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Abstract 

CO2 emissions from global steel production may jeopardize climate goals of 1.5°C unless 

current steel production practices will be rapidly decarbonized. At present, primary iron 

and steel production is still heavily dependent on fossil fuels, primarily coke. This study 

aims to determine which decarbonization pathways can achieve the strongest emission 

reductions of the iron and steel industry in Germany by 2050. Moreover, we estimate 

whether the German iron and steel industry will be able to stay within its sectoral carbon 

budgets for a 1.5°C or 1.75°C target. We developed three decarbonization scenarios for 

German steel production: an electrification, coal-exit, and a carbon capture and storage 

(CCS) scenario. They describe a phase-out of coal-fired production plants and an introduc-

tion of electricity-based, low-carbon iron production technologies, i.e. hydrogen-based 

direct reduction and electrowinning of iron ore. The scenarios consider the age and life-

times of existing coal-based furnaces, the maturity of emerging technologies, and increas-

ing recycling shares. Based on specific energy requirements and reaction-related emis-

sions per technology, we calculated future CO2 emissions of future steel production in 

Germany. We found that under the decarbonization scenarios, annual CO2 emissions de-

crease by up to 83% in 2050 relative to 2020. The reductions of cumulative emissions by 

2050 range from 24% (360 Mt CO2) under the electrification scenario up to the maximum 

of 46% (677 Mt CO2) under the CCS scenario compared to a reference scenario. This clear-

ly demonstrates that the technology pathway matters. Nevertheless, the German steel 

sector will exceed its sectoral CO2 budget for a 1.5°C warming scenario between 2023 and 

2037. Thus, drastic measures are required very soon to sufficiently limit future CO2 emis-

sions from German steel production, such as, a rapid decarbonization of the electricity 

mix, the construction of a hydrogen and CCS infrastructure, or early shutdowns of current 

coal-based furnaces.  
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4.1. Introduction 

Studies have shown that CO2 emissions due to global steel production will jeopardize the 

1.5°C climate target unless steel production is rapidly decarbonized through low-emission 

production technologies (Tong et al., 2019; Wang et al., 2021). 

Of all metals, steel production is responsible for the highest greenhouse gas emissions 

(GHG), i.e. 9% of global emissions (Nuss & Eckelman, 2014; Wang et al., 2021). As steel is 

required for buildings, infrastructure, and technologies, it is a key metal for modern socie-

ties. Consequently, its demand is expected to increase due to the future industrialization 

of developing countries (Elshkaki et al., 2018; van Ruijven et al., 2016). Therefore, studies 

stress the need to develop and implement low-emission technology alternatives for the 

currently coal-fired primary production (Arens et al., 2017; Ryan et al., 2020; Tong et al., 

2019). 

The largest steel producer in Europe is Germany, ranking seventh worldwide (WSA, 2020). 

In Germany as well as globally, the majority of steel is produced via primary production, 

around 70%, while secondary production accounts for about 30% (WSA, 2019b, 2020). 

Primary steel is commonly produced via the blast furnace and basic oxygen furnace route 

(BF-BOF), which mainly uses coke as energy carrier and therefore has a very high emission 

intensity of 1.6 to 2.2 t CO2/t steel (Hasanbeigi et al., 2014; Toktarova et al., 2020).  

Previous research has shown that the commonly used BF-BOF route can barely be decar-

bonized (Madeddu et al., 2020) as it requires very high temperatures of up to 2000°C (de 

Beer et al., 2000; Hasanbeigi et al., 2014). The only other mature process currently being 

applied is natural gas-based direct reduction (NG-DRI). NG-DRI has a lower emission-

intensity than the BF, but it is not widely deployed as natural gas is in most countries not 

cost-competitive with coke (Moya & Pardo, 2013). Retrofitting BF-BOFs with post-

combustion carbon capture and storage (BF-BOF-CCS) can reduce emissions by up to 60% 

(IEAGHG, 2013), yet this is insufficient for the long-term targets. 

Thus, in the case of primary steel production a significant CO2 reduction can only be 

achieved through a switch to different technologies. For a deep emission reduction, the 

key strategy is electrification (de Coninck et al., 2018; Lord, 2018; Madeddu et al., 2020; 

Philibert, 2017). The technologies considered most promising are hydrogen-based direct 

reduction (H2-DRI) and electrolysis of iron ore (Fischedick et al., 2014; Lechtenböhmer et 

al., 2016; Philibert, 2017; Weigel et al., 2016). H2-DRI enables an indirect electrification 

through hydrogen from water electrolysis, and iron electrolysis allows for a direct electri-

fication of primary steel production.  

Hydrogen-based direct reduction (H2-DRI) can be almost CO2 emission-free if operated 

with hydrogen from renewable electricity (Fischedick et al., 2014). H2-DRI is often consid-

ered the most suitable technology for the near future, as it can be adapted from the al-

ready existing technology of natural gas-based DRI (NG-DRI). Direct reduction furnaces 

can be operated with a mix of natural gas and hydrogen (de Beer et al., 2000). Thus, DRI 

enables a transition from natural gas to hydrogen in the same furnaces, once enough 

hydrogen is available (Bhaskar et al., 2020). In Germany, various steel producers plan to 

implement H2-DRI facilities, e.g. Salzgitter, ArcelorMittal or Thyssenkrupp (Ruhwedel, 

2020; Agora Energiewende & AFRY Management Consulting, 2021). 

101 



A less mature alternative, yet directly electrified technology, is electrolysis of iron ore. It 

applies electricity to reduce iron ore and thus avoids the conversion losses during hydro-

gen production, that occur in the case of H2-DRI. Two types of electrolysis are at pilot 

stage: first, electrowinning (EW) in a low-temperature (110°C) alkaline solution (Yuan et 

al., 2009) with a pilot plant in France under the SIDERWIN project (IEA, 2020a; Lavelaine, 

2019); secondly, using high-temperature molten oxide with a temperature of 1600°C 

(Ryan et al., 2020). This type using high temperatures is considered less mature than the 

electrowinning at lower temperatures (Hasanbeigi et al., 2014). 

For more information on current and future steel production technologies, the reader is 

referred to the existing literature, such as Zhang et al. (2021), Wang et al. (2021), or IEA 

(2020a).  

The German Federal Ministry for Economic Affairs and Climate Action (BMWK, former 

BMWi) considers NG-DRI for the very near future with a transition to H2-DRI for the long-

term as key technologies for a decarbonization of primary steel production according to 

its Steel Action Concept (BMWi 2020), yet it does not propose concrete transition path-

ways. Germany’s Climate Protection plan suggests implementing CCS to address unavoid-

able emissions in industry and to reach GHG reductions of 95% by 2050 (BMU, 2016). 

Many previous studies investigated emission-reduction potentials of different technolo-

gies individually (Bhaskar et al., 2020; Hasanbeigi et al., 2014; Otto et al., 2017; Tian et al., 

2018; Vogl et al., 2018; Zhang et al., 2021). Amongst these only a few consider the novel 

technology of electrolysis of iron (Fischedick et al., 2014; Lechtenböhmer et al., 2016; 

Weigel et al., 2016). 

Some studies model regional transformation pathways, e.g. for Sweden (Toktarova et al., 

2020) or the US (Ryan et al., 2020), and investigate their emission reduction potential by a 

certain target year. Arens et al. (2017) calculated potential future CO2 emissions from 

German steel production by 2035 considering amongst others the technologies of NG-DRI 

or smelting reduction, which replaces coke with pulverized coal (Zhang et al., 2021). They 

found that the emission-intensities of these technologies are still too high to reach cli-

mate goals. Therefore, they recommend the inclusion of more technology alternatives, 

such as H2-DRI or electrolysis of iron ore.   

Other studies developed transformation pathways for the steel industry and compared 

their future cumulative emissions to a global carbon budget. Tong et al. (2019) show that 

emissions of currently existing industrial plants alone will exhaust the entire global carbon 

budget for a 1.5°C scenario, if operated until their average end-of-life. Wang et al. (2021) 

estimated future cumulative emissions by 2050 from the global steel industry under sce-

narios for efficiency improvements. Even their strictest efficiency scenarios would exceed 

a sectoral 1.5°C budget for the steel sector by more than 100%, if the global budget was 

distributed to sectors based on current emission shares. Similarly, Ryan et al. (2020) stress 

that immediate action is required for the steel industry in the US to achieve a linear re-

duction of emissions by 70% by 2050. 

Research to date has not yet determined decarbonization pathways for the iron and steel 

industry in Germany to stay within the sector’s carbon budget, considering the deploy-

ment of both indirectly and directly electrified primary production technologies, such as 
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electrowinning of iron ore. This study aims to answer the following two research ques-

tions: 

1. Which technology pathways can achieve the strongest decarbonization of the iron 

and steel industry in Germany by 2050 and what are their implications in terms of fu-

ture final energy demand? 

2. To which extent may the German iron and steel industry be able to stay within its sec-

toral carbon budget for a 1.5°C target? 

In this study, we developed three decarbonization scenarios for steel production with the 

goal to phase out fossil fuels-based furnaces and to achieve a primarily electricity-based 

steel production by 2050. The scenarios model the replacement of currently existing BFs 

in Germany with directly and indirectly electrified production technologies, such as elec-

trowinning and H2-DRI. To calculate future CO2 emissions, we developed process models 

for energy consumption and reaction-related emissions of six steel production routes. We 

compared the resulting emissions with carbon budgets, which we allocated to the sector 

from carbon budgets for Germany (see section 4.2.4).  

The results can inform decision-makers which technology pathway may be most efficient 

to minimize future CO2 emissions from the iron and steel industry in Germany. Moreover, 

they reveal implications for the energy system and infrastructure requirements, for ex-

ample, in terms of future demand for hydrogen, electricity or carbon storage facilities. 

4.2. Material and methods 

4.2.1. Process models for current and future steel production routes 

We developed a process model to calculate current and future CO2 emissions from steel 

production in Germany considering six different steel production routes (see Figure 1). 

Three of them are current practice, these are the blast furnace and basic oxygen furnace 

(BF-BOF), natural gas-based direct reduction (NG-DRI), and the scrap-based electric arc 

furnace (scrap-EAF) routes. Two technology routes represent low-carbon, electrified 

technologies for iron production: the hydrogen-based direct reduction (H2-DRI) for indi-

rect electrification and electrowinning (EW) for direct electrification. They are followed by 

the electric arc furnace (EAF) to refine iron to steel. The BF-BOF-CCS route applies post-

combustion carbon capture and storage (CCS) to the BF-BOF route.  

Using data from literature, we modelled process-specific energy requirements and de-

rived CO2 emissions for each route, i.e. energy- and reaction-related CO2 emissions (see 

section 4.2.3). The specific energy demand of existing technologies was calibrated using 

energy statistics for the steel sector for the year 2018 (Rohde, 2019). 

