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Abstract: The concept of techno-economic pathways is used to investigate the potential implementation
of CO, abatement measures over time towards zero-emission steelmaking in Sweden. The following
mitigation measures are investigated and combined in three pathways: top gas recycling blast furnace
(TGRBF); carbon capture and storage (CCS); substitution of pulverized coal injection (PCI) with
biomass; hydrogen direct reduction of iron ore (H-DR); and electric arc furnace (EAF), where fossil
fuels are replaced with biomass. The results show that CCS in combination with biomass substitution
in the blast furnace and a replacement primary steel production plant with EAF with biomass
(Pathway 1) yield CO, emission reductions of 83% in 2045 compared to CO, emissions with current
steel process configurations. Electrification of the primary steel production in terms of H-DR/EAF
process (Pathway 2), could result in almost fossil-free steel production, and Sweden could achieve
a 10% reduction in total CO; emissions. Finally, (Pathway 3) we show that increased production
of hot briquetted iron pellets (HBI), could lead to decarbonization of the steel industry outside
Sweden, assuming that the exported HBI will be converted via EAF and the receiving country has a
decarbonized power sector.

Keywords: iron and steel industry; techno-economic pathways; decarbonization; CO, emissions;
carbon abatement measures

1. Introduction

In Sweden, the industrial sector is responsible for over a third of the total energy demand.
In 2017, the iron and steel industry was the largest industrial consumer of fossil fuels (natural gas,
oil, coal and coke) and the resulting CO, emissions corresponded to 38% of the total industrial CO,
emissions in Sweden [1]. In line with the global effort of keeping the temperature increase to well
below 2 °C, Sweden introduced a nationwide climate policy framework which entered into force in
2018. Through this new framework, Sweden has formally committed to net zero greenhouse gas
emissions by 2045 compared to the level in 1990, translating into at least 85% reduction in emissions
with the remaining emission reduction to be taken by bio-carbon capture and storage (CCS), land-use
change and measures in other countries. After 2045 Sweden is to achieve net negative emissions [2].
The Swedish steel-producing sector is facing the challenge of changing current energy carriers and
implementing low carbon technologies to meet these targets.

To reach substantial cuts in emissions from the energy-intensive industries has proven to be
challenging [3]. Bataille et al. [4] categorize the general decarbonization options for the energy-intensive
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industries by a decision-tree with three main branches, (i) dematerialization or recycle/reuse,
(ii) substantial changes of existing processes, (iii) maintaining existing processes with CCS or using an
alternative heat source. Johansson et al. [5] investigate measures for the Swedish steel industry that
enable becoming climate neutral and conclude that in order to reach deep emissions cuts, efficient energy
use must be combined with alternative technologies such as fuel replacement and CCS. Wang et al. [6]
investigate the deployment of biomass in the Swedish integrated steel plants applying an energy and
mass balance model. The findings by Wang et al. show that using biomass to replace coal in one
single blast furnace (the blast furnace located in Luled), would decrease the CO, emissions of the entire
Swedish steel industry by 17.3%. Yet, this would require 6.19 TWh of biomass, which correspond to
about 4% of current (2017) annual biomass harvests from the Swedish forest industry, while there are
several sectors that will compete over the biomass resource. Furthermore, Mandova et al. [7] use a
techno-economic model to estimate the carbon dioxide emissions mitigation potential of bio-CCS in
primary steelmaking across the European Union (EU). They demonstrate that up to 20% of the EU
CO; emission reduction target can be met entirely by biomass deployment, and up to 50% by bio-CCS.
Lechtenbohmer et al. [8] investigate electrification of the energy-intensive basic materials industry
in the EU by means of an explorative method and conclude that electrification of the production of
basic materials is technically feasible, yet, can have major implications on the interaction between the
industries and the electric systems.

Fischedick et al. [9] have developed a techno-economic model to assess the potential of alternative
processes for primary steel production, e.g., blast furnace with CCS (BF/CCS), hydrogen direct reduction,
and direct electrolysis of iron ore. The study is made for Germany and the model is run for scenarios
up to the year 2100. According to the study, the 80% emission reduction target defined by European
Commission (EC) for the iron and steel industry can only be met with early implementation of
alternative technologies such as hydrogen direct reduction and iron ore electrolysis, together with a
strong climate policy and additional material efficiency measures.

The findings by Fischedick et al. [9] are confirmed by Arens et al. [10] who analyze four future
pathways to a low-carbon steel production industry in Germany up to 2035 with emphasis put on
estimating technical options, specific energy consumption and CO, emissions in the German steel
industry. Even though Arens et al. [10] have a different time perspective than Fischedick et al. [9]
they conclude that, in order to reduce carbon dioxide emissions from steel production to near zero,
alternative steelmaking processes (hydrogen direct reduction, steel electrolysis) need to be developed
while CO, reduction in short-term (heat recovery, scrap usage and the use of by-products to produce
base chemicals) also need to be realized. Although the above works give important knowledge on the
available options for abatement of carbon emissions from steel production, there is a lack of studies
which shows how a transition from today’s steel industry to a near zero-emitting steel industry could
be allocated in time.

