCS, CO, reductions of up to
93% are possible according to our estimates. Without
CCS, HIsarna-BOF can reduce 38% of CO,emissions
by comparison with the BF-BOF route. It should be
noted that the status of the Hlsarna-BOF-CCS tech-
nology is unclear, since it is not apparent whether
Tata Steel, the steelmaker behind the technology,

is planning to continue developing this route. The
development of the technology in the Netherlands
seems to have been put on hold in favour of the
hydrogen-based DRI route. It remains to be seen
whether Tata Steel will implement the technology in
India instead (in current corporate announcements,
HIlsarna is still included as one potential long-term
(2030-2050) decarbonisation option (Tata Steel
2023)).

1.4 Secondary steel production

The electric arc furnace (scrap-EAF) route is the
predominant route for secondary steel production. It
is operated mainly with electricity to melt the scrap.
Around 20% of current global steel production takes
place via the secondary route (IEA, 2020). Today,
secondary steel is often characterised by lower
quality - i.e. a higher level of tramp elements such as
copper and nickel due to contaminated end-of-life
scrap - than steel from primary production. This
often limits the use of secondary steel to applications

that can tolerate lower-quality steel, such as the long
steel products used in construction. This represents

a significant challenge in many developed countries
that needs to be addressed. In these countries, the
annual availability of scrap is projected to exceed the
need for low-quality steel by 2030, since less new
infrastructure build-up is required and there are high
scrap recycling rates from the existing steel stock in
the economy. Possible solutions to increase the use

of scrap in steelmaking include better dismantling
and sorting of scrap, new recycling technologies to
remove tramp elements, or a product design that
facilitates end-of-life recycling. In the United States,
for example, high-quality steel products can also be
produced via the EAF route thanks to the use of mod-
ern EAF mini-mills, the use of high-quality scrap and
the addition of metallic inputs to dilute impurities.

At the same time, the demand for typical EAF steel
products in developing countries is projected to
exceed scrap availability by 2030, as a substantial
amount of new infrastructure and steel-contain-
ing products will be added to the economy, yet the
existing steel stock still has a relatively recent age
profile and will only gradually reach its end-of-

life. In China, this is already the case today: scrap
flows are not sufficient to cover the need for long
products such as reinforcing bars, these are mainly
produced via the BF-BOF route. Therefore, a second
key challenge is the lack of scrap availability. This
may prompt developing countries with high demand
for long steel to start investing in the BF-BOF route
rather than in the scrap-EAF route to compensate for
the lack of scrap imports.
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2 Comparison of low-carbon technologies

21 Expected commercial readiness

The transformation of steel production that will be
necessary to achieve climate neutrality will require
technologies to be developed both at speed and at
scale. Given the urgent timelines — 2050 being less
than three decades away - and the long lifetimes

of industrial plants, a key factor when assessing
breakthrough technologies for iron- and steelmaking
is their expected commercial readiness. Typically,
this is assessed by a technology readiness level (TRL)
ranging from 1to 9 — where 9 indicates that the
process is proven on a commercial scale. Based on our
assessment of the TRL of the analysed breakthrough
technologies, their expected commercial availability
can be grouped into three different phases: before
2030, between 2030 and 2040, and after 2040 (see
Figure1).

Before 2030, we expect only the already mature
scrap-based EAF route, (as the the near-zero emis-
sions (NZE)-scrap-EAF route when running com-
pletely on renewable electricity), and the DRI-based

routes to be available (see Figure 1). The first indus-
trial-scale hydrogen-ready DRI-EAF plant came
online in China in 2023 (GMK Center 2023). Although
the 0.6 million tonne DRI plant from Chinese steel-
maker HBIS may not be operated with renewable
hydrogen initially, it is 100% hydrogen-ready

and could produce near-zero emissions steel once
renewable hydrogen is used. By the mid-2020s, the
first commercial-scale DRI plants running exclu-
sively on 100% renewable hydrogen are scheduled
to begin operation in Sestao (Spain), Lulea (Sweden)
and Salzgitter (Germany). In addition, steelmakers
have made dozens of announcements to build com-
mercial-scale H,-ready DRI plants (Agora Industry
2023b). These state-of-the-art DRI plants are 100%
hydrogen-ready and thus compatible with climate
neutrality, but can be operated with natural gas
initially if sufficient amounts of hydrogen are not
available. H,-based commercial-size DRI plants are
being built in China (DANIELI 2023; tenova 2022),
and several final investment decisions for H,-ready
DRI plants around the world have been taken (Agora
Industry 2023b). These announcements demonstrate

Expected market readiness of selected breakthrough technologies for steelmaking Figure 1
Nze-scrap-ear [
H,-DRI-EAF" ]
H,-DRI-SMELT-BOF’ _
NG-DRI-CCS' _
BF-BOF-CCS _
Hlsarna-BOF-CCS? _
MOE W/////_
AEL W

B Expected market readiness

Agora Industry and Wuppertal Institute (2024). Note: 'DRI plants running on natural gas can already blend high shares of H,. Commerical DRI
plants running on 100% H, are expected by 2025. 2t is currently not clear what the TRL of the technology is and whether it is actively being

developed further.
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that H,-based or H,-ready DRI-EAF processes are
sufficiently mature for steel companies to take final
investment decisions today.

The DRI-SMELT-BOF technology has not yet been
demonstrated on a commercial scale. However, the
German steelmaker Thyssenkrupp is planning to start
operation of a 2.3 megatonne (Mt) commercial-scale
DRI and smelter plant by 2026 (Thyssenkrupp 2022).
The final investment decisions, backed by German
government subsidies, were taken in 2023 (European
Commission 2023d). In other words, the technology is
on the verge of market readiness. The TRL is there-
fore already estimated at 7-8 for the DRI-SMELT-
BOF route. Due to the expected limited supply of
low-carbon hydrogen in 2025, Thyssenkrupp is
planning to initially operate the plant with natural
gas, blending in increasing proportions of low-
carbon hydrogen over time, as it becomes available.
While operating the plant with 100% hydrogen and
carburising the carbon-free DRI in the smelter need
to be further investigated, it is likely to be possible

by 2030 at the latest to operate the DRI-SMELT-BOF
route with close to 100% hydrogen once renewa-

ble hydrogen is available on a large scale (for a more
technical analysis, please see Section 3).

The natural gas-based DRI process also lends itself to
being combined with post-combustion CO, capture
since the DRI furnace emits a stream of CO, of rela-
tively high concentration. From a technology read-
iness perspective, this technology is already being
deployed commercially, albeit with a limited CO,
capture potential and for the purposes of enhanced
oil recovery (EOR).

A further set of technologies could reach market
readiness between 2030 and 2040: BF-BOF with
CCS, HIsarna-BOF with CCS and MOE. As far as
combining the BF-BOF route with CCS is concerned,
limited efforts have been made to develop this
technology in conjunction with an integrated steel
mill despite the fact that certain post-combustion
carbon capture technologies are already being used
for specific industrial applications and are available
on an industrial scale. For example, the 3D project
in Dunkirk started operations in March 2022 and is

aiming to capture 4 kilotonnes (kt) of CO, per year
from BF-based production in the demonstration
phase. The aim is to expand this to 1 Mt of CO, in
2025 and to explore a future Dunkirk-North Sea
capture and storage cluster with 10 Mt of CO, in 2035
(ArcelorMittal 2023). However, recent announce-
ments by ArcelorMittal on their transition plans for
the Dunkirk steelmaking site raised doubts about
whether the 10 Mt target by 2035 is still up to date
given that ArcelorMittal have announced the con-
struction of a DRI plant and two EAFs at the Dunkirk
site to replace two of the three existing BFs, backed
by government subsidies (European Commission
2023c). Another pilot project that is based on this
technology option is a consortium of Tata Steel,
Carbon Clean and Veolia in Jamshedpur, India (Tata
Steel 2021). The capture rate of 5 t of CO, per day for
onsite reuse (carbon capture and utilisation, CCU)
corresponds to yearly captured emissions of around
1800t of CO,. This is only a tiny fraction com-
pared to the yearly CO, emissions of the Jamshedpur
integrated BF-BOF steel mill, which emits around
20 Mt of CO, from its production of around 10 Mt

of steel per year. Several rounds of upscaling would
be required for this technology to reach commercial
scale in the steel sector (see Section 4 for a detailed
discussion of this technology).

Regarding the HIsarna-BOF-CCS technology, its
further development was postponed after initial suc-
cesses in the pilot phase and the planned CCS inte-
gration in [jmuiden, Netherlands, did not take place.
While it aimed to have a HIsarna plant ready at full
scale by 2033, the company decided in 2021 to focus
fully on the production of steel via the hydrogen DRI
route and to replace one of two blast furnaces even
before 2030 (Tata Steel Nederland 2023). It remains
to be seen whether Tata Steel will actually implement
their planned HIsarna demonstration plant in India
with a capacity of 0.5 Mt of steel, however, given that
HIsarna is still currently included as one potential
long-term (2030-2050) decarbonisation option (Tata
Steel 2023).

Both electrolysis routes (MOE and AEL) have a

current TRL of 3-4. Interestingly, the companies
developing these technologies have widely differing
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targets for their respective technologies to reach
commercial readiness. Boston Metal has extremely
ambitious plans and aims to have an MOE demon-
stration plant deployed by 2025 and a commercial
plant built by 2026. However, due to the novelty of
the process and its current low-TRL state at pilot
scale, we only expect the technology to be ready for
commercial use (TRL 9) between 2030 and 2040. This
is because developing a novel technology from pilot to
commercial million-tonne capacity involves signifi-
cant time scales. If the construction and operation of
the pilot plant with a 25 kt/year capacity planned for
2024/2025 is successful, several rounds of upscaling
would still be required to reach a million-tonne com-
mercial-scale facility.

The AEL technology developed in the EU funded
Siderwin project developed a small scale pilot plant
(Cassauwers 2023). In the next stage, ArcelorMittal
and its technology partner aim to build a medium
scale pilot plant by 2027 (40-80 kt), and increase its
capacity to between 300 kt and 1 Mt by 2030 (TRL 7),
aiming to to reach commercial readiness of the pro-
cess (TRL 9) by 2040.

Comparing the TRL of breakthrough technologies and blast furnace reinvestment cycles

Expected market readiness
of selected breakthrough technologies
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Commercial readiness in light of upcoming
investment cycles

Another key aspect of the global steel transformation
will be the need to reconcile the market readiness of
breakthrough technologies with the reinvestment
cycles of the global blast furnace fleet. By 2030,

more than 70% of existing blast furnaces will reach
the end of their campaign life and require relining
reinvestments to extend their operating life, which
would lock in high emissions for over a decade and
risk creating stranded assets. However, this upcom-
ing reinvestment cycle also represents a key window
of opportunity to substitute blast furnaces with a
low-carbon technology steelmaking process. This

is an important consideration when analysing the
potential of various breakthrough technologies for
the global steel transformation. For example, although
MOE and AEL combine potentially competitive pro-
duction costs with very high CO, emission reductions
(see Section 2.4), the technology is only expected to
reach market readiness by the end of the next decade
and into the 2040s. By that point, more than 90%

of the current blast furnace fleet will have already

Figure 2
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Agora Industry and Wuppertal Institute (2024). Note: ' DRI plants running on natural gas can already blend high shares of H,. Commerical DRI
plants running on 100% H, are expected by 2025. 2 It is currently not clear what the TRL of the technology is and whether it is actively being

developed further.
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reached the end of their current campaign life (see
Figure 2). In spite of their promising techno-eco-
nomic parameters, this raises questions about the
extent to which electrolysis technologies such as AEL
and MOE will play a role in the rapid transformation
of the steel sector. This is also true of the Hlsar-
na-BOF with CCS technology, depending on when
and if it will reach market readiness. Conversely, the
opposite applies to DRI-based steelmaking routes:
based on our analysis, this is the only suite of tech-
nologies capable of producing low-CO, primary steel
that is expected to be available before 2030. DRI
technologies will thus play a very important role

in kickstarting the global steel transformation and
replacing blast furnaces that reach the end of their
campaign life from now on. Given the uncertainty
over the exact timeframe when other breakthrough
technologies will become available, this is a key
argument in favour of DRI-based steel production
routes. Our analysis of the deployment rate needed
for low-carbon technologies to reliably replace blast
furnaces reaching the end of their campaign life
shows that even if they cannot realistically be scaled
up fast enough to replace 1 000 Mt of blast furnace
capacity by 2030, the fact that blast furnace relin-
ings have shorter average lifetimes and blast furnace
operators have several options for shorter retrofit
measures, the vast majority of blast furnaces (90%)

Final energy consumption of different steel production routes

Energy requirement [GJ/t of crude steel]
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could technically be phased out by 2040 without a
premature shutdown (Agora Industry and Wuppertal
Institute, 2023).

2.2 Energy requirements

The energy requirements for the different steelmak-
ing routes vary widely. Coal-based steel production
routes such as the conventional BF-BOF process and
the CCS routes have the highest final energy con-
sumption: conventional steelmaking in the BF-BOF
process requires approximately 20 gigajoule (GJ)

per tonne (GJ]/t) of crude steel, mainly coming from
the use of coking coal. 15 GJ are needed to produce
the coke which acts as a reducing agent in the blast
furnace. Pulverised coal injected from the bottom

of the blast furnace accounts for another 5 GJ as

well as minor shares of natural gas to produce hot
air account for another 5 GJ. The off-gases pro-
duced by the steel plant are recovered and used for
on-site purposes. In addition, any excess off-gases
are combusted in a dedicated power plant to gen-
erate on-site heat and electricity. Retrofitting the
BF-BOF route with post-combustion CCS would
increase the specific energy requirement to 22.8 GJ/t
of crude steel, due to the additional energy (in the
form of electricity) required for CO, capturing and

Figure 3
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compression. Assuming that the reference BF-BOF
configuration generates exactly the same amount

of electricity via the combustion of off-gases in the
on-site powerplant as is consumed within the entire
plant (see methodology section for more information),
this means that additional electricity would have to
be purchased when retrofitting with CCS.

With an energy demand of 15 GJ/t of crude steel, the
HIsarna-BOF with CCS route ranks in the middle of
the technologies. Since the agglomeration steps of
sintering and coking are eliminated on this route,
conversion losses are reduced and less energy is
required than on the BF-BOF route. In addition, only
a small amount of electricity is needed for CO, cap-
turing, since the CO, is already highly concentrated
in the exhaust gas of the Hlsarna reactor and cryo-
genic separation can therefore be used instead of the
more energy intensive amine-based CO, absorption.

The high- and low-temperature iron electrolysis
routes require less energy than the coal-based steel-
making routes. In both cases, the energy demand is
almost exclusively due to the electricity needed for
the electrolysis of iron ore — up to 15 GJ/t of crude
steel for the MOE route and 13 G]J/t of crude steel for
the AEL-EAF route.

In terms of final energy consumption, the DRI routes
are the most energy-efficient primary steelmaking
options. The DRI-EAF and the DRI-SMELT-BOF
route both require around 12 GJ/t of crude steel when
the reduction process is based on 100% natural gas.
We estimate that the total final energy consump-
tion will decrease on both routes as the proportion

of hydrogen in the reduction gas increases because
the reaction kinetics achieved with H, are faster
than with carbon monoxide (CO). When using a
100% hydrogen feed, the energy demand in the form
of hydrogen is about 7.6 GJ/t of crude steel for the
H,-DRI-SMELT-BOF route and 8.3 GJ/t of crude steel
for the H,-DRI-EAF route. The steelmaking step in
the EAF or SMELT-BOF requires some additional
carbon as the DRI has a very low carbon content,
close to 0% if the DRI reducing gas is pure hydro-
gen. Since steel is an alloy of iron and carbon, small
amounts of carbon need to be added during the steel-
making process. Carbon also plays an important role
as a slag foaming agent to remove impurities during
the steelmaking process. This is particularly impor-
tant in the smelter, since the BOF requires a carbon
content of about 4% in the liquid hot metal to oper-
ate efficiently. By blowing oxygen into the BOF to
remove impurities, the carbon content is then further
reduced to below 0.5%, which is the level required

e Comparing DRI routes with direct electrolysis of iron ore technologies

When run on 100% renewable hydrogen or electricity respectively, DRI-based routes and direct electro-
lysis technologies like MOE and AEL allow steel to be produced with close to zero CO, emissions. A major
difference between hydrogen-DRI and direct electrolysis technologies is that electrolysis technologies are
not expected to reach industrial-scale development before 2035 at the earliest. DRI routes can thus play a
major role in decarbonising the global steel sector by taking advantage of the window of opportunity pro-
vided by blast furnace reinvestment requirements. The low TRL of direct electrification technologies means
that it is still unclear what future role they could play — a number of key factors will determine whether iron
ore electrolysis routes can become competitive options in the transformation of the steel sector.

Since both electrolysis technologies are still in the pilot phase, the energy demand of the overall steelmak-
ing process on an industrial scale is uncertain. Early-stage analysis indicates that AEL and MOE routes will
require between 3.7-4.1 MWh/tCS of electricity. Even though direct electrolysis routes do not suffer from the
conversion losses inherent to the production of hydrogen, their energy demand is similar to that of hydrogen
based DRI routes. Comparing the two electrolysis pathways that are currently being developed, the AEL elec-
trowinning process is slightly more energy efficient than MQOE, as it operates at much lower temperatures.
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Flexibility and renewable energy system integration

Depending on how the H,-DRI-EAF or H,-DRI-SMELT-BOF routes are configured, both have the potential to
provide significant demand-side flexibility in a future energy system that relies on renewable electricity.
This is because both the energy feedstock, hydrogen, and the intermediary output, DRI/hot briquette iron
(HBI), can be stored. Consequently, hydrogen production via electrolysers and usage in the DRI furnace
could adapt to and take advantage of variable electricity prices. Additionally, the steelmaking process

in the EAF does not run continuously but has a relatively short tap-to-tap time of less than 60 minutes
(Toulouevski and Zinurov 2010), providing steelmakers with some additional flexibility in adapting produc-
tion times to avoid windows of high energy demand. However, the use of hydrogen also increases the
infrastructure and investment requirements of the hydrogen-based steelmaking routes. This includes the
electrolysers themselves, as well as assets related to the transport, conversion and storage of hydrogen.
Locating green iron production in regions with high renewable electricity potential significantly reduces the
hydrogen infrastructure requirements, as described by Agora Industry and Wuppertal Institute (2023).
This is in stark contrast to the MOE ironmaking process, which requires a large and constant electricity
supply to maintain the high process temperature and avoid solidification of the molten oxide. Since liquid
metal, the intermediary product, cannot be readily stored, this is also likely to reduce the flexibility of
subsequent production steps. The electrowinning AEL process would probably offer more flexibility and
demand-side response potential since it does not need to run continuously due to the lower temperature
of the process (SIDERWIN 2023) and because the solid iron plates can be stored, allowing for potentially
better timing of subsequent EAF usage.

Feedstock requirements

Both iron ore electrolysis technologies offer the potential to use low-grade iron ore feedstocks. This is a
major advantage compared to the DRI-EAF route, which requires high-quality DR-grade pellets. Though
there is a lack of detailed information and data regarding the real-life operation of the technology, its
developers claim that MOE can process a wide range of ferrous materials, including low-grade iron ore
fines (Boston Metal 2023). The AEL process is also expected to be more flexible regarding its feedstock.
In general, AEL includes pre-treatment (leaching) of the fine-grinded iron ore to reduce the gangue.
Furthermore, AEL might be able to process various ferrous materials, including waste materials such as
“red mud”, a bauxite residue from aluminium production with an iron content of approximately 50%, or
secondary ferrous material for recycling (Koutsoupa et al. 2021; SIDERWIN 2023).

Process modularity

Though it is not yet clear what the entire MOE iron and steelmaking process will comprise, it is expected
to offer a simplified process chain compared to competing technologies because it would not require any
prior treatment of the iron ore feedstock and would involve a simplified downstream steelmaking process.
The AEL process would require some additional processes in its production chain, including fine grinding
and leaching of the iron ore feedstock, as well as a system for leach reprocessing and waste manage-
ment, and would have to be coupled with an EAF for steelmaking. Both MOE and AEL are modular installa-
tions consisting of stacked cells which can be progressively scaled up, providing different advantages and
business cases compared to the multi-million tonne production scale of existing primary steel plants and
many H,-DRI projects. This smaller scale offers a lower entry barrier and additional flexibility in terms of
investment and infrastructure build-out for steelmakers, allowing them to initially deploy smaller capaci-
ties that can be gradually scaled up. This could translate into a possible business case for smaller (regional)
markets or for the production of smaller volumes of specialised primary steels.

17



Agora Industry — Low-carbon technologies for the global steel transformation

in most types of steel. For the H,-DRI routes to emit
close to zero fossil CO, emissions, the respective
carbon input would need to be provided by biomass,
for example in the form of charcoal. In that case, the
H,-DRI-SMELT-BOF route would require 1.4 GJ
charcoal per tonne of crude steel in the smelter, while
the H,-DRI-EAF route would need 0.5 GJ of carbon
input per tonne of crude steel in the EAF. The EAF
process itself has a much lower final energy demand,
consuming around 2.5 GJ (680 kilowatt hours) of
electricity per tonne of steel if fully electrified.

However, to accurately compare the energy demand
of the different production routes, the energy neces-
sary to produce the hydrogen required on the DRI
routes also needs to be factored in. If the processes
run on a reducing gas feed consisting of 100% renew-
able hydrogen produced by electrolysis, this would
result in a total electricity consumption of 13.8 GJ/t
(3.8 MWh/t) for the H,-DRI-EAF route and 12.8 GJ/t
(3.6 MWh/t) for the H,-DRI-SMELT-BOF route. This
would put the H,-DRI routes in a comparable range to
the direct electrification processes via iron electroly-
sis, which are estimated to require around 13.3 GJ/t
(3.7 MWh/t) to 14.8 GJ/t (4.1 MWh/t) of low-CO, elec-
tricity for the AEL and MOE processes respectively.

As can be seen in Figure 3, the scrap-EAF route
requires significantly less energy than all other
routes because it is a secondary steelmaking route in
which only scrap needs to be melted and no reduction
of iron ore or other agglomeration steps are required.
Approximately 2.5 GJ of electricity per tonne of crude
steel is needed in the EAF to melt the scrap. Only
minor additional amounts of energy (0.4 GJ/t of crude
steel) in the form of coal or natural gas are needed

to create a foamed slag, which protects the refrac-
tory lining of the EAF and increases its service life.
Today this results in direct emissions of 0.06 tCO,/t
of crude steel, while the larger share of emissions are
currently indirect emissions which depend on the
CO, intensity of electricity. As the electricity grid is
gradually decarbonised, these indirect emissions will
also be reduced. In the future, switching to biogenic
sources to provide the necessary carbon input for

the EAF may allow direct fossil CO, emissions to be

reduced to an absolute minimum (0.01 tCO,/t of crude
steel) — this is referred to as the NZE-scrap-EAF
route in our analysis.

In summary, the specific final energy demand

per tonne of steel varies greatly depending on the
primary route and ranges from around 11 to 23 GJ/t
of crude steel. While the energy carriers are very dif-
ferent from route to route, it is clear from an energy
intensity perspective that the BF-BOF route performs
significantly worse than the breakthrough technolo-
gies, which can reduce the energy requirement by
up to half in some cases. Interestingly, both the fully
hydrogen-based DRI routes and the direct electrifi-
cation routes for iron electrolysis have a comparable
energy requirement. Moreover, this analysis also
clearly shows the advantages of the secondary route
in terms of energy efficiency. The more the share

of secondary steel can be increased in the future as
more and more steel scrap becomes available, the
lower the overall final energy consumption of the
steel sector will be.