The model describes the steel production chain from raw material preparation, e.g. sinter 

or pellet production from iron ore, up to the steel market. Mining of iron ore is excluded. 

The main characteristics and assumptions for each production route are given in Table 1. 

The complete dataset is provided in a repository (Harpprecht et al., 2022). 
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The BF-BOF route is a highly integrated system, which reuses flue gases from different 

ovens (BF, BOF, and CO gas) (Remus et al., 2013). Our model takes this into account in-

cluding on-site power generation from these gases. 

 

 

Figure 1: Process model of the six steel production routes considered. For the BF-BOF route, on-site power 
generation from process gases is included in the system. For the BF-BOF-CCS route, post-combustion 
carbon capture is applied to the on-site power plant. BF-BOF = blast-furnace and basic-oxygen furnace; BF 
gas = blast-furnace gas; BOF gas = basic-oxygen furnace gas; CCS = carbon capture and storage; CO gas = 
coke oven gas; EW = electrowinning; H2-DRI = hydrogen-based direct reduction; NG-DRI = natural gas-
based direct reduction; scrap-EAF = scrap-based electric arc furnace. 1: BF-BOF-CCS is illustrated here 
within the current technology of BF-BOF due to space restrictions, but it is technically also an alternative 
technology. 

 

For the BF-BOF-CCS, we assumed that post-combustion carbon capture facilities are de-

ployed at the on-site power plant to clean the flue gases (Chisalita et al., 2019). Additional 

electricity and steam required for the carbon capture facility are produced on-site in the 

gas-fired power plant and increase its natural gas consumption. Carbon transport and 

storage, i.e. CO2 compression and injection require additional electricity from the grid 

(15.65 kWh/t steel). We assume transport in pipelines over 800 km and storage in the 

North Sea based on Chisalita et al. (2019). Losses of CO2 from CCS are neglected, as they 

amount to less than 0.2% of CO2 captured according to Chisalita et al. (2019). In this study, 

we consider CCS for BF-BOFs only as an interim and not a long-term solution. It should 

only be applied on already existing fossil fuel-based furnaces to reduce their emissions 

until they can be replaced by electrified technologies in the future.   

The developed process model is implemented in the Activity Browser, an open-source 

software, which was used to calculate the final energy demand and emissions (Steubing et 

al., 2020). The python code for this can be found in our repository (Harpprecht et al., 

2022).  
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Table 1: Description and used data sources for the modeled steelmaking technologies. The complete dataset is provided in the repository (Harpprecht et al., 2022).  

Technology BF-BOF BF-BOF-CCS NG-DRI H2-DRI EW Scrap-EAF 
Name Blast furnace and basic 

oxygen furnace 
BF-BOF with post-

combustion carbon 
capture and storage 

(CCS) 

Natural gas-based  
direct reduction 

Hydrogen-based 
direct reduction 

Electrowinning Steel scrap recy-
cling in electric 

arc furnace 

Main energy  
carrier 

coal coal natural gas electricity for H2 
from water elec-

trolysis 

electricity electricity 

Market shares1 70% 0% 1.2% 0% 0% 28.8% 
TRL 2 9 >57 9 5-73 4-6  9 
Assumed year 
of market 
entry 

- 20256 - 20254 20405 - 

Data source 
for energy 
demand 

Remus et al. (2013) IEAGHG (2013), 
Chisalita et al. 

(2019) 

Arens et al. (2017) Bhaskar et al. 
(2020), Worrell et 

al. (2007) 

Fischedick et al. 
(2014), Worrell et 

al. (2007) 

Arens et al. 
(2017) 

Details and 
assumptions 

Integrated system 
with on-site power 

generation from flue 
gases. No export of 
flue gases or other 

energy carriers. 
Scrap is added to BOF 

(20% of input into 
BOF, see section 

B.2.3).  

Carbon capture (CC) 
technology is chemi-
cal absorption with 

mono-ethanol 
amine. Additional 

electricity and steam 
for CC are produced 
on-site from addi-
tional natural gas, 
i.e. 3.36 GJ NG/t 

steel. CCS reduces 
emissions of current 

BF-BOF by 50%. 

Bridging technology 
for H2-DRI, as 

planned by Salzgitter 
and Arcelor Mittal. 
Mixtures of natural 
gas and hydrogen 

can be applied. Pure 
hydrogen can be 

used later without 
retrofitting (Agora 
Energiewende & 

Wuppertal Institut, 
2019). 

Shaft furnace, e.g. 
by Midrex (same 

as existing DRI 
plant in Hamburg), 
which can be fed 

with pellets or 
lump ore. Varying 

mixtures of natural 
gas and hydrogen 

can be applied. 

Electrolysis of iron 
ore, using a low-

temperature 
(110°C) alkaline 

solution (Zhang et 
al., 2021). A TRL of 

4 has been 
achieved by previ-
ous projects. The 
Siderwin project 

led by ArcelorMit-
tal aims to achieve 

TRL 6 by 2022 
(Lavelaine, 2019). 

Some fossil fuels 
(hard coal and 

natural gas) are 
required for the 

EAF for heat 
provision. 1.1 t 

scrap are re-
quired to pro-

duce 1 t of steel 
(Remus et al. 

(2013). 

1: in DE in 2018 (WV-Stahl, 2019; WSA, 2019a); 2: Technology readiness level: ranges from 1 (initial idea) to 9 (maturity). From (Agora Energiewende & Wuppertal Insti-
tut, 2019; IEA, 2020a; Toktarova et al., 2020; Wang et al., 2021); 3: if pure hydrogen is used, the TRL is 5. For a mixture with natural gas, the TRL is 7; 4: (Agora Ener-
giewende & Wuppertal Institut, 2019; Ruhwedel, 2020; Toktarova et al., 2020); 5: (Fischedick et al., 2014); 6: (Agora Energiewende & Wuppertal Institut, 2019; IEA, 
2020a); 7: For iron and steel, the TRL for amine-based CO2 capture is 5 (IEA, 2020a). At power plants, the TRL is already 7-8 (Hills et al., 2016).  
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4.2.2. Scenario definition: development of technology pathways 

We developed a reference scenario, in which current production practices are continued, 

and three decarbonization scenarios for the German iron and steel industry: an electrifica-

tion, a coal-exit, and a carbon capture and storage (CCS) scenario. The decarbonization 

scenarios were derived as explorative pathways which have as an objective to phase out 

coal- and natural-gas based furnaces and to achieve a primarily electricity-based steel 

production by 2050. The reference scenario shows a future where electrification cannot 

be achieved. 

The backbone of all scenarios is the future development, specifically the phase-out, of 

blast furnace capacities in Germany. We assume that only if a BF is shut down, a new 

technology can enter the market and take over the then available capacity. The phase-out 

of BFs is modelled using data on capacity and age of each individual BF currently existing 

in Germany from Arens et al. (2017). The lifetime of the BFs is varied according to the 

narrative of each scenario, see Table 2. Based on the future capacity of BFs (see section 

B.2.1 for details), we then modelled the future market shares of the other five production 

routes in five-year intervals until 2050 with the following constraints and assumptions.  

Constraints for all scenarios: 

• Total steel production stays constant at 42.4 Mt steel/year as in 2018 (WSA, 2019a). 

In the past, steel production in Germany has stayed relatively constant (WSA, 2019a). 

We assume a constant production also for the future since high-income countries re-

quire steel mostly for maintaining already existing infrastructure (Brown et al., 2012; 

Brunke & Blesl, 2014; Mayer et al., 2019). This is different from developing countries, 

which are expected to have an increasing steel demand in the future to build up 

completely new infrastructure (Brown et al., 2012). 

• Depending on the scenario narrative, BF capacity is replaced with other technologies 

(see Table 2) but not before the technology-specific year of market entry from Table 

1. 

• Scrap availability increases by 0.9% per year (Arens et al., 2017) with scrap being in-

put to the BF-BOF, scrap-EAF and, if necessary, to EW. This scrap availability cannot be 

exceeded by the scrap consumption (see section B.2.3). 

• For the decarbonization scenarios: Diffusion of NG-DRI and H2-DRI, i.e. building new 

furnaces for direct reduction, takes place from 2025 to 2040. After 2040, DRI capacity 

does not increase anymore, as new capacities are assumed to be realized through 

EW, which then enters the market. NG-DRI serves as a bridging technology for H2-

DRI, until sufficient hydrogen is available in 2040. The diffusion of hydrogen for direct 

reduction follows a typical s-shape (Hall & Khan, 2002) (see Figure B-2). 

Additional assumptions for the three decarbonization scenarios: 

• For DRI, varying mixes of natural gas and hydrogen can be applied. 

• Hydrogen is produced via electrolysis of water with an efficiency of 74% (Bhaskar et 

al., 2020). 
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The narratives and resulting assumptions of the four scenarios are described in Table 2. 

The electrification scenario forms the baseline of the three decarbonization scenarios, 

with the coal-exit and CCS scenario being variants of the electrification scenario. 

It is important to note that the above-mentioned constraints and assumptions in combi-

nation with the objective of reaching a primarily electricity-based steel production by 

2050 are sufficient to determine scenarios for future production amounts of each produc-

tion route in five-year intervals. Based on expert judgment and an explorative modelling 

approach, we developed plausible pathways, or so-called what-if scenarios, consistent 

with the constraints and assumptions. 

 

Table 2: Description of the four scenarios modelled for the German iron and steel industry. The average 
(av.) lifetime of blast furnaces (BFs) is assumed to be 50 years, which can be prolonged by 20 years 
through relining of the furnaces to reach 70 years (Agora Energiewende & Wuppertal Institut, 2019; 
Arens et al., 2017). 

 Scenario Description 
Assumptions for  
BF lifetimes 

Technologies 
replacing  
BF-BOFs 

 N
G

-D
R

I 

 H
2

-D
R

I 

 E
W

 

 B
F-

B
O

F-
C

C
S 

Reference  Continuation of current production 
practices with the goal of minimiz-
ing investment costs. 

 Low-carbon technologies are not 
deployed, instead av. lifetimes of 
BFs are prolonged. 

 70 years 
 Prolongation of av. life-

time of BFs by 20 years 
through relining  

x    

Electrifica-
tion 

 Efforts are taken to achieve a decar-
bonization through the deployment 
of low-emission technologies as 
soon as they are available. 

 50 years 
 Av. lifetime with earlier 

shutdowns of the last BF 
in 2050 and 2025 as an-
nounced by Salzgitter 
(Ruhwedel, 2020). 

x x x  

Coal-exit  Variant of electrification scenario 
but with an earlier shutdown of all 
BFs in 2038. 

 Aligned to the goal in Germany to 
achieve an early coal-exit of coal-
fired power plants in 2038. 

 50 years 
 as electrification scenario, 

but not beyond 2038 

x x x  

Carbon 
capture 
and stor-
age (CCS) 

 Variant of electrification scenario 
adding CCS. 