Therefore, using Sweden as an example, this study aims to further investigate the potential
development of the iron and steel industry to become carbon neutral (by 2045, as it is the Swedish target
year for carbon neutrality) with respect to the dynamics of the transition, i.e., which technology options
to use and when it is reasonable to assume these can be implemented in the form of decarbonization
pathways. We consider recent developments in the Swedish iron and steel industry as well as a general
literature review on emission reductions options in the iron and steel industry. In addition, barriers
and risks associated with developed pathways are put forward and discussed.

The outline of the paper is as follows: Section 2 gives an overview of the Swedish steel industry.
Section 3 presents the method and assumptions. Section 4 presents the results. The paper ends with
discussion and conclusions in Sections 5 and 6.

2. CO; Abatement in the Steel Industry

Sweden is one of the EU’s leading producers of ores and metals; ore extraction is about 48 Mton
annually of which 83% is refined into iron ore pellets. Furthermore, 77% of the iron ore extractions
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are exported, which correspond to about 17 Mton [11]. In Sweden, two different steel production
technologies are currently applied: the ore-based steelmaking process using blast furnaces/basic oxygen
furnaces (BF/BOF), and the scrap-based steel production applying electric arc furnaces (EAF) [12].
These processes have a different structure of the main inputs and energy intensity. The average annual
production of crude steel in 2017 was around 4.9 Mt. Two-thirds of the steel production stems from the
BE/BOF technology, which currently takes place in two locations (Luled and Oxelosund) by one single
company (SSAB, Stockholm, Sweden). SSAB is accountable for more than 90% of the CO, emissions
from Swedish steel production, and about 80% of these emissions originate from iron ore reduction.
Within the BE/BOF process, iron ore is reduced to pig iron using reducing agents in a blast furnace.
Furthermore, in a basic oxygen furnace (BOF) pig iron together with ferrous scrap is processed and
transformed into crude steel. As a first step toward carbon-neutral steel production, SSAB has decided
to replace the blast furnace in Oxelésund with an electric arc furnace by 2025 [13], when the current
blast furnace is scheduled to be retired due to age. EAF requires ferrous scrap and electricity as major
inputs. Oxygen and natural gas are used to generate complementary chemical heat for the melting.
Based on the configuration of the EAF plant, the availability of scrap and the desired quality of the end
product, this process may require some quantities of pig iron from the BF or, optionally, direct reduced
iron (DRI). Secondary steelmaking with EAF results in producing lower steel quality compare to virgin
steel since scrap steel retains contaminants, such as copper. Steel produced in an EAF tends to be of
lower quality than virgin steel because it retains whatever contaminants that were present in the scrap
steel, such as copper. Although the EAF is less energy- and CO;-intensive, high-quality virgin steel
demand will remain.

The specific technological decarbonization options for the steel industry are found in Table 1,
including information on CO, intensity, costs and technology readiness level (TRL) [14].

Table 1. Specifications of current commercially available and new transformative low CO, production
processes for steel production in greenfield production facilities.

CO; Emissions, Capital
Process TRL Status Tonne CO,/ Expenses, References
Tonne Steel €/Tonne
Primary steel production
Blast furnace with basic oxygen .
furnace (BE/BOF) Commercial (TRL 9) 1.6-2.2 386442 [15,16]
Top gas recycling blast furnace
(TGRBE/BOF) TRL 7 1.44-1.98 632 [17-19]
CO; capture technology 1 TRL 6-9 o ff(ii:ioe; E;sz;)r.e% 25-85 [17,20-23]
Smelting reduction (SR/BOF) Commercial (TRL 9) 1.2-2.25 393 [15,21]
Direct reduction using electric .
arc furnace (DR/EAF) Commercial (TRL 9) 0.63-1.15 414 [15,18,24]
Hydrogen direct reduction using
electric arc furnace (H-DR/EAF) TRL 14 0.025 550-900 [25-27]
Electrowinning (EW) TRL 4-5 0.2-0.29 639 [9,25,28]
Secondary steel production
Electric arc furnace (EAF) Commercial (TRL 9) 0.6 169-184 [15,29,30]
Electric arc furnace/biomass TRL 6-8 0.005 169-184 [26,31]

(EAF/biomass)

1 Capture emission points: BF, TGRBE.

To assess the techno-economic potential of the CO; emissions reduction in the steel industry
the following CO, emission reduction measures were selected and investigated: top gas recycling
blast furnace (TGRBEF); carbon capture and storage (CCS); substitution of pulverized coal injection
(PCI) with biomass; steelmaking process with hydrogen direct reduction of iron ore (H-DR) and
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an electric arc furnace (EAF); and a secondary steel production route with EAF, where fossil fuels
are replaced with biomass. Furthermore, the abatement measures are combined in three pathways
to investigate the potential development implementation of these technologies over time towards
zero-emission steelmaking.