2.3 (O, abatement potential and
residual emissions

Of the breakthrough technologies analysed in this
study, all routes offer a significant reduction potential
in CO, emissions compared to the reference BF-BOF
route (1.87tCO,/t of crude steel). Five production
routes even have the potential to almost completely
eliminate the CO,emissions from steelmaking. In the
case of primary steelmaking, these are the DRI-based
routes (DRI-EAF and DRI-SMELT-BOF) operated
with 100% renewable hydrogen, and the electricity-
based steelmaking technologies alkaline iron elec-
trolysis (AEL) and molten oxide electrolysis (MOE). On
these routes, the iron ore is no longer reduced by car-
bon; instead, the reduction process can use hydrogen
thermochemically or electricity via electrochemical
processes. The minimal residual emissions gener-
ated by these routes, corresponding to 1-2% of the
BF-BOF process emissions, result from the graphite
electrode consumption in the EAF, the use of lime-
stone as fluxes and from the small amount of carbon
needed in the EAF/smelter as a slag foaming agent
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CO, abatement potential of different breakthrough technologies

compared to the blast furnace route (BF-BOF)

Figure 4
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and to provide the carbon content required for BOF
operation in the case of the DRI-SMELT-BOF route.
Due to the early-stage TRL of the direct electrolysis
technologies, it is not yet clear what form the entire
steelmaking process via the MOE route would take.

Another option to eliminate virtually all emissions
from the steelmaking process is to use the electric

arc furnace powered with renewable electricity

for secondary steelmaking (NZE-scrap-EAF). The
secondary route is not a direct equivalent to primary
steelmaking, however, since it recycles steel scrap

by melting it into crude steel, while the production
steps to turn iron ore into iron are omitted. In order to
reduce the remaining direct emissions of this process
to near zero, the carbon used for slag-foaming pur-
poses in the EAF would need to come from biogenic
sources.

Unlike these technologies, carbon capture technolo-
gies have been found in our analysis to be unable to
reduce emissions to zero since they are not capable
of capturing all the emissions of the iron and steel-
making process. The HIsarna-BOF-CCS process
could in theory reduce emissions by 93% compared
to the integrated BF-BOF since it replaces the blast

40%

60% 80% 100%

furnace, coke oven, sinter and pelletising plants with
two point sources with a high CO, concentration.
However, retrofitting the existing BF-BOF plants
with post-combustion CCS would only allow around
73% of CO, emissions to be captured. This is because
only the main emission sources of the plant — coke
oven underfiring, blast furnace hot stoves and the
onsite power plant — would be equipped with carbon
capture technology, as capturing the emissions from
all the other point sources of the BF-BOF route, such
as sintering and diffuse sources/flares with low CO,
concentrations in the exhaust gas, would in reality
probably prove too costly to be economically viable.
The risks associated with these high residual emis-
sions in the BF-BOF-CCS route are further explored
in our deep dive in Section 4.

The DRI production routes show significant differ-
ences in terms of their CO, avoidance potential,
achieving reductions ranging from 68% (DRI-SMELT-
BOF with 100% natural gas) to 100% (DRI-EAF with
100% H,), depending on whether natural gas or
renewable hydrogen is used in the process. When
operated on 100% natural gas, the DRI routes show an
emission reduction potential of 68-70%, compared to
the BF-BOF route. This emission reduction potential
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is thus comparable to that achieved by BF-BOF with
CCS (73%). Unlike the BF-BOF-CCS route, however,
the DRI route offers the potential to integrate rising
proportions of renewable hydrogen to gradually
replace natural gas and reduce its CO, emission
intensity. Compared to the BE-BOF-CCS route, which
locks in a relatively high residual emissions level with
no possibility of further abatement, DRI plants have a
clear pathway towards eliminating close to all emis-

sions once they are operated with 100% renewable H,.

It must be noted however that if these decarbonisa-
tion pathways are not pursued, DRI plants running on
natural gas nevertheless entail their own lock-in risk
of continued reliance on fossil infrastructure and prot
viding a continued business case for the production
of natural gas. New DRI plants that run on natural gas
must therefore have clear decarbonisation roadmaps
to ensure that the uptake of H, occurs once it becomes
available.

The natural gas-based DRI-EAF or DRI-SMELT-BOF
route could also be combined with post-combustion
CCS, since the DRI emits a stream of relatively highly
concentrated CO,. Based on our analysis, CCS would
allow the process to reduce its emissions to 0.2 tCO,/t
of crude steel, which represents an 89% reduction
compared to the BF-BOF route?, but still has consider-

ably higher emissions than 100% H,-based DRI routes.

Overall, there are seven technologies that allow emis-
sions to be reduced by 90% compared to the current
BF-BOF route. Several other technology options
could serve as transitionary solutions on the path to
a climate-neutral steel sector. These include CCS on
DRI-based steelmaking routes when operated with
natural gas or a mixture of natural gas and renewable
or low-carbon hydrogen.

Residual emissions

Bearing in mind the climate-neutrality target of
2050, a key aspect to consider in the decarbonisa-
tion of the steel sector will be the residual emissions
of the various breakthrough technologies. After all,

1 Inour calculations for the NG-DRI-CCS route, 90% CO, capture is
applied to the DRI stream, but the EAF off-gas is not captured.

if there are technology options that allow residual
emissions to be reduced to a minimum or even elim-
inated altogether, wouldn't these be clearly preferable
to technologies with high residual emissions in a
1.5°C-compatible steel decarbonisation pathway?

Determining CO, emission thresholds that enable

a standardised definition of low-CO, steel is a key
aspect when it comes to accelerating the sector's
decarbonisation. The International Energy Agency
(IEA) proposed a threshold for near-zero emissions
steelmaking (IEA 2022a). For primary steel pro-
duction with zero scrap use, this threshold is set

at 0.4 tCO,eq/t of crude steel and includes direct
emissions from the production process (scope 1) and
indirect emissions from electricity used in produc-
tion (scope 2); for secondary steel from 100% scrap,
the threshold is 0.05 tCO,eq/t of crude steel. If these
or similar definitions are to be adopted, as can be
expected over the next two to five years given the
flurry of activity on setting a green steel label, this
will pave the way for two very important demand-
side instruments that can drive steel decarbonisation:
green lead markets and product carbon requirements.
In their most straightforward form, product carbon
requirements would allow governments to set mini-
mum requirements for embedded CO, in final prod-
ucts, thereby mandating steel companies to sell only
steel that was produced below a certain CO, emission
threshold. As such, this policy route provides an
important mid- to long-term alternative or comple-
ment to carbon pricing. Given global climate-neu-
trality targets, it is not unreasonable to assume that
only steel produced below the near-zero emissions
threshold would be allowed to be sold by 2050.

Based on our technical assessment of breakthrough
technologies, eight primary steel production routes
would allow direct CO, emissions to be reduced
below the IEA's near-zero emission steel threshold
(see Figure 5). They range from electricity-based
and hydrogen-based technologies, which have close
to zero residual emissions when using zero-carbon
electricity, to routes that combine CCS with nat-
ural gas-based DRI or the HIsarna-BOF smelting
technology.
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Residual CO, emissions (scope 1 and 3) of breakthrough technologies and
proposed IEA near-zero emission threshold for primary steel
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Figure 5

Proposed IEA threshold
for near-zero emissions
primary steel*

I Upstream emissions (scope 3)

[ Direct emissions (scope 1)

Agora Industry and Wuppertal Institute (2024), based on own analysis and IEA (2022). Note: All primary steel production technologies in this
figure have been calculated with a share of 17% scrap. *Due to scrap share adjustment the IEA threshold for near-zero emissions primary steel
is around 0.34 tCO,/t of crude steel. Upstream emissions for CCS technologies are retrieved from IEA (2022) based on 2050 values for indirect
emissions of fossil fuels. They assume already large cuts of methane emissions relative to today. Indirect emissions (scope 2) are assumed to

be zero if only zero-carbon electricity is used.

This is not the case for other primary production
technologies: post-combustion CCS on the BF-BOF
route leaves relatively high direct emissions of
0.51tCO,/t of crude steel, similar to those generated
by the current fully natural gas-based DRI pro-
duction routes (0.55 to 0.59 tCO,/t of crude steel).
With these technologies, the direct CO, emissions
alone would already exceed the proposed near-zero

emission threshold for primary steel of 0.34 tCO,/t

of crude steel (adjusted for 17% scrap content). If the
potential indirect emissions generated by these tech-
nologies are added, the gap grows even wider. Using
offsets to compensate these residual emissions is

an inadequate approach if the costs and trade-offs

of using negative emissions are taken into account
(see Box: Compensating residual emissions in the

e Compensating residual emissions in the steel sector with CO, offsets

The vast majority of scenarios show that limiting global warming to levels compatible with the Paris
agreement target to achieve net-zero emissions by 2050 will require negative emissions, for two distinct

reasons:

- to offset the last remaining residual emissions once all GHG mitigation measures have been deployed
(e.qg. livestock farming, cement and lime production’), thereby achieving the “net” in “net zero”;
- to remove additional CO, from the atmosphere, thereby correcting for any overshoot of CO, emissions

compared to a Paris-compatible CO, budget.

1 There are process-based CO, emissions inherent to the chemical reaction in manufacturing cement and lime. Even if these
are addressed with carbon capture and storage (CCS), they will not be fully abated due to imperfect capture rates.
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The amount of negative emissions required depends on the assumptions about the speed and scale of
emissions reduction, leading to wide ranges, from 1.9 GtCO, (IEA 2021b) and 4.5 GtCO, (IRENA 2022) to
between 3.5 and 16.5 GtCO, per year by 2050 (IPCC 2018). Negative emissions will play an important but
limited role in achieving our net-zero targets and can in no way be counted on to substitute emissions
reduction measures. This is partly because negative emission technologies entail complex trade-offs
from a cost, sustainability and storage permanence perspective.

Nature-based solutions - storing carbon in natural ecosystems via re/afforestation and restoration of
degraded ecosystems such as peatlands for instance — can have wide-ranging benefits on climate, bio-
diversity and nature-restoration goals, and are projected to belong to the cheaper carbon removal options
(ETC 20213). Given the potential co-benefits with regards to other sustainability objectives, nature-based
solutions have a crucial role to play. However, the long-term storage potential of nature-based solutions
can be at risk due to adverse events such as wildfires, droughts, pests and diseases. These risks are
impacted by changing land management practices and will be exacerbated by climate change, leading to
uncertainties regarding the permanence of carbon sequestration achieved by these measures (Anderegg
et al. 2020).

Apart from nature-based solutions, several technological solutions for negative emissions, involving the
capture and permanent underground storage of CO,, are being considered. Technologies to directly capture
CO, from the atmosphere (direct air CCS or DACCS) are currently being trialled. However, filtering CO, out

of the ambient air, which has a very low concentration of CO,, is an extremely energy intensive and thus
costly process. Another negative emissions technology involves using biomass for energetic purposes and
capturing and storing the resulting CO, emissions, called bioenergy carbon capture and storage (BECCS).
These could in certain cases be considered negative emissions, since the CO, in question is atmospheric
carbon that was absorbed by the biomass during its growth phase. In reality, these emissions can only be
viewed as truly negative emissions under a very stringent set of conditions that take into account the true
CO, footprint of biomass, including the GHG emissions along the value chain of biomass production, as well
as the carbon opportunity costs and indirect land use change impacts. Due to the considerable uncertain-
ties regarding the total sustainable biomass supply, the extent to which BECCS solutions can be deployed
is not clear. Furthermore, the use of sustainable biomass will compete with several use cases; as a general
rule of thumb, direct material uses of biomass should be prioritised over direct-to-energy uses of biomass,
the integration of BECCS into a biomass usage cascade being an additional important principle (see Agora
Industry 2023a).

Itis clear that there are important trade-offs between different options that can generate negative
emissions and that they will remain a limited option in the future. As such, negative emissions should be
prioritised wherever they can generate the greatest benefits for climate mitigation. Using them merely

to compensate the residual emissions of CO,-intensive processes that have alternative decarbonisation
options, as is the case in the steel sector, should be discouraged, since this entails high opportunity costs
by comparison with applications that would have generated net-negative emissions. In a world that will
find itself scrambling to achieve sufficient negative emissions in order to limit the worst effects of an
escalating climate crisis, it is hard to imagine that there will still be room for technologies that run contrary
to this effort by 2050.
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steel sector with CO, offsets). It is therefore highly
questionable whether those technologies with com-
paratively high residual emissions should still be in
operation by 2050.

2.4 Production and CO, abatement
costs

In the absence of policy instruments such as carbon
pricing or subsidies, the breakthrough technologies
will be significantly more expensive than conven-
tional steelmaking via the coal-based BF-BOF route.
This has key implications for the medium term until
2030 and the long term until 2050.

Production and CO, abatement costs by 2030

Near-zero CO, primary steelmaking routes using
hydrogen with DRI-based technologies - DRI-EAF
and DRI-SMELT-BOF - will reach market readiness
before 20302 In the absence of a CO, price, these
technologies will still be considerably more expensive
than the BF-BOF routes by 2030, with a 54-74% cost
premium on the basis of our assumptions.

Complementing primary steel production, a grow-
ing supply of steel scrap will allow for a significant
expansion of scrap-based EAF production. This is
an established, mature technology whose costs vary
greatly according to the electricity and scrap prices,
which in turn depend on the steel quality required
for end-use applications. Based on our assumptions,
the costs of NZE-scrap-EAF steel production would
be 35-68% higher than the BF-BOF route. Produc-
ing scrap-based EAF steel that can serve the same
markets and substitute hydrogen-based primary
steel will thus entail a similar cost premium. In this
case, the higher costs are largely due to the need for
high-purity steel scrap, as well as the use of bio-
genic carbon as a source of carbon for slag-foam-
ing purposes in the EAF. For the bulk of ordinary

2 Natural gas-based DRI combined with CCS could also achieve low
CO, emissions under certain stringent conditions (very high cap-
ture rates, low upstream emissions and permanent CO, storage).

scrap-based steel production that is used for
infrastructure and has lower quality requirements,
scrap-based steel production in EAFs is expected to
be significantly cheaper than the USD 639-837/t of
crude steel calculated here.

Apart from these options that would eliminate close
to all CO, emissions from the steelmaking process,
the DRI routes can also run on natural gas, as is
already the case today, or on a mixture of hydrogen
and natural gas. This is an important option when it
comes to ramping up DRI technologies by 2030, since
DRI plants can already be operated even if a supply

of low-carbon hydrogen or a connection to a hydro-
gen infrastructure are not available from the outset.
Even without access to renewable hydrogen, oper-
ating DRI plants with 100% natural gas can reduce
emissions by around 70% compared to the BF-BOF
route. By 2030, our analysis indicates that DRI-based
processes running on natural gas will still be likely to
have lower costs than the breakthrough technologies
that can reduce CO, emissions close to zero®. Due

to the flexibility of DRI plants and the need to ramp
up renewable hydrogen supply and infrastructure,
alarge number of DRI plants can be expected to be
operating with varying mixtures of natural gas and
low-carbon hydrogen by 2030. This is illustrated

in our analysis by the (70% H,/30% NG)-DRI-EAF
and the (35% H,/65% NG)-DRI-SMELT-BOF cases.
Asis to be expected, the costs of using these input
combinations give rise to steelmaking costs that lie
between those entailed by fully natural gas-based
and fully hydrogen-based DRI routes. The flexibility
of DRI plants is an important factor given that our
input cost assumptions suggest that 100% H,-based
routes will probably still be among the most expen-
sive technologies in 2030. It is worth highlighting
that the hydrogen-based production routes are par-
ticularly sensitive to the cost assumption for low-CO,
hydrogen, since this is the main driver of the range

of levelised production costs shown in Figure 6. The
hydrogen input costs used in this analysis represent a

3 This analysis is based on an average range of natural gas costs.
Some countries with abundant natural gas resources will have
particularly cheap running costs, while other regions relying on
LGN imports will face structurally higher prices.
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Production costs of selected steel production routes in 2030 Figure 6
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for CO, transport and storage excluding CO, capture for CCS-based technologies; no carbon pricing is included in the costs.

global average "middle-of-the-road" range, including
areas that will have particularly favourable low-CO,
hydrogen production conditions. Section 5 of this
report provides an overview of the input assumptions
and how these global average prices were derived.

Our analysis of production costs also shows the
potential — from a cost perspective - of both MOE
and AEL once they reach sufficient technological
readiness. By combining very high CO, reductions
(>90%) with lower costs than purely H,-based
technologies, they can be potential game chang-

ers for the global steel transformation. However,
since these projects are still at an early stage in their
development, it is important to note that there is
considerable uncertainty associated with the actual
capital investments required to deploy these tech-
nologies, and with the total operating costs (based on
energy demand) required to run these processes at

industrial scale. Our analysis includes a wide range
of capital expenditures (Capex) costs for both MOE
and AEL that reflects this uncertainty. As described
in Section 2.1, we do not expect iron ore electrolysis
technologies, based on current project developments,
to become available at the necessary scale before
2030. The retrofit of CCS to BF-BOF steelmaking,
with high capture rates, is also not expected to be a
technology that can be deployed before 2030.

By comparing the levelised production costs and

the CO, emission reduction potential of each new
technology with the BF-BOF route, the CO, abate-
ment costs of each technology can be calculated. This
provides an indication of the CO, price that would

be necessary to make new technologies competitive
with the current CO,-intensive process.
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CO, abatement costs of selected technologies versus the BF-BOF route in 2030 Figure 7
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Agora Industry and Wuppertal Institute (2024). Note: Agora and Wuppertal Institute's cost assumptions are based on a literature review and
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for CO, transport and storage excluding CO, capture for CCS-based technologies; no carbon pricing is included in the costs.

While the future cost of technologies is uncertain,
our analysis indicates that, by 2030, the average CO,
abatement costs of all breakthrough technologies
expected to be commercially available will be well
above USD 100/tCO,. They range from USD 129/
tCO, (NG-DRI-EAF-CCS) to USD 171/tCO, (100%
H,-DRI-SMELT-BOF). This means that a CO, price

of USD 100/tCO,, in isolation, would likely not be
enough to make these technologies competitive with
the current BF-BOF route, even though this is a price
level some countries are expected to achieve by 2030
from today's point of view. This points to the need
for a broader policy package, including supply side
policies that can enable a low-CO, energy and hydro-
gen infrastructure rollout and provide Capex/Opex
support for the green steel production process, such
as carbon contracts for difference, combined with
demand side instruments that can unlock private
sector demand as well as green public procurement
via definitions and standards for near-zero emis-
sions steel, thereby enabling a business case for these
new technologies in the short to medium term.

CO0, abatement costs by 2050

Based on our cost assumptions, the average CO,
abatement costs of hydrogen-based breakthrough
technologies relative to the BF-BOF route will be sig-
nificantly lower by 2050 than in 2030, mainly thanks
to a decrease in low-CO, hydrogen costs between
2030 and 2050. The average CO, abatement costs in
2050 range from USD 77/tCO, (HIsarna-BOF-CCS) to
USD 136/tC0O, (100% H,-DRI-SMELT-BOF) (see Fig-
ure 8); in other words, a CO, price above USD 136/tCO,
in 2050 would make all breakthrough technologies
more competitive than the current BF-BOF route,
based on the average costs in our analysis.

To put this into perspective, it is worth compar-
ing this to the CO, prices that are assumed in
1.5°C-compatible scenarios by 2050. For example,
the IEA Net Zero Emissions by 2050 Scenario uses
a CO, price of USD 250/tCO, for advanced econo-
mies, USD 200/tCO, for selected emerging market
and developing economies with net-zero emissions
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pledges (including China, India, Indonesia, Brazil and
South Africa) and USD 180/tCO, in other emerg-

ing markets and developing economies in its model
(IEA 2023b). In a world that adopts the necessary
measures to reach climate neutrality, a carbon price
driven phase-out of unabated coal-based blast fur-
naces would thus be possible well before 2050.

A second important aspect is that the global iron and
steelmaking landscape in 2050 will most likely look
significantly different from today's. Our analysis
considers relatively wide ranges of average global
production costs in order to encompass region-
specific cost factors that will impact production

and abatement costs. Especially when it comes to
electricity-based processes, the difference between
the lower end and the average CO, abatement costs
shows that regions with cheap and abundant renew-
ables have significant potential to produce low-CO,

steel competitively. At a delivered lower range elec-
tricity price of USD 50/MWh, for example, the CO,
abatement costs of the iron ore electrolysis technol-
ogies MOE and AEL would be among the lowest of all
the technologies we analysed. Assuming that these
iron ore electrolysis technologies reach a sufficient
maturity level by 2050, we would on the basis of
these costs expect some steel production from MOE-
or AEL-based technologies to be located in places
with cheap and abundant renewables. Similarly,
when looking at the lower range of H,-DRI-based
steelmaking routes (based on USD 1/kg of delivered
renewable hydrogen), the CO, abatement cost versus
the BF-BOF route is only USD 100/tCO,, which is
similar to the prices we are already seeing in the EU
ETS market today. In that sense, H,-DRI technologies
will be highly competitive in locations with access to
very cheap hydrogen and renewable electricity. The
difference to MOE and AEL electrolysis technologies

CO, abatement costs of key technologies versus the BF-BOF route in 2050 Figure 8
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gies use a share of 17% scrap. The IEA's proposed near-zero emission threshold of 0.34 tC0O,/t of crude steel is adjusted to a 17% scrap input.
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is that H,-DRI is already commercially available at
scale this decade, and can thus take advantage of the
vast differences in renewable electricity and hydro-
gen prices around the world.

Phasing out steel production routes with high resid-
ual emissions and minimising the risk of stranded
assets will require a set of measures, including an
appropriate regulatory framework to build up capaci-
ties compatible with near-zero emissions and the
associated infrastructure. The emergence of technol-
ogies relying on renewable hydrogen and electricity
could reshape the current steelmaking landscape.
Countries with the potential for cheap renewable
electricity and low-CO, hydrogen, as well as access
to iron ore, will have structural cost advantages
when it comes to producing and exporting green
iron. At the same time, for steelmakers with higher
renewable hydrogen costs, importing cheaper green
iron to turn into steel could play an important role in

e Green iron trade

safeguarding their competitiveness (see Box: Green
iron trade). In order to shift investments towards net-
zero-compatible steel production, overcome major
obstacles to the transition and lower the costs of the
global steel transformation, international coordi-
nation and cooperation will be essential — and must
already happen this decade. This is especially impor-
tant in order to avoid the risk of stranded assets given
that new coal-based steel mills are in the pipeline in
several emerging economies. Agora Industry's recent
publication 15 Insights on the Global Steel Transfor-
mation further develops the key arguments in favour
of enhanced international cooperation.