 CCS is deployed in 2025 for BFs 
which will still have a lifetime of at 
least 10 years. 

 50 years 
 (as electrification scenar-

io) 

x x x x 
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4.2.3. Calculation of CO2 emissions  

We calculate CO2 emissions based on the energy requirements defined in the process 

model (see section 4.2.1) and the future production amounts per production route (see 

derivation in section 4.2.2). We determine both energy-related and reaction-related CO2 

emissions during steel production. Our analysis focusses on CO2 as it is the most relevant 

GHG (Ryan et al., 2020): for energy-related emissions it accounts for 98.8% and for reac-

tion-related for 100% of GHG emissions from steel production (Otto et al., 2017).  

Energy-related emissions 

We define energy-related CO2 emissions as emissions caused by the application of energy 

carriers for energy provision or as reducing agents. Thus, they are related to fuel and elec-

tricity usage. For fuels, we consider direct emissions using constant emission factors (see 

Table 3).  

For electricity, we apply time-dependent emission factors of the average German electric-

ity mix (see Table 4) considering minimum and maximum values. Those are derived from 

an energy scenario comparison from Naegler et al. (2021), who assessed ten energy trans-

formation pathways for Germany, ranging from 80% to 95% emission reduction goals by 

2050 (see Figure B-4). This range of electricity emission factors is applied to all scenarios 

to explore respective ranges of future emissions from steel industry.   

Table 3: Emission factors of energy carriers to calculate direct energy-related CO2 emissions from fuel 
usage (source: Arens et al. (2017), Umweltbundesamt (2020)). 

Energy carrier Emission factor in kg CO2/GJ 

hard coal 93.1 
fuel oil 79.9 
natural gas 55.7 
CO gas, BF gas, BOF gas1 0 

1: For coke oven gas (CO gas), blast furnace (BF) gas and basic oxygen furnace (BOF) gas, emission factors 
are assumed to be 0, as they contain CO2 from the fuels used or from chemical reactions, which are 
already accounted for by the fuel usage or by the reaction-related emissions (Climate Leaders, 2003). 

 

Table 4: Assumed direct CO2 emissions for the German electricity mix in kg CO2/GJ (calculated from 
Naegler et al. (2021)). Minimum and maximum values are taken from ten different electricity scenarios 
for Germany with emission reduction goals of 80% or more by 2050. They are applied to all steel scenari-
os. 

 2018 2020 2025 2030 2035 2040 2045 2050 

Min 
124.91 

112.3 103.5 68.7 39.4 17.4 9.7 1.1 
Max 114.0 109.7 85.8 63.1 45.4 30.2 20.4 

1: average value 

 

Reaction-related emissions 

Reaction-related CO2 emissions were modeled based on data from literature (see section 

B.3.2 for details). They occur in the EAF, e.g. due to the electrode burn-off, and in the BF 

and the BOF, due to the reaction of calcining limestone, which is added to remove impuri-

ties.   
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4.2.4. Definition of a sectoral carbon budget for the iron and steel industry in 

Germany 

Carbon budgets for Germany 

The IPCC determined global carbon budgets from the year 2020 onwards for different 

temperature increases, e.g. 400-500 Gt CO2 for a climate goal of 1.5°C (67th and 50th per-

centile) (IPCC, 2021). Different approaches exist to distribute the global carbon budget 

among nations, each having some shortcomings regarding international and intergenera-

tional justice (Gignac & Matthews, 2015; Neumayer, 2000; Raupach et al., 2014; Robiou 

du Pont & Meinshausen, 2018; Stott, 2012). The grandfathering approach uses current 

shares of global emissions, while the equal per capita approach applies the respective 

national share of the global population (Neumayer, 2000). A compromise between these 

two is the contraction & convergence approach, where national emissions converge to a 

global equal per capita value in a convergence year, e.g. in 2035, and then follow the 

same equal per capita trajectory (Meyer, 2000). To date, shares by country and sector 

have not officially been decided (Matthews et al., 2020).  

For a national carbon budget for Germany, we collected different suggestions from litera-

ture (see Table 5). This leads to a range of 2.5-7.9 Gt CO2 for the 1.5°C target and 6.7-9.3 

Gt CO2 for the 1.75°C target.  

 

Table 5: Suggested carbon budgets for Germany from different sources for different distribution ap-
proaches. The budgets are for January 2020 onwards. 

  Climate 
  target 

Distribution 
approach 

Source 
Per-
centile 

Amount Unit 

   1.5°C equal per capita SRU (2020) 50th 4.2 Gt CO2 
  Wuppertal Institut (2020) 67th 2.5 Gt CO2 
 grandfathering Mengis et al. (2021)1 50th 7.9 Gt CO2 
  Mengis et al. (2021)1 67th 4.2 Gt CO2 
 contraction & convergence Mengis et al. (2021)1 -2 7.6 Gt CO2 

   1.75°C equal per capita Wuppertal Institut (2020) 50th 9.3 Gt CO2 
  SRU (2020) 67th 6.7 Gt CO2 
1: adapted by subtracting emissions of Germany in 2018 and 2019 from UNFCCC (2021). 
2: for the contraction & convergence approach, it is not possible to specify uncertainties as it is derived 
from an emission trajectory based on current emissions, the convergence year and the global equal per 
capita emissions. 

 

Allocating a sectoral carbon budget to the iron and steel industry 

The share of emissions by the steel industry of Germany’s total emission has been grow-

ing slightly since 1990 from 6% to 8.1% in 2019 (UNFCCC, 2021). To allocate a sectoral 

carbon budget to the steel industry, we first assume the average share of the last 5 years, 

i.e. 7.6%, resulting in proportional carbon budgets. Secondly, as it is a hard-to-abate sec-

tor (Davis et al., 2018), which might receive a higher share of a carbon budget (SRU, 

2020), we also consider an increased share of 10%. This leads to ranges for carbon budg-

ets as shown in Table 6. 
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Table 6: Ranges of sectoral carbon budgets for the iron and steel industry in Germany from January, 2020, 
onwards, derived with an average share of 7.6% and an increased share of 10% of the national carbon 
budgets from Table 5. 

Climate target 
Average share (proportional) Increased share 

 Max 
Unit 

Min Max 

1.5°C 0.19 0.60 0.79 Gt CO2 
1.75°C 0.51 0.71 0.93 Gt CO2 

 

4.3. Results 

4.3.1. Emission-intensity of production routes 

Figure 2 compares the specific CO2 emission-intensities of the different production routes. 

It shows that process alternatives are highly sensitive to power production. If power is 

decarbonized, the lowest emission-intensities can be achieved by H2-DRI, EW, and scrap-

EAF, which are 83%, 86% and 90% lower than for the BF-BOF route. Then, they clearly 

outperform CCS, i.e. the BF-BOF-CCS route, which achieves an emission reduction by only 

50%. In the BF-BOF-CCS route, the emissions due to the increased requirements of elec-

tricity for the CCS processes are negligible compared to the overall energy demand and 

CO2 emissions of that route (see Figure C-1).  

It stands out that DRI purely run on hydrogen, i.e. H2-DRI, currently has a higher emission-

intensity than BF-BOF. It might become lower than BF-BOF between 2027 and 2029 (for 

electricity_min and electricity_max respectively), lower than NG-DRI between 2028-2032, 

and lower than BF-BOF-CCS between 2036-2043 when power in Germany will become 

increasingly renewable (90; 79; and 37 kg CO2/GJ electricity respectively). Emission-

intensities of NG-DRI are now already lower than of BF-BOF (-10%) which makes natural 

gas beneficial to mix with hydrogen in the early years of H2-DRI. 

 

 

Figure 2: CO2 emissions per production route considering energy- and reaction-related emissions. For 
2018, the average emission factor for electricity is assumed. For 2050, the green cross (electricity_min) 
shows total emissions if the minimum instead of the maximum emission factor for electricity is assumed 
(see Table 3 and Table 4 for the assumed emission factors). Emissions caused by the electricity for carbon 
storage in the BF-BOF-CCS route are so low that they are barely visible in the chart. Energy requirements 
per route are provided in Figure C-1.  
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4.3.2. Technology pathways of the decarbonization scenarios 

Figure 3 illustrates the technology pathways of each decarbonization scenario to reach 

electrification by 2050 compared to the reference scenario. In the three decarbonization 

scenarios (Figure 3.b) – d)), the coal-based BF-BOF is replaced by low-carbon technologies, 

firstly by NG-DRI, then H2-DRI and from 2040 onwards by EW-EAF. The BF-BOF route is 

completely phased out by 2050 for the electrification and CCS scenario and by 2038 in 

case of the coal-exit scenario. For all decarbonization scenarios, the main energy carrier 

will be electricity by 2050. The new DRI capacity, which is built from 2020 – 2040, serves 

as a bridging technology from NG-DRI to H2-DRI. The DRIs are firstly run with natural gas 

but can later switch to hydrogen, when enough green hydrogen is available. In the CCS 

scenario, CCS is installed in 2025 on still existing BF-BOFs. The share of scrap-EAF increas-

es from 30% in 2020 to up to 57% by 2050. 

An analysis describing when investments into new furnace capacities are required in each 

scenario is provided in section C.5 and Figure C-2 in the supplementary information. 

 

 

Figure 3: Development of the technology pathways, i.e. the market shares of different steel production 
technologies, for each scenario. For details on the scenario definition see Table 2, and for the BF-BOF 
capacities see Figure B-1. Underlying data is supplied in our repository (Harpprecht et al., 2022). 
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4.3.3. Future energy requirements 

Figure 4 illustrates the implications of the decarbonization scenarios in terms of future 

energy demand. While the decarbonization scenarios lead to similar energy requirements 

in 2050, they require different developments of energy supply and cumulative future 

energy demand from 2020 until 2050. Under the decarbonization scenarios, the final en-

ergy demand for iron and steel production in Germany decreases by 30% to 33% by 2050 

compared to 2020, which is more than double than in the reference scenario (see Figure 

4.a) – d)). The reason is that the technologies prevailing in 2050 (EW-EAF and scrap-EAF) 

are more energy-efficient than the conventional BF-BOF route (see Figure C-1).  

In all three decarbonization scenarios, the current primary energy carriers of coke and 

hard coal are continuously phased out in the future due to the declining share of BF-BOF 

(see Figure 4.a) – d)). We can see a shift firstly to natural gas and later to electricity and 

hydrogen. The demand of natural gas peaks in 2025 due to the increasing market share of 

NG-DRI in all three decarbonization scenarios. The peak for natural gas is the highest in 

the CCS scenario due to additional natural gas requirements for the carbon capture facili-

ties. After 2025, the demand for natural gas shifts to electricity for hydrogen given the 

transition from NG-DRI to H2-DRI.  

