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a b s t r a c t

The iron and steel industry is a major industrial emitter of carbon dioxide globally and in Germany. If
European and German climate targets were set as equal proportional reduction targets (referred to here
as “flat” targets) among sectors, the German steel industry would have to reduce its carbon dioxide
emissions from about 60 million metric tons currently to 28e34 million metric tons by 2030. Technical
options to further reduce CO2 that are based on existing production processes are limited. Hence, in the
future, the CO2 emissions of the steel industry could be reduced by alternative and new production
processes and variations in production levels. This paper describes four production pathways from 2015
to 2035 that reveal the impact of constant, increasing and decreasing production levels as well as
different production processes. The diffusion of energy-efficient technologies, the increase of renewables
in the German electricity mix and the age and lifetime of blast furnaces are considered as well. The
findings suggest that the German steel sector will only manage to achieve its European CO2 emissions
reduction target for 2030 if it strongly decreases its production levels. Furthermore, it is highly unlikely
that the German steel sector will meet its German climate target regardless of the production pathway
selected. The findings suggest that efforts to reduce CO2 emissions in the steel industry should focus on
two areas. First, alternative steelmaking processes need to be developed. Besides low-CO2 process
technologies, CO2-free processes should be considered as well. Direct reduced iron could be produced
based on hydrogen and then fed into an electric arc furnace powered by electricity generated using CO2-
free sources. Steel could also be produced using electrolysis based on CO2-free electricity. However,
because these technologies might take decades to develop and introduce, there should be a second focus
on incremental CO2 reductions in the short to medium term.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The steel industry is a major carbon dioxide (CO2) emitter (e.g.
Fischedick et al., 2014; Hasanbeigi et al., 2014; IEAClean Coal Center,
2012). In Germany, it accounts for 4% of the country's total green-
house gas (GHG) emissions (Fischedick et al., 2014). Within the
framework of the extended Kyoto Protocol (Kyoto II), the European
Union (EU) has agreed to reduce its GHG emissions (among these,
CO2 emissions have the largest share) by 20% until 2020 compared
. Arens).
to 1990 (Umweltbundesamt, 2014a,b; Bundesministerium für
Wirschaft und Energie, 2015). The European Council has set a
furtherGHG reduction target of 40%by 2030 compared to 1990 to be
shared among the sectors covered by the European Emission
Trading Scheme (ETS) and sectors not included in the ETS. This
target is aimed to be met collectively by the EU with the reductions
in the ETS and non-ETS sectors amounting to 43% and 30% by 2030
compared to 2005, respectively (European Council, 2014). Germany
adopted the Energiekonzept in 2010 that aims to reduce CO2 emis-
sions by 55% by 2030 compared to 1990 (Bundesregierung, 2010).
This study assumes targets set as equal proportional reductions (flat
targets) for all sectors (Table 1), since no more specific targets have
been set so far.
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Table 1
Estimated CO2 emission reduction targets for the German steel industry according to current policy if targets have to be met equally across sectors (sources: European Council,
2014; Bundesregierung, 2010; Wirtschaftsvereiniung Stahl and Stahlinstitut VDEh, 2014).

1990 2005 Estimated target 2030 (Mt CO2)

Specific CO2 emissions t CO2/t crude steel 1.59 1.35 e

Crude steel production Mt crude steel 38.4 45.5 e

Total CO2 emissions Mt CO2 61.3 60.2 e

European target (2030/2005) e e �43% <34.3
German target (2030/1990) e �55% e <27.6
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Further significant improvements and reductions in CO2 emis-
sions by best available technologies seem to be limited (Fischedick
et al., 2014; Boston Consulting Group, 2013). Therefore, several
global initiatives are underway to develop breakthrough technolo-
gies that drastically reduce CO2 emissions (e.g. Tonomura, 2013;
World Steel Association, 2009; Han et al., 2014). In Europe, the
ULCOS initiative aims to bring four innovative steelmaking tech-
nologies to the market (e.g. a new smelt reduction technology
HIsarna) (IEAGHG, 2014).

Here, the German steel industry is taken as a proxy for the Eu-
ropean Union (EU) and beyond. What opportunities does it have to
drastically reduce its emissions in the medium term? e In order to
answer this question, likely production developments of the
German steel industry have been defined that consider the path
dependencies due to existing facilities (i.e. blast furnaces) and
historical high and low production levels. How can the German
steel industry reach lower CO2 emissions within these pathways?
What are the impacts due to a production decrease, or the intro-
duction of low-CO2 steelmaking processes?

Several studies have tried to estimate the future energy con-
sumption and CO2 emissions of the steel industry. Moya and Pardo
(2013) used a bottom-up model and included economic data on
best available technologies and emerging technologies. For 2030,
they found CO2 emission reduction potentials of 65% for the Euro-
pean iron and steel industry, if companies would permit payback
periods of about 6 years. They assumed that two ULCOS technolo-
gies (i.e. top gas recycling blast furnace and ULCORED) and carbon
capture and storage (CCS) will be ready for application by 2020.
They consider site-specific payback periods. However, they do not
include the age of the plants in their analysis, nor do they consider
changing future production levels.

Brunke and Blesl (2014) also constructed a site-specific model to
show how energy-efficient technologies can compensate rising
energy prices till 2035. They assumed constant production
throughout the studied period and did not examine total CO2
emission reductions in the German steel industry. They found that
primary steelmaking will face increasing production costs in the
future since energy-saving potentials are limited, while secondary
steelmaking can compensate rising energy prices to some extent by
implementing energy-efficiency measures.

Kuramochi (2016) analyzed medium-term CO2 emission
reduction potentials in the Japanese steel industry. He focused on
an increased use of domestically-recovered steel scrap in primary
steelmaking. According to his findings, 5.4% of the CO2 emissions
in 2010 could be cut by 2030. Total CO2 emissions could be
reduced by 12% in 2030 compared to 2010 using other best
available technologies and increasing the use of coke substitutes in
blast furnaces.

Fischedick et al. (2014) analyzed the economical and technical
potential of innovative primary steel production technologies in
Germany up to 2100 (i.e. top gas recycling blast furnace with CCS,
direct reduction based on hydrogen, electrolysis of iron ore). They
find that climate targets can be achieved in the long term by
applying these technologies.
This paper analyzes future pathways to reach lower CO2 emis-
sions levels in the German iron and steel industry until 2035.
Although the current climate targets are set for 2030, this paper's
timeframe is 20 years from 2015 in order to reflect the industry's
longer investment periods. The study constructs a model to esti-
mate energy consumption and CO2 emissions in the German steel
industry between 2015 and 2035. Blast furnaces (i.e. the key CO2
emitting plants within the steel industry) are modeled plant-
specifically, considering age and capacity. Other structural factors
are included: scrap availability, CO2 emission factor of the power
system, the diffusion of energy-efficient technologies, and a new
iron-making process. Future energy consumption on the energy
carrier level and CO2 emissions are estimated by multiplying the
specific energy consumption per steelmaking process and CO2 in-
tensity by the respective production level of the steelmaking pro-
cess considered. Four future production pathways are defined to
show the impact of constant, increasing and decreasing crude steel
production. The paper aims to showhow likely it is that the German
steel industry will meet future climate targets.