The top gas recycling blast furnace concept relies on both removing the CO, from the top gas
and reinjection of the remaining gas to the blast furnace. This technology enables a decrease in carbon
dioxide emissions from the blast furnace since the demand for coke reduces and an opportunity of
CO; storage. The TGRBF could be modified to an existing blast furnace [32].

As long as the blast furnace process uses coke and coal as fuels, CO; emissions are unavoidable,
but they could be reduced by means of biomass-derived fuels and reductants applications. The following
potential biomass applications can be specified: replacement of fossil fuels in sintering or pelletizing;
substitute for coke as a reducing agent and fuel in the blast furnace; substitute for pulverized coal
injected (PCI) as a fuel in the blast furnace; substitute for coal-based char utilized for recarburizing
the steel; and reduction of pre-reduced feeds [33]. The biomass substitution rate varies between
applications. Since the replacement of PCI with biomass is the most feasible application [34], this option
is investigated in the present study.

However, in order to achieve deep CO; emission cuts down to zero or beyond zero, the steel
industry must either capture the CO, emissions or shift to another means of iron reduction (hydrogen
direct reduction, steel electrolysis). The deployment of CCS in a steel plant is in this work considers
the integration of post-combustion capture, which can reduce carbon dioxide emissions from existing
plants without major modifications. According to Eurofer [15] a full-scale deployment of the TGR
and CCS technologies is assumed possible after 2020. The potential for CO, reduction is around
5-10% from TGR alone, 50-60% with TGR technology combined with carbon storage (TGRBEF + CCS),
and over 80% with TGR with biomass-based BF and carbon storage (TGRBF charcoal + CCS) [35,36].

Currently, the main focus for CO, mitigation of the steel industry in Sweden is to develop the
hydrogen direct reduction of iron ore. In the present study, we assume hydrogen replaces coke as
the main reductant in the reduction process and hydrogen is produced via electrolysis. Iron ore is
converted into direct reduced iron (DRI) during the H-DR process and further compressed to hot
briquetted iron (HBI), since HBI is less reactive than DRI and allows the problems associated with
shipping and handling to be overcome. The principal market for HBI pellets is the electric arc furnace
(EAF), but HBI also finds use as a feedstock in basic oxygen furnace (BOF). HBI pellets produced by the
hydrogen direct reduction (H-DR) steelmaking process could decrease CO, emissions from ironmaking
by 90% compared with iron production in a blast furnace, and by 80% compared with a direct reduction
of iron using natural gas, as a reducing agent. The hydrogen direct reduction steelmaking process is
expected to be feasible from 2040 [37]. The alternative secondary steel-making process is based on the
conventional EAF, however, the chemical energy and carbon required to complement the electrical
energy is taken from biomass.

3. Method

3.1. Techno-Economic Pathways Concept

In this study, the concept of techno-economic pathways is used (Figure 1). The pathways
are characterized as series of techno-economic investments connecting current steel industry
configurations to a desirable low-carbon future [38]. The pathways reveal sectoral-level changes
through technological characteristics.
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Figure 1. Schematic overview of the techno-economic pathways concept used in this work.

The pathway analysis follows the following steps:

e The assessment of CO, abatement measures in the steel industry serves as inputs for the
techno-economic pathways as it establishes an upper limit for the emission reduction potential.

e  The selection and combination of the CO, abatement measures are made in line with governmental
climate goals and the visions of the steel companies, as well as a comprehensive literature review.

e The pace of retiring the conventional steelmaking technologies and replacing these with
technologies which apply CO, abatement measures is in accordance with the age structure of the
existing capital stock and assumptions concerning the average technical lifetime of steelmaking
technologies (capital stock turnover). The assumed average technical lifetime of steelmaking
technologies is set to 50 years. A timeline of the development CO, abatement measures throughout
technology readiness levels phases, i.e., from concept design to technological maturation and
deployment, has been generated based on [39] and industry reports prognosis.

e Based on the technology readiness level timeline, we estimate a timeline for investments in
abatement measures to replace current processes, prompting a shift in innovative technology
diffusion patterns. The technology readiness level is established by means of a literature review
including industry and government agency reports (i.e., these are the ones listed in Table 1).
The following outputs from the developed pathways are analysed: development of CO, emissions
and energy consumption over time and steel production cost.