In 2050, all decarbonization scenarios realized a transition to electrification, such that 79 – 

80% of the energy demand in 2050 could be covered through electricity. As a result, an-

nual electricity demand increases by a factor of 14 – 15, i.e. from 5.9 TWh/year in 2020 to 

83 – 87 TWh/year by 2050. From this, a share of 37% – 39% (32.7 TWh) is required for 

hydrogen electrolysis to satisfy the demand of 87 PJ of hydrogen (24.2 TWh) in 2050. In 

2050, small amounts of natural gas (ca. 70 PJ), fuel oil, and hard coal are still assumed for 

the pellet production (Remus et al., 2013), finishing of crude steel (Arens et al., 2017; 

Worrell et al., 2007) and as heat provision for the EAF (Kirschen et al., 2011; Otto et al., 

2017) (see Figure C-1). 

 

Figure 4: Annual energy demand for iron and steel production per energy carrier for each scenario. The 
hatched area illustrates the electricity demand to electrolyze hydrogen. The hydrogen demand is shown in 
blue. Electricity for carbon storage in the CCS scenario is so low that it is not visible in the chart.  
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4.3.4. Future CO2 emissions 

Figure 5 demonstrates how the resulting CO2 emissions drastically decrease by 2050 un-

der the decarbonization scenarios, i.e. by up to 83% compared to 2020, while the refer-

ence scenario achieves only a 31% emission reduction. The reason is mainly that coke and 

coal can be replaced by electricity, whose emission factor is assumed to decrease over 

time and become almost 0 in 2050. Moreover, we can see the large impact of the power 

sector on an electrified industry: only a very ambitious power sector transformation de-

creases emissions by up to 83%. With less ambition (maximum electricity emission factor 

assumed) only about 72% of today’s emission can be avoided. In the CCS scenario, 255 Mt 

CO2 are assumed to be captured and stored by 2050. Furthermore, it becomes visible that 

reaction-related emissions from the EAF will gain in relevance in the future. They increase 

from 2.0 Mt CO2 (4%) in 2020 to 3.6 Mt CO2 (24-42%) in 2050.  

 

 

Figure 5: Annual CO2 emissions into the atmosphere per energy carrier for each scenario. The green line 
(electricity_min) shows the emissions in 2050 if the minimum instead of the maximum emission factor is 
assumed for electricity (see Table 3 and Table 4 for the assumed emission factors). The values given in 
percentage stand for the emission reduction in 2050 compared to 2020 if the maximum and minimum 
emission factors for electricity are assumed. The captured emissions shown as negative in d) are only 
provided for reference, this means they are already subtracted respectively from the sum of emissions.  

 

Figure 6 compares the cumulative emissions of the four scenarios with the predefined 

carbon budgets for the iron and steel industry in Germany. Compared to the reference 

scenario, all three decarbonization scenarios reduce cumulative emissions considerably by 

2050, i.e. by 24% (360 Mt CO2) in case of the electrification_max scenario to a maximum 

of 46% (677 Mt CO2) under the CCS_min scenario. Nevertheless, all decarbonization sce-

narios exceed the sectoral carbon budgets for both climate targets by up to 490% (electri-

fication_max scenario and min. 1.5°C budget). For the 1.5°C target, the budget may be 

exceeded between 2023 and 2033 under the electrification and coal-exit scenario, and in 
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2037 under the CCS scenario. Only the increased budget for the 1.75°C target may be met 

by some scenarios: the coal-exit_min, CCS_max and the CCS_min scenario. The implemen-

tation of CCS considerably reduces emissions, i.e. by up to 206 Mt CO2 by 2050 compared 

to the electrification scenario. Within each decarbonization scenario, a more renewable 

electricity supply reduces cumulative emissions by 10% to 12% (111 to 128 Mt CO2), which 

is the difference between the minimum and the maximum emission trajectories. 

 

 

Figure 6: Cumulative CO2 emissions for 2020-2050 per scenario compared to proportional carbon budgets 
of the iron and steel industry in Germany for a 1.5°C (yellow area, average share) and a 1.75°C (red area, 
average share) climate target (for budget definition see Table 6). The dashed horizontal lines represent 
the carbon budgets if the allocation share for the steel industry is increased from its average of 7.6% to 
10%. For each scenario, the emission factor of electricity is varied between minimum and maximum val-
ues (see Table 4). 

4.3.5. Implications for the future energy supply 

Figure 7 compares the future cumulative energy demand for each scenario with their 

respective cumulative CO2 emissions from 2020 to 2050. Under the decarbonization sce-

narios, the cumulative demand for coal decreases by 52–60%, while the demand for natu-

ral gas increases by 17-47% and for electricity by a factor of 5.6-6.3 compared to the ref-

erence scenario. 

Among the decarbonization scenarios, the coal-exit scenario achieves the highest reduc-

tion of the cumulative energy demand in total, i.e. by 13%, as well as for fossil fuels, i.e. by 

46%, compared to the reference scenario (see Figure 7). The reason is its early phase out 

of the BF-BOF route. The electrification scenario ranks second with a reduction of 11% in 

total, while the CCS scenario leads to lowest reduction of 6% of the cumulative energy 

demand compared to the reference scenario. The reason is that carbon capture increases 

the cumulative natural gas demand by 26% (0.86 EJ) compared to the electrification sce-

nario (3.32 EJ). Despite its higher energy demand, CCS enables a considerable reduction of 

cumulative CO2 emissions, i.e. by 206 Mt CO2 or 18-20% compared to the electrification 

scenario. 
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Figure 7: Cumulative energy demand per energy carrier (stacked columns, left axis) compared to cumula-
tive CO2 emissions (right axis) from 2020 until 2050 for each scenario. The red triangle (electricity_max) 
and the green cross (electricity_min) show the cumulative CO2 emissions in 2050 if the maximum or min-
imum emission factors are assumed for electricity (see Table 3 and Table 4 for the emission factors). 

 

4.4. Discussion 

4.4.1. Key findings 

This study aimed at comparing the decarbonization potential of different technology 

pathways of the iron and steel industry in Germany modeled with the help of three de-

carbonization scenarios: an electrification scenario deploying hydrogen-based DRI (H2-

DRI) and electrowinning (EW), as well as two variants thereof, an early coal-exit scenario 

and a carbon capture and storage (CCS) scenario. We found that the reduction of annual 

CO2 emissions by 2050 are very similar across scenarios (72-83%), while their cumulative 

emissions from 2020 to 2050 differ considerably, as the timing of the strongest emission 

reductions differs among scenarios. The reductions of cumulative emissions by 2050 

range from 24% (360 Mt CO2) under the electrification scenario up to the maximum of 

46% (677 Mt CO2) under the CCS scenario relative to the reference scenario. This clearly 

demonstrates that the technology pathway, i.e. the implementation speed and choice of 

alternative technologies, matters. Moreover, the results showed that the electricity emis-

sion factor plays an important role: within each decarbonization scenario, our optimistic 

trajectory for future emission factors of the power mix reduces cumulative emissions by 

up to 12% (128 Mt CO2) (see electricity_min vs. electricity_max in Figure 7, Table 4).  

Nevertheless, all three decarbonization scenarios considerably exceed the sectoral carbon 

budgets, adopted for this study for the German iron and steel industry, not only for the 

1.5°C but also for the 1.75°C target up to a factor of almost five. 

Additionally, we investigated some implications of the decarbonization scenarios. Maxi-

mum emission reduction under the CCS scenario would require storing 255 Mt CO2 and 

increase the cumulative natural gas demand by 26% compared to the electrification sce-
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nario to run CCS facilities. In all decarbonization scenarios, hard coal is almost completely 

phased out by 2050, and a shift to primarily electricity-based production is achieved with 

electricity accounting for about 80% (up to 87 TWh) of the energy demand (see Figure 4). 

As a result, annual electricity demand rapidly rises by a factor of ca. 15 from 2020 to 2050. 

From this, up to 39% are required to produce 87 PJ of hydrogen in 2050. Nevertheless, 

final energy demand decreases in 2050 by up to 33% compared to 2020, as the prevailing 

technologies of EW and scrap-EAF are more energy-efficient than BF-BOF. 

4.4.2. Comparison with previous studies 

A comparison of the technology pathways of our study (see Figure 3) with three recent 

studies on decarbonization scenarios for the German steel industry by 2050 (Purr et al., 

2019; Prognos et al., 2020; Robinius et al., 2020) confirms our result that scrap-EAF can 

supply 52–57% of steel in 2050 (see Table D-1). However, our study is the only one which 

considers the introduction of electrowinning (EW) from 2040 onwards as well as the inter-

im technology of carbon capture and storage for existing BF-BOFs (BF-BOF-CCS) between 

2020 and 2050.  

Although a direct comparison of results between studies is not possible due to different 

system boundaries and process assumptions, a rough comparison illustrates that our 

emission intensities of production routes (see Figure 2) are within the range of emission 

intensities reported by previous research (Agora Energiewende & Wuppertal Institut, 

2019; Arens et al., 2017; Bhaskar et al., 2020; Chisalita et al., 2019; Fischedick et al., 2014; 

IEAGHG, 2013; Lösch et al., 2020; Otto et al., 2017) (see Figure D-1). For BF-BOF, our emis-

sion intensity lies in the lower end of the found emission intensities. The reason is that we 

slightly reduced the consumption of hard coal and coke in our BF-BOF model which is 

based on European averages (Remus et al. 2013) during the calibration of our model to 

the German energy statistics (Rohde, 2019). For the novel technology of H2-DRI, different 

process configurations exist leading to a large range of emission intensities. For EW, stud-

ies for a detailed comparison are currently lacking. 

Our conclusion that it will be very challenging for the German iron and steel industry to 

stay within its proportional carbon budget for a 1.5°C climate target is in line with results 

by studies for the global iron and steel industry (Tong et al., 2019; IEA, 2020b; Wang et al., 

2021). Even the strictest scenarios by Wang et al. (2021) exceed the proportional 1.5°C 

budget by more than 100%.  

4.4.3. Implications and recommendations 

This study determines different transformation pathways for the German steel industry in 

line with the Steel Action Concept of the German Federal Ministry for Economic Affairs 

and Climate Action (BMWK) (BMWi 2020). As suggested by the BMWK, our decarboniza-

tion scenarios assume the use of natural gas in direct reduction furnaces (NG-DRI) as an 

intermediate energy carrier to transition to a 100%-fired hydrogen-based direct reduction 

(H2-DRI).  
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Based on this study, we can identify the following challenges and recommendations for 

the iron and steel industry to meet its sectoral budget. 