Our cost analysis shows that hydrogen-based DRI
routes will have a similar CO, abatement cost to
NG-DRI-based routes by 2050 due to the high level
of residual emissions on the natural gas-based
route. As discussed in Section 2.3, one considerable
advantage of the DRI route is that this technology

The cost drivers of low-CO, steelmaking technologies differ hugely from those of today’s BF-BOF route.
Since the costs of renewable electricity and low-CO, hydrogen production in particular will play such an
important role, this implies that countries with structurally higher costs of low-CO, hydrogen production
could be at a competitive disadvantage, unless they can tap into the world’s cheapest H, costs. While H,
imports by pipeline will already be much cheaper than importing H, or H, carriers by ship (Agora Industry
and TU Hamburg 2023), there is an additional option for the steel sector which could allow it to take ad-
vantage of some of the world’s cheapest H, costs. Compared to the current primary steelmaking process
via the BF-BOF route, which involves integrated iron- (BF) and steelmaking (BOF) in one location, a move
towards increased DRI-EAF or DRI-SMELT-BOF steelmaking would allow the iron- (DRI) and steelmaking
(EAF or SMELT-BOF) steps to be decoupled. This is because DRI can be turned into hot briquetted iron
(HBI), a bulk commodity that can be readily transported. HBI could be produced in iron ore exporting
countries with cheap and abundant renewables such as Australia or Brazil and then used in other coun-
tries for steelmaking in EAFs or the smelter-BOF. Co-locating iron production with renewable H, produc-
tion would have structural cost advantages compared to transporting H, or H, carriers by ship because it
avoids the inherent conversion losses associated with shipping H, and considerably decreases the need
for additional H,-related infrastructure. Since the transport costs of HBI are roughly similar to those of
iron ore, the cost of shipping HBI would in effect replace the cost of shipping iron ore if the iron ore were
turned into HBI before export. The first international bilateral announcements of industrial partnerships
to establish these new supply chains are emerging and gathering speed (Agora Industry 2023b). Our
study 15 Insights on the Global Steel Transformation (Agora Industry and Wuppertal Institute 2023) further
explores the potential impacts on jobs in the iron and steel value chain for both exporters and importers
of green iron.
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can flexibly take up increasing proportions of hydro-
gen to displace natural gas. Combining the NG-DRI
route with CCS also has the potential to considerably
reduce emissions (by up to 89% versus the BF-BOF
route, according to our analysis) and incurs lower
production and CO, abatement costs than the H,-DRI
routes in our analysis. While this configuration may
seem attractive solely from a cost perspective, it is
important to point out that the emissions scope in our
analysis does not include upstream methane emis-
sions from the natural gas supply chain, which can
contribute substantially to the overall GHG emissions
of steel. In order for NG-DRI-CCS technologies to be
considered net-zero-compatible routes, upstream
emissions would need to be reduced to an absolute
minimum, high CO, capture rates would be required
at the DRI plant and the CO, would need to be stored
in deep geological formations rather than used for
EOR or other applications. Currently, none of these
conditions is sufficiently fulfilled, meaning that any
deployment of NG-DRI-CCS would require strict
regulation and careful monitoring to ensure that it is
net-zero aligned.

Based on the above analysis of commercial readiness,
energy demand, CO, abatement potential and cost,
DRI-based steelmaking, especially in combination
with hydrogen, will be one of the main levers used to
decarbonise the global steel sector. Our technologi-
cal analysis includes two different configurations in
which a DRI plant can be used for steelmaking: DRI-
EAF and DRI-SMEL-BOF. Both routes entail various
benefits, as described in greater detail in the following
section. A second deep dive describes the main factors
and risks that need to be considered when assessing
the role of CCS on the BF-BOF route.
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3 Deep dive 1. A technical comparison of the DRI-EAF and

DRI-SMELT-BOF routes

According to our analysis, the only near-zero
CO,-emission technologies for primary steelmaking
that are expected to reach market readiness before
2030 are the hydrogen-based DRI-EAF and DRI-
SMELT-BOF routes. These technologies will therefore
be vital in the short term to kickstart the global steel
transformation and, combined with hydrogen, will
play a very important role in the medium to long term
as well. Key aspects of these two technology routes
will therefore be compared with each other below.

3.1 Technical advantages and disad-

vantages of the DRI-EAF route

So far, most steelmakers that have announced plans
to produce steel via direct reduction processes
intend to go with the DRI-EAF route, which involves
reducing iron ore to DRI in the direct reduction plant
and subsequently turning it into steel in an EAF. The
EAF is a combined melting and steelmaking unit and
therefore well suited to handling DRI (or its com-
pacted and shippable form HBI) and steel scrap in any
ratio, as it already does today, though it is sensitive to
the quality of both the DRI and the scrap inputs. This
allows for some flexibility in operating the DRI-EAF
process according to the availability and cost of input
materials and the necessary quality of the steel out-
puts by adjusting the ratios of scrap and DRI inputs.

In view of the goal of climate neutrality, another
important advantage of the EAF is the very low car-
bon input required relative to the DRI-SMELT-BOF
route. It is important to note that some small amounts
of carbon are inherently necessary in steelmaking,
since steel is an alloy of carbon and iron (combined
with other alloying materials). Carbon is additionally
needed in the steelmaking process to form foaming
slag, which improves the melting process in the EAF.
Today's EAF operators that use DRI process carbur-
ised DRI —1i.e. DRI containing some minimal amount
of carbon - that comes from a DRI shaft furnace

where natural gas is the reducing agent. From a tech-
nical perspective, however, the EAF can also handle
an iron or scrap feed containing no carbon at all,
which would be the case with DRI made with 100%
renewable H, as the reducing agent in the DRI shaft
furnace. The small quantity of carbon that is then
required to form foaming slag and provide the carbon
content of steel can be added directly into the EAF,
either by injecting minimal amounts of coal or using
biogenic carbon such as biochar to reduce the CO,
emissions to an absolute minimum. Compared to a
typical carburised DRI feed from a natural gas-based
DRI plant, the power demand for melting CO,-free
DRI in the EAF would be higher but would also allow
all CO, emissions in the DRI plant to be eliminated by
using 100% renewable hydrogen. Given these param-
eters, the DRI-EAF route could reduce fossil CO,
emissions to virtually zero (0.01tCO,/t of crude steel)
while keeping carbon requirements to an absolute
minimum.

One major constraint of using an EAF to process

DRI is that it requires a higher-quality iron ore

than the BF-BOF and the DRI-SMELT-BOF routes

to make high-quality primary steel. The iron ore
pellets market currently differentiates between
BF-grade pellets that contain at least 62% iron (Fe),
and DR-grade pellets with a minimum iron content
of 66% (MIDREX 2022). This nomenclature is slightly
misleading: it is actually the EAF that limits the use
of lower-quality pellets in the DRI, since the majority
of DRI are currently used in conjunction with EAFs.
However, as new DRI-based steelmaking routes
bypassing the EAF permit the use of lower-quality
(BF-grade) ores, it would be more accurate to distin-
guish between BOF-grade and EAF-grade pellets. In
any case, the availability of such DR/EAF grade pel-
lets with a minimum iron content of 66% is currently
very limited, representing only 3 to 4% of the global
seaborne iron ore market (Vale in IEEFA 2022). EAFs
require DRI feedstock made from high-quality iron
ore since the EAF is not well suited to dealing with
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the high levels of gangue impurities in lower-quality
iron ore, which considerably impact its steel produc-
tion and energy efficiency. Additional DR/EAF-grade
iron ore supply can be made available by developing
new high-grade iron ore mining projects and build-
ing up iron ore beneficiation’ processes. However,
these solutions will need to be urgently explored, as
the limited availability of DR/EAF-grade pellets has
the potential to pose a major obstacle to the global
steel transformation. Insight 13 of the 15 Insights on
the Global Steel Transformation further investigates
the iron ore supply forecasts and possible solutions
to address this bottleneck issue (Agora Industry and
Whuppertal Institute 2023).

3.2 Technical advantages and disad-
vantages of the DRI-SMELT-BOF
route

As an alternative to the DRI-EAF route, the DRI
process can be combined with a basic oxygen furnace
(BOEF). This requires an additional intermediary
smelting and carburisation aggregate (hereinafter
referred to as a smelter) to allow the metallic iron
from the DRI to be processed in the BOF. Such units

4 Iron ore beneficiation is the process of enhancing the quality of
and removing impurities from mined iron ore. Depending on the
mined iron ore and the degree of impurities, this involves several
physical or chemical separation steps and can require significant
Capex into plants that upgrade low-grade ores to high-quality
pellets.

are available on the market as submerged arc fur-
naces (SAF) or open slag bath furnaces (OSBF) and use
electricity to deliver the smelting energy (Cavaliere et
al. 2022).

The key advantage of the DRI-SMELT-BOF route
over the DRI-EAF route is that it permits the use of
lower-quality ores that cannot be used efficiently on
the DRI-EAF route. Unlike an EAF, a smelter is better
suited to separating the gangue impurities in the iron,
in the form of slag, to a similar extent as occursina
blast furnace — which in turn also allows the use of
the lower iron ore grades that are used in today’s blast
furnace route. Instead of being limited to ores con-
taining at least 66% iron, the DRI-SMELT-BOF route
makes it possible to use BF (or BOF) grade pellets with
a minimum iron content of 62%. This seemingly small
difference in iron content unlocks more than 50% of
the current seaborne iron ore supply for use via the
DRI, as opposed to the 3% market share to which the
DRI-EAF route is currently confined (see Figure 9).

This difference in iron ore quality is also brought
about by the differing chemical conditions inside
the EAF and electric smelter on account of their
respective designs. Whereas EAFs are not well suited
to further reduce iron ore to iron, a reducing atmos-
phere prevails in the smelter. This is mainly due to
the submerged electrodes and the slag surface creat-
ing a sealed environment with a low oxygen content
within the smelter and to the addition of reducing
agents, in the form of carbon, that are blown into the
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smelting unit. The DRI that is fed into the smelter

has a relatively high degree of metallisation but still
contains relevant proportions of non-reduced iron
oxide; it then undergoes further reduction during
smelting with the addition of carbon (coal or char-
coal), resulting in a higher metallisation rate com-
pared to the EAF. This has a considerable effect on the
overall efficiency of the process, since more iron ore
is converted to iron (higher metallisation rates) and
less iron is lost to the slag.

Steelmaking via the DRI-SMELT-BOF route has the
additional advantage of producing the same steel
grades as the BF-BOF route at existing steel sites,
thereby leveraging the existing steelmaking assets
(the BOF) as well as the downstream refining and
processing infrastructure and associated metallurgi-
cal know-how that has been developed in BOF steel-
making. The DRI-SMELT-BOF route could therefore
be regarded as a partial "drop-in solution” for existing
integrated steel sites, where new ironmaking compo-
nents would be integrated with existing steelmaking
and processing assets.

Comparison of H,-DRI-EAF and H,-DRI-SMELT-BOF processes

100%H, — I M
’

Heating fuel

Another advantage worth pointing out is the slag
quality produced in the smelter. In the traditional
BF-BOF iron and steelmaking process, limestone is
added as a so-called fluxing agent to facilitate the
removal of impurities via the formation of slag. The
resulting blast furnace slag is an important co-prod-
uct for steelmakers that is sold as a raw material

for the cement industry. The slag generated in the
smelter is expected to have similar properties to that
produced in the blast furnace and could therefore
also be used by the cement industry as a clinker
substitute.

However, the continued use of a BOF in the future
also has the disadvantage of a higher overall carbon
requirement than the DRI-EAF route. On the current
BF-BOF route, pig iron leaving the blast furnace typ-
ically has a carbon content of about 4%. To substitute
pig iron from the blast furnace with a similar product
from the smelter, the DRI first has to be “carbur-
ised" for the BOF to work efficiently. This allows the
production of an intermediate product that is very
similar to pig iron and can thus be used in the same
way in existing BOF installations. Eventually, the
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major share of this carbon will become carbon diox-
ide or carbon monoxide during oxygen blowing in the
BOF and off-gas from the smelter (see Figure 10). The
management of the carbon flows therefore remains
an important issue. Without any carbon recycling
measures, CO, emissions of around 200 kg/t of crude
steel occur in the off-gases of the smelter and the
BOF, even if the DRI making is completely CO,-free
thanks to the use of 100% hydrogen. Compared to
the BF-BOF route with 1.87 tCO,/t of crude steel, this
would allow for a CO, reduction of 89%.

To reduce emissions to an absolute minimum, both
the DRI-EAF route and the DRI-SMELT-BOF route
will require the use of biogenic carbon to replace

the carbon inputs in the DRI or SMELT-BOF. In this
scenario, our analysis of the technologies calculates
that the residual fossil CO, emissions of these routes
can be brought down to 40 kg CO,/t of crude steel in
the case of the DRI-SMELT-BOF and 10 kg CO,/t of
crude steel on the DRI-EAF route; this is due to some
residual emission sources such as the consumption

Comparison of hydrogen-based DRI production costs in 2030
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of graphite electrodes in the EAF. This would cor-
respond to a 98% to 99% reduction in CO, intensity
versus the BF-BOF route. As these numbers show,
both routes do offer the technical potential to elimi-
nate almost all direct CO, emissions.

3.3 Comparison of production costs

Based on our analysis of the various cost components,
the DRI-EAF and DRI-SMELT-BOF routes have very
comparable total production costs, as can be seen

in Figure 11 for the lower and higher cost cases for
2030; however, it is worth breaking down the various
cost components to understand possible cost drivers.

Both routes require significant Capex investments,
mainly for the direct reduction shaft and the elec-
tric arc or smelting furnace. While the investment
requirements for both routes are in a similar range,
the DRI-SMELT-BOF route would likely necessi-
tate a higher capital expenditure, in part due to the

Figure 11
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additional costs incurred by the BOF plant (based on
the maintenance costs of an existing brownfield BOF
plant). From an overall cost perspective, this is offset
to some extent by the higher hydrogen costs involved
in the DRI-EAF route. This is because the BOF
off-gas can be used in the DRI-SMELT-BOF route

as a heat source for the process gas heater, which
preheats the hydrogen to the high temperatures
needed for direct reduction. On the DRI-EAF route,
we assume that part of the hydrogen will be used as
energy directly in the process gas heater, thereby
increasing the hydrogen demand of this route.

As can be seen in Figure 11, however, the main cost
component on both routes are the iron ore inputs,
which account for around one third of the total
production costs of both production routes, accord-
ing to our cost assumptions. As described above,

the DRI-EAF route is confined to using DR-grade
pellets, while the DRI-SMELT-BOF route is also able
to use BF-grade pellets made from lower-grade iron
ore feedstocks. Though DR -grade pellets historically
trade at a premium to BF-grade pellets, this delta

is variable and difficult to predict. At a premium

of USD 15/t of pellets, we find that the impact on

the total final costs of production is somewhat
balanced out by the fact that more BF-grade pellets
are needed for the same amount of steel production,
due to their lower iron content. While it is highly
uncertain how the spread between the two types of
pellets will develop in future, as this will depend on
many market factors, the DR-pellet premium can be
expected to rise as the decarbonisation of the steel
sector gathers speed and new DRI plants are built,
thereby generating more demand for higher-quality
DR-grade pellets, and because the limited availabil -
ity of high-quality iron ore and the additional costs
involved in the beneficiation of lower-quality iron
ore impose constraints on supply growth.

Based on our assessment of the total costs of produc-
tion, in a near zero-CO, operation, the impact of the
iron ore feedstock is somewhat compensated by the
cost of biogenic carbon, in the form of charcoal, that
is required by the DRI-SMELT-BOF route to reduce
emissions to a minimum. As with the iron ore spread,
the cost of biomass feedstock can be very volatile

and unpredictable; however, it can also be expected
to increase as demand for biogenic carbon grows
from a multitude of sectors as they aim to reach net
zero. This exposure to the future availability and
price fluctuations of charcoal represents a potentially
significant cost factor that is less relevant to the DRI-
EAF route, since its processes involve lower demand
for carbon.

These differences in cost components between the
two routes can be expected to have implications for
the raw material market and the development of
these technologies. For instance, when high demand
for DR-grade pellets pushes up the price premium,
there may be a business case for more iron ore bene-
ficiation developments or higher-grade iron ore min-
ing projects to fill that supply gap. On the other hand,
this could also prompt more steel producers to opt for
the DRI-SMELT-BOF rather than the DRI-EAF routes
as a safeguard against an ever-increasing pellet pre-
mium. The different cost structures could also serve
as regional drivers in the deployment of both steel-
making routes. Steel producers with better access to
charcoal (e.g. in Brazil) for example might adopt the
DRI-SMELT-BOF route with more extensive use of
biomass as a reductant (partially replacing hydro-
gen), which has the potential, when combined with
CCS, to generate negative emissions. The potential
role of biomass in steelmaking is further discussed in
insight 8 of the 15 Insights on the Global Steel Trans-
formation publication (Agora Industry and Wuppertal
Institute 2023).

Besides the production costs and feedstock supply
parameters, there are other factors that differentiate
the two routes. In the short term, various techno-
logical aspects will also play a key role. For instance,
steelmakers currently producing specific steel grades
via the BOF might see the DRI-SMELT-BOF route

as the lower-risk strategy for their product port-
folio as it would allow them to utilise their existing
downstream facilities and specialised know-how in
BOF steelmaking, whereas the potential to manu-
facture similar steel grades in an EAF may not have
been proven yet. On the other hand, the DRI-EAF

is already a mature technology for primary steel-
making; its processes are well understood and its

33



Agora Industry — Low-carbon technologies for the global steel transformation

operation, with an increasing proportion of hydrogen,
is being demonstrated in several projects around the
world. The DRI-SMELT-BOF configuration is still
novel; while similar types of smelters are already

in use in other metal industries, the integration of a
smelter into the steelmaking process entails specific
design and engineering requirements whose practical
viability still need to be demonstrated. In view of this
variety of factors, it is likely that both the DRI-EAF
and the DRI-SMELT-BOF route will play a very
important role in the global steel transformation.
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4 Deep dive 2: The role of post-combustion CCS

on the BF-BOF route

Post-combustion CCS on the BF-BOF route plays

a significant role in many many steel decarboni-
sation scenarios (E3G and PNNL 2021; IEA 2022b;
MPP 2022). In theory, the narrative is quite compel-
ling: once post-combustion CCS becomes available, it
will allow existing (and future) highly CO,-intensive
BF-BOF plants to be retrofitted, thereby reducing the
CO, emissions they release into the atmosphere and
providing them with a business case in a (near) net-
zero world. The BF-BOF route is currently respon-
sible for roughly 70% of global steel production and
more than 95% of the sector's CO, emissions, which
explains why the promise of CCS is perceived as an
extremely important technology option. At the same
time, however, CCS on the BF-BOF route entails a
unique combination of risks and challenges to over-
come - including fundamental questions concerning
its CO, emission reduction potential - that call into
question whether it will actually play an important
role in the global steel transformation.

Where the global steel industry is heading: 2030 pipeline of low-carbon

steelmaking announcements
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A thorough understanding of the risks associated
with post-combustion CCS on the BF-BOF route is
key when it comes to assessing the trend in the pro-
ject pipeline of breakthrough technologies in the steel
sector. To illustrate the speed at which technological
development can occur: in 2020, the 100% renewable
H,-based DRI-EAF route and BF-BOF-CCS technol-
ogy were assigned the same technology readiness
level (TRL 5) with an expected commercial readiness
by 2030 in the IEA Iron and Steel Roadmap (IEA
2020Db). In the last couple of years, however, project
announcements and advances in both technologies
have developed remarkably differently: to date, the
vast majority of steel companies that plan to build
low-carbon steelmaking capacity have opted for the
DRI route, while there are hardly any BF-BOF-CCS
projects being developed by industry.

Figure 12
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The 2030 project pipeline of new DRI plants (includ-
ing plants designed to run directly on hydrogen and
those opting initially for natural gas, though the
latter can be considered H,-ready) has grown to

94 Mt (Agora Industry 2023b), and the first com-
mercial-scale H,-ready DRI plant (running on over
60% H,) was built in China in 2023 (DANIELI 2023).
Even announced H,-DRI projects that plan to use
100% renewable H, from the outset already amount
to 29 Mt. This is in stark contrast to the pipeline of
commercial-scale projects aiming to develop CCS on
the BF-BOF by 2030, which currently amounts to
just 1 Mt (Figure 12). This very pronounced differ-
ence reveals the industry's intentions with regard to
actual decarbonisation projects and may reflect the
way steel companies view the risks and uncertainties
associated with retrofitting CCS on the BF-BOF route
in order to decarbonise their production. The follow-
ing section takes a deeper look at some of the risk
factors associated with the BF-BOF-CCS route.

4.2 The BF-BOF-CCS route has
high residual emissions and
infrastructure needs

Residual emissions of the BF-BOF-CCS route

Many steel decarbonisation scenarios assume that
retrofitting the BE-BOF with CCS will eventually
allow emissions to be reduced by around 90% (Bat-
aille, Stiebert, and Li 2021; MPP 2022; IEA 2022b).
While CO, capture systems can in theory capture
large amounts of CO, (>90%) from specific CO,
streams, our analysis of all emissions generated at a
BF-BOF steel plant raises doubts about the feasibility
of achieving a high capture rate for the process as a
whole, as there would likely be an upper limit to the
total amount of CO, captured for technical and eco-
nomic reasons. This is because an integrated BF-BOF
steelworks has several point sources of CO, emissions
with different CO, concentrations in the waste gas
streams.

In our assessment of a BF-BOF plant retrofitted with
post combustion-CCS, CO, is captured at the three
main emission sources with relatively high CO, con-
centrations of 15-27% CO, in the flue gases (IEAGHG
2013): the coke oven underfiring stack, where coke
oven gas and other fuels are combusted to heat the
coke ovens; the hot-blast stoves, which preheat the
high-temperature air blown into the blast furnace;
and the onsite power plant where the cogeneration
gases are combusted. Our calculations show that up
to 73% of a steel plant's CO, emissions can be cap-
tured from the resulting waste gas streams (around
1.36 tCO,/t of crude steel captured), based on a 90%
capture efficiency at each of these point sources. In
addition, there are several other smaller point sources
with low CO, concentrations at the steel plant, such as
the sinter plant, lime kiln, venting flares and oxygen
heaters for the BOF, as well as other CO, sources. The
sinter plant is the largest of these remaining sources,
producing CO, emissions of around 0.28 tCO,/t of
crude steel. However, the flue gas here has a CO,
concentration of only 4% to 5%, which means that the
capture unit would have to be considerably larger and
use more energy to extract the CO, from the flue gas.
Connecting these smaller and less concentrated CO,
sources to the capture unit would require additional
high integration costs for only marginal CO, reduc-
tions. This is especially true considering that modern
BF-BOF plants are already highly integrated and
optimised sites that operate at close to their theoret-
ical energy efficiency limits. Integrating additional
CO, capture units and transport pipelines into this
energetically optimised flue gas processing system
would increase the site's energy usage while at the
same time decreasing its energy efficiency, incurring
high integration costs. For these reasons, our assess-
ment estimates that capturing CO, from the three
main emission sources, resulting in up to 73% of CO,
capture, would be the techno-economic maximum
CO, capturing system that would be implemented at
an integrated steel site.

For a typical medium-sized BF-BOF steel plant with
an annual production of 5 Mt of crude steel, a CCS
retrofit under these conditions would still result in
CO, emissions of around 2.5 Mt being released into
the atmosphere each year. These high emissions
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levels would most likely mean that integrated steel
plants, even when retrofitted with post-combustion
CCS, would remain the major emitters in any country
once coal-based power plants have been gradually
phased out. Given that 90% of global steel capacity is
now situated in countries with net-zero targets, this
would put these plants at a very high risk of becom-
ing stranded assets if regulatory authorities were to
enforce their shutdown in order to achieve national
climate targets. Put simply, CCS on the BF-BOF route
would not be compatible with net-zero targets under
these conditions; furthermore, given the desire to
pursue 1.5°C-compatible steel decarbonisation path-
ways, there is a high risk that BF-BOF plants, even
with CCS, would have to be phased out before 2050.
At best, this would limit the potential time period in
which post-combustion CCS could be used on the
BF-BOF route from 2030 to around 2045. However,
given the high investment costs involved in a CCS
retrofit, plus the investments in the necessary CO,
infrastructure, it is unlikely that this technology
would be deployed for such a short period of time.