Three mitigation pathways (Pathways 1-3) as defined in Table 2 are investigated for the Swedish
steel industry applying a selected combination of the CO, abatement measures listed in Table 1. As a
reference, we also compare these pathways to current steel process configuration, for which 65% of the
steel production is based on the conventional primary steelmaking process using blast furnace and
basic oxygen converter (BF/BOF) and 35% of the steel is produced in conventional electric arc furnaces
(EAF). For Pathways 1 and 2 the total annual production of the Swedish steel industry is assumed to
remain at 4.9 Mtonne (average steel production of Year 2017) between 2020 and 2045. For Pathway 3,
an ore based metallic production growth is assumed, i.e., hot briquetted iron pellets produced via H-DR
process. The export of HBI pellets is arbitrarily assumed to reach 6 Mt in 2045, which, since the iron
content in HBI pellets is higher than in iron ore pellets, corresponds to approximately 50% of LKAB’s
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iron ore pellets export in 2017. Table 2 shows the combination of CO, abatement measures assumed for
primary and secondary steelmaking and production rate level in the investigated pathways. The share
of primary steelmaking is assumed to decrease compared to the current level for all pathways due to
replacement of one of the blast furnaces by EAF in 2025 [13]. However, for Pathways 2 and 3, from 2040
the share between primary and secondary steelmaking is assumed to be on the current level [26].
The configurations do not include processes of steel casting, hot rolling, cold rolling and coating due to
their relatively less energy consumption and carbon emissions.

Table 2. Overview of the process configurations as well as production rate assumption for
pathways investigates.

. . Commercially Secondary Commercially Production
Pathway Primary Steelmaking Available ! Steelmaking Available ! Rate
Pathway 1 =~ TGRBE/BOF + CCS + biomass 2030 EAF/biomass 2025 Constant
Pathway 2 H-DR/EAF 2040 EAF/biomass 2025 Constant
Pathway 3 H-DR/EAF 2040 EAF/biomass 2025 Increased

! Year when assumed commercially available.

3.2. Data

The assessment of the energy consumption and CO, emissions is based on the specific energy
consumption and carbon dioxide emission intensity per ton steel, as outlined for the investigated
process configurations in Table Al in Appendix A. Emissions arise from the combustion of biomass
are discarded from the emission estimates (i.e., assuming that the biomass is sustainable from a
carbon accounting point of view). The Swedish climate goal to get 100% of renewable electricity by
2040 [2] and the current (2017) CO, emission grid factor is already low, equaling 0.069 kgCO,/kWh [40].
The CO, emission associated with electricity is assumed to fall linearly from 0.069 kgCO,/kWh in
the current year to zero by the year 2040. (see Appendix A, Table A2). An economic analysis based
on steel production cost is conducted for technologies used in the investigated pathways. The total
steel production cost is determined as the sum of capital and variable operating costs, where variable
operating cost includes the cost of reducing agent, fuel and other costs associated with running the
steel process (see Appendix A, Table A3).

3.3. Modeling Pathways

The annual energy consumption for steel production (Q;;) in year t for Pathway 7 is calculated
by applying the specific energy consumption of fuel and reducing agent combined with total annual
crude steel production:

Qi = Z Z Sr,iXtirP, t€T, i€l (1)
j r

where s, ; is specific energy consumption of fuel and reducing agent j in the technology r (kWh/t).
P denotes total annual crude steel production (tonne) and x;; , represents the share of the production
from the technology r in year t for pathway i (%).

For each pathway, the annual CO, emissions from the steel production E; ;(tonne CO;) in year ¢
are given by:

E = Z exyi, P, teT, i€l @)
T

where P denotes total annual crude steel production (tonne), e, is CO, emissions intensity of the
steelmaking technology r (tonne CO,), and x;;, represents the share of the production from the
technology r in year t for pathway i (%).
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The CO, emission intensity of the steel production e, is expressed as:

e = ijsr/f’ reR 3)
j

where f; denotes CO, emission factor of fuel and reducing agent j (kg CO/kWh), s, ; is specific energy
consumption of fuel and reducing agent j in the technology r (kWh/t).
The steel production costs, C!, for each of the steel production technologies r are calculated as:

Cl=V,+F,+A, reR (4)

where V, is the variable operating cost, F; is the fixed operating costs and A, is the annualized capital
costs which are calculated as:
_ CAPEX,(1+1)"i
T+ -1

, teT, reR (5)

where i is the interest rate assumed to be 5%, n is the economic lifetime assumed to be 20 years and
CAPEX, is the capital cost of the steel production technologies r.

3.4. Sensitivity Analysis

Several European steel production companies have announced a transition towards electrification
of steel production [26,41-43]. The level of the steel decarbonization from electrification option relies
heavily on the level to which the electricity grid is decarbonized. Sweden already has a low CO,
emission grid factor compared to other countries. Therefore, a sensitivity analysis is performed for the
carbon dioxide intensity of steel production via the H-DR/EAF process used in Pathway 2, 3 by varying
CO; emission grid factors. The results are compared to the CO; intensity of the TGRBF/CCS/Biomass
process used in Pathway 1 to estimate mitigation potential and feasible implementation time of these
processes depending on CO, emission grid factors. The sensitivity of CO, emissions in steelmaking
processes to the CO, emission grid factor is calculated based on Equation (2) by applying future
European CO, emission grid factors estimated by the International Energy Agency (IEA) [44] (and given
in Table A1). The IEA projection is done based on Sustainable Development Scenario [45], which is
aligned with the Paris Agreement of limiting global temperatures to well below 2 °C. The estimates of
carbon dioxide emission per tonne of steel produced are done for the period 2020-2040 to identify
when in Europe deep emission reduction via hydrogen direct reduction steelmaking should take place
in order to meet targets.