First, our findings provide further evidence that the emission intensity of the German 

electricity mix needs to be reduced as fast as possible, such that the minimum emission 

intensity of indirectly (H2-DRI) or directly (EW, EAF) electrified technologies can be 

achieved. This is quite challenging for the energy sector especially in the next decade (Si-

mon et al., 2022), due to an expected increase of power demand also in other sectors in 

the future. According to our findings, for the iron and steel industry alone, additional 

81 TWh/year of electricity would be required by 2050. This additional power demand 

translates into an additional PV capacity of ca. 80 GW, which is ca. 150% of currently in-

stalled PV capacity in Germany (53.7 GW (AGEE-Stat, 2021)), or into additional 32 GW of 

onshore wind turbines (54.4 GW in Germany in 2020 (AGEE-Stat, 2021)). For hydrogen 

electrolyzers, a capacity of 7.2 GWel would be needed in 2050 (assuming 4545 full-

load hours/year (Simon et al., 2022)), which represents an increase by a factor of 360 

compared to today (0.02 GWel in 2020 (THEnergy, 2021)) (see section D.6.3).  

Secondly, we recommend investments to advance the technology of EW, such that it 

reaches market maturity earlier than expected, i.e. before 2040. Our findings suggest that 

EW offers the lowest emission intensity among the technologies considered in this study. 

Therefore, efforts are needed, such as funding and research capacities, to advance its 

currently too low TRL. EW seems especially attractive as its specific electricity consump-

tion is roughly one third less than that of H2-DRI (see Figure C-1). Moreover, it does not 

require a new infrastructure for hydrogen or CCS, but “only” the expansion of capacities 

for renewable electricity supply. 

In contrast, the current lack of a hydrogen infrastructure forms a severe obstacle for a 

large-scale implementation of H2-DRI. Here, a market revolution would be necessary, 

similar to what PV experienced during the last decade. 

Another obstacle for a large-scale switch to H2-DRI before 2030 is a potentially still large 

capacity of BF-BOFs ranging from 50% to 100% of current capacities depending on wheth-

er relining takes place to extend BF lifetimes (see Figure 3). By 2030, electricity emission 

factors will ideally have decreased sufficiently to make H2-DRI favorable over BF-BOF. To 

minimize emissions from these still functional BF-BOFs, one solution could be their early 

shutdown while simultaneously rapidly switching to H2-DRI. Another solution is the addi-

tion of CCS to BF-BOFs.  

Our findings suggest that emissions could be minimized the fastest through the imple-

mentation of CCS to BF-BOFs as early as possible, e.g. before 2025. First, BF-BOF-CCS may 

have a lower emission intensity than H2-DRI until 2036-2043 unless electricity is decar-

bonized sooner than in our optimal assumption (electricity_min). Second, the CCS scenar-

io achieved the lowest cumulative emissions.  

This study highlights the need to open the discussion on CCS in Germany, where CCS is 

currently strongly limited to research purposes and a maximum of 4 Mt CO2 stored/year 

within Germany (Federal Ministry of Justice, 2012). The results of this study revealed 

some points in favor of implementing CCS for BF-BOFs soon: i) the market entry and diffu-

sion rates of H2-DRI and EW alongside the carbon budgets are uncertain and modelled 
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with rather optimistic assumptions in our scenarios; ii) life time extensions of BF-BOFs 

could limit market entry and thus emission reductions through H2-DRI and EW (see refer-

ence scenario); iii) CCS or alternatively negative emission technologies could tackle reac-

tion-related emissions from EAFs to achieve net-zero emissions by 2050 (see Figure 5), 

which may be about 3.6 Mt CO2 in 2050, i.e. up to 42% of emissions in 2050. Furthermore, 

recent research shows that CCS is likely to be required for reaching net-zero emissions in 

Germany by 2050, e.g. for unavoidable reaction-related emissions from cement produc-

tion, given the limited capacities of natural sinks (Mengis et al., 2022). Moreover, Germa-

ny’s Climate Protection Plan mentions CCS as an option to reduce unavoidable emissions 

in industry (BMU, 2016). Yet, this study can merely show emission reduction potentials of 

CCS for the steel industry, which is only one of many diverse aspects concerning CCS. 

Thus, more detailed analyses are required to gain more insights into technical, social, and 

legal feasibility of CCS, as well as into risk assessments and comparisons to CCU.  

Furthermore, future emission reductions in the decarbonization scenarios rely substan-

tially on the increasing market share of scrap-EAF, which almost doubles from 30% in 

2020 to up to 57% by 2050 (see Figure 3). Thus, next to decarbonizing primary production, 

it is crucial to continuously extend capacities of scrap-EAFs in the future (see section C.5 

for details), such that the scrap which will be becoming increasingly available can actually 

be processed and replace primary production. 

Lastly, this study emphasizes the necessity to internationally agree on national and ideally 

also sectoral carbon budgets to accelerate the definition of concrete decarbonization 

strategies. Despite the uncertainty about the carbon budget for Germany (see Table 5), 

our results can clearly demonstrate that the German steel sector is likely to exceed its 

proportional carbon budget by 2037 or even much earlier, unless very drastic measures 

are taken. As it is a race against time and early measures are needed, we would like to 

stress again that the cumulative emissions are strongly influenced by the technology 

pathway (see Figure 6), even though different pathways may lead to very similar emission 

reductions by 2050, i.e. up to 83% in this study (see Figure 5). Thus, to bring about early as 

well as effective action, a national strategy is required which outlines a concrete technol-

ogy pathway for iron and steel producers in Germany. This should be developed consider-

ing infrastructure requirements, e.g. for hydrogen, CCU or CCS, and in dialogue with not 

only research, but also industry and other stakeholders.  

4.4.4. Limitations and future research 

There are some limitations associated with this study, which could be improved by future 

research. First, technologies are modelled based on data available from literature due to 

our primary focus on pathways of future technology mixes instead of an in-depth analysis 

of each steel production route. Thus, details of individual technologies could be improved 

in our model, e.g. with primary data from industry. For H2-DRI, future research could try 

to reduce the uncertainty about its future process configurations and thus its emission-

intensity (see Figure D-1). Moreover, the role of hydrogen electrolyzers within future en-

ergy systems could be explored. For EW, we could not include the production and con-

sumption of the required alkaline solution due to a lack of reliable data given the novelty 
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of EW. As this process can be energy-intensive (Siderwin, 2021), further research about its 

effect on the technology’s performance is required to avoid problem-shifting.  

Secondly, while our study investigated three different scenarios, other future develop-

ments are possible. Further research could explore more scenarios and include additional 

technologies, e.g. high-temperature electrowinning, or scale-up effects of novel technolo-

gies (Santos et al., 2016). Moreover, we assumed that the overall demand for steel will 

stay roughly unchanged, which is in line with other studies (Brunke and Blesl, 2014; 

Lechtenböhmer et al., 2016; Prognos et al., 2020). Thereby, we addressed the supply side 

to reduce emissions. To get a full picture, additional research for other potential devel-

opments, such as a reduced demand or the influence of a circular economy, is required. 

Thirdly, we focused on the switch to primarily electricity-based technologies for primary 

steel production, since this is key to minimize emissions (Arens et al., 2017; de Coninck et 

al., 2018). Thus, we did not investigate the application of biomass or syngas to replace 

residual coal and natural gas requirements in conventional processes, such as the EAF or 

pellet production, to reach net-zero emissions. Both options might help to further reduce 

CO2 emission (Otto et al., 2017), but are alone insufficient for deep emission reductions. 

Further work could investigate the suitability and implications of such alternative energy 

carriers alongside the avoidance of reaction-related emissions to achieve net-zero emis-

sions. 

This study presents what-if scenarios in which we assume deployment of low-carbon 

technologies at the scale required for German steel production and calculate the CO2 

emissions on that basis. Analyzing if such scaling up is feasible, and if yes under which 

economic, political or social conditions, is out of the scope of this paper. Costs play a deci-

sive role in the steel industry, which is internationally highly price-competitive. It has been 

roughly estimated that a transformation to a low-carbon primary steel production in 

Germany would require investments of around €30 billion (i.e. €1000/t primary steel pro-

duction capacity) (BMWi, 2020). Thus, requests for regulations have been voiced to create 

a level global playing field. Policies under discussion by other studies (Bataille et al., 2018; 

Wyns et al., 2019; Agora Energiewende & Wuppertal Institut, 2019; BMWi, 2020; IEA, 

2020a; Koasidis et al., 2020; Muslemani et al., 2021) are for example: carbon contracts for 

difference, carbon border adjustments, a labelling scheme for low-carbon steel products, 

financing of CCS infrastructure, or green public procurement. Moreover, Germany com-

missioned a study (IEA, 2022) to determine effective policies and economic measures to 

facilitate the creation of international markets for green steel. Further research is neces-

sary to develop comprehensive national and international policy frameworks taking a 

systems perspective (Bataille, 2020; Bataille et al., 2021; Nilsson et al., 2021), to investi-

gate societal acceptance, the behavior of individual actors (e.g. using agent-based model-

ling), or to optimize the operation of the steel industry within the context of larger eco-

nomic systems. 

Lastly, this study assessed direct CO2 emissions of major steel production processes (see 

Figure 1) and of electricity supply. Emissions occurring across the entire supply chains 

required to produce steel could be evaluated via the methodology of life cycle assessment 

(LCA). LCA also allows to evaluate impacts other than greenhouse gases, such as human 
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toxicity or metal depletion. It can thereby reveal whether decarbonization measures may 

cause negative side-effects in other impact categories, as it has been found for BF-BOF-

CCS technologies by Chisalita et al. (2019). Moreover, LCA can help to identify effects of 

changes in one sector on the environmental performance of other downstream sectors, 

such as electric vehicles (Koroma et al., 2020; Harpprecht et al., 2021) or the building 

sector (Zhong et al., 2021). 

It is important to note that this study does not aim at offering predictions for the future 

but analyzes explorative, so-called what-if scenarios. This means that the scenarios are 

subject to unforeseeable events, such as the Ukraine war and its consequences for the 

natural gas supply in Germany. On the one hand, the recent steep increase of prices for 

natural gas in Germany may hamper investments into DRI capacities, which are planned 

to be firstly run on natural gas, and may thereby delay the transition to H2-DRI (Hermwille 

et al., 2022). On the other hand, they may incentivize a faster build-up of green hydrogen 

generation capacities and distribution networks (Hermwille et al., 2022). Future work is 

required to determine decarbonization scenarios for heavy industry under such very re-

cent, highly uncertain and rapidly changing geopolitical conditions. 

As this study openly publishes data and code in a repository (Harpprecht et al., 2022), it 

provides a basis for future research, e.g. to investigate additional technologies or scenari-

os. The model and analysis could also be applied to other countries. For this, the following 

country-specific data inputs would need to be adapted: a) current and future production 

amounts per technology; b) emission factors of energy carriers, especially of electricity; c) 

the sectoral carbon budget; and d) the assumptions of the production model may need to 

be slightly adjusted, as it uses technology data from German and European data sources.  

4.5. Conclusions 

This study successfully assessed the compatibility of various decarbonization pathways for 

the German iron and steel industry with a carbon budget. We quantitatively demonstrat-

ed that it will be a race against time, since each of our decarbonization scenarios, which 

we considered already rather optimistic, would exceed the sectoral 1.5°C carbon budgets 

already in the 2030s.  