Section 2 gives a short introduction to the German steel in-
dustry. Section 3 describes the model, and section 4 shows the
structural parameters that shape energy intensity and CO2 emis-
sions in the steel industry. Section 5 defines the resulting produc-
tion pathways and presents the estimated future energy
consumption and CO2 emissions of the German iron and steel in-
dustry until 2035. The paper ends with a sensitivity analysis, dis-
cussion and conclusions in sections 6, 7 and 8.

2. The steel industry

Currently, there are two predominant steelmaking processes
globally and in Germany, i.e. the blast furnace/basic oxygen furnace
route (BF/BOF) and the scrap/electric arc furnace route (scrap/EAF).
The former is the most energy-intensive primary route, since it
includes the energy-intensive reduction of the raw material from
iron ore to iron, while the latter recycles scrap and is therefore less
energy-intensive. The main inputs to the blast furnace are iron ore
and coke, which is made of coal. The main inputs to scrap/EAF
steelmaking are scrap and electricity.

There is a third process route, the production of direct reduced
iron (DRI), that also falls under primary steelmaking since it is
based on iron ore. This process can either be based on natural gas or
on coal, although gas-based DRI processes are dominant. If natural
gas is used instead of coal, gas-based DRI/EAF steelmaking is less
CO2 intensive than BF/BOF steelmaking (e.g. Moya and Pardo, 2013;
Kobe Steel Ltd, 2013; International Energy Agency, 2007). Under
current economic conditions, DRI plants are not seen as a viable
option for Europe (Boston consulting Group, 2013; Moya and Pardo,
2013; International Energy Agency, 2007). Notably, because of
currently low gas prices due to shale gas, DRI plants are again being
built, e.g. in the USA (Kobe Steel Ltd, 2013; Midrex, 2014). In Ger-
many, there is only one direct reduction plant in Hamburg with a
capacity of about 0.5 Mt/year that is also the only DRI plant in
Europe.
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The production of BF/BOF-steel varied between 28.8 and
34.4 Mt/year in Germany between 1980 and 2014, while the pro-
duction of EAF-steel increased from 6.5 in 1980 to 15.0 Mt in 2007.
DRI production is included in EAF steel production and is about
0.5 Mt/year (Midrex, 2013). The economic crisis in 2008/2009
caused a structural break in steel production trends and post-crisis
production is still below pre-crisis production levels (Fig. 1). From
2010 to 2014, the average BF/BOF production was 29.7 Mt/year,
which is 6.2% below the average of the period 1980e2007 (i.e.
31.7 Mt/year). EAF steelmaking production decreased in the same
period. In 2014, EAF production was 8.4% below the production
level of 2011, while BF/BOF steel production increased again slightly
in 2013 and 2014.

In Germany, BF/BOF steel is usually converted into flat products,
while scrap/EAF steel is mostly used for long products. Flat prod-
ucts are mainly high quality products used in appliances such as
automotive, mechanical engineering, tubes, steel construction and
metal ware, while long products are usually used in construction.
However, globally, there is an increasing share of EAF steelmakers
that also produce high quality flat products (International Labour
Organization, 1997; de Beer, 2000). The quality of the steel pro-
duced in electric arc furnaces depends on the quality of its feed-
stock. To produce high quality steel in electric arc furnaces, either
high quality scrap has to be used, or direct reduced iron (DRI)
(International Labour Organization, 1997; de Beer, 2000). High
quality scrap is both expensive and scarce, while DRI production is
both expensive and energy-intensive. Thus, producing high quality
products using electric arc furnaces is more energy and CO2
intensive than scrap/EAF steelmaking.

The German steel industry currently supplies high quality steel
markets. Since DRI is not economically viable in Europe, high
quality products cannot be provided by scrap/EAF steelmaking only.
3. Methods

The analysis derives and estimates specific energy consump-
tion values for BF/BOF and scrap/EAF steelmaking for Germany
Fig. 1. Annual steel production by BF/BOF, scrap/EAF or other processes in Germany
1975e2013 (source: Wirtschaftsvereinigung Stahl and Stahlinstitut VDEh, 2014).
based on data from 2011. Since our analysis is based on the en-
ergy carrier level, CO2 emissions are derived by applying CO2
emission factors for each fuel/energy carrier. The total energy
consumption and total CO2 emissions are calculated by multi-
plying these values by the respective production volume in each
production process.

Several structural factors shape the future energy consumption
and CO2 emissions of the steel industry (Fig. 2).

The model encompasses four steel production processes: the
current primary steelmaking process with blast furnaces and basic
oxygen furnaces and, the scrap-based secondary route via electric
arc furnaces. Secondary steelmaking requires less energy than
primary steelmaking, but is limited by scrap availability and
product quality (e.g. Arens et al., 2012). The direct reduction route is
also included that currently has only aminor share in Germany as is
an innovative smelting reduction technology (HIsarna) that is
predicted to be commercially available from 2030 onwards.

For the two main production processes today, further diffusion
of energy-efficient technologies is considered.

The CO2 emission intensity of the German power system de-
termines the CO2 intensity of steelmaking especially when electric
arc furnaces are involved. In line with current German energy
policy, the analysis assumes that the CO2 intensity of the German
power systemwill decrease because one objective is to increase the
share of renewable energy carriers in the power mix.

Total energy consumption and CO2 emissions are driven by
production levels. The analysis assumes four production pathways
that show the impacts of constant production (pathway 0), the
replacement of blast furnaces by scrap/EAF and DRI/EAF (pathway
1), decreasing production (pathway 2) and increasing production
including smelt reduction (pathway 3).

The model assumes that secondary steel is produced depend-
ing on scrap availability. Hence, future scrap availability is esti-
mated. All production pathways assume that scrap availability is
assured.

Furthermore, the analysis includes the age and expected tech-
nical lifetime of blast furnaces, which are the major energy con-
sumers and the most capital-intensive plants in the steel industry.
It is assumed that, under current conditions, blast furnaces will
operate at least until the end of their technical lifetime.
3.1. Key mathematical equations

The specific energy consumption from BF/BOF and scrap/EAF
steelmaking is affected by the diffusion of energy-efficient tech-
nologies (Eq. (1)).
Fig. 2. Parameters for estimating current and future CO2 emissions in the German steel
industry.
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where SEC e specific energy consumption; ESP e energy saving
potential; DR e diffusion rate; i e year; j e process; k e energy
carrier; l e energy-efficient technology.