As with all CCS-based technologies, post-combus-
tion CCS on the BF-BOF route will require a CO,
infrastructure to be rolled out. Besides the actual

CO, capture facilities at the steel plant, this includes
moving compressed CO, by pipeline or ship (other
modes of transport such as train or truck could also
be considered but are considered less viable given the
very high volumes of captured CO, that would need
to be transported daily) from the steel site to suita-
ble permanent CO, storage locations. Depending on
its location, it is likely that the steel site will not yet
be connected to a CO, transport network, unless it

is possible to share or jointly develop the CO, infra-
structure with other industrial plants that will need
to develop CCS, such as the cement sector, which
amongst other decarbonisation strategies will require
CCS to address its process emissions. Developing a
dedicated CO, infrastructure for just one steel plant
will doubtless drive up the costs of CCS at that site.
Furthermore, the availability of suitable CO, storage
sites in sufficient proximity to allow for cost-effec-
tive CO, transport varies widely depending on the
region in question. In fact, though the theoretical CO,
storage volumes are estimated to be vast, there is still

considerable uncertainty in many regions around the
globe regarding the technical and commercial feasi-
bility of suitable CO, storage sites close to steel plant
locations, and more extensive geological analysis will
be required to ascertain their CO, storage potential.

An additional point worth highlighting is that it takes
avery long time and significant resources to develop
CO, infrastructure, especially storage. This includes
conducting initial surveys and studies and explor-
ing and appraising resources (including exploration
and appraisal wells) before an investment decision
can even be made; only then can work on design-
ing and developing the storage site begin, followed
by construction of the site, including injection and
observation wells, and construction of pipelines to
connect the storage site to a CO, terminal. During
and after operation of the storage site, monitoring,
reporting and verification (MRV) are additional
extremely important steps. Based on data from the
Danish Energy Agency, it took between eight and
ten years in the past to develop a CO, storage site and
inject CO, at nominal capacity (Figure 13) (Danish
Energy Agency and Energinet 2021). This develop-
ment timeline is in addition to the need to acquire the
necessary rights and permits to exploit underground
space for CO, storage. While the rights to depleted oil
fields and wells are often already held by the oil and
gas companies that exploited them, the development
of new wells or the transfer of rights to specific wells
can constitute additional administrative and legal
burdens. It is important to take these complex time-
lines into account, as they are an additional factor
that could delay the implementation of CCS on the
BF-BOF route to beyond 2030, by which time signif-
icant numbers of commercial-scale DRI projects are
expected to have already come online.

Steel plant operators that reinvest in coal-based blast
furnaces or build a new integrated BF-BOF plant with
the intention of retrofitting it with CCS, as well as the
investors and policymakers that enable this invest-
ment, must therefore consider that this plant will still
have a high level of residual emissions, putting its
operation in conflict with net-zero targets. They will
also need to consider that the CO, capture facility is
only one part of the CCS supply chain; transporting

37



Agora Industry — Low-carbon technologies for the global steel transformation

Timeline to develop and operate onshore CO, storage

 Additional seismic
surveys

« Establish CO, terminal

« Construction of pipeline

~ippal el « Establish injection plant
« Conceptual studies and well pads

for facilities « Drilling of first injection

and observation wells

veori-> [ veara-s
(vears IR Veorc7 |

« Environmental impact
assessment, public
hearings and approvals

« FEED studies
« Baseline studies

behaviour

« Investment decision for
additional injection wells

« Final investment decision

« Land acquisitions

Agora Industry (2024), based on Danish Energy Agency (2021).

and storing CO, involves a number of additional
risk elements in terms of investments, build-out,
life-cycle emissions and long-term monitoring.

Upstream emissions from coal mine
methane leakage

Another major risk for steelmakers that opt for
post-combustion CCS on the BF-BOF is that this
route will continue to entail upstream emissions from
coal mine methane leakage. Based on data from the
[EA Methane Tracker (IEA 2023a), Figure 14 shows
that the methane leakage emissions of coking coal
alone, which is used almost exclusively for steelmak-
ing in the BF-BOF, are similar to the methane leakage
of all global gas pipelines and liquefied natural gas
(LNG) facilities combined. Methane emissions from
coal mines are currently not taken into account by
the iron and steel industry, since they are techni-
cally scope 3 emissions for this sector; however, it

is important to accounts for these upstream emis-
sions when considering the steel sector's emissions.
Since methane is such a potent greenhouse gas,
adding those emissions increases the steel indus-
try's total emissions considerably. The IEA estimates
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that mining of coking coal emitted 10 Mt of meth-
ane in 2022, equivalent to 320 MtCO,eq based on a
100-vyear climate impact or 825 MtCO,eq based on
a 20-year climate impact.® This increases the steel
industry's GHG emissions by 10% to 30% (Ember
2023; IEA 2023a), without accounting for the fact
that the steel industry also uses some thermal coal
in its processes.

The [EA estimates that about 60% of coking coal mine
methane can technically be abated by implementing
a variety of measures. It is imperative that these
measures should be taken, since steel will still be
made via the coal-based route in the short term; even
if these measures were to be fully implemented, how-
ever, residual emissions of the order of 125 MtCO,eq
(100-year GWP) to 321 MtCO,eq (20-year GWP)
would still remain per year (IEA 2023a).

In current proposed definitions of near-zero
emission steel, such as those put forward by Agora
Industry, IEA and Responsible Steel,

5 According to the IPCC, methane has a 20-year global warming
potential (GWP) that is 82.5 times that of CO,, or 32 times on the
basis of a 100-year GWP (IPCC 2021).
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scope 3 emissions related to steel production inputs
(e.g. upstream methane emissions from coking coal
mines, emissions from alloy processing etc.) are
included in the accounting boundaries (see Agora
Industry, 2023b and IEA, 2022a for details). If this
approach to including scope 3 emissions from

key inputs is adopted, then these emissions will
come under increasing scrutiny from regulators,
steel-consuming companies and investors. Indeed, in
the case of methane, they are already coming under
scrutiny, for instance in the EU's new Methane Regu-
lation (European Council and Council of the European
Union 2023) and the Inflation Reduction Act in the
United States (Congressional Research Service 2022).

While regulators are already paying a lot of atten-
tion to assessing the CO, footprint of the renewa-
ble and low-carbon hydrogen that will be used in
hydrogen-based steelmaking routes, the same needs
to apply to the upstream emissions of coal-based
steelmaking technologies in order to carry out a like-
for-like comparison. For steel producers that rely on
post-combustion CCS, upstream methane emissions
present a major economic risk and future regulatory
constraint if steelmakers are to be held accountable
for these emissions.

M vented

Figure 14

Gas pipelines and LNG facilities _

CH, emissions in [Mt]

B Flared

4.3 Production costs in the context
of CO, prices and technology
developments

For steel plant operators wishing to substantially
lower the CO, footprint of their primary steel produc-
tion, one of the key choices will be whether to invest
in DRI plants or place their bets on a retrofit with
post-combustion CCS on the BF-BOF route. Since
running a DRI plant on natural gas results in a sim-
ilar CO, intensity (0.55 tCO,/t of crude steel) as our
estimate of BF-BOF with CCS (0.51tCO,/t of crude
steel), it is worth comparing the two alternatives with
regard to their production costs.

Figure 15 shows that the two routes are also com-
parable from a cost perspective: at very low natural
gas prices of USD 7/MWh (which could be the case
in certain gas-producing countries, for example in
the Middle East) and at the most favourable loca-
tions for CO, transport and storage, natural gas-
based DRI plants are only 2 to 4 % more expensive,
depending on the CO, price. At higher natural gas
prices of USD 40/MWh, which are in line with the
medium-term price expectation for LNG-importing
countries after the current energy crisis triggered by
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CO, and natural gas price impact on BF-BOF-73% CCS versus NG-DRI-EAF
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Agora Industry and Wuppertal Institute (2024). Assumptions: BF-BOF-73%-CCS (high): USD 60/tCO, transport and storage; USD 80/MWh
delivered electricity. BF-BOF-73%-CCS (low): USD 30/tC0O, transport and storage; USD 50/MWh delivered electricity.

Russia's invasion of Ukraine, the natural gas-based
DRI-EAF route would still be in a range comparable
to or lower than the higher range of production costs
of CCS on the BF-BOF route. Overall, the production
costs of both routes are in the same range, which has
important implications.

While new natural gas-based DRI plants can be con-
sidered H,-ready and thus offer the potential to blend
in increasing proportions of hydrogen and reduce
emissions to near zero once low-carbon hydrogen
becomes available in sufficient quantities, this is not
the case for CCS on the BF-BOF route, since there

is an upper limit to the CO, emissions that can be
captured. Given that this technology option is not
expected to offer any significant cost advantage over
natural gas-based DRI production routes, it is ques-
tionable whether steel companies would opt for this
route due to the carbon lock-in and stranded asset
risk of the residual emissions.

Another important consideration is that CCS on the
BF-BOF route will only reach market readiness by
2030 at the earliest, according to our estimations. The
regulatory and market landscape will look signifi-
cantly different by then. Several key steel-producing

countries can be expected to have CO, prices (or
policy measures with an equivalent effect) above
USD 100/tCO,. For reference purposes, the [EA

Net Zero Emissions by 2050 Scenario models CO,
prices of USD 140/tCO, in advanced economies,
USD 90/tCO, for emerging market and developing
economies with net-zero emissions pledges, includ-
ing China and Brazil, and USD 15-25/tCO, in other
emerging markets and developing economies by
2030 (IEA 2023b).

Comparing the BE-BOF-CCS route with an H,-based
DRI-EAF plant at varying CO, prices shows that the
DRI-EAF route would be more competitive than our
high-range BF-BOF-CCS production at CO, prices
upwards of USD 70/tCO, and hydrogen costs of

USD 2/kgH,. When compared to the lowest BF-BOF-
CCS cost range at a hydrogen cost of USD 2/kgH,,
H,-DRI-EAF steelmaking would require a CO, price
of USD 320/tCO, to be competitive, and USD 250/tCO,
at an H, price of USD 1.5/kgH, (see Figure 16). While
100% H,-DRI-based steelmaking may appear to be
structurally more expensive than BF-BOF-CCS at
high H, prices, it is important to note the implications
that an evolving global steelmaking landscape could
have on these technologies. If a share of the global
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CO, and hydrogen price impact on BF-BOF-73% CCS versus H,-DRI-EAF
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delivered electricity. BF-BOF-73% CCS (low): USD 30/tCO, transport and storage; USD 50/MWh delivered electricity.

production of green iron shifts to new iron hubs

in locations with potential for cheap renewable H,
and proximity to iron ore, then the world's cheapest
renewable H, costs can be directly transferred to
other steelmaking countries. By importing green HBI
produced in such locations as a raw material for the
downstream steelmaking value chain, countries with
structurally higher H, costs could increase the overall
competitiveness of their industry while safeguard-
ing the majority of local jobs (see Box: Green iron
trade and insight 6 in (Agora Industry and Wuppertal
Institute 2023). In such a scenario, H,-DRI-based
steelmaking could outcompete BF-BOF-CCS on a cost
basis, while also addressing the other risks associ-
ated with the post-combustion CCS route, such as the
high level of residual and upstream emissions and the
green lead market offtake risk.

Based on the expected market readiness of 2030 at
the earliest for BF-BOF-CCS steelmaking, our anal-
ysis indicates that other breakthrough technologies
such as MOE are likely to reach market readiness
within a similar timeframe, and that hydrogen-DRI-
based technologies will have benefitted from sev-
eral years of commercial deployment and potential
cost decreases due to nth-of-a-kind learning rates.

Figure 17 shows that even in the absence of a CO,
price and a price of delivered electricity of between
USD 40-45/MWh, MOE-based steelmaking would
be cheaper than even the lower-range BF-BOF-CCS
production costs. Even at USD 70/MWh, MOE would
only need a CO, price above USD 190/tCO, to be
cheaper than the BF-BOF-CCS in the most favour-
able CCS locations and would be cheaper than our
high BF-BOF-CCS cost range even without a CO,
price. While it is not yet fully clear at what speed
and cost MOE and other direct electrolysis steel -
making technologies will develop and when exactly
they will reach market readiness, this preliminary
cost comparison highlights their potential disrup-
tive game-changing character versus BF-BOF-CCS
steelmaking.

1



Agora Industry — Low-carbon technologies for the global steel transformation

CO, and electricity price impact on BF-BOF-73% CCS versus MOE Figure 17
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Agora Industry and Wuppertal Institute (2024). Assumptions: BF-BOF-CCS (high): USD 60/tCO, transport and storage; USD 80/MWh delivered
electricity. BF-BOF-CCS (low): USD 30/tCO, transport and storage; USD 50/MWh delivered electricity.

e A look at higher CO, capture rates for BF-BOF-CCS and their economic viability

In theory, retrofitting the BF-BOF route with post-combustion CCS promises to significantly reduce the
direct emissions of the BF-BOF route — though one key question is by how much and at what cost. Since
the BF-BOF route has many different point sources of CO, emissions with different CO, concentrations in
the waste gas streams, there are serious questions regarding both the technical feasibility of achieving
high capture rates and the economic viability of applying carbon capture to those different point sources.

Our assessment of the emission reduction potential of CCS on the BF-BOF route tallies closely with the
IEA's BF-BOF-CCS reference values for 2020: our analysis of BF-BOF-CCS estimates an emission reduction
of 73%, with significant residual emissions of around 600 kgCO./t of crude steel (on a 0% scrap input
basis) (see Figure 18). This is a similar emission reduction level to the IEA’s current assessment of CCS on
the BF-BOF route. In the IEA’s assessments, however, the emission reductions achieved by this technolo-
gy increase to approximately 80% in 2030 and 90% in 2050 (IEA, 20223). Similarly, in its decarbonisation
scenarios for the steel sector, the analysis by MPP assumes a 90% effective capture rate for BF-BOF-CCS
in 2050, corresponding to residual emissions of approximately 250 kgCO,/t of crude steel (MPP 2022).

It is worth bearing in mind that achieving a 90% effective capture rate for the whole BF-BOF process
implies that CO, capture with an average efficiency rate of 90% is applied to every single CO, source of
the steel plant - including emissions from a number of diffuse or low concentration CO, sources. This
would entail substantial financial costs and technical efforts, raising the question of whether these high
emission reduction rates assumed in scenarios can actually be achieved in practice. It should be noted
that there are currently no large-scale projects aiming to achieve these high CO, emission reduction rates,
and that a systematic review of studies analysing post-combustion CO, capture on the BF-BOF route has
found reported emission reductions ranging between 11% and 77% (Perpinan et al. 2023).
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CO, intensity of the BF-BOF-CCS route in different scenarios Figure 18
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Agora Industry and Wuppertal Institute (2024), based on IEA (20223) and MPP (2022). Note: The Agora/WI CO, intensity represents an
adjusted BF-BOF-73% CCS route value with 0% scrap in order to ensure comparability with the other values. *The proposed IEA threshold for
near-zero emissions primary steelmaking is 400 kgCO,eq/t of crude steel in case of 0% scrap use. Note that the IEA near-zero emissions
threshold is imposed on a direct and indirect emissions basis. For ease of comparison, the indirect emissions from fossil fuel and raw material
supply are not depicted here, however these can significantly contribute to the emission intensity of crude steel production.

Even if very high capture rates of close to 90% were achievable, CCS on the BF-BOF route would still face
several fundamental challenges. This route would still leave relatively high residual emissions (>0.2tC0./t
of crude steel according to the IEA's and MPP’s assumptions), which would need to be addressed in order
to achieve net-zero emissions by 2050. According to our calculations, even a highly optimistic scenario

for @ BF-BOF-CCS retrofit, capable of reducing CO, emissions by 85%, would not meet the IEA’s proposed
near-zero emission threshold for primary steel unless indirect emissions from fossil fuel and material sup-
ply were reduced to close to zero and additional small CO, point sources from the BF-BOF route were also
connected to CCS with the associated cost impacts described above.

The trade-offs and opportunity costs of offsetting the industry’s emissions with carbon dioxide removal
(CDR) technologies such as BECCS or DACCS are described in the box “Compensating residual emissions in
the steel sector with CO, offsets”. Furthermore, even with a high CO, capture rate on the BF-BOF route,
the steel sector would still face high upstream emissions from coal mining methane that would increase
the total CO, footprint of the steel and would need to be taken into account, including within the scope of
near-zero emission steel labels and standards. With an even higher amount of CO, captured, BF-BOF-CCS
becomes increasingly sensitive to CO, transport and storage constraints, in terms of both cost and physi-
cal infrastructure. The sheer volumes of CO, that need to be captured, transported and stored every year,
mean that expensive CO, sites and an unfavourable geographical location relative to such sites could
quickly make this route uncompetitive. Finally, due to the lack of large-scale developments, there is still
considerable uncertainty over the costs and feasibility of implementing CCS along all aspects of the value
chain: brownfield integration of CO, capture at existing steel sites and construction of the infrastructure
to transport, store and monitor CO,. CCS on the BF-BOF route at high capture rates is not expected to be
available before 2030, at which point it would be competing with DRI-based technologies that will proba-
bly have been commercially deployed for some time and will have benefitted from learning rates as well
as the prospect of cheaper energy inputs in the future.
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4.4 Green lead market offtake risk

The high carbon cost incurred by the residual emis-
sions on the BF-BOF-CCS route due to high CO,
prices is not the only factor to consider with regard
to the competitiveness of CCS on the BF-BOF route.
Even before high CO, and low hydrogen and electric-
ity prices are reached, which is projected to happen
in the late 2030s or 2040s, green lead markets and
product carbon requirements will be another key
driver to complement or substitute carbon pricing

in the green industrial transformation. If green steel
standards and labels such as the thresholds proposed
by the IEA or other organisations (see Section 4.1 on
residual emissions and Agora Industry, 2023b, for
details ) are to be adopted in the future, this will also
serve as guidance for private and public procurement,
thereby putting steel products unable to meet the
near-zero emission performance label at

a disadvantage.

This context is important in order to understand the
interplay between CO, prices and green lead markets
as push-pull instruments: the CO, price will play an
important role on the demand side, forcing unabated
blast furnace operators to switch to breakthrough
technologies as they will otherwise face increas-
ingly high emission costs. At the same time, how-
ever, it will be the requirements of steel-consuming
sectors wishing to decarbonise their supply chains
that will be the most influential factor in creating a
low-carbon steel market. The key question is where
post-combustion CCS on the BF-BOF would fit in
here. According to our analysis, it is not likely to be
market ready before 2030, at which point it would
have a similar production cost level as natural gas-
based DRI routes. Whereas new DRI plants have the
potential to blend in increasing amounts of H, and
become climate-neutral once sufficient quantities
of low-carbon or renewable hydrogen are available,
however, post-combustion CCS on the BF-BOF plants
would lock in residual CO, emissions of 0.51tCO,/t
of steel (and additional upstream coal mine methane
emissions) for as long as they continue to run. Fur-
thermore, given the rapid development of near-zero
emissions steelmaking technologies today, H,-based
DRI routes will be firmly established and other

promising options such as MOE (and other elec-
trolysis technologies) may reach market readiness
by 2030. Against this backdrop, it is questionable
whether steel-consuming companies that are plan-
ning to address and decarbonise their supply chain
emissions would be willing to sign a ten-year offtake
agreement for steel produced via the BF-BOF-CCS
route, as this would incur a considerable remaining
carbon footprint and lack any clear path to climate
neutrality.

To assess the possible effects green markets could
have on steelmaking in more detail, it is worth split-
ting the offtake market into two main segments: the
private sector and the public sector.

As far as the private sector is concerned, there is a
risk that steel-consuming companies wishing to
decarbonise their supply chain will not want to be
associated with CCS on coal-based technologies at
all. This applies particularly to those sectors that
market their products directly to end-consumers
and where the green properties of the products can
be a distinct differentiating advantage, as is the case
with cars or household appliances. For the manu-
facturing companies and their brands, there may

be a considerable marketing and reputational risk
in being associated with coal-based projects along
their supply chains, which may not align with their
decarbonisation strategy. This is in addition to the
fact that these steel-using sectors may seek to enter
into offtake agreements with material suppliers that
have a clear reduction pathway to climate-neutral
production, which could also represent an impor-
tant element of communication strategies regard-
ing corporate "net-zero visions" Unlike DRI-based
steelmaking, BF-BOF-CCS would not offer this
potential to move towards climate-neutral produc-
tion. This green demand driver is likely to become
increasingly important as policies such as the EU's
proposed Green Claims Directive (European Com-
mission 2023b) come into force, regulating the green
claims companies can make about the environmental
properties of their products, including their carbon
footprint. Even now in the 2020s, different market
segments are already emerging for steel products:
one for conventional steel with a high CO, footprint
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and one for low-carbon steel with a substantially
lower CO, footprint. Several major players in the
automotive industry have already signed offtake
agreements with steelmakers to source low-carbon
steel for their vehicles from the mid-2020s onwards,
which is already fuelling demand for low-CO, steel
and helping de-risk green steel projects. This is partly
driven by regulation, such as the EU’s regulation of
CO, emission performance standards of vehicles,

the scope of which is being expanded to encompass
fulllife-cycle CO, emissions (European Commission
2023a). As steel is a key input material in vehicles,
shifting towards near-zero CO, steel would signif-
icantly reduce the CO, emissions associated with

the production of cars. Manufacturing-related
emissions will play an increasingly large role in the
life-cycle emissions of EVs as electricity supply is
decarbonised. At the same time, while the production
of near-zero CO, steel will be more expensive in the
medium-term than conventional production is today
without a CO, price, steel input accounts for only a
small proportion of the total cost of a car, so switching
to near-zero emission steel would only increase the
production costs of a car, or indeed of other engineer-
ing or household appliances, by 1 to 2% (MPP 2022).
Though the automotive sector is particularly active in
securing green offtake agreements, it is not the only
industry to do so. As of May 2023, some 48 green
steel supply agreements had been announced accord-
ing to BNEF (2023), including consumer products,
energy companies and even shipping companies.
More than 40 companies from various sectors have
signed up to the SteelZero Initiative that requires its
member companies to source 50% of their steel from
certified low-carbon sources by 2030, and 100% net-
zero steel by 2050 (SteelZero 2023). These develop-
ments illustrate that the demand for low-carbon steel
is growing rapidly.

The public sector also procures very significant
quantities of steel and could have a considerable
impact on the market for green steel. While green
public procurement policies will play an important
role in ramping up demand for low-carbon steel,

it is not clear how the BF-BOF route with CCS will
be treated in these policies. The majority of steel
that is consumed in the public sector is used for

infrastructure and construction projects. Such grades
of steel are typically well suited to being supplied via
the scrap-based EAF route and, depending on the
regional steel industry structure and scrap supply,
will for the most part be supplied by EAFs. Further-
more, the proportion of secondary steel produc-

tion and the supply of scrap is expected to increase
globally, including in countries which are currently
still very reliant on BF-BOF steel. Given that the
scrap-based EAF route already has much lower
direct CO, emissions (0.06 tCO,/t of crude steel) than
the BF-BOF route with CCS could ever achieve, and
that indirect emissions from electricity are slated

to decrease as power production decarbonises,
BF-BOF-CCS-based steel will not be able to compete
with scrap-based EAF steel in a green market with
stringent embedded carbon regulations. If upstream
emissions from coal mine methane leakage are
included in the GHG methodologies that will be used
in public procurement policy, as seems increasingly
likely, any coal-based steel production route will face
an additional disadvantage versus other steelmaking
routes. Steel is not publicly procured only in the con-
struction sector, but also in other applications such
as renewable energy infrastructure or public trans-
port vehicles. For those applications, which require
high-quality primary steel that cannot currently be
provided by the scrap-based EAF route, BF-BOF-
CCS faces the same risk as described above.