4. Results

This section first presents the three pathways in terms of the development of energy consumption
over time and comparison of the total steel production cost. This is followed by the of CO, emissions
along the pathways. Finally, the results of the sensitivity analysis are discussed.

4.1. Future Productivity—OQOutline of Pathways

Figure 2 gives the three production pathways for the Swedish steel industry showing the timing
of replacement of current technology.

Pathway 1 (Figure 2a) represents a shift to the top gas recycling blast furnace with carbon capture
and biomass for the conventional primary steel production and to the EAF with biomass for secondary
steel production. From 2025, the total production level of BF/BOF equals 2.1 Mt/year (42% of the total
steel production in Sweden) due to the blast furnace shutdown in Oxelésund and replacing it by the
EAF (SSAB, 2018). By the year 2030 the current primary steel production technology is replaced by a
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combination of TGRBF and CCS technologies and the replacement of the coal for PCI with biomass.
As regards CO; capture technology, post-combustion technology is assumed.

Pathway 1

Pathway 2

1| |___IsoFieF 1 [__JsoFBF

I e I eAF
0.5 | |C—_JEAF/biomass 4 0.5 | [C_—_]EAF/biomass

[_1TGRBFICCS/Biomass [ H-DRIEAF
0 0 . . .
2020 2025 2030 2035 2040 2045 2020 2025 2030 2035 2040 2045

Year Year
(a) (b)

Pathway 3

Mtonne

 — -1
[ EAF
[—_]EAF/biomas
[—__]H-DR/EAF
I export HBI

2020 2025 2030 2035 2040 2045
Year

()

Figure 2. Production processes mix for the Swedish steel industry in Pathway 1 (a), Pathway 2 (b) and
Pathway 3 (c) from 2020 to 2045. Note the different scale of the y-axis of Figure 2c.

In Pathways 2 and 3 (Figure 2b,c), Sweden’s two blast furnaces are replaced by the hydrogen direct
reduction (H-DR/EAF) steelmaking process, which is assumed to be implemented by 2040 (HYBRIT,
2016). Between 2025 and 2040, steel production is assumed to be done by the EAF with biomass at a
level corresponding to about 58% of the current total production, which is due to the retirement of one
blast furnace in 2025.

For Pathway 3 (Figure 2c), the export of iron ore pellets is assumed to be replaced by the export
of hot briquetted iron (HBI) pellets from 2040. The increased production of HBI in Sweden can
replace current iron making in other regions and consequently lead to a reduction of CO, emissions
from ironmaking.

4.2. Energy and Fuel Demand

Figure 3 shows energy consumption for both primary and secondary steelmaking technologies.
In Pathways 1, 2 and 3 (Figure 3a—c), the replacement of the iron ore-based steel plant with an EAF
results in a coal consumption reduction in 2025. In Pathway 1 (Figure 3a), further coal demand decline
is observed in 2030 since the injected pulverized coal into the blast furnace is replaced by biomass.
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Due to the reinjection of the top gas components CO and H; to the blast furnace as a reducing agent
of iron ore, total coke consumption for primary steel production in Pathway 1 is lowered by 27%
compared to the conventional BE. In 2030, an increase in natural gas consumption by 44% is observed
compared to current steel industry configuration, despite the reduction in natural gas consumption
using biomass in EAFs. In the TGRBF/CCS, natural gas is utilized for the preheating of the steam,
as well as for the supplemental thermal energy demand of the CCS technology [29].

For Pathway 2 (Figure 3b), the demand for fossil fuel-based energy carriers, such as coke, coal, oil
and natural gas, decreases by almost 100% in 2040 compared to the demand with current steel process
configuration, due to the transition to the hydrogen direct reduction technology. However, from 2025 to
2040 the demand for fossil fuel-based energy carries is higher compared to Pathway 1. The electricity use
increases significantly, implying an electricity need of around 12 TWh per year in 2045. For Pathway 3
(Figure 3c), the energy consumption level is similar to Pathway 2 until 2040 when the electricity
consumption increases dramatically to reach a level of 33 TWh per year in the year 2045.

Pathway 1 } Pathway 2 i

18 18

TWh
TWh

[ Hard coal I Hard coal
[—JElectricity [—Electricity
[ Biomass. [ Biomass
0
2020 2025 2030 2035 2040 2045 2020 2025 2030 2035 2040 2045
Year Year
(a) (b)
Pathway 3
: '

[ JEtectricity
[ Biomass

2020 2025 2030 2035 2040 2045
Year

(c)

Figure 3. Energy use for the Swedish steel industry in Pathway 1 (a), Pathway 2 (b) and Pathway 3 (c)
from 2020 to 2045. Note the different scale of the y-axis of Figure 3c.