CO2 emission factors are used to convert energy consumption
into CO2 emissions. Total energy consumption and CO2 emissions
are calculated using production pathways (Eqs. (2) and (3)).
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where ECGermany,i e total energy consumption of the German steel
industry in the year i; P e production; TCEGermany,i e total CO2
emissions of the German steel industry in the year i; CEF e CO2
emission factor.

3.2. Model input parameters

The model estimates the future energy consumption and CO2
emissions of the German steel industry until 2035. It is based on
three main input parameters, i.e. the specific energy consumption
and CO2 emissions per steelmaking process, the diffusion of
energy-efficient technologies, and the definition of future produc-
tion pathways.

3.2.1. Specific energy consumption and CO2 emissions of the
steelmaking processes considered

For BF/BOF and scrap/EAF steelmaking, data are analyzed based
on the energy consumption data of the German steel industry in
2011 (Wirtschaftsvereinigung Stahl, 2011). These data have the
same structure and boundaries as the data used in Arens et al.
(2012). However, this analysis focuses on the development of the
total energy consumption of the German steel industry, while the
former study estimated energy efficiency improvements on the
process level. Energy consumption is given by energy carrier and
plant type at a national level in physical units; internal energy flows
are excluded from the analysis (Fig. 3). Energy consumption in
energy units is calculated by applying heating values and the en-
ergy required to supply the energy carriers (Table 2).

Reported energy consumption is allocated to BF/BOF steel-
making or scrap/EAF steelmaking using both plant type and type of
energy carrier. The energy consumption of sinter plants, blast fur-
naces, basic oxygen furnaces, onsite power plants, steam genera-
tion and other plants is allocated entirely to BF/BOF steelmaking.
Electric arc furnaces are only allocated to scrap/EAF steelmaking.
Rolling is assigned to either BF/BOF or scrap/EAF steelmaking by the
share of flat and long products. For rolling, the consumption of top
gases and electricity generated onsite is reported. The consumption
of top gases and electricity generated onsite is likely to take place in
BF/BOF steelmaking and not in scrap/EAF steelmaking. Thus, the
consumption of top gases and electricity generated onsite is
completely attributed to BF/BOF steelmaking.

The processes of BF/BOF steelmaking are highly integrated. For
instance, blast furnace gas is used to produce steam, which is then
converted into electricity in onsite power plants, which is used for
rolling (Fig. 3). This makes it difficult, perhaps impossible, to
derive the net specific energy consumption for each process which
can be multiplied by the production volume to yield the overall
energy input to the steel industry. In this study, we found that the
energy carriers generated onsite and leaving the steel industry
were roughly the same as the coke oven gas entering the
boundary as defined in Fig. 3. In Germany, BF/BOF steelmaking
purchases coke oven gas from coke ovens that produce coke for
the steel industry. Therefore, the specific energy consumption of
BF/BOF steelmaking was estimated considering energy carriers
entering the steel industry, neglecting coke oven gas consumption
and credits for energy carriers generated onsite and leaving the
steel industry.

Specific energy consumption is converted into CO2 emissions by
applying CO2 emission factors (Table 2). Table 3 shows the specific
energy consumption as well as CO2 emission intensity for both BF/
BOF and scrap/EAF steelmaking.

Values for DRI/EAF were derived following Worrell et al. (2008).
When EAFs are fed with DRI, electricity consumption will increase
by 40e120 kWh/t liquid steel depending on the amount and degree
of metallization of the DRI. This study considers DRI/EAF steel-
making with 100% DRI input, so the total energy consumption in
our analysis is higher than in Worrell et al. (2008) (Table 3).

The energy consumption of the smelt reduction technology
HIsarna is assumed to be 80% of current BF/BOF steelmaking (Tata
Steel Europe, 2013). HIsarna is designed to replace coke by coal.
Applying 80% energy consumption of BF/BOF steelmaking to
HIsarna, the CO2 intensity of HIsarna is about 74% of the BF/BOF
route, since coke is replaced by coal (Table 3).

3.2.2. Diffusion of energy-efficient technologies
The diffusion of energy-efficient technologies (EET) is based on

Arens andWorrell (2014). The EETs will be described in more detail
in section 4.4. According to Arens and Worrell (2014) of all the
technologies studied, the BOF was the one that most quickly
reached the point of complete diffusion in Germany, 27 years after
its introduction. More recent technologies may have diffused faster
than the BOF to start with, but did not reach the point of complete
diffusion as quickly. However, to acknowledge that technologies
can diffuse faster than the BOF, this analysis modifies the diffusion
curve of the BOF in such away that a) complete diffusion is reached
within 20 years, and that b) 5%-diffusion is reached after 3 years
instead of after 5 years (Fig. 4).

Currently applied technologies with additional diffusion po-
tential are assumed to spread from their current level according to
this diffusion rate.

3.2.3. Production pathway definition
Four production pathways are developed for the German steel

industry to show the impact of varying production levels and
processes on CO2 emissions and energy consumption (Table 4). The
resulting production pathways are discussed in section 5.1.

Besides two pathways showing the impact of constant steel
production levels, two other pathways are constructed, one
assuming an increase and the other a decrease in production levels.
Since crude steel production in Germany has varied over the last 40
years between 30 and 50Mt (Fig. 1), these values are chosen for the
pathways assuming an increasing or decreasing production level.
The highest crude steel production by far occurred in 1974
(53.2 Mt), while the lowest level was reached during the economic
crisis in 2009 (32.7 Mt) (Wirtschaftsvereinigung Stahl and
Stahlinstitut VDEh, 2014).

Primary steelmaking first produces hot metal from iron ore in
the blast furnace which is then fed to the BOF where it is converted



Fig. 3. Boundary settings to estimate the specific energy consumption for BF/BOF and scrap/EAF steelmaking in Germany (BFG: Blast Furnace Gas; BOFG: BOF-gas).

Table 2
Assumed lower heating values, energy required to derive the energy carriers and
CO2 emission factors per energy carrier 2015e2035 (electricity only 2011) (sources:
Umweltbundesamt and Deutsche Emissionshandelsstelle, 2012;
Umweltbundesamt, 2014a; Statistisches Bundesamt, 2009; Steelinstitute VDEh,
2010); own calculations).

Energy carrier Unit Value Unit Value

Hard coal GJ/t 29.31 kg CO2/GJ 95
Coke GJ/t 28.43 kg CO2/GJ 107
Oil GJ/t 40.61 kg CO2/GJ 77
Natural gas GJ/1000 m3 35.17 kg CO2/GJ 56
Oxygen GJ/1000 m3 7.33 kg CO2/GJ 115
Electricity (offsite)a GJ/1000 kWh 10.34 kg CO2/kWh 0.570

a 2011.
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to steel. The production of iron from iron ore in the blast furnace is
the most energy intensive step in the steel industry.