The methodologies used to calculate CO, intensi-
ties, as well as the ensuing standards and labels, are
still being developed and will require international
harmonisation to be effective (Agora Industry 2023c).
However, assuming that standards and labels simi-
lar to those proposed by the IEA or ResponsibleSteel
are adopted, there is a strong likelihood that steel
from the BF-BOF-CCS route would be simply una-
ble to achieve the best near-zero emissions label, as
opposed to other decarbonisation processes. Conse-
quently, it is possible that BF-BOF-CCS might at best
fail to command a similar premium as H,-DRI steel
for instance, or might even face a more extensive
offtake risk on green markets, especially as supply
chains emission reporting and corporate climate
targets become more stringent.
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Conclusions about the role of CCS on
the BF-BOF route

These findings have extremely far-reaching impli-
cations for the global steel transformation: there is

a considerable risk that retroactively equipping the
BF-BOF route with post-combustion CCS may never
be a competitive technology option. If this technology
option does not materialise in the future, any invest-
ment in the coal-based BF-BOF route faces a high
risk of eventually ending up as a stranded asset. This
is especially important when it comes to the large
project pipeline of new coal-based integrated steel
mills that are currently planned in emerging econo-
mies with rapidly rising steel demand, such as India
and Southeast Asia. Core assets of these new inte-
grated steel plants have lifetimes of 50 to 60 years.
What will be the future for those steel plants in the
2040s if CCS on the BF-BOF route does not material-
ise by then because it is outcompeted by other tech-
nologies and is not compatible with net-zero targets?

As this analysis has shown, kicking the can down
the road by investing in coal-based steelmaking

Several risk factors make CCS in combination with the BF-BOF route unattractive
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capacities and waiting until CCS becomes commer-
cially available as a retrofit option is an extremely
risky strategy for steel companies due to a combina-
tion of factors.

The risks of both stranded assets and carbon lock-in
are enormous. Immediate strategies to minimise the
risks of stranded assets are therefore necessary and
need to include shifting investments away from coal-
based steelmaking and accelerate a coal phase-out in
the steel sector. This will only be possible by simul-
taneously and rapidly deploying key steelmaking
technologies, building out the renewable energy and
H, supply and addressing important potential bottle-
necks that pose obstacles to the transition, including
the supply of DR-grade pellets and DRI construction
capacity. Our recent study 15 Insights on the Global
Steel Transformation (Agora Industry and Wuppertal
Institute 2023) analyses these bottlenecks as well as
the factors that will enable the transition, such as the
role that de-risking financial tools plays in unlocking
investments in emerging economies and the potential
for enhanced international cooperation and strategic
partnerships to unlock international green iron trade.
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Agora Industry and Wuppertal Institute (2024). Note: BF-BOF-CCS has several uncertain cost facts, depending on which CO, point sources are
included in capture, whether the CO, is stored onshore or offshore and the distance to storage sites. Offshore CO, storage tends to be more
expensive than onshore CO, storage. *The figure illustrates the capture of CO,from the sintering plant which is technically feasible, but may
not be economically viable. **Upstream methane emissions from coking coal are estimated to be 320 MtCO,eq based on a GWP 100 measure-
ment and 825 MtCO,eq based on GWP 20 (author’s calculations based on IEA 2023a).
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5 Low-carbon technologies for the global steel

transformation: factsheets

For each technology, a comprehensive factsheet
highlights a selection of current projects and provides
an overview of key facts, including the CO, reduc-
tion potential, estimated production costs, expected
market availability and energy and infrastructure
requirements. The information in the fact sheets has
been developed on the basis of the following sources
and strategies:

1. Scientific literature: The assumptions and refer-
ence data used for calculations and projections
were generally based on scientific studies. Where
applicable, the fact sheets relied on information
from papers in established academic journals such
as Journal of Cleaner Production (Elsevier) and met-
als (MDPI). For the main input cost assumptions,
the fact sheets also refer to studies that use recent
data, including the IEA World Energy Outlook 2022
(IEA 2022Db) and Net Zero by 2050 (IEA 2021b), and
reports by Bloomberg New Energy Finance, the
Hydrogen Council and the Global CCS Institute.

2. Assumptions and results of internal calculations:
For numerous key technologies, we carried out
our own internal calculations of expected future
production and CO, abatement costs based on
published scientific studies and our own work,
including the Transformation Cost Calculator for
Steel that was part of the project Transforming
industry through carbon contracts (Agora Energie-
wende 2022).

3. Parameters and process descriptions: Process
parameters and descriptions, especially relating to
novel technologies at an early stage of development
and for which only limited literature is available,
such as MOE and AEL, were mainly derived from
information published by companies developing
these projects. Information on pilot and demon-
stration projects was obtained from companies
operating these projects and/or participating
research institutions, as well as from relevant
websites and press releases.

Methodological approaches
and assumptions:

- Input costs:

Cost calculations use input cost ranges based on
literature and our own work, including the Transfor-
mation Cost Calculator for Steel (Agora Energiewende
2022) for current costs. Future expected price devel-
opments were based on literature sources or frozen at
a constant level when credible future price develop-
ment estimates were not available. Energy costs are
shown as delivered costs to the plant (including high
full load hours with typically reduced grid charges
for energy-intensive industries) rather than levelised
costs of production. To represent realistic average
costs that can be applied globally, cost ranges were
adopted with extreme outliers omitted. This avoids
excessively large cost ranges which would have
yielded meaningless results, but is unable to provide
the full scope of costs, which may diverge signifi-
cantly in different regions of the world.

For example, the electricity price used in the fact
sheets is derived from the levelised cost of electric-
ity figures taken from the IEA's Net Zero Emissions
scenario assumptions about combined production
from solar as well as onshore wind power. However,

a certain cost component for backup electricity during
hours of no wind or sun was included, as were grid
fees for electricity transmission of USD 10/MWh.
Overall, our assumption of the cost of delivered
electricity ranges from USD 50 to USD 80/MWh for
2030. On a global scale, however, electricity prices
may be substantially lower in some parts of the world
than assumed here. For example, Scandinavia is
already seeing power purchase agreements being con-
cluded for wind power to industry at USD 36/MWHh,
whereas the available literature regards USD 30 to
USD 42/MWh as a likely price in these countries
from around 2030 to 2040 (IEA 2021b).
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We followed a similar approach when calculating

the costs of renewable low-carbon hydrogen. As a
first step, we conducted a literature review which
included the following studies: Net Zero by 2050 (IEA
2021b), Hydrogen Insights 2021 (Hydrogen Council
2021), The Green Hydrogen Economy (PWC 2021),
Making the Hydrogen Economy Possible (ETC 2021b)
and Hydrogen Economy Outlook 2020 (BNEF 2020).
Next, we identified a middle-of-the-road cost range
that cuts out the outliers. The costs of hydrogen

e CO, transport and storage costs

stated here are the costs of delivered hydrogen,
including the costs of production, potential storage
to allow for high fullload hours, and transport. In
this study we do not distinguish between the costs
of renewable hydrogen and those of low-carbon
hydrogen produced from fossil-based hydrogen
with carbon capture, utilisation and storage (CCUS).
The costs of delivered hydrogen represent a global
average approach, but may deviate significantly in
different world regions and countries.

The transport and storage of CO, is a very important cost component of various CCS-based technologies
in the steel sector. The CCS value chain contains several distinct elements which need to be considered.
After capturing CO, at the steel plant, the CO, transport and storage value chain includes CO, compression
and dehydration, CO, transport by pipeline, ship or other transport modalities, plus possible intermediary
storage hubs, CO, injection into geological storage and CO, monitoring and verification over a long time

period.

Based on the cost ranges indicated by the Global CCS Institute (2022), the lowest possible costs of CO,
transport and storage would amount to USD 18/tCO,. This case would involve a 20 Mt per year CO, on-
shore pipeline for 180 km and a good quality onshore geological CO, storage reservoir. The highest costs
of CO, transport and storage would total USD 70/tCO.. In this case the CO, would be transported by a 1 Mt

Indicative cost ranges for CCS value chain components
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Agora Industry and Wuppertal Institute (2024), based on Global CCS Institute (2022).
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per year pipeline or by ship over a distance of 300 km and stored in an offshore CO, storage site (Global
CCS Institute, 2022). As a middle-of-the-road approach, we defined a range of USD 30 to USD 60/tCO, for

transport and storage for 2030.

It needs to be noted in this context that the actual costs vary greatly depending on the use case. Two
aspects appear particularly worth mentioning. First, offshore CO, storage tends to be significantly more
expensive than onshore CO, storage. While the upper limit (USD 18.6/tC0O,) in the category CO, injection
and geological storage is defined for offshore CO, storage, onshore CO, storage costs at suitable sites
could be as low as USD 1.6/tCO,. These findings are also in line with some of the literature on CCS costs
(Danish Energy Agency and Energinet 2021; IEA 20203; 20213). In view of these considerable differences,
we suggest differentiating between onshore and offshore CO, storage costs in the future.

Second, it is important to compare the costs of the first real-world CO, storage projects with literature
values. Projects often tend to become more expensive than the literature values indicate as they move
closer to final implementation. For example, the Northern Lights project in Norway — one of the most
advanced (O, offshore storage projects in Europe - is targeting costs of USD 35 to USD 50/tCO, for CO,
transport and storage, which would only cover part of the CO, transport and storage value chain (Global
CCS Institute 2021). Based on these figures, CO, transport and offshore storage in 2030 may turn out to
be more expensive than our upper limit of USD 60/tCO..

This overview highlights the importance of tracking the costs of the first real-world CO, storage projects
and the need to differentiate between onshore and offshore CO, storage costs, which has significant im-
plications for the CO, abatement costs of CCS-based technologies in the steel transformation.

- Selection of breakthrough technologies

Due to the scope of this report, we settled on a selec-
tion of key breakthrough technologies to feature in
the fact sheets. Although our selection gives a good
overview of the most important future steelmaking
technologies, not every single technology or conceiv-
able plant configuration could be considered. Our first
screening criterion in the selection process was to
select technologies that could reduce CO, emissions
by 90% compared to the BF-BOF route, to be compat-
ible with a climate-neutral future. Due to the devel-
opment of DRI projects aiming to use natural gas until
a sufficient supply of low-carbon hydrogen becomes
available, possibly in combination with CCS, and due
to the important role played by CCS on the BF-BOF in
many decarbonisation scenarios, CCS-based tech-
nologies on the DRI and the BF-BOF were included in
the analysis even though their CO, reduction poten-
tial is below 90%. Several potentially promising tech-
nologies were not included in the fact sheets, such

as hydrogen-based direct reduction routes based on

fluidised bed reactors such as HYFOR®, Circored® and
HYREX® novel bio-based steelmaking routes such

as Tecnored® and technologies designed to improve
the efficiency of the BF-BOF route such as EasyMelt.
They could be the subject of a future analysis.

- Parameters of the reference BF-BOF route

The abatement cost and potentials of the break-
through technologies were all calculated in relation
to the existing reference process. The parameters for
this technology were based on an integrated blast
furnace-basic oxygen furnace (BF-BOF) steelworks
located in the coastal region of Western Europe, pro-
ducing 4 Mt of crude steel per year using processes
typical of an average steel mill, such as sintering,
coke oven, blast furnace and basic oxygen furnace. It
should be noted that the reference does not necessar-
ily represent the best available technology (BAT), but
rather a typical configuration of an average western
European plant.
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Input price assumptions for all technologies

Price Lower Upper Lower
assumption range 2030 | range 2030 | range 2050
[USD/unit] [USD/unit] [USD/unit]
Delivered 50/MWh 80/MWh 50/MWh
electricity
Delivered 2/kg 3/kg 1/kg
low-carbon H,
Natural gas 3.5/GJ 8.6/GJ 2.5/GJ
Coking coal 5.5/GJ 5.5/GJ 5.5/GJ
Scrap* 412/t 571/t 421/t
Raw biomass 7/GJ 17/GJ 7/GJ
Charcoal 23/GJ 30/GJ 23/GJ
Alloys** 0.02/tCS 0.02/tCS 0.02/tCS
CO, price 90/tCO0, 130/tCO, 200/tCOo,
CO, transport 30/tC0, 60/tCO, 20/tC0,
& storage

-> Table 1

Upper

range 2050 Source

[USD/unit]

80/MWh  Own estimate Agora, WI based on
IEA 2021b
2/kg Own estimate Agora, WI based on
BNEF 2020; Hydrogen Council 2027;
IEA 2021b
7.0/GJ Own estimate Agora, WI based on
IEA 2022b
5.5/GJ Own estimates based on VDKi 2020
513/t Own estimate Agora, WI, see
“scrap price assumptions” below.
17/GJ Own estimate Agora, WI based on
MPP 2022
30/GJ Own estimate Agora, WI based on
MPP 2022
0.02/tCS  Vogl, Ahman, and Nilsson 2018
250/tCO, Based on emerging market and
advanced economies in
IEA 2022b; 2021b
30/tCO, Own estimate Agora, Wi based on

Danish Energy Agency and Energinet
2021; Global CCS Institute 2027;
IEA 20213; 20203

* Assuming a price correlation between primary steel production and scrap.
** Same number of alloying elements assumed for all routes, resulting in identical costs.

For the sake of comparability, the 17% proportion of
scrap used in the BOF feed of the reference configu-
ration is also taken as the basis for the calculations of
all other breakthrough technologies, assuming that an
equivalent scrap input into the process is technically
feasible.

Scope 1 emissions of this reference route, which are
used as a benchmark for calculating the abatement
potential of all breakthrough technologies, amount

to0 1.87 tCO,/t of crude steel. On the basis of similar
system boundaries, this emission intensity is in line
with recent publications on modern BF-BOF plants
(Bataille, Stiebert, and Li 2021; Fan and Friedmann
2021; GEI 2022; Worldsteel Association 2021). The
basic plant configuration of our reference technology,

the system boundary of our analysis (grey box) and
major material, energy and emissions flows are out-
lined in Figure 21.

- Production system boundary

All calculations refer to the production of 1 tonne

of crude steel. Subsequent finishing in secondary
metallurgy has only minor impacts on costs and
emissions and is therefore ignored. No further crude-
steel processing, namely casting and hot-rolling, is
covered by this analysis. In plant configurations that
generate large amounts of steelworks gases (such as
BF-BOF-based routes), however, minor proportions
of these gases may be used to supply heat for hot roll-
ing furnaces, thereby creating fossil emission flows
outside the boundaries of our analysis.
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BF-BOF reference technology
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Agora Industry and Wuppertal Institute (2024). Note: Process diagram shows emissions from major point sources only. Additional emissions

from distributed sources amount to 0.08 tCO./t of crude steel.

- CO, emissions boundary

For both the reference technology and the key break-
through technologies, we considered only the direct
CO, emissions (scope 1) from on-site stacks. We did
not take into account the indirect scope 2 upstream
emissions from the use of purchased energy such

as hydrogen or electricity. Our calculations like-
wise do not include the indirect scope 3 upstream
emissions (generated for example by the extraction
and transportation of coal, iron ore or natural gas,

the pelletising of iron ore or the production of fluxes
such as lime or of alloying elements) or downstream
emissions from the use and disposal of steel prod-
ucts. We consider this emissions boundary because
direct CO, emissions constitute the largest source of
emissions and because of the uncertainties regarding
upstream and downstream emissions. From the per-
spective of a transformation towards climate neutral-
ity, it can be assumed that non-fossil energy inputs
(electricity, hydrogen and biomass) will also trend
towards low-CO, emission footprints. This means
that the emission reductions stated for breakthrough

technologies vis-a-vis the conventional route can
only be achieved if low-carbon electricity and hydro-
gen are used.

- Production costs

The production costs of all technologies in 2030 and
2050 are calculated according to the assumed capital
and operational expenditure per tonne of crude steel
produced and are expressed as ranges based on the
cost inputs as listed in Table 1. The stated produc-
tion costs should be interpreted as total costs in the
absence of policy instruments and direct subsidies.

- CO, abatement costs

Data on CO, abatement costs are based on calculations
that compare the production costs of key break-
through technologies with the conventional GHG-in-
tensive reference technology and on findings from the
technical literature. To calculate the CO, abatement
costs, the difference in production costs is divided by
the net CO, emissions reduction of the breakthrough
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technology. In view of the considerable uncertainties
about future CO, abatement, we estimated plausible
cost ranges.

- Earliest possible availability (technology readiness
level, TRL)

Assumptions about the earliest possible availability
of individual technologies are based on the academic
literature and on information from companies and
research institutions involved in pilot and demon-
stration projects. The current state of development of
individual technologies is assessed by the TRL rating
system. This approach classifies technologies that are
still at the research and laboratory stage as TRL 1 to

3. Technologies that have entered the pilot phase are
rated TRL 4 or 5, while technologies in the demon-
stration phase are TRL 6 or 7. Technologies that can
be deployed at an industrial scale are in the range 8 to
9. The TRL alone does not assess commercial viabil-
ity, however, which will depend on additional factors
such as the necessary supply chains, certification
and regulatory compliance being in place.

- Balance of on-site electricity generation and
carbon capture operation of the BF-BOF

For steelmaking without carbon capture, we assume
that cogenerated steelmaking gases are primarily
used for on-site processes such as coke oven under-
firing, hot blast or process gas preheating. Excess
steelmaking gases are co-fired in a captive power
plant to generate electricity and heat. To simplify the
accounting, it is assumed that the captive power plant
produces exactly the amount of electricity required
by the entire steel mill, so that there is neither a
surplus of energy nor any need to import electricity
(IEAGHG 2013).

Consequently, adding carbon capture to the BF-BOF
generates additional external energy demand for

the capture processes. Both electricity and heat are
required for amine-based CO, capture. We have
assumed that this heat requirement would be covered
by an electric heater with an efficiency of 98% and
that the total energy requirement could therefore also
be covered only by external electricity.

- Integration costs

Regarding the necessary adaptations of existing plant
configurations, we applied integration cost factors to
the respective investment cost of the plant compo-
nents to be added to an integrated steel plant. These
factors were determined for the integration of DRI
plants, as well as for different types of carbon cap-
ture processes, and vary according to the assump-
tions regarding the expected complexity of plant
integration.

- Scrap price assumptions

The scrap price is the single most important cost
component of scrap-based EAF steelmaking and
therefore needs to be taken properly into account

in the respective cost calculations. Since statistics
show that the scrap and steel price (hot rolled coil /
rebar) are well correlated even during a shock (such
as COVID-19 in Q1 2020), we assume a price corre-
lation between primary steel production and scrap.
This correlation is expected to result in a scrap price
that rises until the scrap EAF route reaches the steel
production cost level of a defined primary production
route. The assumed scrap cost range is based on the
following considerations:

- For the lower scrap cost range, the steel price is
expected to be set by the cheapest primary pro-
duction technology in 2030, which will be the
DRI-EAF route with natural gas (when including
a CO, price)

« For the upper scrap cost range, the upper pro-
duction cost range of the cheapest climate-neu-
tral route (DRI-EAF with H,) is expected to set
the steel price. This development of the steel and
respective scrap prices might be seen in selected
markets in which carbon-neutral production is
mandatory or stimulated by a higher regional
CO, price. In this case, climate-neutral second-
ary and primary production will find themselves
in direct competition with one another.
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Notes on the fact sheets:

- The cost calculations or estimates in these fact
sheets are geared towards private businesses. For
example, we apply a discount rate of 8% to capital
expenditure calculations for steelmaking facilities,
which is typically enjoyed by private investors,
rather than the much lower social discount rate
used in economic analyses.

- Estimates of future costs are based on real 2020
Pprices.

- The aim of the technology fact sheets is to assess
and compare the complex physical and economic
aspects of key breakthrough technologies and cre-
ate a basis for discussions of their role and deploy-
ment. Though we are aware that the abbreviated
presentation is a simplification, we nevertheless
hope that the synthetic compilation will support
constructive dialogue. We invite all experts to
provide us with feedback about our assumptions
and calculations so that we can further refine
our evidence base for breakthrough steelmaking
technologies.
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HYBRIT direct reduction pilot plant, Luled Photo: Hybrit

Simplified H,-DRI-EAF process flow

HYDROGEN-BASED DIRECT REDUCTION - ELECTRIC ARC FURNACE ROUTE
(H,-DRI-EAF)

In the direct reduction process, iron ore pellets are reduced
to iron in DRI plants. DRI technologies using natural gas are
already established processes. In the net-zero technology
route, hydrogen is used as the reductant in the DRI plants
(H,-DRI). The resulting sponge iron (direct reduced iron, DRI)
is melted into crude steel in an EAF. DRI can also be com-
pacted into hot briquetted iron (HBI) for shipping. If zero-CO,
electricity is used for hydrogen production and to run the
EAF, this route is close to CO,-free. A certain amount of car-
bon input (e.g. charcoal) is needed for slag formation when
processing direct reduced iron to steel in the EAF.

Figure E.1
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Example pilot and demonstration projects

Project: HBIS (Hebei, China)
Hebei Iron & Steel Group China, Tenova

Commercial Status / Outlook: Construction of a 1.2 Mt
DRI plant completed in 2022.

T Project: ArcelorMittal Gijon (Sestao, Spain)

— ArcelorMittal

Commercial Status / Outlook: 2.3 Mt H,-DRI plant will start
(announced) operation in 2025.

0

Pilot

Project: HYBRIT (Luled, Gallivare, Sweden)

SSAB, LKAB and Vattenfall

Status / Outlook: H,-DRI pilot plant with a produc-
tion capacity of 10 000 t per year was commis-
sioned in 2020 (TRL 5) and produced the first
batch in 2021.

The Energiron DRI technology will use a reduction gas mix-
ture composed of 30% metallurgical gases from the exist-
ing integrated steel plant and 70% hydrogen supplied by
external sources. The residual CO, will be recovered by a CO,
removal unit and reutilised in downstream processes (CCU).

ArcelorMittal will build a new H,-DRI plant to substitute the
existing blast furnace and use the sponge iron in a newly
built EAF as well as in the existing EAF in Sestao. The plant
will initially run on natural gas, before gradually switching
to hydrogen.

The H,-DRI pilot project includes a pilot DRI plant, hydrogen
electrolysis and hydrogen storage projects.

SSAB announced plans to build a large-scale DRI demonstra-
tion plant in Gallivare with a capacity of 1.3 Mt DRI per year
in 2026 and to expand to 2.7 Mt DRI per year with a further
H.-DRI plant in 2030, operating on renewable electricity.
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Key facts

Technology €0, abatement costs vs BF-BOF
Hydrogerf-based direct reduction and EAF 5030 2050
steeimaking (-BRIEAD 137-192 usoco, 99-154 usorco,
Current stage of development 2030: USD 98-158/tCO, (100% NG)
Announcements of commercial plants
(TRL 8-9)
Challenges
Expected readiness for use The production of renewable hydrogen requires large
2025-2030 for 100% H,, before 2025 with NG/H, amounts of renewable electricity as well as new infra-
structure for hydrogen production, transport and storage.
Energy and infrastructure requirement Another challenge is the availability of high-grade iron
- Total energy demand: 10.8 GJ/t of crude steel ores with high iron content (>67%), which are required as
(of which 8.3 GJ H,/t of crude steel) the DRI-EAF process is not well suited to removing impu-
- Large-scale green hydrogen production, transport rities or to achieving full reduction of the iron ore, affect-
and storage infrastructure ing the steelmaking process in the EAF.