While we cannot offer a silver bullet to solve the problem, we can conclude that a whole 

portfolio of measures and technologies will be required to sufficiently limit future CO2 

emissions from iron and steel production in Germany. These comprise a rapid decarboni-

zation of the electricity mix, the construction of a hydrogen infrastructure, the implemen-

tation of CCS with a respective infrastructure, early shutdowns of BF-BOFs, and invest-

ments to accelerate both maturing processes and final deployment of low-carbon tech-

nologies, such as H2-DRI and EW. Ultimately, the question of the ideal technology mix for 

steel production is not only about CO2 emissions, but concerns also aspects such as infra-

structure requirements for electricity and hydrogen supply, environmental impacts, 

stakeholders, societal acceptance, regulatory conditions and costs. Future research could 

investigate these additional aspects, e.g. using life cycle assessment, agent-based model-

ling or cost optimization.   

120 



References 

AGEE-Stat. (2021). Time series for the development of renewable energy sources in Ger-

many. https://www.erneuerbare-energien.de/EE/Navigation/DE/Service/Erneuerbare

_Energien_in_Zahlen/Zeitreihen/zeitreihen.html  

Agora Energiewende, & AFRY Management Consulting. (2021). No-regret hydrogen: 

Charting early steps for H₂ infrastructure in Europe. Agora Energiewende. 

Agora Energiewende, & Wuppertal Institut. (2019). Klimaneutrale Industrie: Schlüssel-

technologien und Politikoptionen für Stahl, Chemie und Zement. Agora Energiewende, 

Berlin. 

Arens, M., Worrell, E., Eichhammer, W., Hasanbeigi, A., & Zhang, Q. (2017). Pathways to a 

low-carbon iron and steel industry in the medium-term – the case of Germany. Journal 

of Cleaner Production, 163, 84-98. https://doi.org/10.1016/j.jclepro.2015.12.097   

Bataille, C., Åhman, M., Neuhoff, K., Nilsson, L. J., Fischedick, M., Lechtenböhmer, S., Sola-

no-Rodriquez, B., Denis-Ryan, A., Stiebert, S., Waisman, H., Sartor, O., & Rahbar, S. 

(2018). A review of technology and policy deep decarbonization pathway options for 

making energy-intensive industry production consistent with the Paris Agreement. 

Journal of Cleaner Production, 187, 960-973. 

https://doi.org/10.1016/j.jclepro.2018.03.107   

Bataille, C., Nilsson, L. J., & Jotzo, F. (2021). Industry in a net-zero emissions world: New 

mitigation pathways, new supply chains, modelling needs and policy implications. En-

ergy and Climate Change, 2, 100059. 

https://doi.org/https://doi.org/10.1016/j.egycc.2021.100059   

Bataille, C. G. F. (2020). Physical and policy pathways to net-zero emissions industry. 

WIREs Clim Change, 11(2), e633. https://doi.org/https://doi.org/10.1002/wcc.633   

Bhaskar, A., Assadi, M., & Nikpey Somehsaraei, H. (2020). Decarbonization of the Iron and 

Steel Industry with Direct Reduction of Iron Ore with Green Hydrogen. Energies, 13(3). 

https://doi.org/10.3390/en13030758   

BMU, 2016. Klimaschutzplan 2050 Klimaschutzpolitische Grundsätze und Ziele der Bundes-

regierung. In: Federal Ministry for the Environment, Nature Conservation, Nuclear Sa-

fety (Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit), Berlin, 

Germany. www.bmuv.de (Accessed 19 September 2022). 

BMWi, 2020. For a strong steel industry in Germany and Europe! The steel action Concept. 

BMWi (Bundesministerium für Wirtschaft und Klimaschutz) (Federal Ministry for Eco-

nomics Affairs and Climate Action). Retrieved from. 

https://www.bmwi.de/Redaktion/EN/Publikationen/Wirtschaft/the-steel-action-

concept.html. (Accessed 18 September 2020). 

Brown, T., Gambhir, A., Florin, N., & Fennell, P. (2012). Reducing CO2 emissions from 

heavy industry: a review of technologies and considerations for policy makers.  

Brunke, J.-C., & Blesl, M. (2014). A plant-specific bottom-up approach for assessing the 

cost-effective energy conservation potential and its ability to compensate rising ener-

gy-related costs in the German iron and steel industry. Energy Policy, 67, 431-446. 

https://doi.org/https://doi.org/10.1016/j.enpol.2013.12.024   

121 

https://www.erneuerbareenergien.de/EE/Navigation/DE/Service/Erneuerbare_Energien_in_Zahlen/Zeitreihen/zeitreihen.html
https://www.erneuerbareenergien.de/EE/Navigation/DE/Service/Erneuerbare_Energien_in_Zahlen/Zeitreihen/zeitreihen.html
https://doi.org/10.1016/j.jclepro.2015.12.097
https://doi.org/10.1016/j.jclepro.2018.03.107
https://doi.org/https:/doi.org/10.1016/j.egycc.2021.100059
https://doi.org/https:/doi.org/10.1002/wcc.633
https://doi.org/10.3390/en13030758
http://www.bmuv.de/
https://www.bmwi.de/Redaktion/EN/Publikationen/Wirtschaft/the-steel-action-concept.html
https://www.bmwi.de/Redaktion/EN/Publikationen/Wirtschaft/the-steel-action-concept.html
https://doi.org/https:/doi.org/10.1016/j.enpol.2013.12.024


Chisalita, D.-A., Petrescu, L., Cobden, P., van Dijk, H. A. J., Cormos, A.-M., & Cormos, C.-C. 

(2019). Assessing the environmental impact of an integrated steel mill with post-

combustion CO2 capture and storage using the LCA methodology. Journal of Cleaner 

Production, 211, 1015-1025. https://doi.org/10.1016/j.jclepro.2018.11.256   

Climate Leaders. (2003). Direct Emissions from Iron and steel production. United States 

Environmental Protection Agency (Accessed 20 April 2021).  

Davis, S. J., Lewis, N. S., Shaner, M., Aggarwal, S., Arent, D., Azevedo, I. L., Benson, S. M., 

Bradley, T., Brouwer, J., Chiang, Y. M., Clack, C. T. M., Cohen, A., Doig, S., Edmonds, J., 

Fennell, P., Field, C. B., Hannegan, B., Hodge, B. M., Hoffert, M. I., . . . Caldeira, K. 

(2018). Net-zero emissions energy systems. Science, 360(6396). 

https://doi.org/10.1126/science.aas9793   

de Beer, J., Harnisch, J., & Kerssemeeckers, M. (2000). Greenhouse gas emissions from 

major industrial sources - III Iron and steel production. I. GHG.  

de Coninck, H., Revi, A., Babiker, M., Bertoldi, P., Buckeridge, M., Cartwright, A., Dong, W., 

Ford, J., Fuss, S., Hourcade, J.-C., Mechler, R., Newman, P., Revokatova, A., Schultz, S., 

Steg, L., & Sugiyama, T. (2018). Strengthening and implementing the global response. 

Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 

1.5°C above pre-industrial levels and related global greenhouse gas emission path-

ways, in the context of strengthening the global response to the threat of climate 

change, sustainable development, and efforts to eradicate poverty. IPCC-The Intergov-

ernmental Panel on Climate Change.  

Elshkaki, A., Graedel, T. E., Ciacci, L., & Reck, B. K. (2018). Resource Demand Scenarios for 

the Major Metals. Environmental Science and Technology, 52(5), 2491-2497. 

https://doi.org/10.1021/acs.est.7b05154   

Federal Ministry of Justice, 2012. Gesetz zur Demonstration der dauerhaften Speicherung 

von Kohlendioxid (KSpG). (Bundesministerium der Justiz). http://www.gesetze-im-

internet.de/kspg/BJNR172610012.html#BJNR172610012BJNG000100000 (Accessed 10 

February 2022). 

Fischedick, M., Marzinkowski, J., Winzer, P., & Weigel, M. (2014). Techno-economic eval-

uation of innovative steel production technologies. Journal of Cleaner Production, 84, 

563-580. https://doi.org/https://doi.org/10.1016/j.jclepro.2014.05.063  

Gignac, R., & Matthews, H. D. (2015). Allocating a 2 °C cumulative carbon budget to coun-

tries. Environmental Research Letters, 10(7). https://doi.org/10.1088/1748-

9326/10/7/075004   

Hall, B., & Khan, B. (2002). Adoption of new technology. In New economy handbook.  

Harpprecht, C., Naegler, T., Steubing, B., Tukker, A., & Simon, S. (2022). Supplementary 

data and code for article: Decarbonization scenarios for the iron and steel industry in 

context of a sectoral carbon budget: Germany as a case study. v.1.0.1. Zenodo. 

https://doi.org/10.5281/zenodo.7305509  

Harpprecht, C., van Oers, L., Northey, S. A., Yang, Y., & Steubing, B. (2021). Environmental 

impacts of key metals' supply and low‐carbon technologies are likely to decrease in 

122 

https://doi.org/10.1016/j.jclepro.2018.11.256
https://doi.org/10.1126/science.aas9793
https://doi.org/10.1021/acs.est.7b05154
http://www.gesetze-im-internet.de/kspg/BJNR172610012.html#BJNR172610012BJNG000100000
http://www.gesetze-im-internet.de/kspg/BJNR172610012.html#BJNR172610012BJNG000100000
https://doi.org/https:/doi.org/10.1016/j.jclepro.2014.05.063
https://doi.org/10.1088/1748-9326/10/7/075004
https://doi.org/10.1088/1748-9326/10/7/075004
https://doi.org/10.5281/zenodo.7305509


the future. Journal of Industrial Ecology. 

https://doi.org/https://doi.org/10.1111/jiec.13181   

Hasanbeigi, A., Arens, M., & Price, L. (2014). Alternative emerging ironmaking technolo-

gies for energy-efficiency and carbon dioxide emissions reduction: A technical review. 

Renewable and Sustainable Energy Reviews, 33, 645-658. 

https://doi.org/10.1016/j.rser.2014.02.031  

Hermwille, L., Lechtenböhmer, S., Åhman, M., van Asselt, H., Bataille, C., Kronshage, S., ... 

& Trollip, H. (2022). A climate club to decarbonize the global steel industry. Nature 

Climate Change, 12(6), 494-496. https://doi.org/10.1038/s41558-022-01383-9  

Hills, T., Leeson, D., Florin, N., Fennell, P. (2016). Carbon capture in the cement industry: 

technologies, progress, and retrofitting. Environmental Science & Technology, 50(1), 

368-377. https://doi.org/https://doi.org/10.1021/acs.est.5b03508   

IEA. (2020a). Energy Technology Perspectives. International Energy Agency. 

IEA. (2020b). Iron and Steel Technology Roadmap. Towards more sustainable steelmaking. 

International Energy Agency. 