This study assumes that the German steel industry currently
supplies high quality steel markets and that therefore the German
Table 3
Assumed specific primary energy consumption per metric ton of final product for each
Europe, 2013; own calculations).

Specific energy consumption, CO2 emissions (2011) Hard coal Coke

GJ/t GJ/t

BF/BOF 4.03 10.79
Scrap/EAF 0.12 0.00
DRI/EAF 0.10 0.00
Smelt reduction (HIsarna) 11.86 0.00
steel industry has a high share of BF/BOF steelmaking. However,
this study aims at identifying production pathways that are likely to
meet future climate targets, presumably ones with decreasing
production levels. Such pathways are probably not able to continue
supplying the current markets.

� Pathway 0 e constant production and current technologies:
Pathway 0 assumes that the total current production level re-
mains constant throughout the studied period at 45 Mt/year.
Blast furnace capacity has a utilization rate of 95%. The ratio of
BF/BOF steel and hot metal is assumed to be 1.07 (this value is
the average ratio of BF/BOF steel divided by hot metal produc-
tion for 2009e2011 (Wirtschaftsvereinigung Stahl and
Stahlinstitut VDEh, 2014)). Any end-of-life blast furnace capac-
ity is replaced by new blast furnace capacity. It is assumed that
current BFs are as efficient as new BFs would be. The share of
primary and secondary steelmaking remains constant over the
studied period. The single German DRI plant stops operating
process (source: Wirtschaftsvereinigung Stahl, 2011; Worrell et al., 2008; Tata Steel

Oil Natural gas Oxygen Electricity (offsite) CO2 emissions

GJ/t GJ/t GJ/t kWh/t kg CO2/t

0.44 1.71 0.71 115 1815.8
0.00 1.19 0.27 739 530.6
0.00 17.40 0.30 819 1487.0
0.36 1.37 0.57 92 1349.0



Fig. 4. Assumed diffusion rate for energy-efficient technologies.
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after 50 years in 2021. Its capacity is replaced by scrap/EAF
steelmaking. Energy-efficient technologies diffuse still further
and the CO2 emissions of the power sector decrease in line with
current policy.

This pathway aims to show the impact of the further diffusion of
EET and increased renewable electricity generation on energy
consumption and CO2 emissions in the German steel industry.

� Pathway 1 e constant production and DRI/EAF steelmaking:
Pathway 1 also assumes a constant total production of 45 Mt/
year. Again, blast furnace capacity has a utilization rate of 95%
and the ratio of BF/BOF steel and hotmetal is assumed to be 1.07.
Table 4
Overview of parameters of future production pathways 0e3.

Pathway 0 Pathway 1

Short description Constant production and
current technologies

Constant prod
DRI/EAF steelm

Total production development Constant Constant
Total production in 2035 45 Mt 45 Mt
Major steelmaking routes BF/BOF; scrap/EAF BF/BOF; scrap

BF capacity utilization rate 95% 95%
Ratio BF/BOF steel and hot metal 1.07 1.07
Shutdown BF capacity is replaced by … new BF capacity scrap/EAF cap

Current German DRI plant
stops operating in …

2021 e

Scrap availability Scrap availability is assured
because the pathways
are constructed to use only
the amount of scrap
actually available.

Aims to show the impact of further diffusion of EET and
increased renewable
electricity generation

constant total
maximum pos
EAF share and
blast furnaces
partly by DRI/
Any end-of-life blast furnace capacity is mainly replaced by
scrap/EAF capacity. Scrap availability is assured. The remaining
capacity is replaced by DRI/EAF steelmaking with 100% DRI
input.

This pathway aims to show the CO2 emission reduction potential
for constant total production, maximum possible scrap/EAF share,
not replacing old blast furnaces with newones and the introduction
of DRI steelmaking even though DRI is not economically viable at
current energy prices.

� Pathway 2 e decreasing production: Pathway 2 assumes
decreasing total production. From 2015 to 2035, total produc-
tion declines from 45 Mt/year to 30 Mt/year. In contrast to
pathways 0 and 1, blast furnace capacity utilization is assumed
to be 92% instead of 95% throughout the studied period. The
DRI plant stops operating in 2021 as well. Any closed down
BF capacity is replaced by scrap/EAF capacity and scrap
availability is guaranteed. Since this pathway assumes a
shrinking German steel industry, no innovative technologies are
introduced.

This pathway illustrates the impact on CO2 emissions and en-
ergy consumption of a strong reduction in total steel production,
while increasing the share of scrap/EAF steelmaking.

� Pathway 3 e increasing production: Pathway 3 assumes a
growing German steel industry. Total steel production increases
from 45 Mt in 2015 to 50 Mt in 2035. As in pathways 0 and 1,
blast furnace capacity utilization is assumed to be 95%. Any
closed down BF capacity as well as production increase is pro-
vided by scrap/EAF steelmaking as long as scrap is available.
Otherwise, phased out BF capacity is replaced with new BF ca-
pacity. From 2030 onwards, a new iron-making technology is
implemented.

This pathway shows the impact of a growing German steel in-
dustry that uses a new iron-making technology from 2030 on CO2
emissions and energy consumption.
Pathway 2 Pathway 3

uction and
aking

Decreasing production Increasing production

Decreasing Increasing
30 Mt 50 Mt

/EAF; DRI/EAF BF/BOF; scrap/EAF BF/BOF; scrap EAF; new
iron-making technology
(HIsarna)

92% 95%
1.07 1.07

acity scrap/EAF capacity 2015e2030: scrap/EAF capacity;
new BF capacity
2030e2035: new iron-making
technology (HIsarna)

2021 2021

production,
sible
end-of-life
replaced
EAF

a strong reduction in total
steel production with
increased share
of scrap/EAF

a growing German steel industry
that implements a new iron-making
technology from 2030 onwards



Table 6
Assumed specific scrap consumption in primary and secondary steel-
making (source: Wirtschaftsvereinigung Stahl and Stahlinstitut VDEh,
2014).