4.3. Steel Production Costs

Figure 4 shows the production costs (Equation (4)) of 1 tonne of steel from primary and secondary
steelmaking technologies applied in the investigated pathways, where capital expenditure (CAPEX)
for the steel production technologies calculated as annuity payments (cf. Equation (5)). Nearly 60%
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of current steel production costs consist of raw materials (i.e., iron ore, ferroalloys, scrap and fluxes),
fuels and reductant, while CAPEX only contributes to around 20% of the total cost. Thus, since steel
production costs are strongly influenced by different market drivers, mainly raw material cost and
energy prices, which vary from location to location, the production cost figures obtained are indicative.
Figure 4a shows steel production cost for primary steelmaking via the conventional process (BF/BOF),
TGRBF/CCS with biomass (Pathway 1) and H-DR/EAF (Pathways 2,3), since the same primary
steelmaking technology is used in Pathways 2 and 3, the production costs for these pathways are the
same. As for secondary steelmaking, conventional EAF is compared to EAF with biomass implemented
in Pathways 1-3 (Figure 4b).

Primary steelmaking

150 -

100 -

450
= 400
3
350
2
c 300+
9- I Fossil fuel
W, 250 - ] Etectriiy
= [ Biomass
w | — Y25
8 200 [ iron ore
c I other OPEX
2
-
o
=
=
2
o

o
(=]
T

Py
o
o

B
(=)
(=]

[
(5]
o

300 -
I Fossil fuel
+ [ Etectrici
60 o :Ii;n";slsw
[ JcaPex
200 - [ scrap

[ other OPEX

Production cost [€/tonne steel]

150 -
100 }
50
0 A
o 'b
& 2
& LS
Q
\Q‘ 4‘5\
& &
i ?
&
Ry
&

(b)

Figure 4. Steel production cost for primary steelmaking technologies (a) and secondary steelmaking
technologies (b) applied in the pathways investigated in this work.
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Primary steelmaking with CO; emissions reduction, such as applied in Pathways 1-3, implies
steel production cost increase by 12-13% compared to conventional primary steelmaking. Capital
expenditures for Pathway 1 and Pathways 2, 3 increase by 55% and 97%, respectively, compared to
capital expenditures for the conventional process. The cost of electricity is the dominant cost for
Pathways 2 and 3 and makes up 30% of total production cost. In this work, an average electricity price
for Sweden between 2012 and 2019 of 35 EUR per MWh is used and it is assumed this electricity price
level remains constant up to 2045. This, since little is known about the future costs of electricity, but cost
can be reduced due to increased share of renewables. Yet, in order to achieve this electricity price
level, there is flexible operation of the electrolyser so that periods of high electricity prices are avoided,
is likely required. However, such operation strongly depends on electricity system composition and
might lead to additional capital expenses of hydrogen storage and electrolyser capacities. Based on
our assumptions, secondary steelmaking using EAF, where coke and natural gas are replaced with
biomass, offers production cost similar to conventional EAF (Figure 4b).

Figure 5 shows the development of the average steel production cost over time for investigated
pathways. Pathways 2 and 3 have identical production cost development, since the same steelmaking
technologies are invested in along these pathways. All three pathways show a slight increase in
production cost due to investments and increased fuel prices. The production cost in Pathway 1
increases by 5% in 2030 and by 8% in 2040 compared to the current production cost due to the
investments in new production technology. The average steel production cost in Pathway 2 is relatively
stable up to 2040. From 2040, the steel production cost of Pathway 2 is 16% higher compared to the
2020 cost.
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Figure 5. Development of the average steel production cost for the three pathways investigated.
4.4. The Pathways in Relation to the CO, Emission Targets

Figure 6 shows the development of the CO, emission intensity of steel production for the three
pathways. Steel production via processes with substantial electricity demand, such as H-DR/EAF
(Pathways 2, 3) and EAF (Pathways 1-3), results in low CO; intensity of steel production due to the
low CO, emission grid factor of the Swedish electricity system. For primary steelmaking in Pathway 1,
the decrease in the CO, emission grid factor between 2030 and 2045 results in the reduction of steel
CO; intensity only by 2%.
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Figure 7 shows the development of CO, emissions over time for the Swedish steel industry
for the three pathways. As shown in Figure 7, Pathway 1 yields up of 83% emissions reduction in
2045, i.e., applying CCS in combination with biomass substitution in the blast furnace as well as a
replacement iron ore-based steel plant with an EAF. Furthermore, already in 2030, an 80% reduction
in CO, emissions is obtained. Pathways 2 and 3, including electrification, enable further emission
reductions compared to implementing CCS and utilization of biomass. As can be seen in Figure 7,
none of the pathways can achieve zero CO, emissions due to emissions emerging in lime production
and the addition of carbon to make steel, which is an essential component in steelmaking.