= Iron ore mining and beneficiation capacities

to produce DRI-grade pellets Evaluation of technology for steel sector decarbonisation

The technology can be available before 2025, providing

) ) an opportunity to partially substitute the large capacity
Carbon price and carbon border adjustment of blast furnaces (1090 Mt) that will reach the end of their
Carbon con.tracts or CCfDs campaign life before 2030. Modern DRI plants are fully
Green public procurement H,-ready - and thus compatible with climate neutrality —
Quotas for low-carbon materials and embedded but can also run on natural gas initially, before clean H,

cxrloon i o becomes available.
Clean hydrogen support policies

Possible policy instruments

[ 20 2 2 7

12

Comparison of technology with current production pathway

@ CONVENTIONAL TECHNOLOGY KEY LOW-CARBON TECHNOLOGY

@ BF-BOF H,-DRI-EAF

-99.6%

& 1.87 tCO,/t of crude steel 0.01 tCO,/t of crude steel

., Specific emission reduction

+54 to +72%
472'499 USD/t of crude steel (2022) 2 727'857 USD/t of crude steel (2030)
Specific additional costs (no CO, cost)

Main assumptions to determine the range of production costs (2030)

Lower range [USD/t of crude steel] | Upper range [USD/t of crude steel]

Specific capital costs 75 85
Operating costs of renewable hydrogen 138 206
Operating costs of electricity 29 46
Operating costs of metallic feed DRI pellets 264 264

Steel scrap 78 108

Alloys 33 33
Fixed operating costs 59 59
Other costs (refractories, fluxes, charcoal, electrodes) 52 55

Production costs (+ costs of residual CO, emissions*) | 727 (+1) 857 (+1)

Source: Compiled by Wuppertal Institute and Agora Industry based on various sources.

*Additional CO, costs of residual emissions based on a CO, price of USD90-130/tCO,. 55



5.2 HYDROGEN-BASED DIRECT REDUCTION-SMELTER ROUTE
(H,-DRI-SMELT-BOF)

lllustration of the tkH2Steel project currently

in construction in Duisburg Photo: thyssenkrupp

Simplified H,-DRI-SMELT-BOF process flow

The DRI route can also be combined with the BOF steelmak-
ing process. This requires an intermediate smelting stage so
that the solid DRI leaving the shaft furnace is fed into the
BOF in a liquid state. Two similar smelter technologies are on
the market: the submerged arc furnace (SAF) and the open
slag bath furnace (OSBF). Since impurities in the iron ore

can be removed in both the smelter and the BOF and since
further iron ore reduction occurs in the smelter, this route
allows high-quality steel to be made with lower-grade iron
ores compared to the DRI-EAF route.

Figure E.2
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Example pilot and demonstration projects

Project: tkH.Steel (Duisburg, Germany)
Thyssenkrupp

Commercial Status: EPC contract awarded

(announced) Qutlook: Operation of 2.5 Mt commercial-scale DRI
plant (TRL 9) by 2026.

€ .. Project: ESF pilot (Australia)
i BHP, Rio Tinto, BlueScope
Pilot Status: Framework agreement for pre-feasibility

(announced) study of an electric smelting furnace (ESF) plant
Outlook: Commissioning of pilot ESF plant by 2027.

Thyssenkrupp has awarded a €1.8 billion contract to the plant
builder SMS for the construction of a Midrex hydrogen-capa-
ble DRI plant with two innovative smelting units/submerged
arc furnaces, to be integrated with the existing basic oxygen
furnaces.

Australia's two largest iron ore miners BHP and Rio Tinto
have partnered with steelmaker BlueScope to develop an
electric smelting furnace plant, which combined with a DRI
plant could process low-grade Australian iron ore to produce
green iron.
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Key facts

Technology CO, abatement costs vs BF-BOF

Hydrogen-based direct reduction, electric 2030 2050

smelter (SAF/OSBF) and BOF

e et Lt el 139-203 usorco,  104-168 usosico,
System testing (TRL 8-9) 2030: USD 116-186/tC0, (65% natural gas and 35% hydrogen)

Expected readiness for use

2027-2030 Challenges
This route requires large amounts of renewable electricity
to produce renewable hydrogen, as well as the installa-
tion of an additional smelting unit between the DRI and

Renewable electricity and infrastructure requirement BOF. The BOF process requires higher carbon inputs than
- Total energy demand: 11.0 GJ/t of crude steel an EAF to carburise the DRI, generating carbon-rich off-

(of which 7.6 GJ H,/t of crude steel) gas streams. These can be addressed by deploying CCS at
- Large-scale green hydrogen production, transport the BOF and/or using a biogenic carbon source.

and storage infrastructure

- Renewable carbon source for carburisation . o
Evaluation of technology for steel sector decarbonisation

Existing BF-BOF steelmaking sites can be transformed
by integrating the H,-DRI technology with existing BOFs,
allowing for the same steel quality and downstream pro-
duction processes and the use of lower-quality iron ores
compared to the DRI-EAF route. There are residual emis-
sion risks if not enough sustainable biomass is available
for the carbon inputs.

Possible policy instruments

- Carbon price and carbon border adjustment

- Carbon contracts or CCfDs

- Green public procurement

- Quotas for low-carbon materials and embedded
carbon limits

Clean hydrogen support policies

v

Comparison of technology with current production pathway

@ CONVENTIONAL TECHNOLOGY KEY LOW-CARBON TECHNOLOGY

@ BF-BOF H.-DRI-Smelt-BOF
-98%
& 1.87 tco,/t of crude steel L 0.04 tco./t of crude steel
‘ Specific emission reduction
+54 to 75%
472'499 USD/t of crude steel (2022) o_» 725—871 USD/t of crude steel (2030)
Specific additional costs (no CO, cost)

Main assumptions to determine the range of production costs (2030)

Lower range [USD/t of crude steel] | Upper range [USD/t of crude steel]

Specific capital costs 90 16
Operating costs of renewable hydrogen 126 189
Operating costs of electricity 27 44
Operating costs of metallic feed Iron ore pellets 254 254

Scrap 78 109

Alloys B8 33
Fixed operating costs 66 66
Other costs (refractories, fluxes, charcoal, electrodes) 54 64
Sales (slags) -3 -3

Production costs (+ costs of residual CO, emissions*) | 725 (+4) :yANCE))

Source: Compiled by Wuppertal Institute and Agora Industry based on various sources.

*Additional CO, costs of residual emissions based on a CO, price of USD90-130/tCO,. 57



5.3 DIRECT REDUCTION WITH NATURAL GAS AND CCS (NG-DRI-EAF-CCS)

Emirates Steel and Al Reyadah DRI-EAF and CCS plant

Photo: ADNOC

Simplified NG-DRI-EAF-CCS process flow

The commercially available direct reduction ironmaking pro-
cess using natural gas (NG-DRI) can be supplemented with
CCS technology to capture the CO, emissions from the shaft
kiln in both the DRI-EAF and the DRI-SMELT-BOF route. Using
amine (MEA) absorption CO, capture with 90% efficiency
could capture around 64% of CO, emissions from the DRI kiln,
which would lead to emission reductions of 89% versus the
BF-BOF process.

Figure E.3
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Example pilot and demonstration projects
= Project: Al Reyadah (Abu Dhabi, UAE)

Abu Dhabi National 0il Company, Emirates Steel
Commercial Arkan

Status: 3.5 Mt DRI-EAF steel plant retrofitted
with CO, capture for EOR since 2016.

Project: Convent (Louisiana, USA)

Nucor, ExxonMobil

Commercial Status: 2.5 Mt DRI-EAF steel plant retrofitted
(announced) with CO, capture, to be commissioned in 2026.

The Al Reyadah CCS facility is the world’s first commercial
carbon capture steel project, capturing CO, from a natural
gas-based DRI-EAF plant owned by Emirates Steel Arkan.
The CCUS facility has been operating since 2016, with an
announced capture potential of up to 0.8 MtCO,/year, which
is used for enhanced oil recovery (EOR) in nearby oil fields.

American steelmaker Nucor has signed an agreement with
ExxonMobil to capture up to 0.8 MtCO,/year from Nucor's
existing DRI plant and to transport and store the CO, at

an ExxonMobil-owned facility in Louisiana. The project is
planned to be commissioned in 2026.
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Key facts

Technology CO, abatement costs vs BF-BOF
Natural gas-based direct reduction with
CCS (NG-DRI-EAF-CCS)

2030 2050
98-161 uso/ico, 89-143 uso/tco,

Current stage of development
First fully commercial plant operating (at
low CO, capture rate) (TRL 8-9)

Challenges
Expected readiness for use This route faces challenges regarding the use of CCS
2025-2030 (for high CO, capture rates) (see the BF-BOF-CCS factsheet), including the need for

CO, transport and storage infrastructure, low public
acceptance, fossil fuel technology lock-in and upstream
methane emissions. The DRI-EAF process also entails
challenges regarding the availability of high-grade iron
ore (see H,-DRI-EAF factsheet).

Energy and infrastructure requirement

- Total energy demand: 13.4 GJ/t of crude steel
(of which 10.5 GJ natural gas/t of crude steel)

> (O, transport and storage infrastructure

- Iron ore mining and beneficiation capacities

to produce DRI-grade pellets Evaluation of technology for steel sector decarbonisation
Though the technology is already available, residual emis-
Possible policy instruments sions from low CO, capture rates and upstream methane
> Carbon price and carbon border adjustment emissions need to be addressed. If these residual emis-
> Carbon Contracts for Difference sions are minimised, CCS technology can be added as a
> Green public procurement retrofit solution to existing DRI plants, and modern H,-
> Quotas for low-carbon materials and em- ready DRI plants could run on natural gas initially with fur-
bedded carbon limits ther emission abatement via CCS before switching to H,.

Comparison of technology with current production pathway

@ CONVENTIONAL TECHNOLOGY KEY LOW-CARBON TECHNOLOGY

@ BF-BOF NG-DRI-EAF-CCS

-89%

& 1.87 tC0,/t of crude steel 0.2 tCO,/t of crude steel

‘ Specific emission reduction

+35 to +54%
472—499 USD/t of crude steel (2022) 635—766 USD/t of crude steel (2030)
Specific additional costs (no CO, cost)

Main assumptions to determine the range of production costs (2030)

Lower range Upper range
[USD/t of crude steel] [USD/t of crude steel]

Specific capital costs 77 90

Operating costs for electricity 40 64

Operating costs for metallic Iron ore pellets 261 261

feed Scrap 78 108
Alloys 33 33

Other costs (natural gas, refractories, fluxes, electrodes, MEA) 77 130

Fixed operating costs 59 59

Operating cost of CO, transport & storage 10 21

Production costs (+ costs of residual CO, emissions*) 635 (+19) 766 (+27)

Source: Compiled by Wuppertal Institute and Agora Industry based on various sources.

*Additional CO, costs of residual emissions based on a CO, price of USD90-130/tCO,. 59



5.4 MOLTEN OXIDE ELECTROLYSIS (MOE)

Boston Metal's MOE pilot facility in Woburn,
Massachusetts

Photo: Boston Metal

Simplified MOE process flow

In the MOE process, iron ore is converted electrochemically
to its elementary components oxygen (0,) and iron (Fe) in
an electrolysis cell without a carbon-based reducing agent.
In the electrolysis cell, the iron ore is dissolved at about
1600 degrees Celsius in a liquid electrolyte and an electrical
current is passed through the solution, reducing the molten
iron ore to metallic iron. The process generates no CO, emis-
sions and only oxygen as a byproduct. Alloying elements
(including carbon) are subsequently added to the iron to
achieve the desired steel properties.

Figure €4
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Agora Industry and Wuppertal Institute, 2024

Example pilot and demonstration projects

Project: MOE (Woburn, USA)

Boston Metal

Pilot Status: Planned pilot plant in 2024 to
produce 25 000 t of metal per year (TRL 4).
Outlook: The company aims to build a
commercial-scale plant (TRL 9) before 2030.

The start-up Boston Metal is working on the commercialisa-
tion of molten oxide electrolysis (MOE). Boston Metal plans
to start using its MOE technology for high-value ferroalloy
production while continuing to develop the technology for
iron- and steelmaking.
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Key facts

Technology
Molten oxide electrolysis

Current stage of development
Pilot plant (TRL 3-4)

Expected readiness for use
2035-2040

Energy and infrastructure requirement

- Total energy demand: 12.4-14.8 GJ/t of crude steel
(all from electricity)

> A dedicated electricity infrastructure, including

CO, abatement costs vs BF-BOF
2030 2050

56-146 uso/tco,

not applicable

Challenges

The MOE process requires a continuous supply of large
amounts of electricity. The extent to which the electrol-
ysis can be flexibly operated to accommodate variable
electricity supply from renewables still requires further
study. The scale-up of the process, including self-heating
cells and an inert anode able to withstand the high tem-
perature and corrosive effects of the molten oxide bath,

storage, may be required is a technological challenge.

Evaluation of technology for steel sector decarbonisation
The MOE process is capable of producing steel from low-
grade iron ore with zero CO, emissions if it runs on car-
bon-neutral electricity. The technology will probably not
play a role in the upcoming 2020s investment window,
but may be commercially available around 2035. As it is

a modular technology, it could allow for smaller-scale,
decentralised steel production.

Possible policy instruments
- Support for research, pilot and demonstration plants

Comparison of technology with current production pathway

@ CONVENTIONAL TECHNOLOGY KEY LOW-CARBON TECHNOLOGY
@ BF-BOF MOE
1.87 tCO,/t of crude steel

‘ Specific emission reduction

0 tC0,/t of crude steel

+23 to 54%
472—499 USD/t of crude steel (2022) 2 582—766 USD/t of crude steel (2050)
Specific additional costs (no CO, cost)

Main assumptions to determine the range of production costs (2050)

Lower range Upper range
[USD/t of crude steel] [USD/t of crude steel]

Specific capital costs 60 122
Operating costs of electricity 205 328
Operating costs of metallic feed Iron ore 215 215
Alloys 33 33
Fixed operating costs 69 69
Production costs (+ costs of residual CO, emissions*) 582 (+0) 766 (+0)

Source: Compiled by Wuppertal Institute and Agora Industry based on various sources.

*Additional CO, costs of residual emissions based on a CO, price of USD90-130/tCO,. 61



5.5 ALKALINE ELECTROLYSIS + EAF (AEL-EAF)

lllustration of the SIDERWIN pilot plant,
constructed in Maiziéres-lés-Metz

Photo: ArcelorMittal

Simplified AEL process flow

The electrowinning of iron is based on the decomposition

of iron oxides into iron and oxygen by passing an electric
current through a highly alkaline aqueous sodium hydrox-
ide solution at about 110 degrees Celsius. In contrast to the
MOE process which melts the iron ore, the iron ore grains are
reduced while in their solid state (below their melting point).
The solid iron (iron plate) is then fed into an electric arc fur-
nace to be processed into steel.

Figure E.5
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Example pilot and demonstration projects

Pilot

Project: Volteron (France)

ArcelorMittal, John Cockerill

Status: Development and construction of a pilot
plant (40-80 kt steel/year) by 2027 (TRL 4).
Outlook: Increase the pilot plant's annual capacity
to between 300 kt and 1 Mt/year by 2030.

As part of the SIDERWIN project, a consortium led by Arce-
lorMittal has developed a prototype iron electrolysis plant. In
the next stage of the project, named Volteron, ArcelorMittal
and John Cockerill aim to build a3 40-80 kt/year low-temper-
ature, iron electrolysis pilot plant by 2027.
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Key facts

Technology
Alkaline electrolysis + EAF (AEL-EAF)

Current stage of development
Pilot plant (TRL 3-4)

Expected readiness for use
2040-2045

Energy and infrastructure requirement

- Total energy demand: 13.7 GJ/t of crude steel
(all from electricity)

> A dedicated electricity infrastructure, including

CO, abatement costs vs BF-BOF
2030 2050

72-195 uspytco,

not applicable

Challenges

The AEL process requires large amounts of low-carbon
electricity. Further research is required to find the optimal
technology design. Especially developing an electrode
that constitutes a good compromise between mechanical
strength and open porosity, and scaling up the technol-
ogy from pilot to industrial scale production could pose
challenges.

storage, may be required

Evaluation of technology for steel sector decarbonisation
Provided large amounts of renewable electricity are avail-
able, the AEL process could produce steel with close to

zero CO, emissions. However, the technology is unlikely to
be available for widespread commercial use before 2040.

Possible policy instruments
- Support for research, pilot and demonstration plants

Comparison of technology with current production pathway

@ CONVENTIONAL TECHNOLOGY KEY LOW-CARBON TECHNOLOGY
@ BF-BOF AEL-EAF
1.87 tCO,/t of crude steel

‘ Specific emission reduction

0.01 tCO,/t of crude steel

+29 to 71%
472—499 USD/t of crude steel (2022) 2 611 —855 USD/t of crude steel (2050)
Specific additional costs (no CO, costs)

Main assumptions to determine the range of production costs (2050)

Lower range Upper range
[USD/t of crude steel] [USD/t of crude steel]

Specific capital costs 75 152
Operating costs of electricity 186 297
Operating costs of metallic feed Iron ore 219 219
Alloys 33 33
Fixed operating costs 51 104
Other costs (refractories, fluxes, charcoal, electrodes) 48 50
Production costs (+ costs of residual CO, emissions*) 611 (+1) 855 (+2)

Source: Compiled by Wuppertal Institute and Agora Industry based on various sources.

*Additional CO, costs of residual emissions based on a CO, price of USD90-130/tCO,. 63



5.6 BLAST FURNACE-BASIC OXYGEN FURNACE ROUTE WITH CCS (BF-BOF-CCS)

Photo: Tata Steel

Tata Steel BF-BOF site in Jamshedpur

This process retrofits integrated steelworks (BF-BOF route)
to allow the capture of CO, emissions from several major
point sources: coke oven underfiring, BF hot stoves and the
onsite power plant. Using amine scrubbing (MEA)-based
CO, capture with a 90% capture efficiency results in only
73% on-site CO, emission reduction, due to the remaining
multiple CO, sources. Increasing the CO, capture rate across
the steelmaking site to include for instance the sinter plant
emissions would incur substantial additional costs.

Simplified BF-BOF-CCS process flow Figure E.6
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Agora Industry and Wuppertal Institute, 2024; Note: Process flow diagram shows emissions from major point sources only. Additional

emissions from distributed sources total 0.08 tCOz/t of crude steel.

Example pilot and demonstration projects

Project: CO, capture from blast furnace gas
® .
[ (Jamshedpur, India)
Pilot Tata Steel, Carbon Clean, Veolia
Status: Operation of CCU pilot plant (TRL 3-4)
Outlook: Tata Steel have announced their
intention to scale up CCU plants in the future.

Project: 3D/DMX (Dunkirk, France)
ArcelorMittal and project partners

Pilot Status: Pilot CCS plant constructed in 2022.
Outlook: 1 MtCO,/year demonstration CCS plant
by 2025

A pilot carbon capture plant at the Jamshedpur steel plant is
capturing 5 tCO, per day directly from the blast furnace gas
using amine-based technology and making it available for
onsite reuse (CCU).

The 3D project aims to demonstrate the DMX CO, capture
process at ArcelorMittal’s Dunkirk steelmaking site and
integrate it with the European-North Sea CCS cluster. The
first pilot plant aims to capture 0.4 ktCO, per year from the
steel mill, with the aim of implementing an industrial size
(1 MtCO,/year) CCS unit after 2025.
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Key facts

Technology
BF-BOF route with CCS

Current stage of development
Pilot plant (TRL 3-4)

Expected readiness for use
2030-2035

Energy and infrastructure requirement
- Total energy demand: 22.8 GJ/t of crude steel
(of which 19.5 GJ coal/t of crude steel)
> 2.8 GJ of renewable electricity per tonne of crude steel
> (O, transport and storage infrastructure

Possible policy instruments

Carbon price and carbon border adjustment
Carbon Contracts for Difference

Green public procurement

Quotas for low-carbon materials and embedded
carbon limits

12

L2 2 7

CO, abatement costs vs BF-BOF
2030

93-163 uso/tco,

2050

83-133 uso/ico,

Challenges

Extensive CO, infrastructure will be required to transport
large volumes of compressed CO, from dispersed point
sources to remote large-scale storage sites. In many
regions, public acceptance of CCS projects is low. Con-
cerns include the risk of locking in fossil fuel-intensive
production pathways (with negative environmental and
climatic effects) and the availability and long-term safety
of storage sites.

Evaluation of technology for steel sector decarbonisation
The technology will likely achieve a CO, reduction of only
73%, making it incompatible with climate neutrality. Since
no company is currently working on an industrial-scale
plant, the technology is not expected to be available
before 2030. Upgrading BF-BOFs with CCS at a later stage
is possible but would require substantial modifications to
achieve a high capture rate.

Comparison of technology with current production pathway

CONVENTIONAL TECHNOLOGY

% BF-BOF
& 1.87 tCO,/t of crude steel

\/

+27 to +45%

472—499 USD/t of crude steel (2022)
Specific additional costs (no CO, costs)

KEY LOW-CARBON TECHNOLOGY
BF-BOF-CCS (73%)

-73%
2 0.51 tCO,/t of crude steel

Specific emission reduction

599—721 USD/t of crude steel (2030)

Main assumptions to determine the range of production costs (2030)

Assumption

Specific capital costs
Operating costs of electricity

Iron ore
Scrap
Alloys

Operating costs of metallic feed

Operating cost of CO, transport & storage
Fixed operating costs
Other costs (coal, coke, natural gas, refractories, fluxes, MEA)

Sales (slags, tar, offgas)

Production costs (+ costs of residual CO, emissions*)

34
38

197

78
33

a

598 (+46)

Lower range [USD/t of crude steel] | Upper range [USD/t of crude steel]

66
62

197
109

721 (+66)

Source: Compiled by Wuppertal Institute and Agora Industry based on various sources.

*Additional CO, costs of residual emissions based on a CO, price of USD90-130/tCO,.
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5.7 THE HISARNA® PROCESS + BOF WITH CCS

Hisarna® pilot plant, Tata Steel in IJmuiden

Photo: Tata Steel

Simplified Hisarna-CCS process flow

Hisarna® is an ironmaking process that replaces the BF with
a simplified carbon-based smelting reduction process, elim-
inating the iron ore agglomeration steps (from sinter or pel-
letising plants) and the need for coke (from the coke oven).
Compared to BF-BOF, lower iron ore and coal qualities can be
used and the energy demand and CO, emissions are reduced.
The process is suitable for combination with CCS because of
the high CO, concentrations in the off-gases and fewer CO,
point sources. Combined with CCS, CO, reductions of up to
93% are possible compared to the BF-BOF route (without
CCS, Hisarna® can reduce CO, emissions by 38%).

Figure E.7
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Agora Industry and Wuppertal Institute, 2024; Note: The electricity demand for the air separation unit (ASU) includes all electricity

demand from the Hlsarna reactor and the BOF.

Example pilot and demonstration projects

Pilot

Demo

Project: Hisarna® (IJmuiden, the Netherlands)
Tata Steel

Status: Sustained campaign from 2017-2018

(TRL 6).

Outlook: Tata Steel have announced that they will
not build a commercial-scale Hisarna® reactor at
the IJmuiden site.

Project: Hisarna® (Jamshedpur, India)
Tata Steel

Status: Demo plant was planned for 2022 (TRL 5).