Scrap consumption

t scrap/t steel

BF/BOF steelmaking 0.2
Scrap/EAF steelmaking 1.0
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4. Structural parameters that determine energy intensity and
CO2 emissions in the German steel industry

The energy consumption and CO2 emissions of the German steel
industry are influenced by several structural factors. This study
considers scrap availability, the CO2 emission intensity of the power
mix, the technical lifetime of blast furnaces, energy-efficient tech-
nologies, and a new iron-making process.
4.1. Current and future scrap availability

This study considers overall scrap availability (i.e. the sum of
obsolete, prompt and home scrap (Boston Consulting Group,
2013)). Scrap consumption in the German steel industry is pub-
lished in Wirtschaftsvereinigung Stahl and Stahlinstitut VDEh
(2014). While scrap availability is given for the different scrap
types, scrap consumption is given as one value only. In 2012, the
German steel industry used 19.7 Mt scrap in both primary and
secondary steelmaking. However, in the same year, the net export
of scrap by Germany was 4.0 Mt. Germany has been a net exporter
of scrap since at least 2002. This study assumes that scrap avail-
ability in 2012 is given by the following equation (Eq. (4)):

Scrap availability2012 ¼ scrap consumption2012

þ net scrap export2012;
net scrap export2012 >0

(4)

Determining future scrap availability depends on the product
lifetime and the recycling rate. For instance, Oda et al. (2013) esti-
mated future scrap availability by analyzing product shares, prod-
uct lifetimes and the recycling rate. They find that scrap availability
will rise by approximately 1.8% per year from 2011 to 2050 at the
global level and that primary steelmaking will remain the domi-
nant global route at least until 2050 due to the lack of scrap.

In contrast, Pauliuk et al. (2013) conclude that scrap/EAF pro-
duction can more than double globally until 2050.

A study on behalf of the Steel Institute VDEh assumes an in-
crease in overall scrap availability in the EU-27 of 0.9% per year for
the same period (Boston Consulting Group, 2013).

This analysis assumes that German scrap availability increases at
the same rate as found in Boston Consulting Group (2013), i.e. by
0.9% per year from 2012 (Table 5). The impact of much bigger scrap
availability (e.g. Pauliuk et al., 2013) is tested in a sensitivity analysis
(Chapter 6.4). All production pathways assume constant scrap
consumption for primary and secondary steelmaking (Table 6).
Furthermore, the model is constructed to not exceed the amount of
scrap actually available in any year for each production pathway.
4.2. CO2 emission intensity of the power system

Since the current German energy policy aims to increase the
share of renewable energies, the CO2 emission grid factor is likely to
decrease. The future CO2 emission grid factor is derived for
2011e2035 based on €Oko-Institut and Fraunhofer ISI (2015) and the
scenario that includes all policies enforced by October 2012
(Aktuelle-Maßnahmen-Szenario, AMS, Table 7).
Table 5
Assumed scrap availability in Germany for selected years (assumed scrap availability
growth rate of 0.9%/year (Boston Consulting Group, 2013)).

[Mt/year] 2012 2015a 2020a 2025a 2030a 2035a

Assumed scrap availability 23.7 24.3 25.5 26.6 27.8 29.1

a Estimated.
BF/BOF steelmaking usually has a high share of electricity
generated onsite and only purchases a minor share from the public
grid. According to the analyzed data and based on the assumptions
made, this study postulates that 23% of the total electricity con-
sumption in BF/BOF steelmaking is purchased from the public grid,
while the rest is produced in onsite power plants. The secondary
steelmaking route usually purchases all its electricity from the
public grid.

4.3. Technical lifetime of blast furnaces

The analysis includes the age and nominal capacity of each blast
furnace in Germany except for two small blast furnaces that do not
produce iron (Steelinstitute VDEh, 2013). The database encom-
passes 16 blast furnaces. A database of Steelinstitute VDEh (2015)
on plants closed down in Europe since 2000 indicates that the
lifetime of blast furnaces usually varies between 40 and about 50
years. There are likely to bemajor blast furnace capacity shutdowns
after 2023 (Fig. 5).

The production pathways therefore assume the blast furnaces in
Germany to have a technical lifetime of 50 years. Three large blast
furnaces were opened in 1973 (i.e. Schwelgern 1, Bremen 2, HKM
A). To harmonize the development of blast furnace capacity, the
expected lifetimes of Bremen 2 and HKM A are modified slightly
(Bremen 2: 52 years, HKM A: 48 years).

4.4. Energy-efficient technologies

There are various energy-efficient technologies (EET) that
reduce both the energy intensity and the CO2 emissions in BF/BOF
and scrap/EAF steelmaking. Several studies have researched
promising EET and their energy reduction potentials (e.g. Moya and
Pardo, 2013; Brunke and Blesl, 2014; Worrell et al., 2008).

This analysis covers 15 energy-efficient technologies (Table 8).

4.5. Future iron and steelmaking processes

The European research project ULCOS focuses on steelmaking
processes able to apply carbon capture. Three of the four researched
technologies aim to collect CO2 from the off-gas (top gas recycling
blast furnace, HIsarna, ULCORED). A fourth technology, which is still
at a very early stage of development, intends to use electricity as a
reducing agent instead of carbon-intensive fossil fuels (i.e. elec-
trolysis). The development of the top gas recycling blast furnace is
currently on hold since the planned demonstration plant has not
yet been built, nor have any plans to do so been announced. HIsarna
is currently being tested on a pilot scale. ULCORED and electrolysis
are expected to enter the market in 2030 and 2040, respectively
(Fischedick et al., 2014). This study includes the innovative smelt
reduction technology HIsarna in the model.

This paper aims to shed light on future technological de-
velopments in the medium term. However, the implementation of
carbon capture and storage on a broad scale is unlikely before 2030.
The International Energy Agency (2013) believes CCSwill have been



Table 7
Assumed CO2 emission grid factor for the German electricity grid (Umweltbundesamt, 2014a; €Oko-Institut and Fraunhofer ISI, 2015).

2011 2020a 2030a 2040a

Gross electricity generation TWh e 634.0 633.0 631.0
CO2 emissions by power plants Mt e 312.6 263.7 201.4
Grid emission factor kg CO2/kWh 0.570 0.493 0.417 0.319

a Estimated.

Fig. 5. Development of blast furnace capacity considering a technical lifetime of 50
years (source: Steelinstitute VDEh, 2013; own calculations).
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demonstrated successfully in iron and steelmaking by 2030.
From 2050 onwards, it expects CCS to be routinely used in appli-
cable processes including industry. However, carbon capture is
excluded from this analysis because we only consider the period up
to 2035.
Table 8
Characteristics of the selected energy-efficient technologies (sources: Moya and Pardo, 2

Process Name Maximum reducti

Hard coal Coke

GJ/tcs GJ/tcs

BF/BOF Top-pressure recovery turbine 0.00 0.00
BF/BOF Pulverized coal injection 0.00 0.00
BF/BOF BOF gas recovery 0.00 0.00
BF/BOF Coke dry quenching 0.00 0.00
BF/BOF Heat recovery at sinter plant 0.00 �0.18
BF/BOF Strip casting 0.00 0.00
BF/BOF Regenerative burners 0.00 0.00
BF/BOF Advanced controls 0.00 �0.11
BF/BOF Efficient power use (e.g. motors, oxygen production) 0.00 0.00
scrap/EAF Regenerative burners 0.00 0.00
scrap/EAF Heat recovery at EAF 0.00 0.00
scrap/EAF Strip casting 0.00 0.00
scrap/EAF Advanced controls �0.01 0.00
scrap/EAF Efficient power use (e.g. motors, oxygen production) 0.00 0.00
scrap/EAF Fuel injection 0.70 0.00
5. Results

Results are presented for the different future production path-
ways, the energy consumption per energy carrier and the CO2
emissions by process.