IEA, 2022. Achieving Net Zero Heavy Industry Sectors in G7 Members. International Energy 

Agency, Paris. https://www.iea.org/reports/achieving-net-zero-heavy-industry-

sectors-in-g7-members. (Accessed 19 September 2022). 

IEAGHG. (2013). Iron and Steel CCS Study (Techno-economics Integrated Steel Mill). Re-

port 2013/04.  

IPCC. (2021). Climate Change 2021: The Physical Science Basis. Contribution of Working 

Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate 

Change.  

Kirschen, M., Badr, K., & Pfeifer, H. (2011). Influence of direct reduced iron on the energy 

balance of the electric arc furnace in steel industry. Energy, 36(10), 6146-6155. 

https://doi.org/10.1016/j.energy.2011.07.050   

Koasidis, K., Nikas, A., Neofytou, H., Karamaneas, A., Gambhir, A., Wachsmuth, J., & Dou-

kas, H. (2020). The UK and German Low-Carbon Industry Transitions from a Sectoral 

Innovation and System Failures Perspective. Energies, 13(19). 

https://doi.org/10.3390/en13194994   

Koroma, M. S., Brown, N., Cardellini, G., & Messagie, M. (2020). Prospective Environmen-

tal Impacts of Passenger Cars under Different Energy and Steel Production Scenarios. 

Energies, 13(23). https://doi.org/10.3390/en13236236   

Lavelaine, H. (2019). ΣIDERWIN project: electrification of primary steel production for di-

rect CO2 emission avoidance. METEC 2019.   

Lechtenböhmer, S., Nilsson, L. J., Åhman, M., & Schneider, C. (2016). Decarbonising the 

energy intensive basic materials industry through electrification – Implications for fu-

ture EU electricity demand. Energy, 115, 1623-1631. 

https://doi.org/10.1016/j.energy.2016.07.110   

Lord, M. (2018). Zero Carbon Industry Plan: Electrifying Industry. B. Z. Emission. 

https://bze.org.au/wp-content/uploads/2020/12/electrifying-industry-bze-report-

2018.pdf  

123 

https://doi.org/https:/doi.org/10.1111/jiec.13181
https://doi.org/10.1016/j.rser.2014.02.031
https://doi.org/10.1038/s41558-022-01383-9
https://doi.org/https:/doi.org/10.1021/acs.est.5b03508
https://www.iea.org/reports/achieving-net-zero-heavy-industry-sectors-in-g7-members
https://www.iea.org/reports/achieving-net-zero-heavy-industry-sectors-in-g7-members
https://doi.org/10.1016/j.energy.2011.07.050
https://doi.org/10.3390/en13194994
https://doi.org/10.3390/en13236236
https://doi.org/10.1016/j.energy.2016.07.110
https://bze.org.au/wp-content/uploads/2020/12/electrifying-industry-bze-report-2018.pdf
https://bze.org.au/wp-content/uploads/2020/12/electrifying-industry-bze-report-2018.pdf


Lösch, O., Jochem, E., Ashley-Belbin, N., & Zesch, G. (2020). Bewertung der Direktredukti-

on von Eisenerz mittels Elektrolyse-Wasserstoff.  

Madeddu, S., Ueckerdt, F., Pehl, M., Peterseim, J., Lord, M., Kumar, K. A., Krüger, C., & 

Luderer, G. (2020). The CO2 reduction potential for the European industry via direct 

electrification of heat supply (power-to-heat). Environmental Research Letters, 15(12). 

https://doi.org/10.1088/1748-9326/abbd02   

Matthews, H. D., Tokarska, K. B., Nicholls, Z. R. J., Rogelj, J., Canadell, J. G., Friedlingstein, 

P., Frölicher, T. L., Forster, P. M., Gillett, N. P., Ilyina, T., Jackson, R. B., Jones, C. D., Ko-

ven, C., Knutti, R., MacDougall, A. H., Meinshausen, M., Mengis, N., Séférian, R., & Zick-

feld, K. (2020). Opportunities and challenges in using remaining carbon budgets to 

guide climate policy. Nature Geoscience, 13(12), 769-779. 

https://doi.org/10.1038/s41561-020-00663-3   

Mayer, J., Bachner, G., & Steininger, K. W. (2019). Macroeconomic implications of switch-

ing to process-emission-free iron and steel production in Europe. Journal of Cleaner 

Production, 210, 1517-1533. https://doi.org/10.1016/j.jclepro.2018.11.118   

Mengis, N., Kalhori, A., Simon, S., Harpprecht, C., Baetcke, L., Prats, E., Schmidt‐

Hattenberger, C., Stevenson, A., Dold, C., El Zohbi, J., Borchers, M., Thrän, D., Korte, K., 

Gawel, E., Dolch, T., Heß, D., Yeates, C., Thoni, T., Markus, T., . . . Dittmeyer, R. (2022). 

Net-zero CO2 Germany ‐ A retrospect from the year 2050. Earth's Future. 

https://doi.org/10.1029/2021ef002324   

Mengis, N., Simon, S., Thoni, T., Stevenson, A., Görl, K., Steuri, B., & Oschlies, A. (2021). 

Project Briefing #2 Defining the German Carbon Budget. Helmholtz Initiative Climate 

Adaptation and Mitigation. https://www.netto-

null.org/imperia/md/assets/net_zero/dokumente/2_carbonbudget_2021_10_web.pdf

. (Accessed 14 January 2021).  

Meyer, A. (2000). Contraction and Convergence: The Global Solution to Climate Change 

Foxhole, Devon: Green Books.  

Moya, J. A., & Pardo, N. (2013). The potential for improvements in energy efficiency and 

CO2 emissions in the EU27 iron and steel industry under different payback periods. 

Journal of Cleaner Production, 52, 71-83. 

https://doi.org/10.1016/j.jclepro.2013.02.028   

Muslemani, H., Liang, X., Kaesehage, K., Ascui, F., & Wilson, J. J. J. o. C. P. (2021). Oppor-

tunities and challenges for decarbonizing steel production by creating markets for 

‘green steel’products. 315, 128127.  

Naegler, T., Becker, L., Buchgeister, J., Hauser, W., Hottenroth, H., Junne, T., Lehr, U., 

Scheel, O., Schmidt-Scheele, R., Simon, S., Sutardhio, C., Tietze, I., Ulrich, P., Viere, T., 

& Weidlich, A. (2021). Integrated Multidimensional Sustainability Assessment of Ener-

gy System Transformation Pathways. Sustainability, 13(9). 

https://doi.org/10.3390/su13095217   

Neumayer, E. (2000). In defence of historical accountability for greenhouse gas emissions. 

Ecological Economics, 33(2), 185-192. https://doi.org/https://doi.org/10.1016/S0921-

8009(00)00135-X   

124 

https://doi.org/10.1088/1748-9326/abbd02
https://doi.org/10.1038/s41561-020-00663-3
https://doi.org/10.1016/j.jclepro.2018.11.118
https://doi.org/10.1029/2021ef002324
https://www.netto-null.org/imperia/md/assets/net_zero/dokumente/2_carbonbudget_2021_10_web.pdf
https://www.netto-null.org/imperia/md/assets/net_zero/dokumente/2_carbonbudget_2021_10_web.pdf
https://doi.org/10.1016/j.jclepro.2013.02.028
https://doi.org/10.3390/su13095217
https://doi.org/https:/doi.org/10.1016/S0921-8009(00)00135-X
https://doi.org/https:/doi.org/10.1016/S0921-8009(00)00135-X


Nilsson, L. J., Bauer, F., Åhman, M., Andersson, F. N. G., Bataille, C., de la Rue du Can, S., 

Ericsson, K., Hansen, T., Johansson, B., Lechtenböhmer, S., van Sluisveld, M., & Vogl, V. 

(2021). An industrial policy framework for transforming energy and emissions inten-

sive industries towards zero emissions. Climate Policy, 21(8), 1053-1065. 

https://doi.org/10.1080/14693062.2021.1957665   

Nuss, P., & Eckelman, M. J. (2014). Life cycle assessment of metals: a scientific synthesis. 

PloS one, 9(7), e101298.  

Otto, A., Robinius, M., Grube, T., Schiebahn, S., Praktiknjo, A., & Stolten, D. (2017). Power-

to-Steel: Reducing CO2 through the Integration of Renewable Energy and Hydrogen in-

to the German Steel Industry. Energies, 10(4). https://doi.org/10.3390/en10040451   

Philibert, C. (2017). Renewable Energy for Industry: From Green Energy to Green Materials 

and Fuels. IEA. https://www.iea.org/reports/renewable-energy-for-industry  

Prognos, Öko-Institut, & Wuppertal-Institut. (2020). Klimaneutrales Deutschland. Studie 

im Auftrag von Agora Energiewende, Agora Verkehrswende und Stiftung Klimaneutrali-

tät. https://www.agora-energiewende.de/veroeffentlichungen/klimaneutrales-

deutschland/  

Purr, K., Lehmann, H., Nuss, P., Adlunger, K., Balzer, F., Berger, J., Bernicke, M., Bertram, 

A., Dettling, F., & Drosihn, D. (2019). Wege in eine ressourcenschonende Treibhausgas-

neutralität: RESCUE-Studie. Umweltbundesamt. 

https://www.umweltbundesamt.de/rescue   

Raupach, M. R., Davis, S. J., Peters, G. P., Andrew, R. M., Canadell, J. G., Ciais, P., Friedling-

stein, P., Jotzo, F., van Vuuren, D. P., & Le Quéré, C. (2014). Sharing a quota on cumula-

tive carbon emissions. Nature Climate Change, 4(10), 873-879. 

https://doi.org/10.1038/nclimate2384   

Remus, R., Aguado-Monsonet, M. A., Roudier, S., & Sancho, L. D. (2013). Best Available 

Techniques (BAT) reference document for iron and steel production: Industrial emis-

sions directive 2010/75/EU: integrated pollution prevention and control (No. 

JRC69967).  

Robinius, M., Markewitz, P., Lopion, P., Kullmann, F., Heuser, P., Syranidis, K., Cerniauskas, 

S., Schöb, T., Reuß, M., & Ryberg, S. (2020). Wege für die Energiewende: kosteneffizi-

ente und klimagerechte Transformationsstrategien für das deutsche Energiesystem bis 

zum Jahr 2050. Forschungszentrum Jülich GmbH.  

Robiou du Pont, Y., & Meinshausen, M. (2018). Warming assessment of the bottom-up 

Paris Agreement emissions pledges. Nature communications, 9(1), 1-10.  

Rohde, C., 2019. Erstellung von Anwendungsbilanzen für die Jahre 2018 bis 2020 für die 

Sektoren Industrie und GHD. Studie für die Arbeitsgemeinschaft Energiebilanzen e. V. 

(AGEB) - Entwurf. Fraunhofer ISI, Karlsruhe.  