From 2040, there is a slight increase in CO, emissions for Pathway 3 resulting from the large
growth in HBI pellet production for export, which could support international emissions reduction
efforts not accounted for here.

Total CO2 emissions
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Pathway 1: TGRBF/CCS/Biomass and EAF/Biomass
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Pathway 3: H-DR/EAF, EAF/Biomass and HBI pellets export

Figure 7. Development of CO, emissions for the Swedish steel industry pathways from 2020 to 2045.
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4.5. Sensitivity Analysis

Figure 8 illustrates the results of the CO, emission intensity of the primary steelmaking processes
applied in Pathways 1 and 2, depending on the CO, emission grid factors, including the timeline for
the European electricity mix as estimated by IEA. The right y-axis shows the timing of future European
CO; emission grid factors estimated by IEA [44]. For future European CO, emission grid factor using
CCS in combination with biomass substitution in the blast furnace provides higher CO, emissions
reduction potential compared to hydrogen direct reduction steelmaking up until 2025. With given
future European emission grid factors, the hydrogen direct reduction (H-DR/EAF) steelmaking process
allows the reduction of emissions from conventional steel production by 50% in 2020, however, already
in 2030, this option provides the greatest CO, emissions reduction potential compared to investigated
abatement measures for primary steelmaking. The complexity of the plant infrastructure is one of the
central issues in capturing CO; from steel production. Carbon dioxide emissions are distributed over a
large area from different point sources (the lime kilns, sinter plants, coke ovens, hot stoves, BF, and BOF)
with potentially different emission rates and flue gas compositions. Since in this study we assumed
TGRBEF as a capture point, it is not possible to reach near-zero emissions from primary steelmaking in
Pathway 1. Applying CCS to all stacks in an integrated steel plant is possible in theory and would lead
to near-zero CO, emissions. It should be mentioned that the current Swedish CO, emission grid factor
is 69 g CO,/kWh which would make hydrogen direct reduction the best solution to cut CO, emission
from steelmaking deeply already at the present electricity production mix. The sensitivity analysis
shows that the decarbonization of electricity supply is decisive for achieving near zero CO, emission
cuts in the steel industry.
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Figure 8. CO, emissions intensity of primary steelmaking in Pathway 1 (orange) and Pathways 2, 3 (blue)
as function of future European CO; emission grid factor. The horizontal dotted lines indicate the
development of the European CO, emission grid factors as estimated by IEA [44].

5. Discussion

The aim of this study was to explore how different choices, with respect to technological
development in the Swedish steel industry, impact energy use, CO, emissions and cost over time.
However, it should be noted that the steel production pathways assessed in this study are exploratory
and not intended as projections.
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It should also be pointed out that this study does not consider the variation of scrap availability and
demand in the investigated pathways. For all investigated alternative pathways scrap consumption
should increase from 2025 due to replacement BF/BOF by EAF. A global increase in scrap availability
due to stocks building up in emerging economies is expected [46] while the availability in the EU
will stabilize, as steel stock saturates [47]. In addition, it is important to prioritize innovation and
technological development related to delivering the highest quality of steel from recycling (EAF)
(see e.g., [48]).

Furthermore, the uncertainty of the steel production cost results obtained in this study may be
larger than quantified by our analysis. The primary steelmaking process in Pathways 2, 3, hydrogen
direct reduction, allows for flexible operation of the steel plant. The flexibility in the steelmaking
process benefits form periods of low electricity price, and this becomes particularly important for
electricity systems with a high share of variable renewables. However, it also brings investments in
storage technologies and additional investments in production capacities (electrolyzer, direct reduction
shaft, EAF). This study did not assess these consequences of flexibility. Furthermore, the introduction
of the carbon price, by means of carbon credits and/or carbon tax can be estimated to increase the
competitiveness of steel production via alternative processes (Pathways 1-3). Feliciano-Bruzual C. [49],
shows that the price of carbon emission in the range of 40-190 €/t CO, could make charcoal substitution
economically competitive.

Finally, in two of the pathways the study assumed Swedish steel production will remain constant
at the 2017 level until 2045. Steel is a globally traded good and steel demand internationally is affected
by several factors, e.g., state of the global economy, and therefore development in a region, such as
the Swedish steel industry, is difficult to predict. However, change of future demand and production
levels obviously will have major impacts on the results for energy use and CO, emissions.

Only a relatively small share of the steel produced in Sweden has a domestic end-use,
i.e.,, most (>85%) of the steel produced in Sweden is exported. Still, even though mitigating CO,
emission by using less steel has a limited potential on national basis such efforts will: (i) limit the use
of steel; (ii) maximize upgrading, recycling and reuse of steel already in use; (iii) switch to lower- CO,
materials; and (iv) use less steel for same function. These aspects will be important to decrease carbon
dioxide emissions related to steel production and to reach the long-term emission reduction goals.