5.1. Resulting production pathways

Pathway 0 reflects a constant production level and production
shares. Any end-of-life blast furnace capacity is replaced by new
blast furnaces (Fig. 6a).

Pathway 1 shows the results for a constant production level but
a shift to scrap/EAF and DRI/EAF steelmaking (Fig. 6b). Scrap/EAF
steelmaking increases by 2.5%/year from 2016 onwards, while the
current BF/BOF capacity is gradually phased out. The residual
steelmaking capacity is replaced by DRI/EAF steelmaking.

Pathway 2 shows the impact of decreasing production (Fig. 6c).
BF/BOF capacity gradually ohases out, while the remaining steel
production capacity is provided by scrap/EAF steelmaking.

Pathway 3 represents increasing production (Fig. 6d). It is
assumed that an innovative smelt reduction technology (HIsarna)
enters the market in 2030. Limited scrap availability encourages
replacing end-of-life blast furnace capacity with new blast furnace
capacity from 2024 onwards, which reaches a capacity of 11 Mt in
2032. The construction of new blast furnaces impedes a strong up-
take of the smelt reduction technology from 2030 onwards.

5.2. Energy consumption

The specific primary energy consumption of flat products via the
primary steelmaking route is about four times higher than the
specific energy consumption of flat products in secondary steel-
making. The results indicate there is a limited energy-saving po-
tential in current processes of primary steelmaking (9% lower in
013; Brunke and Blesl, 2014; Worrell et al., 2008; Okazaki and Yamaguchi, 2011).

on potential Diffusion Max. diff.

Oil Natural gas Oxygen Electricity (offsite) 2011 2014 e

GJ/tcs GJ/tcs GJ/tcs kWh/tcs

0.00 0.00 0.00 �20.44 0.58 0.76 1.00
�0.79 0.00 0.00 0.00 0.69 1.00 1.00
0.00 �0.91 0.00 0.00 0.61 0.61 1.00
0.00 0.00 0.00 �50.17 0.00 0.00 1.00
0.00 0.00 0.00 2.51 0.10 0.10 1.00
0.00 �0.88 0.00 0.00 0.05 0.05 0.50
0.00 �0.34 0.00 0.00 0.30 0.32 0.50
0.00 �0.02 �0.01 3.00 0.00 0.15 1.00
0.00 0.00 0.00 �1.15 0.00 0.15 1.00
0.00 �0.34 0.00 0.00 0.20 0.22 0.50
0.00 0.00 0.00 �57.50 0.00 0.05 1.00
0.00 �0.88 0.00 0.00 0.05 0.05 0.50
0.00 �0.10 �0.03 �14.78 0.00 0.15 1.00
0.00 0.00 0.00 �1.15 0.00 0.15 1.00
0.00 0.00 0.00 �194.44 0.00 0.15 1.00



Fig. 6. Resulting production pathways for the German steel industry by process from 2015 to 2035 for a) and b) constant, c) decreasing, and d) increasing crude steel production
considering a technical lifetime of blast furnaces (50 years) and guaranteed scrap availability.
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2035 than in 2011, Fig. 7a), while energy savings in secondary
steelmaking could be more significant (21% lower in 2035 than in
2011, Fig. 7b). In primary steelmaking, especially the lack of options
to reduce energy consumption in the blast furnace (coke con-
sumption) impedes major efficiency gains.

In secondary steelmaking, major savings of electricity (0.96 GJ/t
lower in 2035 than in 2011) and natural gas (0.59 GJ/t lower in 2035
than in 2011) could be realized, while fuel injection causes an in-
crease in coal consumption (þ0.60 GJ/t higher in 2035 than in
Fig. 7. Development of the specific energy consumption of a) BF/BOF and b) scrap/EAF steelm
technologies.
2011). Natural gas savings are mainly due to the diffusion of
regenerative burners and the expected introduction of strip casting.
Electricity savings mainly originate from fuel injection and heat
recovery from EAF off-gas.

The energy consumption level in 2035 is similar in pathways 0,1
and 3but only slightly lower than today's level, although the pro-
duction level of pathway 3 is higher than pathways 0 and 1. This
means that the energy efficiency gains in pathway 3 compensate
the production increase (pathway 0: 572 PJ; pathway 1: 517 PJ;
aking in Germany between 2015 and 2035 considering the diffusion of energy-efficient



Fig. 9. Development of total primary energy consumption in the German steel industry 2
increasing crude steel production.

Fig. 8. Development of total primary energy consumption per production pathway in
Germany 2015e2035.
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pathway 3: 535 PJ) (Fig. 8). Significant reductions in energy con-
sumption can only be realized in pathway 2 (decreasing produc-
tion, high share of scrap/EAF steelmaking), where energy
consumption is more than halved in 2035 compared to today. This
stresses the importance of scrap/EAF steelmaking in a low carbon
society.

The different steelmaking processes impact energy consump-
tion on the energy carrier level (Fig. 9aed). Introducing DRI
(pathway 1, Fig. 9b) increases the consumption of natural gas by
290% between 2015 and 2035 (2011: 76 PJ; 2035: 211 PJ). At pre-
sent, this does not seem very likely although new developments
like liquefied natural gas (LNG) are underway. Pathway 3 (Fig. 9d
increased production, new iron-making technology) implies a shift
from coke to coal from 2030 onwards due to the replacement of
blast furnaces with smelt reduction technology.
5.3. Future developments in CO2 emissions

Major CO2 reductions are achieved in the pathway with the
lowest assumed production level that additionally has a high share
of secondary steelmaking (Fig. 10, 56% in 2035, pathway 2).

At a constant production share and level (2014), the CO2
reduction potential is limited in 2035 (pathway 0, i.e. 6% between
2014 and 2035). The limited impact of renewables stems from
the fact that electricity is not widely used in this pathway as
there is no increase in the production of EAFs. In pathway 2, the
impact of renewables in the power sector on the steel industry's
CO2 emissions is higher due to the higher share of scrap/EAF
steelmaking.
015e2035 by energy carrier and pathway; a) and b) constant, c) decreasing, and d)



Fig. 10. Development of total CO2 emissions in the German steel industry 2015e2035
by pathway.
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At constant production levels, CO2 emission reductions can be
realized when alternative steelmaking processes (here DRI/EAF)
are considered (Pathway 1, 43.2 Mt CO2 in 2035). CO2 emissions
could be reduced even in case of increasing production if there
Fig. 11. Development of CO2 emissions in the German steel industry 2015e2035 by process
were a shift towards more scrap/EAF steelmaking and if an
alternative steelmaking route (here HIsarna) were applied
(Pathway 3, 52.0 Mt CO2 in 2035). However, the impact of the new
smelt reduction technology will still be limited in 2035 because it
was only introduced in 2030. Moreover, the likely shutdown of
blast furnaces from 2023 onwards might lead to the erection of
new blast furnaces and thus impede a strong uptake of HIsarna
from 2030 onwards.