Ruhwedel, S. (2020). SALCOS, WindH2, GrInHy – Wasserstoffprojekte bei der Salzgitter 

AG. 4. https://h2-news.eu/forschung/special-wasserstoffprojekte-bei-der-salzgitter-

ag/  

125 

https://doi.org/10.1080/14693062.2021.1957665
https://doi.org/10.3390/en10040451
https://www.agora-energiewende.de/veroeffentlichungen/klimaneutrales-deutschland/
https://www.agora-energiewende.de/veroeffentlichungen/klimaneutrales-deutschland/
https://www.umweltbundesamt.de/rescue
https://doi.org/10.1038/nclimate2384
https://h2-news.eu/forschung/special-wasserstoffprojekte-bei-der-salzgitter-ag/
https://h2-news.eu/forschung/special-wasserstoffprojekte-bei-der-salzgitter-ag/


Ryan, N. A., Miller, S. A., Skerlos, S. J., & Cooper, D. R. (2020). Reducing CO2 Emissions 

from U.S. Steel Consumption by 70% by 2050. Environ Sci Technol, 54(22), 14598-

14608. https://doi.org/10.1021/acs.est.0c04321   

Santos, S. P., Gomes, J. F., & Bordado, J. C. (2016). Scale-Up Effects of CO2 Capture by 

Methyldiethanolamine (MDEA) Solutions in Terms of Loading Capacity. 4(3), 19. 

https://www.mdpi.com/2227-7080/4/3/19   

Siderwin. (2021). Σiderwin Webinar 24th November 2021. 

https://www.youtube.com/watch?v=W8-UiT5ui6M  

Simon, S., Xiao, M., Harpprecht, C., Sasanpour, S., Gardian, H., & Pregger, T. (2022). A 

Pathway for the German Energy Sector Compatible with a 1.5°C Carbon Budget. 

Sustainability, 14(2). https://doi.org/https://doi.org/10.3390/su14021025   

SRU. (2020). Für eine entschlossene Umweltpolitik in Deutschland und Europa: Umwelt-

gutachten 2020. Sachverständigenrat für Umweltfragen, Berlin. 

https://www.umweltrat.de/SharedDocs/Downloads/DE/01_Umweltgutachten/2016_2

020/2020_Umweltgutachten_Entschlossene_Umweltpolitik.html. (Accessed 28 June 

2021). 

Steubing, B., de Koning, D., Haas, A., & Mutel, C. L. (2020). The Activity Browser — An 

open source LCA software building on top of the brightway framework. Software Im-

pacts, 3, 100012. https://doi.org/10.1016/j.simpa.2019.100012.  

Stott, R. (2012). Contraction and convergence: the best possible solution to the twin prob-

lems of climate change and inequity. BMJ, 344, e1765. 

https://doi.org/10.1136/bmj.e1765  

THEnergy, 2021. Operating hydrogen electrolysers with a capacity of 1 MWel and more. 

https://www.th-energy.net/english/platform-hydrogen-applications/flagship-proje cts-

generation-electrolyzers/. (Accessed 25 January 2022). 

Tian, S., Jiang, J., Zhang, Z., & Manovic, V. (2018). Inherent potential of steelmaking to 

contribute to decarbonisation targets via industrial carbon capture and storage. Na-

ture communications, 9, 1-8. https://doi.org/10.1038/s41467-018-06886-8   

Toktarova, A., Karlsson, I., Rootzén, J., Göransson, L., Odenberger, M., & Johnsson, F. 

(2020). Pathways for Low-Carbon Transition of the Steel Industry—A Swedish Case 

Study. Energies, 13(15). https://doi.org/10.3390/en13153840   

Tong, D., Zhang, Q., Zheng, Y., Caldeira, K., Shearer, C., Hong, C., Qin, Y., & Davis, S.J.J.N., 

(2019). Committed Emissions from Existing Energy Infrastructure Jeopardize 1.5°C Cli-

mate Target. Nature, 572, 373–377. https://doi.org/10.1038/s41586-019-13 64-3.  

Umweltbundesamt. (2020). Carbon Dioxide Emissions for the German Atmospheric Emis-

sion Reporting 1990-2018 (in German). Federal Environment Agency, Germany. 

https://www.umweltbundesamt.de. (Accessed 28 October 2020). 

UNFCCC. (2021). Greenhouse Gas Inventory Data - Detailed data by Party. 

https://di.unfccc.int/detailed_data_by_party. UNFCCC. 

van Ruijven, B. J., van Vuuren, D. P., Boskaljon, W., Neelis, M. L., Saygin, D., & Patel, M. K. 

(2016). Long-term model-based projections of energy use and CO2 emissions from the 

126 

https://doi.org/10.1021/acs.est.0c04321
https://www.mdpi.com/2227-7080/4/3/19
https://www.youtube.com/watch?v=W8-UiT5ui6M
https://doi.org/https:/doi.org/10.3390/su14021025
https://www.umweltrat.de/SharedDocs/Downloads/DE/01_Umweltgutachten/2016_2020/2020_Umweltgutachten_Entschlossene_Umweltpolitik.html
https://www.umweltrat.de/SharedDocs/Downloads/DE/01_Umweltgutachten/2016_2020/2020_Umweltgutachten_Entschlossene_Umweltpolitik.html
https://doi.org/10.1016/j.simpa.2019.100012
https://doi.org/10.1136/bmj.e1765
https://www.th-energy.net/english/platform-hydrogen-applications/flagship-proje%20cts-generation-electrolyzers/
https://www.th-energy.net/english/platform-hydrogen-applications/flagship-proje%20cts-generation-electrolyzers/
https://doi.org/10.1038/s41467-018-06886-8
https://doi.org/10.3390/en13153840
https://doi.org/10.1038/s41586-019-13%2064-3
https://www.umweltbundesamt.de/
https://di.unfccc.int/detailed_data_by_party


global steel and cement industries. Resources, Conservation and Recycling, 112, 15-36. 

https://doi.org/10.1016/j.resconrec.2016.04.016   

Vogl, V., Åhman, M., & Nilsson, L. J. (2018). Assessment of hydrogen direct reduction for 

fossil-free steelmaking. Journal of Cleaner Production, 203, 736-745. 

https://doi.org/https://doi.org/10.1016/j.jclepro.2018.08.279   

Wang, P., Ryberg, M., Yang, Y., Feng, K., Kara, S., Hauschild, M., & Chen, W. Q. (2021). 

Efficiency stagnation in global steel production urges joint supply- and demand-side 

mitigation efforts. Nat Commun, 12(1), 2066. https://doi.org/10.1038/s41467-021-

22245-6   

Weigel, M., Fischedick, M., Marzinkowski, J., & Winzer, P. (2016). Multicriteria analysis of 

primary steelmaking technologies. Journal of Cleaner Production, 112, 1064-1076. 

https://doi.org/10.1016/j.jclepro.2015.07.132   

Worrell, E., Price, L., Neelis, M., Galitsky, C., & Zhou, N. (2007). World best practice energy 

intensity values for selected industrial sectors. 

https://escholarship.org/uc/item/77n9d4sp  

WSA. (2019a). Steel statistical yearbook 2019 concise version. World Steel Association. 

https://www.worldsteel.org/en/dam/jcr:7aa2a95d-448d-4c56-b62b-

b2457f067cd9/SSY19%2520concise%2520version.pdf  

WSA. (2019b). World steel in figures 2019. World Steel Association. 

https://worldsteel.org/wp-content/uploads/2019-World-Steel-in-Figures.pdf. (Ac-

cessed 13 July 2021). 

WSA. (2020). Steel Statistical Yearbook 2020 concise version. World Steel Association. 

https://worldsteel.org/wp-content/uploads/Steel-Statistical-Yearbook-2020-concise-

version.pdf. (Accessed 9 November 2021). 

Wuppertal Institut. (2020). CO2-neutral bis 2035: Eckpunkte eines deutschen Beitrags zur 

Einhaltung der 1,5°C-Grenze. Wuppertal Institut für Klima, Umwelt, Energie, Wupper-

tal. https://nbn-resolving.org/urn:nbn:de:bsz:wup4-opus-76065.  

WV-Stahl. (2019). Fakten zur Stahlindustrie in Deutschland 2019. WV Stahl: Wirtschafts-

vereinigung Stahl (German Steel Federation). 

https://issuu.com/stahlonline/docs/wvstahl_fakten_zur_stahlindustrie_2019.  

Wyns, T. G., Khandekar, G. A., Axelson, M., Sartor, O., & Neuhoff, K. (2019). Industrial 

Transformation 2050-Towards an Industrial strategy for a Climate Neutral Europe, IES. 

Available at ies.be   

Yuan, B., Kongstein, O. E., & Haarberg, G. M. (2009). Electrowinning of iron in aqueous 

alkaline solution using a rotating cathode. Journal of The Electrochemical Society, 

156(2), D64.  

Zhang, X., Jiao, K., Zhang, J., & Guo, Z. (2021). A review on low carbon emissions projects 

of steel industry in the World. Journal of Cleaner Production. 

https://doi.org/10.1016/j.jclepro.2021.127259   

Zhong, X., Hu, M., Deetman, S., Steubing, B., Lin, H. X., Hernandez, G. A., Harpprecht, C., 

Zhang, C., Tukker, A., & Behrens, P. (2021). Global greenhouse gas emissions from res-

idential and commercial building materials and mitigation strategies to 2060. Nature 

127 

https://doi.org/10.1016/j.resconrec.2016.04.016
https://doi.org/https:/doi.org/10.1016/j.jclepro.2018.08.279
https://doi.org/10.1038/s41467-021-22245-6
https://doi.org/10.1038/s41467-021-22245-6
https://doi.org/10.1016/j.jclepro.2015.07.132
https://escholarship.org/uc/item/77n9d4sp
https://www.worldsteel.org/en/dam/jcr:7aa2a95d-448d-4c56-b62b-b2457f067cd9/SSY19%2520concise%2520version.pdf
https://www.worldsteel.org/en/dam/jcr:7aa2a95d-448d-4c56-b62b-b2457f067cd9/SSY19%2520concise%2520version.pdf
https://worldsteel.org/wp-content/uploads/2019-World-Steel-in-Figures.pdf
https://worldsteel.org/wp-content/uploads/Steel-Statistical-Yearbook-2020-concise-version.pdf
https://worldsteel.org/wp-content/uploads/Steel-Statistical-Yearbook-2020-concise-version.pdf
https://nbn-resolving.org/urn:nbn:de:bsz:wup4-opus-76065
https://issuu.com/stahlonline/docs/wvstahl_fakten_zur_stahlindustrie_2019
https://doi.org/10.1016/j.jclepro.2021.127259


communications, 12(1), 1-10. https://doi.org/https://doi.org/10.1038/s41467-021-

26212-z.  

 

128 

https://doi.org/https:/doi.org/10.1038/s41467-021-26212-z
https://doi.org/https:/doi.org/10.1038/s41467-021-26212-z