Steelmaking firms seeking to invest in high-cost high-risk (but low-CO;) technology face a
dilemma. On the one hand, it is difficult to motivate and find a business case for investments away
from traditional and established technologies, especially in the currently uncertain policy regime,
on the other hand, a failure to invest in a shift to less carbon-intensive technology is incompatible with
the Paris Agreement. Thus, it is worth pointing out, which is also done in other work [4], that a current
policy mix targeting the basic material industry will need to be accompanied by complementary policy
interventions and/or private initiatives to secure financing and lower the financial risk in investments
for decarbonization up to 2045.

6. Conclusions

This paper explores pathways for deep CO, emission cuts in the Swedish steel industry up to
2045, with respect to technological development, energy use, carbon dioxide emissions and cost over
time. The alternative pathways, e.g., TGRBF with CCS and biomass, H-DR/EAF and EAF/biomass,
are compared to the current (2017) Swedish steelmaking technologies.

The technological assessment has shown that in 2030, it should be reasonable to assume that CO,
emission reductions of 80% compared to current process configurations can be achieved applying
TGRBF/CCS with biomass along with electric arc furnace with biomass as CO, mitigation options.
Using biomass instead of PCI for the primary steelmaking process, would result in a biomass demand
from the steel industry in 2045 equal to 6% of the current total current biomass consumption in Sweden.
At present, biomass is hardly used at all in the steel industry. Even though there is potential for
increased utilization of biomass instead of PCI in the Swedish steel industry in the mid to long term [50],
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the available biomass is subject to competition, since other sectors are also aiming to increase their use
of biomass to achieve their emission reduction goals.

Pathway 2 shows that electrification of primary steel production, in terms of using hydrogen as a
reducing agent in H-DR/EAF technology, can result in a 10% reduction in total Swedish carbon dioxide
emissions. The main challenge of the electrification in Pathway 2 is the resulting electricity demand of
almost 14 TWh in 2045.

The results from this work suggest that the increased production of HBI pellets, as assumed in
Pathway 3, can lead to reduction in CO, emissions from the steel industry outside Sweden, assuming
that the exported HBI will be converted via EAF and the receiving country has a decarbonized power
sector. Such a pathway leads to new investments in Swedish steel production capacities and an
additional electricity demand of 25.6 TWh (current electricity demand of steel industry is 7.4 TWh).
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Appendix A

Table A1. Specific energy consumption per tonne of steel, CO, emission factors and price of reducing
agent and fuel mix applied in the investigated pathways.

» Primary Steelmaking Secondary Steelmaking co, Reducing

Eneer;;Ciﬁ;u t Conventional Pathway 1 Pathway 2,3 Conventional Pathway 1,2,3 Intensity Agent/Fuel

KWh/Tonne 1 TGRBF 5 1 EAF + Factor, kg =~ Mix P rice,

BF/BOF +CCS/Biomass?  WDR/EAF EAF Biomase 3 CO,/kWh €¢MWh

Biomass 0 1319 560 0 380 0 30
Coke 2835 2067 0 0 0 0.385 28
Electricity 108 333 3488 700 494 var 35
Hard coal 1381 62 42 64 42 0.342 10
Natural gas 408 997 0 219 0 0.202 25
Oil 159 159 0 0 0 0.277 42

1 All values are from [51]. 2 All values are from [18], except for biomass and oil consumption values. The biomass
consumption value is assumed based on [34]. The oil consumption value is from [51]. 3 All values are from [37].
4 All values from [52], The grid CO; emission factor depends on the year (Table Al). 5 All values are from [53],
except for biomass price, electricity price and coke price. The biomass price is from [54], average electricity price for
years 2012-2019 is from [55], and coke price is from [56].

Table A2. CO, emission grid factor of Sweden and Europe for the years 2020-2040.

CO; Emission Grid Factor, g CO;/kWh Sweden ! European Union 2
2020 692 230
2025 52 137
2030 34 72
2035 17 52
2040 0 32

1 Own calculations. The CO; emission grid factor for Year 2020 is assumed to be equal CO, emission grid of 2017.
2 All values are from [44].
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Table A3. Capital and operating expenses of steelmaking technologies for investigated pathways.

Primary Steelmaking Secondary Steelmaking
Conventional Pathway 1 Pathway 2,3 Conventional Pathway 1,2,3
BFBOF  CCgbiomss F-DREAF  EAF Biomass

CAPEX, €/tonne 4421 692 2 8743 1841 1844

Total OPEX, €/tonne 216 224 205 311 310
Iron ore, €/tonne ° 136 136 136

Scrap, €/tonne ° 239 239
Other OPEX, €/tonne ! 80 88 69 72 71

1 Values are from [16]. 2 Value is based on [19,21]. 3 Value is from [9]. Hydrogen storage capacity is assumed for
14 days with CAPEX 0.09€/kWh. * Value is assumed to be equal to the CAPEX of the conventional EAF. ® Iron ore
demand is from [51] and iron ore price is from [53]. 6 Scrap demand is from [51] and scrap price is from [56].
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