Outlook: Unclear.

The pilot plant has a nominal annual capacity of 60 000 t of
crude steel. A number of tests for the production of pig iron
and steel have been carried out since 2011. A long-term
test in 2018 integrated the Hlsarna® reactor into an exist-
ing steelmaking plant. The next phase of the pilot project to
implement carbon capture has been cancelled as the com-
pany has announced that it will pursue the H,-DRI route at
the IJmuiden site.

The construction of the Hisarna plant was announced in
November 2018 with an annual capacity of 500 000 t of pig
iron. Further development plants to upscale the Hisarna pro-
cess to industrial scale by 2030 seem to have been halted.
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Key facts

Technology
Hisarna® + BOF with CCS

Current stage of development
Pilot plant (TRL5- 6)

Expected readiness for use
2030-2035 (current development status
unclear)

Energy and infrastructure requirement

- Total energy demand: 15.4 GJ/t of crude steel
(of which 12.7 GJ coal/t crude steel)

> (O, transport and storage infrastructure

Possible policy instruments

Carbon price and carbon border adjustment
Carbon Contracts for Difference

Green public procurement

12

L2 2 7

carbon limits

Quotas for low-carbon materials and embedded

CO, abatement costs vs BF-BOF
2030 2050

63-117 usoiico, 56-98 usosico,

Challenges

The development prospects of the technology are unclear
since the demonstration phase of the project in Europe
has been cancelled. As far as the use of CCS is concerned,
challenges relating to suitable CO, storage sites and infra-
structure as well as public acceptance need to be clarified
(see BF-BOF-CCS factsheet). While Hisarna with CCS could
reduce emissions by up to 93%, capturing the remaining
residual emissions incurs much higher costs.

Evaluation of technology for steel sector decarbonisation
Hisarna with CCS could achieve CO, reductions of around
93% while being a comparatively low-cost option. How-
ever, the remaining emissions would need to be compen-
sated. The technology is not likely to be available before
the mid-2030s since no company is currently working on
its commercialisation.

Comparison of technology with current production pathway

@ CONVENTIONAL TECHNOLOGY
@ BF-BOF
& 1.87 tC0,/t of crude steel

KEY LOW-CARBON TECHNOLOGY
Hisarna-CCS

-93%
e 0.13 tCO,/t of crude steel

‘ Specific emission reduction

+23 to +41%
472—499 USD/t of crude steel (2022) 2 581 —704 USD/t of crude steel (2030)
Specific additional costs (no CO, costs)

Main assumptions to determine the range of production costs (2030)

Lower range [USD/t of crude steel] [ Upper range [USD/t of crude steel]

Specific capital costs 4 85
Operating costs of electricity 32 52
Operating costs of metallic feed Iron ore fines 206 206

Scrap 78 109

Alloys 33 33
Fixed operating costs 97 97
Operating cost of CO, transport & storage 31 62
Other costs (coal, refractories, fluxes) 68 68
Sales (slags, offgas) -6 -8

704 (+16)

Production costs (+ costs of residual CO, emissions*) | 581 (+11)

Source: Compiled by Wuppertal Institute and Agora Industry based on various sources.

*Additional CO, costs of residual emissions based on a CO, price of USD90-130/tCO,. 67



5.8 NEAR-ZERO EMISSIONS SCRAP ELECTRIC ARC FURNACE ROUTE
(NZE-SCRAP-EAF)

Roughly 20% of today's world steel production is based on
scrap. The EAF is operated with electricity to melt the scrap
and small amounts of coal and lime are added to produce
slag in order to remove impurities. For direct and indirect CO,
emissions to be below the proposed IEA near-zero emissions
threshold (<50 kg CO,/t of crude steel), the EAF must use
zero-carbon electricity and the carbon input must come from
sustainable biomass.

Electric arc furnace at a Nucor steel plant Photo: Nucor
Simplified NZE-Scrap-EAF process flow Figure E.8
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Agora Industry and Wuppertal Institute, 2023; * DRI is not a required input but can be used as additional metallic feed depending on
scrap availability and desired steel quality.

Example pilot and demonstration projects

Project: Evraz (Pueblo, USA) EVRAZ is operating the world's first solar-power steel mill.

EVRAZ, BP, Xcel The EAF-based steel mill is powered by a 300 MW solar PV
Commercial Status: Operational since 2021. farm. The project will reduce carbon emissions by 0.43 Mt/

year.

Project: Econig™ (various locations, USA) Nucor is operating various EAF-based steel mills across the

Nucor US. The company is offering steel products labelled as net-
Commercial Status: Commercial scale (TRLS) - Econig™ steel zero steel under the brand Econig™. The steel is made using

supplied to first customer in Q12022. 100% renewable electricity via VPPAs. The direct emissions

(scope 1) from the steelmaking process are compensated by
carbon offsets.

I I Project: GreenEAF2/RETROFEED (Italy, Romania) The GreenEAF2 project and its predecessor GreenEAF1
Consortium of research institutes and steelmakers demonstrated feasibility and validated the utilisation of

Demo Status: GreenEAF2 concluded in 2016. char from biomass as a substitute for coal in the EAF. The
I I Outlook: RETROFEED ongoing until 2023. follow-up project RETROFEED aims to enable the use of bio-

based feedstocks in several process industries, including
Demo steelmaking.
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Key facts

Technology
Near-zero emissions scrap-based EAF
steel production

Current stage of development
TRL 9 (7 with charcoal) replacing fossil
carbon inputs

Expected readiness for use
Ready

Energy and infrastructure requirement

> Total energy demand: 2.8 GJ/t of crude steel
(of which 2.5 GJ electricity/t of crude steel)

- Decarbonisation of electricity system

- Optimised recycling infrastructure

> Biomass and charcoal supply

Possible policy instruments

Carbon price and carbon border adjustment
Standards for end-of-life sorting

Standards for design for recycling

Quotas for low-carbon materials and embedded
carbon limits

v

L2 2 7

CO, abatement costs vs BF-BOF

2030 2050
not applicable not applicable

The scrap price is likely to adjust to a level that results in cost parity

Challenges

Impurities currently limit the use of scrap steel to low-
value steel grades. With better product design and recy-
cling, more scrap could be used in higher-value steel
products. This will be an important lever in the long

term as the available scrap amounts will rise compared
to overall steel demand. R&D is required to address the
consumption of graphite electrodes, which contributes to
residual CO, emissions.

Evaluation of technology for steel sector decarbonisation
If the electricity supply is decarbonised, the secondary
route can produce near-zero emissions steel and repre-
sents a no-regret option for countries with large steel
scrap supplies, especially when combined with measures
that address scrap quality. However, in a world of rising
demand and limited scrap supply, both primary and sec-
ondary steelmaking will be needed.

Comparison of technology with current production pathway

@ CONVENTIONAL TECHNOLOGY
@ BF-BOF

KEY LOW-CARBON TECHNOLOGY

Secondary route (scrap)

99.6%
& 1.87 tCO,/t of crude steel 2

‘ Specific emission reduction

0.01 tCO,/t of crude steel

+35 to +68%
472—499 USD/t of crude steel (2022) 2 639 —837 USD/t of crude steel (2030)
Specific additional costs (no CO, costs)

Main assumptions to determine the range of production costs (2030)

Lower range Upper range
[USD/t of crude steel] [USD/t of crude steel]

Specific capital costs 22 22
Operating costs of electricity 34 55
Operating costs of metallic feed Scrap 453 628
Alloys 33 33
Fixed operating costs 45 45
Other costs (charcoal, refractories, fluxes, electrodes) 51 54
Production costs (+ costs of residual CO, emissions*) 639 (+1) 837 (+1)

Source: Compiled by Wuppertal Institute and Agora Industry based on various sources.

*Additional CO, costs of residual emissions based on a CO, price of USD90-130/tCO,. 69



Agora Industry — Low-carbon technologies for the global steel transformation

References

Agora Energiewende. 2022. Transformation Cost
Calculator (TCC) - Steel. 2022. https://www.agora-
energiewende.de/en/publications/transformation-
cost-calculator-tcc-steel/.

Agora Industry. 2023a. Chemicals in Transition.
https://www.agora-energiewende.de/en/
publications/chemicals-in-transition/.

Agora Industry. 2023b. Global Steel Transformation
Tracker. Global Steel Transformation Tracker. 2023.
https://www.agora-industry.org/data-tools/global-
steel-transformation-tracker.

Agora Industry. 2023c. Labels for Climate-Friendly
Basic Materials: A Guide to the Debate. https://fwww.
agora-industry.org/publications/labels-for-climate-
friendly-basic-materials#downloads.

Agora Industry, and Systemiq. 2023. Resilienter
Klimaschutz durch eine zirkuldre Wirtschaft:
Perspektiven und Potenziale fiir energieintensive
Grundstoffindustrien. https:/www.agora-industrie.
de/publikationen/resilienter-klimaschutz-durch-
eine-zirkulaere-wirtschaft#downloads.

Agora Industry, and TU Hamburg. 2023. Hydrogen
Import Options for Germany. Analysis with an in-
Depth Look at Synthetic Natural Gas (SNG) with a
Nearly Closed Carbon Cycle. Analysis. https:/www.
agora-industry.org/publications/hydrogen-import-
options-for-germany-summary#downloads.

Agora Industry, and Wuppertal Institute. 2023.
15 Insights on the Global Steel Transformation.
https://www.agora-energiewende.de/en/
publications/15-insights-on-the-global-steel-
transformation-1/.

Anderegg, William R. L., Anna T. Trugman, Grayson
Badgley, Christa M. Anderson, Ann Bartuska,
Philippe Ciais, Danny Cullenward, et al. 2020.
Climate-Driven Risks to the Climate Mitigation
Potential of Forests. Science 368 (6497): eaaz7005.
https:/doi.org/10.1126/science.aaz7005.

ArcelorMittal. 2023. ArcelorMittal Europe Fact
Book 2023. https://europe.arcelormittal.com/
newsandmedia/europenews/factbook-2023.

Bataille, Chris, Seton Stiebert, and Francis G.N. Li.
2021. Global Facility Level Net-Zero Steel Pathways:
Technical Report on the First Scenarios of the Net-
Zero Steel Project. IDDRI. http:/netzerosteel.org/wp-
content/uploads/pdf/net_zero_steel_report.pdf.

BNEF. 2020. Hydrogen Economy Outlook 2020.
https://data.bloomberglp.com/professional/sites/24/
BNEF-Hydrogen-Economy-0Outlook-Key-
Messages-30-Mar-2020.pdf.

BNEF. 2023. Green Steel Demand Is Rising Faster
Than Production Can Ramp Up. BloombergNEF (blog).
26 June 2023. https://about.bnef.com/blog/green-
steel-demand-is-rising-faster-than-production-
can-ramp-up/.

Boston Metal. 2023. Molten Oxide Electrolysis for
Steel Decarbonization. Boston Metal. 2023. https:/
www.bostonmetal.com/green-steel-solution/.

Cassauwers, Tom. 2023. European Steel Industry
Seeks Green Credentials to Match Its Economic,
Political Weight. Horizon — The EU Research &
Innovation Magazin, 2023. https:/ec.europa.eu/
research-and-innovation/en/horizon-magazine/
european-steel-industry-seeks-green-credentials-
match-its-economic-political-weight.

70


https://www.agora-energiewende.de/en/publications/transformation-cost-calculator-tcc-steel/
https://www.agora-energiewende.de/en/publications/transformation-cost-calculator-tcc-steel/
https://www.agora-energiewende.de/en/publications/transformation-cost-calculator-tcc-steel/
https://www.agora-energiewende.de/en/publications/chemicals-in-transition/
https://www.agora-energiewende.de/en/publications/chemicals-in-transition/
https://www.agora-industry.org/data-tools/global-steel-transformation-tracker
https://www.agora-industry.org/data-tools/global-steel-transformation-tracker
https://www.agora-industry.org/publications/labels-for-climate-friendly-basic-materials#downloads
https://www.agora-industry.org/publications/labels-for-climate-friendly-basic-materials#downloads
https://www.agora-industry.org/publications/labels-for-climate-friendly-basic-materials#downloads
https://www.agora-industrie.de/publikationen/resilienter-klimaschutz-durch-eine-zirkulaere-wirtschaft#downloads
https://www.agora-industrie.de/publikationen/resilienter-klimaschutz-durch-eine-zirkulaere-wirtschaft#downloads
https://www.agora-industrie.de/publikationen/resilienter-klimaschutz-durch-eine-zirkulaere-wirtschaft#downloads
https://www.agora-industry.org/publications/hydrogen-import-options-for-germany-summary#downloads
https://www.agora-industry.org/publications/hydrogen-import-options-for-germany-summary#downloads
https://www.agora-industry.org/publications/hydrogen-import-options-for-germany-summary#downloads
https://www.agora-energiewende.de/en/publications/15-insights-on-the-global-steel-transformation-1/
https://www.agora-energiewende.de/en/publications/15-insights-on-the-global-steel-transformation-1/
https://www.agora-energiewende.de/en/publications/15-insights-on-the-global-steel-transformation-1/
https://doi.org/10.1126/science.aaz7005
https://europe.arcelormittal.com/newsandmedia/europenews/factbook-2023
https://europe.arcelormittal.com/newsandmedia/europenews/factbook-2023
http://netzerosteel.org/wp-content/uploads/pdf/net_zero_steel_report.pdf
http://netzerosteel.org/wp-content/uploads/pdf/net_zero_steel_report.pdf
https://data.bloomberglp.com/professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-Messages-30-Mar-2020.pdf
https://data.bloomberglp.com/professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-Messages-30-Mar-2020.pdf
https://data.bloomberglp.com/professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-Messages-30-Mar-2020.pdf
https://about.bnef.com/blog/green-steel-demand-is-rising-faster-than-production-can-ramp-up/
https://about.bnef.com/blog/green-steel-demand-is-rising-faster-than-production-can-ramp-up/
https://about.bnef.com/blog/green-steel-demand-is-rising-faster-than-production-can-ramp-up/
https://www.bostonmetal.com/green-steel-solution/
https://www.bostonmetal.com/green-steel-solution/
https://ec.europa.eu/research-and-innovation/en/horizon-magazine/european-steel-industry-seeks-green-credentials-match-its-economic-political-weight
https://ec.europa.eu/research-and-innovation/en/horizon-magazine/european-steel-industry-seeks-green-credentials-match-its-economic-political-weight
https://ec.europa.eu/research-and-innovation/en/horizon-magazine/european-steel-industry-seeks-green-credentials-match-its-economic-political-weight
https://ec.europa.eu/research-and-innovation/en/horizon-magazine/european-steel-industry-seeks-green-credentials-match-its-economic-political-weight

Agora Industry — Low-carbon technologies for the global steel transformation

Cavaliere, Pasquale, Angelo Perrone, Alessio Silvello,
Paolo Stagnoli, and Pablo Duarte. 2022. Integration
of Open Slag Bath Furnace with Direct Reduction
Reactors for New-Generation Steelmaking. Metals 12
(2): 203. https://doi.org/10.3390/met12020203.

Congressional Research Service. 2022. Inflation
Reduction Act Methane Emissions Charge: In Brief.
https://crsreports.congress.gov/product/pdf/R/
R47206.

DANIELI. 2023. HBIS Is Producing DRI by Using
More than 60% of Hydrogen ¢« Danieli. 2023. https://
www.danieli.com/en/news-media/news/hbis-
producing-dri-using-more-60-hydrogen_37_818.
htm.

Danish Energy Agency, and Energinet. 2021
Technology Data — Carbon Capture, Transport and
Storage. https://ens.dk/en/our-services/projections-
and-models/technology-data/technology-data-
carbon-capture-transport-and.

E3G, and Pacific Northwest National Laboratory
PNNL. 2021 1.5°C Steel: Decarbonizing the Steel
Sector in Paris- Compatible Pathways. https://www.
e3g.org/publications/1-5c-steel-decarbonising-the-
steel-sector-in-paris-compatible-pathways/.

Ember. 2023. Why the Steel Industry Needs to

Tackle Coal Mine Methane. https://ember-climate.
org/insights/research/why-the-steel-industry-
needs-to-tackle-coal-mine-methane/#supporting-
material.

ETC, Energy Transition Commission. 2021a.
Bioresources within a Net-Zero Emissions Economy:
Making a Sustainable Approach Possible. Energy
Transition Commission. https:/www.energy-
transitions.org/publications/bioresources-within-a-
net-zero-economyy/.

ETC, Energy Transition Commission. 2021b. Making
the Hydrogen Economy Possible: Accelerating Clean
Hydrogen in an Electrified Economy. https://www.
energy-transitions.org/publications/making-clean-
hydrogen-possible/.

European Commission. 2023a. CO, Emission
Performance Standards for Cars and Vans. 2023.
https:/climate.ec.europa.eu/eu-action/transport/
road-transport-reducing-co2-emissions-vehicles/
co2-emission-performance-standards-cars-and-
vans_en.

European Commission. 2023b. Proposal for a
Directive on Green Claims. https://environment.
ec.europa.eu/publications/proposal-directive-
green-claims_en.

European Commission. 2023c. State Aid: Commission
Approves €850 Million French Measure to Support
ArcelorMittal Decarbonise Its Steel Production. Press
release. 2023. https://ec.europa.eu/commission/
presscorner/detail/en/ip_23_3925.

European Commission. 2023d. State Aid: Commission
Approves German €550 Million Direct Grant and
Conditional Payment Mechanism of up to €1.45
Billion to Support ThyssenKrupp Steel Europe in
Decarbonising Its Steel Production and Accelerating
Renewable Hydrogen Uptake. Press release. 2023.
https://ec.europa.eu/commission/presscorner/detail/
en/IP_23_3928.

European Council, and Council of the European
Union. 2023. Climate Action: Council and Parliament
Reach Deal on New Rules to Cut Methane Emissions
in the Energy Sector. 2023. https:/www.consilium.
europa.eu/en/press/press-releases/2023/11/15/
climate-action-council-and-parliament-reach-
deal-on-new-rules-to-cut-methane-emissions-in-
the-energy-sector/.

Fan, Zhiyuan, and S. Julio Friedmann. 2021. Low-
Carbon Production of Iron and Steel: Technology
Options, Economic Assessment, and Policy. Joule 5 (4):
829-62. https://doi.org/10.1016/j.joule.2021.02.018.

GEI, Global Efficiency Intelligence. 2022. Steel
Climate Impact — An International Benchmarking of
Energy and CO, Intensities. Florida.
https://www.globalefficiencyintel.com/steel -
climate-impact-international-benchmarking-
energy-co2-intensities.

Al


https://doi.org/10.3390/met12020203
https://crsreports.congress.gov/product/pdf/R/R47206
https://crsreports.congress.gov/product/pdf/R/R47206
https://www.danieli.com/en/news-media/news/hbis-producing-dri-using-more-60-hydrogen_37_818.htm
https://www.danieli.com/en/news-media/news/hbis-producing-dri-using-more-60-hydrogen_37_818.htm
https://www.danieli.com/en/news-media/news/hbis-producing-dri-using-more-60-hydrogen_37_818.htm
https://www.danieli.com/en/news-media/news/hbis-producing-dri-using-more-60-hydrogen_37_818.htm
https://ens.dk/en/our-services/projections-and-models/technology-data/technology-data-carbon-capture-transport-and
https://ens.dk/en/our-services/projections-and-models/technology-data/technology-data-carbon-capture-transport-and
https://ens.dk/en/our-services/projections-and-models/technology-data/technology-data-carbon-capture-transport-and
https://www.e3g.org/publications/1-5c-steel-decarbonising-the-steel-sector-in-paris-compatible-pathways/
https://www.e3g.org/publications/1-5c-steel-decarbonising-the-steel-sector-in-paris-compatible-pathways/
https://www.e3g.org/publications/1-5c-steel-decarbonising-the-steel-sector-in-paris-compatible-pathways/
https://ember-climate.org/insights/research/why-the-steel-industry-needs-to-tackle-coal-mine-methane/#supporting-material
https://ember-climate.org/insights/research/why-the-steel-industry-needs-to-tackle-coal-mine-methane/#supporting-material
https://ember-climate.org/insights/research/why-the-steel-industry-needs-to-tackle-coal-mine-methane/#supporting-material
https://ember-climate.org/insights/research/why-the-steel-industry-needs-to-tackle-coal-mine-methane/#supporting-material
https://www.energy-transitions.org/publications/bioresources-within-a-net-zero-economy/
https://www.energy-transitions.org/publications/bioresources-within-a-net-zero-economy/
https://www.energy-transitions.org/publications/bioresources-within-a-net-zero-economy/
https://www.energy-transitions.org/publications/making-clean-hydrogen-possible/
https://www.energy-transitions.org/publications/making-clean-hydrogen-possible/
https://www.energy-transitions.org/publications/making-clean-hydrogen-possible/
https://climate.ec.europa.eu/eu-action/transport/road-transport-reducing-co2-emissions-vehicles/co2-emission-performance-standards-cars-and-vans_en
https://climate.ec.europa.eu/eu-action/transport/road-transport-reducing-co2-emissions-vehicles/co2-emission-performance-standards-cars-and-vans_en
https://climate.ec.europa.eu/eu-action/transport/road-transport-reducing-co2-emissions-vehicles/co2-emission-performance-standards-cars-and-vans_en
https://climate.ec.europa.eu/eu-action/transport/road-transport-reducing-co2-emissions-vehicles/co2-emission-performance-standards-cars-and-vans_en
https://environment.ec.europa.eu/publications/proposal-directive-green-claims_en
https://environment.ec.europa.eu/publications/proposal-directive-green-claims_en
https://environment.ec.europa.eu/publications/proposal-directive-green-claims_en
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_3925
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_3925
https://ec.europa.eu/commission/presscorner/detail/en/IP_23_3928
https://ec.europa.eu/commission/presscorner/detail/en/IP_23_3928
https://www.consilium.europa.eu/en/press/press-releases/2023/11/15/climate-action-council-and-parliament-reach-deal-on-new-rules-to-cut-methane-emissions-in-the-energy-sector/
https://www.consilium.europa.eu/en/press/press-releases/2023/11/15/climate-action-council-and-parliament-reach-deal-on-new-rules-to-cut-methane-emissions-in-the-energy-sector/
https://www.consilium.europa.eu/en/press/press-releases/2023/11/15/climate-action-council-and-parliament-reach-deal-on-new-rules-to-cut-methane-emissions-in-the-energy-sector/
https://www.consilium.europa.eu/en/press/press-releases/2023/11/15/climate-action-council-and-parliament-reach-deal-on-new-rules-to-cut-methane-emissions-in-the-energy-sector/
https://www.consilium.europa.eu/en/press/press-releases/2023/11/15/climate-action-council-and-parliament-reach-deal-on-new-rules-to-cut-methane-emissions-in-the-energy-sector/
https://doi.org/10.1016/j.joule.2021.02.018
https://www.globalefficiencyintel.com/steel-climate-impact-international-benchmarking-energy-co2-intensities
https://www.globalefficiencyintel.com/steel-climate-impact-international-benchmarking-energy-co2-intensities
https://www.globalefficiencyintel.com/steel-climate-impact-international-benchmarking-energy-co2-intensities

Agora Industry — Low-carbon technologies for the global steel transformation

Global CCS Institute. 2021. Technology Readiness
and Costs of CCS. https://www.globalccsinstitute.
com/resources/publications-reports-research/
technology-readiness-and-costs-of-ccs/.

GMEK Center. 2023. HBIS Produced Industrial
Volumes of DRI Using Hydrogen Gas Enrichment
Technology. GMK (blog). 2023. https:/gmk.center/en/
news/hbis-produced-industrial-volumes-of-dri-
using-hydrogen-gas-enrichment-technology/.