In every pathway, BF/BOF steelmaking accounts for the lion's
share of total CO2 emissions in the German steel industry
throughout the studied period. Therefore, major CO2 emission re-
ductions are either due to increased scrap/EAF steelmaking or the
replacement of blast furnaces by alternative processes. Pathway
0 shows the window of opportunity to replace current BFs
(Fig. 11a). According to this analysis, a large share of BF capacity is
expected to finish operating after 2023. By this point at the latest,
there should be economically viable solutions available to reduce
the CO2 emissions from BF/BOF steelmaking.

Pathway 1 shows the impact of DRI/EAF steelmaking on the
development of total CO2 emissions. Although total steel produc-
tion remains constant, CO2 emissions can be reduced by 29%
(Fig. 11b). Moreover, total steel production can even be increased
with decreasing CO2 emissions (pathway 3, 14% lower in 2035 than
in 2014, Fig. 11d).

The lowest CO2 emissions are achieved if total production
decreases and has a high share of EAF, which enhances the impact
of renewables in the power sector (pathway 2, 55% lower in 2035
than in 2014, Fig. 11c). However, this depends on the capacity of
German scrap/EAF steelmakers to produce the same high quality
steel as BF/BOF steelmakers currently do in order to supply the
German steel industry's current customers' demand for high
quality steel.
and pathway; a) þ b) constant, c) decreasing, and d) increasing crude steel production.
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According to these results, only one pathway meets the Euro-
pean CO2 emission reduction target (European Council, 2014), i.e.
pathway 2 with decreasing production, a high share of scrap/EAF
steelmaking and no BF capacity replacement (Table 9). German
energy policy's targets are not reached by any pathway
(Bundesregierung, 2010). If the German steel industry continues to
operate as it does today (pathway 0), CO2 emissions will surpass the
targets by a factor of 1.7 or 2.1 (European and German target,
respectively).

According to the model, the specific CO2 emissions of both the
currently dominant steelmaking routes (i.e. BF/BOF and scrap/EAF)
can be reduced due to the diffusion of energy-efficient technologies
and the increase of renewables in electricity generation. More
renewable generation in the power sector has a limited impact on
primary steelmaking, but is a major driver of CO2 reductions in
secondary steelmaking.

The results indicate that CO2 emission reductions in primary
steelmaking are limited to about 6% until 2035 compared to 2015
(Fig. 12a).

In contrast to the limited CO2 reduction potential of primary
steelmaking, the specific CO2 reduction potential of secondary
steelmaking is significant (36%; 2035e2015, Fig. 12b). Applying the
2035 grid CO2 emission factor to the CO2 emission intensity
calculation of 2015 shows the CO2 emissions of scrap/EAF steel-
making would drop to 115 kg CO2/t steel. The impact of energy-
efficient technologies is in the range of 61 kg CO2/t steel. Thus the
impact of a higher share of renewables in the German electricity
mix is about twice as strong as the further diffusion of energy-
efficient technologies.

The replacement of electricity by coal in EAFs (fuel injection)
should only be considered if the CO2 emissions from electricity
production are higher than the CO2 emissions from coal. Increasing
the share of renewables in the power sector will decrease the CO2
Fig. 12. Development of specific CO2 emissions in the German steel industry 2011e2035 by
technologies and the CO2 emission factor of the public electricity grid.

Table 9
Estimated fulfillment of CO2 emission reduction targets in 2030 by pathway.

Pathway Estimated CO2 emissions in 2030 (Mt) Estimated CO

Pathway 0 58.1 169%
Pathway 1 47.6 139%
Pathway 2 32.4 95%
Pathway 3 52.0 153%
emission factor of electricity generation. The turning point for fuel
injection is achieved at a CO2 grid emission factor of about 342 kg
CO2/kWhel which should occur in about 2036 according to the
assumed development of the CO2 emission grid factor. Hence,
throughout the period of our analysis, fuel injection is favorable in
terms of CO2 emissions. From about 2036 onwards, fuel injection
will increase the CO2 emissions in EAF steelmaking.

6. Uncertainty and sensitivity analysis

The estimated CO2 emissions were checked by comparing them
to Wirtschaftsvereinigung Stahl and Stahlinstitut VDEh (2014). The
results of this study are highly dependent on the considered factors.
Therefore, sensitivity analyses are conducted for the CO2 emission
intensity of the power system, the lifetime of blast furnaces and
scrap availability.

6.1. Estimation of CO2 emissions

Data on the specific CO2 emissions per metric ton crude steel for
the German steel industry in 2011e2013 are provided by the
Wirtschaftsvereinigung Stahl and Stahlinstitut VDEh (2014). Our
analysis slightly overestimates the CO2 emissions of the German
steel industry in 2011 and 2013 but mirrors the reported CO2
emissions in 2012 (Table 10).

6.2. Variation of CO2 emissions of the power system

If the CO2 intensity of the power systemwere to remain constant
throughout the studied period, the CO2 intensity of secondary
steelmaking would decrease to 404.1 kg CO2/t, while a strong in-
crease in the share of renewables in the power system would lead
to a CO2 intensity of 243.1 kg CO2/t (Table 11).
a) BF/BOF, and b) scrap/EAF steelmaking considering the diffusion of energy-efficient

2 emissions/European target Estimated CO2 emissions/German target

211%
173%
118%
190%



Table 10
Comparison of the CO2 emissions of the German steel industry estimated using the applied methodwith data provided byWirtschaftsvereinigung Stahl and Stahlinstitut VDEh
(2014).

year Method results Data by Steelinsitute VDEh Comparison

Total CO2 emissions Crude steel production Specific CO2 emissions Total CO2 emissions (calculated) Pathway results/data by Steelinstitute VDEh

Mt Mt crude steel t CO2/t crude steel Mt CO2 e

2011 62.6 44.3 1.362 60.3 104%
2012 57.5 42.7 1.350 57.6 100%
2013 60.3 42.6 1.328 56.6 107%

Table 11
Variation of CO2 intensity of the power system for pathway 1 (constant crude steel production).