Hydrogen Council. 2021 Hydrogen Insights
2021. https://hydrogencouncil.com/en/hydrogen-
insights-2021/.

IEA, International Energy Agency. 2020a. Energy
Technology Perspectives 2020 - Special Report

on Carbon Capture, Utilisation and Storage. Paris.
https://www.iea.org/reports/ccus-in-clean-energy-
transitions.

IEA, International Energy Agency. 2020b. [ron and
Steel Technology Roadmap. I[EA. https://www.iea.org/
reports/iron-and-steel-technology-roadmap.

IEA, International Energy Agency. 2021a. Is Carbon
Capture Too Expensive? IEA. 2021. https:/www.
iea.org/commentaries/is-carbon-capture-too-
expensive.

IEA, International Energy Agency. 2021b. Net Zero
by 2050. https://www.iea.org/reports/net-zero-
by-2050.

IEA, International Energy Agency. 2022a. Achieving
Net Zero Heavy Industry Sectors in G7 Members.
Paris: [EA. https://www.iea.org/reports/achieving-
net-zero-heavy-industry-sectors-in-g7-members.

IEA, International Energy Agency. 2022b. World
Energy Outlook 2022. https://www.iea.org/reports/
world-energy-outlook-2022.

IEA, International Energy Agency. 2023a. Methane
Tracker. 2023. https://www.iea.org/data-and-
statistics/data-tools/methane-tracker.

IEA, International Energy Agency. 2023b. World
Energy Outlook 2023. https://www.iea.org/reports/
world-energy-outlook-2023.

IEAGHG, IEA Enviromental Projects. 2013. [ron and
Steel CCS Study (Techno-Economics Integrated Steel
Mill). https://documents.ieaghg.org/index.php/s/
P3rYI5vSh80SPMY7.

IEEFA, Institute for Energy Economics and
Financial Analysis. 2022. Iron Ore Quality a Potential
Headwind to Green Steelmaking. Lakewood.

IPCC, ed. 2021. The Earths Energy Budget, Climate
Feedbacks and Climate Sensitivity. In Climate Change
2021 - The Physical Science Basis: Working Group

I Contribution to the Sixth Assessment Report of

the Intergovernmental Panel on Climate Change,
923-1054. Cambridge: Cambridge University Press.
https://doi.org/10.1017/9781009157896.0009.

IPCC, Intergovernmental Panel on Climate Change.
2018. Global Warming of 1.5°C. https://www.ipcc.ch/
srl5/.

IRENA, International Renewable Energy Agency.
2022. World Energy Transitions Outlook 2022: 1.5°C
Pathway. Abu Dhabi: IRENA. https://www.irena.org/
publications/2022/mar/world-energy-transitions-
outlook-2022.

Koutsoupa, Sevasti, Stavroula Koutalidi, Evangelos
Bourbos, Efthymios Balomenos, and Dimitrios
Panias. 2021. Electrolytic Iron Production

from Alkaline Bauxite Residue Slurries at Low
Temperatures : Carbon-Free Electrochemical Process
for the Production of Metallic Iron. Johnson Matthey
Technology Review 65 (3): 366-74. https://doi.org/10.
1595/205651320X15918757312944.

MIDREX. 2022. The Iron Ore Challenge for Direct
Reduction on Road to Carbon-Neutral Steelmaking.
Midrex Technologies, Inc. 2022. https:/www.midrex.
com/tech-article/the-iron-ore-challenge-for-
direct-reduction-on-road-to-carbon-neutral-
steelmaking/.

72


https://www.globalccsinstitute.com/resources/publications-reports-research/technology-readiness-and-costs-of-ccs/
https://www.globalccsinstitute.com/resources/publications-reports-research/technology-readiness-and-costs-of-ccs/
https://www.globalccsinstitute.com/resources/publications-reports-research/technology-readiness-and-costs-of-ccs/
https://gmk.center/en/news/hbis-produced-industrial-volumes-of-dri-using-hydrogen-gas-enrichment-technology/
https://gmk.center/en/news/hbis-produced-industrial-volumes-of-dri-using-hydrogen-gas-enrichment-technology/
https://gmk.center/en/news/hbis-produced-industrial-volumes-of-dri-using-hydrogen-gas-enrichment-technology/
https://hydrogencouncil.com/en/hydrogen-insights-2021/
https://hydrogencouncil.com/en/hydrogen-insights-2021/
https://www.iea.org/reports/ccus-in-clean-energy-transitions
https://www.iea.org/reports/ccus-in-clean-energy-transitions
https://www.iea.org/reports/iron-and-steel-technology-roadmap
https://www.iea.org/reports/iron-and-steel-technology-roadmap
https://www.iea.org/commentaries/is-carbon-capture-too-expensive
https://www.iea.org/commentaries/is-carbon-capture-too-expensive
https://www.iea.org/commentaries/is-carbon-capture-too-expensive
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/achieving-net-zero-heavy-industry-sectors-in-g7-members
https://www.iea.org/reports/achieving-net-zero-heavy-industry-sectors-in-g7-members
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/data-and-statistics/data-tools/methane-tracker
https://www.iea.org/data-and-statistics/data-tools/methane-tracker
https://www.iea.org/reports/world-energy-outlook-2023
https://www.iea.org/reports/world-energy-outlook-2023
https://documents.ieaghg.org/index.php/s/P3rYI5vSh80SPM7
https://documents.ieaghg.org/index.php/s/P3rYI5vSh80SPM7
https://doi.org/10.1017/9781009157896.009
https://www.ipcc.ch/sr15/
https://www.ipcc.ch/sr15/
https://www.irena.org/publications/2022/mar/world-energy-transitions-outlook-2022
https://www.irena.org/publications/2022/mar/world-energy-transitions-outlook-2022
https://www.irena.org/publications/2022/mar/world-energy-transitions-outlook-2022
https://doi.org/10.1595/205651320X15918757312944
https://doi.org/10.1595/205651320X15918757312944
https://www.midrex.com/tech-article/the-iron-ore-challenge-for-direct-reduction-on-road-to-carbon-neutral-steelmaking/
https://www.midrex.com/tech-article/the-iron-ore-challenge-for-direct-reduction-on-road-to-carbon-neutral-steelmaking/
https://www.midrex.com/tech-article/the-iron-ore-challenge-for-direct-reduction-on-road-to-carbon-neutral-steelmaking/
https://www.midrex.com/tech-article/the-iron-ore-challenge-for-direct-reduction-on-road-to-carbon-neutral-steelmaking/

Agora Industry — Low-carbon technologies for the global steel transformation

MPP. 2022. Making Net Zero Steel Possible. https://
missionpossiblepartnership.org/wp-content/
uploads/2022/09/Making-Net-Zero-Steel-possible.
pdf.

Perpinan, Jorge, Begona Peia, Manuel Bailera,
Valerie Eveloy, Pravin Kannan, Abhijeet Raj, Pilar
Lisbona, and Luis Miguel Romeo. 2023. Integration of
Carbon Capture Technologies in Blast Furnace Based
Steel Making: A Comprehensive and Systematic
Review. Fuel 336 (March): 127074. https:/doi.
0rg/10.1016/j.fuel.2022.127074.

PWC. 2021 Green Hydrogen Economy — Predicted
Development of Tomorrow. 2021. https://www.pwec.
com/gx/en/industries/energy-utilities-resources/
future-energy/green-hydrogen-cost.html.

SIDERWIN. 2023. SIDERWIN: A Breakthrough
Technology to Decarbonize Primary Steel Production
through Direct Electrification. https://siderwin-
spire.eu/sites/siderwin.drupal.pulsartecnalia.com/
files/documents/SIDERWIN_Webinar_20211124 _
QuestionsAnswers.pdf.

SteelZero. 2023. SteelZero Members. Climate Group
— SteelZero. 2023. https:/www.theclimategroup.org/
steelzero-members.

Tata Steel. 2020. HIsarna - Building a Sustainable
Steel Industry. https://www.tatasteeleurope.com/
sites/default/files/tata-steel-europe-factsheet-
hisarna.pdf.

Tata Steel. 2021 Tata Steel Commissions Indias First
Plant for CO2 Capture from Blast Furnace Gas at
Jamshedpur. 2021. https:/www.tatasteel.com/media/
newsroom/press-releases/india/2021/tata-steel -
commissions-india-s-first-plant-for-co2-capture-
from-blast-furnace-gas-at-jamshedpur/.

Tata Steel. 2023. Integrated Report and Annual
Accounts 2022-23. https://www.tatasteel.com/
media/18370/tata-steel-ir-2022-23.pdf.

Tata Steel Nederland. 2023. Sustainability Report
2022/2023. https:/[www.tatasteeleurope.com/sites/
default/files/Tata%20Steel%20sustainability %20
report%20202223.pdf.

tenova. 2022. ENERGIRON® Largest Hydrogen-
Based DRI Facility in China. Press release. 2022.

Thyssenkrupp. 2022. Thyssenkrupp Is Accelerating
the Green Transformation: Decision Taken on The
Construction of Germanys Largest Direct Reduction
Plant for Low-CO2 Steel. 2022. https://www.
thyssenkrupp.com/en/newsroom/press-releases/
pressdetailpage/thyssenkrupp-is-accelerating -
the-green-transformation- -decision-taken-on-
the-construction-of-germanys-largest-direct-
reduction-plant-for-low-co2-steel-1468009.

Toulouevski, Yuri N., and Ilyaz Yunusovich Zinurov.
2010. Innovation in Electric Arc Furnaces. Berlin,
Heidelberg: Springer Berlin Heidelberg. https:/doi.
org/10.1007/978-3-642-03802-0.

VDKij, Verein der Kohlenimporteure. 2020.
Jahresbericht 2020. https://www.kohlenimporteure.
de/files/user_upload/jahresberichte/VdKi_
Jahresbericht_2020.pdf.

Vogl, Valentin, Max Ahman, and Lars J. Nilsson.
2018. Assessment of Hydrogen Direct Reduction
for Fossil-Free Steelmaking. Journal of Cleaner
Production 203 (December): 736-45. https:/doi.
org/10.1016/j.jclepro.2018.08.279.

Worldsteel Association. 2021 Sustainable Steel.
Brussels: Worldsteel Association. https:/worldsteel.
org/wp-content/uploads/Sustainability-Indicators-
2021-and-our-sustainability-journey.pdf.

73


https://missionpossiblepartnership.org/wp-content/uploads/2022/09/Making-Net-Zero-Steel-possible.pdf
https://missionpossiblepartnership.org/wp-content/uploads/2022/09/Making-Net-Zero-Steel-possible.pdf
https://missionpossiblepartnership.org/wp-content/uploads/2022/09/Making-Net-Zero-Steel-possible.pdf
https://missionpossiblepartnership.org/wp-content/uploads/2022/09/Making-Net-Zero-Steel-possible.pdf
https://doi.org/10.1016/j.fuel.2022.127074
https://doi.org/10.1016/j.fuel.2022.127074
https://www.pwc.com/gx/en/industries/energy-utilities-resources/future-energy/green-hydrogen-cost.html
https://www.pwc.com/gx/en/industries/energy-utilities-resources/future-energy/green-hydrogen-cost.html
https://www.pwc.com/gx/en/industries/energy-utilities-resources/future-energy/green-hydrogen-cost.html
https://siderwin-spire.eu/sites/siderwin.drupal.pulsartecnalia.com/files/documents/SIDERWIN_Webinar_20211124_QuestionsAnswers.pdf
https://siderwin-spire.eu/sites/siderwin.drupal.pulsartecnalia.com/files/documents/SIDERWIN_Webinar_20211124_QuestionsAnswers.pdf
https://siderwin-spire.eu/sites/siderwin.drupal.pulsartecnalia.com/files/documents/SIDERWIN_Webinar_20211124_QuestionsAnswers.pdf
https://siderwin-spire.eu/sites/siderwin.drupal.pulsartecnalia.com/files/documents/SIDERWIN_Webinar_20211124_QuestionsAnswers.pdf
https://www.theclimategroup.org/steelzero-members
https://www.theclimategroup.org/steelzero-members
https://www.tatasteeleurope.com/sites/default/files/tata-steel-europe-factsheet-hisarna.pdf
https://www.tatasteeleurope.com/sites/default/files/tata-steel-europe-factsheet-hisarna.pdf
https://www.tatasteeleurope.com/sites/default/files/tata-steel-europe-factsheet-hisarna.pdf
https://www.tatasteel.com/media/newsroom/press-releases/india/2021/tata-steel-commissions-india-s-first-plant-for-co2-capture-from-blast-furnace-gas-at-jamshedpur/
https://www.tatasteel.com/media/newsroom/press-releases/india/2021/tata-steel-commissions-india-s-first-plant-for-co2-capture-from-blast-furnace-gas-at-jamshedpur/
https://www.tatasteel.com/media/newsroom/press-releases/india/2021/tata-steel-commissions-india-s-first-plant-for-co2-capture-from-blast-furnace-gas-at-jamshedpur/
https://www.tatasteel.com/media/newsroom/press-releases/india/2021/tata-steel-commissions-india-s-first-plant-for-co2-capture-from-blast-furnace-gas-at-jamshedpur/
https://www.tatasteel.com/media/18370/tata-steel-ir-2022-23.pdf
https://www.tatasteel.com/media/18370/tata-steel-ir-2022-23.pdf
https://www.tatasteeleurope.com/sites/default/files/Tata%20Steel%20sustainability%20report%20202223.pdf
https://www.tatasteeleurope.com/sites/default/files/Tata%20Steel%20sustainability%20report%20202223.pdf
https://www.tatasteeleurope.com/sites/default/files/Tata%20Steel%20sustainability%20report%20202223.pdf
https://www.thyssenkrupp.com/en/newsroom/press-releases/pressdetailpage/thyssenkrupp-is-accelerating-the-green-transformation--decision-taken-on-the-construction-of-germanys-largest-direct-reduction-plant-for-low-co2-steel-146809
https://www.thyssenkrupp.com/en/newsroom/press-releases/pressdetailpage/thyssenkrupp-is-accelerating-the-green-transformation--decision-taken-on-the-construction-of-germanys-largest-direct-reduction-plant-for-low-co2-steel-146809
https://www.thyssenkrupp.com/en/newsroom/press-releases/pressdetailpage/thyssenkrupp-is-accelerating-the-green-transformation--decision-taken-on-the-construction-of-germanys-largest-direct-reduction-plant-for-low-co2-steel-146809
https://www.thyssenkrupp.com/en/newsroom/press-releases/pressdetailpage/thyssenkrupp-is-accelerating-the-green-transformation--decision-taken-on-the-construction-of-germanys-largest-direct-reduction-plant-for-low-co2-steel-146809
https://www.thyssenkrupp.com/en/newsroom/press-releases/pressdetailpage/thyssenkrupp-is-accelerating-the-green-transformation--decision-taken-on-the-construction-of-germanys-largest-direct-reduction-plant-for-low-co2-steel-146809
https://www.thyssenkrupp.com/en/newsroom/press-releases/pressdetailpage/thyssenkrupp-is-accelerating-the-green-transformation--decision-taken-on-the-construction-of-germanys-largest-direct-reduction-plant-for-low-co2-steel-146809
https://doi.org/10.1007/978-3-642-03802-0
https://doi.org/10.1007/978-3-642-03802-0
https://www.kohlenimporteure.de/files/user_upload/jahresberichte/VdKi_Jahresbericht_2020.pdf
https://www.kohlenimporteure.de/files/user_upload/jahresberichte/VdKi_Jahresbericht_2020.pdf
https://www.kohlenimporteure.de/files/user_upload/jahresberichte/VdKi_Jahresbericht_2020.pdf
https://doi.org/10.1016/j.jclepro.2018.08.279
https://doi.org/10.1016/j.jclepro.2018.08.279
https://worldsteel.org/wp-content/uploads/Sustainability-Indicators-2021-and-our-sustainability-journey.pdf
https://worldsteel.org/wp-content/uploads/Sustainability-Indicators-2021-and-our-sustainability-journey.pdf
https://worldsteel.org/wp-content/uploads/Sustainability-Indicators-2021-and-our-sustainability-journey.pdf

Agora Industry — Low-carbon technologies for the global steel transformation

Publications by Agora Energiewende

In English

Circular Economy and Net-Zero Industry
Potentials for energy-intensive value chains in Germany

EU policies for climate neutrality in the decisive decade
20 Initiatives to advance solidarity, competitiveness and sovereignty

Labels for climate-friendly basic materials
A guide to the debate

Hydrogen import options for Germany (Summary)
Analysis with an in-depth look at synthetic natural gas (SNG) with a nearly closed carbon cycle

Ensuring resilience in Europe’s energy transition
The role of EU clean-tech manufacturing

Chemicals in transition
The three pillars for transforming chemical value chains

Levelised cost of hydrogen
Making the application of the LCOH concept more consistent and more useful

15 Insights on the Global Steel Transformation
12 Insights on Hydrogen - Argentina Edition

Argentina as a hub for green ammonia
A forward-looking development strategy for addressing the global energy and climate crises

Transforming industry through carbon contracts (Steel)
Analysis of the German steel sector

Power-2-Heat
Gas savings and emissions reduction in industry

International climate cooperation for energy-intensive industry
A (realistic) proposal

All publications in English are available on our website: www.agora-industry.org

74


http://www.agora-industry.org
https://www.agora-industry.org/publications/circular-economy-and-net-zero-industry-executive-summary
https://www.agora-industry.org/publications/eu-policies-for-climate-neutrality-in-the-decisive-decade
https://www.agora-industry.org/publications/labels-for-climate-friendly-basic-materials
https://www.agora-industry.org/publications/hydrogen-import-options-for-germany-summary
https://www.agora-industry.org/publications/ensuring-resilience-in-europes-energy-transition
https://www.agora-industry.org/publications/chemicals-in-transition
https://www.agora-industry.org/publications/levelised-cost-of-hydrogen
https://www.agora-industry.org/publications/15-insights-on-the-global-steel-transformation
https://www.agora-industry.org/publications/12-insights-on-hydrogen-argentina-edition
https://www.agora-industry.org/publications/argentina-as-a-hub-for-green-ammonia
https://www.agora-industry.org/publications/transforming-industry-through-carbon-contracts-steel
https://www.agora-industry.org/publications/power-2-heat-1
https://www.agora-industry.org/publications/power-2-heat-1
https://www.agora-industry.org/publications/international-climate-cooperation-for-energy-intensive-industry
https://www.agora-industry.org/publications/international-climate-cooperation-for-energy-intensive-industry

Agora Industry — Low-carbon technologies for the global steel transformation

Publications by Agora Energiewende

In German

Resilienter Klimaschutz durch eine zirkulare Wirtschaft
Perspektiven und Potenziale fiir energieintensive Grundstoffindustrien

Wasserstoff-Importoptionen fur Deutschland
Analyse mit einer Vertiefung zu Synthetischem Erdgas (SNG) bei nahezu geschlossenem Kohlenstoffkreislauf

Chemie im Wandel
Die drei Grundpfeiler fiir die Transformation chemischer Wertschopfungsketten

Power-2-Heat
Erdgaseinsparung und Klimaschutz in der Industrie

Klimaschutzvertrage fur die Industrietransformation (Stahl) - Update
Aktualisierte Analyse zur Stahlbranche

Klimaschutzvertrage fur die Industrietransformation (Zement)
Analyse zur Zementbranche

12 Thesen zu Wasserstoff

Mobilisierung der Kreislaufwirtschaft fur energieintensive Materialien

(Zusammenfassung)
Wie Europa den Ubergang zu einer fossilfreien, energieeffizienten und energieunabhéngigen industriellen
Produktion vollziehen kann

Klimaschutzvertrage fur die Industrietransformation (Gesamtstudie)
Kurzfristige Schritte auf dem Pfad zur Klimaneutralitét der deutschen Grundstoffindustrie

Klimaschutzvertrage fur die Industrietransformation (Stahl)
Analyse zur Stahlbranche

All publications in German are available on our website: www.agora-industrie.de

75


http://www.agora-industrie.de
https://www.agora-industrie.de/publikationen/resilienter-klimaschutz-durch-eine-zirkulaere-wirtschaft
https://www.agora-industrie.de/publikationen/wasserstoff-importoptionen-fuer-deutschland
https://www.agora-industrie.de/publikationen/chemie-im-wandel
https://www.agora-industrie.de/publikationen/power-2-heat
https://www.agora-industrie.de/publikationen/klimaschutzvertraege-fuer-die-industrietransformation-stahl
https://www.agora-industrie.de/publikationen/klimaschutzvertraege-fuer-die-industrietransformation-zement
https://www.agora-industrie.de/publikationen/klimaschutzvertraege-fuer-die-industrietransformation-zement
https://www.agora-industrie.de/publikationen/12-thesen-zu-wasserstoff
https://www.agora-industrie.de/publikationen/mobilisierung-der-kreislaufwirtschaft-fuer-energieintensive-materialien-zusammenfassung
https://www.agora-industrie.de/publikationen/mobilisierung-der-kreislaufwirtschaft-fuer-energieintensive-materialien-zusammenfassung
https://www.agora-industrie.de/publikationen/klimaschutzvertraege-fuer-die-industrietransformation-gesamtstudie
https://www.agora-industrie.de/publikationen/klimaschutzvertraege-fuer-die-industrietransformation-stahl

Agora

Industry ‘

Publication details

About Agora Industry

Agora Industry develops scientifically sound and
politically feasible concepts for successful pathways
to a climate-neutral industry — in Germany, Europe
and internationally. The organisation, which is

part of the Agora Think Tanks, works independently
of economic and partisan interests. Its only
commitment is to climate action.

Agora Industry

Agora Think Tanks gGmbH
Anna-Louisa-Karsch-Stralie 2
10178 Berlin | Germany

P +49 (0) 30 7001435-000

www.agora-industry.org
info@agora-industrie.de

Proofreading: Chris Cave
Typesetting: Urs Karcher
Title picture: JMDZ | Adobe Stock

324/02-A-2024/€EN
Version 1.1, August 2024

This publication is available for
download under this scan code.

@@@@ This work is licensed under
BY NC_SA CC-BY-NC-SA 4.0.


http://www.agora-industry.org
mailto:info%40agora-industrie.de?subject=
https://www.agora-industry.org/publications/low-carbon-technologies-for-the-global-steel-transformation

	List of abbreviations
	Introduction 
	1	Overview of low-carbon technologies  
	1.1	Hydrogen-based primary steel ­production
	1.2	Direct electrification of primary steel production
	1.3	CCS-based primary steel production
	1.4	Secondary steel production

	2	Comparison of low-carbon technologies
	2.1	Expected commercial readiness 
	2.2	Energy requirements
	2.3	CO2 abatement potential and ­residual emissions 
	2.4	Production and CO2 abatement costs 

	3	Deep dive 1: A technical comparison of the DRI-EAF and DRI-SMELT-BOF routes 
	3.1	Technical advantages and disadvantages of the DRI-EAF route 
	3.2	Technical advantages and disadvantages of the DRI-SMELT-BOF route 
	3.3	Comparison of production costs 

	4	Deep dive 2: The role of post-combustion CCS on the ­BF-BOF route  
	4.1	Current state of play
	4.2	The BF-BOF-CCS route has high residual emissions and ­infrastructure needs
	4.3	Production costs in the ­context of CO2 prices and technology ­developments
	4.4	Green lead market offtake risk 

	5	Low-carbon technologies for the global steel ­transformation: factsheets 
	References