Pathway 1 Pathway 1* Pathway 1**

CO2 grid emission factor (2035) kg CO2/kWh 0.365 0.564 0.222
CO2 intensity scrap/EAF (2035) kg CO2/t steel 310.1 404.1 243.1
CO2 emissions (2035) Mt 43.4 47.3 40.6

Table 13
Variation of scrap availability for pathway 3 (increasing crude steel production).

Pathway 3 Pathway 3*

Scrap availability (2035) Mt 29.1 42.9
Scrap/EAF production (2035) Mt 17.2 31.3
CO2 emissions (2035) Mt 46.1 37.3
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Pathway 1 has the largest amount of scrap/EAF steelmaking in
2035 (20.6 Mt). However, CO2 emissions of the German steel in-
dustry in 2035 would only be 14% lower with a high share of re-
newables in the power sector (Pathway 1**) compared to no further
increase in renewables (Pathway 1*) (Table 11). This shows the
dominant influence of BF/BOF steelmaking on the CO2 emissions of
the German steel industry.

6.3. Variation of blast furnace lifetimes

To show the impact of longer BF lifetimes on the production
pathways, energy consumption and CO2 emissions, pathway 2
(decreasing production) is modified to assume a BF lifetime of 65
years.

Under this assumption, primary steelmaking would even in-
crease its production share to 96.5% in 2035. Secondary steel-
making would be phased out with a marginal production of
1.0 Mt in the same year. CO2 emissions would decrease by 22%
(Pathway 2*) instead of 56% (Pathway 2) compared to 2011
(Table 12).

The decision which production process to run depends on the
economics of each process.

6.4. Variation of scrap availability

Pauliuk et al. (2013) estimate that secondary steelmaking
could more than double by 2050. Therefore, it is assumed that
scrap availability doubles until 2050, resulting in a scrap avail-
ability of 34 Mt in Germany in 2035. In the modified increased
production pathway (pathway 3*), the maximum scrap/EAF
production of 31.3 Mt is found in 2035. The CO2 emissions of the
German steel industry would be 19% lower in pathway 3*
(Table 13).
Table 12
Variation of the lifetime of blast furnaces.

Pathway 2 Pathway 2*

Lifetime blast furnaces years 50 65
BF/BOF production (2035) Mt 13.2 29.0
Scrap/EAF production (2035) Mt 16.8 1.0
Share BF/BOF (2035) e 44.0% 96.5%
CO2 emissions (2035) Mt 27.4 48.9
7. Discussion

One main goal of this study was to find a production pathway of
the German steel industry able to meet the current European and
German climate targets by 2030. The results indicate that only a
pathway with a strong decrease in total steel production can meet
the European climate target e if set as a flat target. However, none
of the four production pathways considered would be able to meet
the German climate target.

The results also revealed that the primary steelmaking route
dominates the CO2 emissions of the steel industry in every pathway
throughout the studied period. Consequently, the CO2 emissions of
the steel industry are only marginally affected by increasing the
share of renewables in the German electricity mix.

Moya and Pardo (2013) assumed that new steel production
processes (e.g. ULCORED, Top Gas Recycle Blast Furnace) and
carbon capture and storage would be ready from 2020 onwards.
They find a CO2 reduction potential of 65% for the European steel
industry by 2030. In contrast, this study assumes that new steel-
making processes (e.g. HIsarna) will only be commercially avail-
able in 2030 at the earliest. This study further assumes that carbon
capture and storage (CCS) will be employed in the steel industry
not earlier than 2035. As a result, we find a much smaller CO2
reduction potential for the German steel industry up to 2030. This
study also finds that HIsarna does not help to meet climate targets
by 2030.

The results of this study for the pathways assuming a constant
production level are similar to those of Kuramochi (2016), who
finds a CO2 reduction potential for the Japanese steel industry of
about 6.6% by 2030 from applying best available technologies.

This analysis is limited by the assumption that a switch from
primary steelmaking to alternative steelmaking routes only occurs
at the end of the primary steelmaking facility's lifetime, i.e. the blast
furnace. However, this assumption reflects the current decision-
making in the industry.
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8. Conclusions

The analyses of future CO2 emissions by the German steel in-
dustry as presented in this paper rely on technologically detailed
pathways and variations in assumed production levels. This study
finds that CO2 emissions can only be reduced by 5% between 2014
and 2030 using the currently available technologies. The CO2
emissions of the German steel industry will continue to be domi-
nated by the blast furnaces of primary steelmaking until 2035 and
beyond. New processes that are currently being developed such as
HIsarna will not help to meet the climate targets set for 2030,
because they are unlikely to be commercially available in time.
Thus, the findings suggest that the German steel sector is unlikely
tomeet the CO2 emission reduction targets e assuming that targets
are set as flat-rate reductions and that steel production does not
decrease dramatically. According to this analysis, a large share of BF
capacity is expected to cease operating after 2023. By this point at
the latest, there should be economically viable solutions available
to reduce the CO2 emissions from BF/BOF steelmaking.

This study considers both direct and indirect emissions and
finds that the CO2 emissions reductions are partly due to the
assumed increase in the share of renewables in the German elec-
tricity mix, i.e. the reduction of indirect emissions. However, a high
share of renewables in the German electricity mix does not
significantly reduce the CO2 emissions of the steel industry since
primary steelmaking is likely to dominate the industry's CO2
emissions until 2035 and beyond.

It is therefore probable that the German steel sector will be
forced to purchase missing CO2 emission allowances under the EU-
ETS in the future if not less stricter targets are set for this sector.

The findings suggest that efforts to reduce CO2 emissions in the
steel industry should focus on two areas. First, alternative steel-
making processes need to be developed. Besides low-CO2 process
technologies like HIsarna, CO2-free processes should also be
considered. Direct reduced iron could be produced based on
hydrogen and then fed into an electric arc furnace operated with
electricity generated from CO2-free sources. Steel could also be
produced by electrolysis based on CO2-free electricity. However,
because these technologies will take decades to develop and
introduce, there should be a second focus on incremental CO2 re-
ductions in the short to medium term. Options include heat re-
covery from blast furnace slag and from waste heat in electric arc
furnaces, production of high quality steel from scrap-based sec-
ondary steelmaking, and the use of by-products for the production
of base chemicals.
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Abbreviations

BF blast furnace
BFG blast furnace gas
BOF basic oxygen furnace
BOFG BOF gas
CCS carbon capture and storage
CO2 carbon dioxide
DRI direct reduced iron
EAF electric arc furnace
EET energy-efficient technology
GJ gigajoule
HBI hot briquetted iron
HKM Hüttenwerke-Krupp-Mannesmann, a German steel

company
kg kilogram
kWh kilowatt hour
m3 cubic meter
Mt million metric tons
SR smelt reduction
t metric ton
tcs ton crude steel
TWh terawatt hour, used for final energy of electricity
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