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Abstract 

In order to meet the targets of the Paris Agreement, there is a need to significantly reduce 
emissions from energy-intensive industries, iron and steel included. One promising 
technology with the potential to reduce the emissions related to iron and steelmaking to 
basically none is direct reduction with fossil free hydrogen, which requires large amounts of 
fossil free electricity. This master thesis explores the conditions for this technology in a 
European context with an energy perspective as the main focus. Three primary steel 
producing countries in Europe are chosen as focus countries; Germany, France and Italy. 
 
The findings of the study conclude that neither of the focus countries is an optimal socio-
technical fit for hydrogen-based direct reduction for iron and steel production at present. 
France is the country with the best conditions from a solely energy perspective but lacks some 
important factors for an enabling environment for technology transfer. Germany on the other 
hand have the most promising characteristics for an enabling environment but still face large 
challenges when it comes to power sector decarbonisation. In order to overcome the barriers 
and create an enabling environment it is key that energy and industry transitions are aligned, 
that a policy framework that supports these transitions is in place and that key actors 
representing all aspects of the transition cooperate; from industry to research, academia, 
policymakers and others.  
 
The findings also show that the current locations of the primary steel plants are in many cases 
not where the most favourable conditions for renewable power generation are and given the 
renewable capacity and transmission limitations of today, merely switching to a hydrogen-
based process is not likely viable. A future configuration could be decentralised value chains 
where the different processes are located where there are optimal conditions e.g. that either 
hydrogen or sponge iron is produced where there are favourable power conditions and then 
transported to steel plants for the remaining processes in the value chain.  
 
Key-words: hydrogen-based iron and steel, direct reduction, industry decarbonisation, energy 
transition, Multi-level perspective, technology transfer 
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Sammanfattning 
För att nå målen uppsatta i Parisavtalet behöver energiintensiva industrier kraftigt minska 
sina utsläpp, däribland järn- och stålindustrin. Direktreduktion med fossilfri vätgas är en 
teknologi med potential att minska utsläppen från järn och ståltillverkning till praktiskt taget 
noll men kräver stora mängder fossilfri el. Detta examensarbete undersöker de energimässiga 
förutsättningarna för denna teknik i en europeisk kontext. Tre länder som producerar 
primärstål är utvalda som fokusländer i studien; Tyskland, Frankrike och Italien.  
 
Resultaten av studien visar att inget av de utvalda länderna i dagsläget har optimala 
sociotekniska förutsättningar för tekniken. Frankrike är det land med de bästa energimässiga 
förutsättningarna men saknar några viktiga faktorer för att vara en möjliggörande 
socioteknisk miljö. Tyskland å andra sidan har de mest lovande förutsättningarna för en 
lämplig socioteknisk miljö men står inför utmaningar när det kommer till energisystemet och 
tillgången på fossilfri el. För att skapa förutsättningar för denna teknik är det viktigt med 
koordinerade omställningar i energisektorn och industrin, policys som möjliggör dessa 
omställningar samt ett väl fungerande samarbete mellan industrin, akademin, beslutsfattare 
och andra viktiga aktörer.  
 
Studien visar också att de platser där nuvarande stålverk för primärstål finns inte har de bästa 
förutsättningar för förnybar elproduktion och att en vätgasbaserad process inte är optimal, 
baserat på den förnybara kapaciteten och de transmissionsbegränsningar som finns idag i 
elsystemet. Det finns istället möjlighet till decentraliserade värdekedjor, där varje process 
placeras där de mest lämpliga förhållandena finns. Detta kan exempelvis innebära att vätgas 
eller järnsvamp produceras där tillgången till fossilfri el är god, för att sedan transporteras till 
stålverken för de resterande processtegen. 
 
Nyckelord: vätgasbaserat järn och stål, direktreduktion, fossilutfasning i industrin, 
energiomställning, multinivåperspektiv, tekniköverföring  



 vi 

Acknowledgements 
This master thesis was written on behalf of KTH Royal Institute of Technology and the School 
of Industrial Engineering and Management in Stockholm during the spring semester 2019. 
The work has been conducted with support from Hybrit Development.  
 
Firstly, I would like to thank the entire Hybrit organisation for the warm and inclusive 
atmosphere. It has been a pleasure to spend time at your office and to follow the development 
of the initiative. A special thank you to Jesper Kansbod, my supervisor at Hybrit, for all your 
help and support and for providing contacts to make the data collection possible. And thank 
you also to Mårten Görnerup, for opening the door to the Hybrit-world. Secondly, a big thank 
you to my supervisor at KTH, Frauke Urban, for all your support and feedback during this 
process. I would also like to take the opportunity to express my gratitude to all the people that 
have participated in interviews and everyone else that I have been in contact with during this 
process, for taking the time to talk to me and for sharing your knowledge and interesting 
perspectives. This work would have been impossible to finish without your expertise and input. 
 
Finally, I cannot finish my last project at KTH without thanking all my friends and classmates 
during these years at KTH. You have made this journey of ups and downs an exciting and 
enjoyable ride. I could not have done it without you.  
 

Amanda Öhman 

May, 2019 

Stockholm 

  



 vii 

Table of contents 
 

1. INTRODUCTION ______________________________________________________________ 1 

1.1 BACKGROUND __________________________________________________________________ 1 
1.2 PROBLEMATISATION AND PURPOSE _________________________________________________ 3 
1.3 RESEARCH QUESTION ____________________________________________________________ 4 
1.4 DELIMITATIONS ________________________________________________________________ 4 
1.5 DISPOSITION OF THESIS __________________________________________________________ 5 

2. THEORETICAL FRAMEWORK _________________________________________________ 7 

2.1 SUSTAINABILITY TRANSITIONS _____________________________________________________ 7 
2.1.1 MULTI-LEVEL PERSPECTIVE ________________________________________________________ 8 
2.1.2 TRANSITION PATHWAYS __________________________________________________________ 9 

2.2 TECHNOLOGY TRANSFER ________________________________________________________ 10 
2.3 TECHNOLOGY TRANSFER FROM A MULTI-LEVEL PERSPECTIVE ___________________________ 13 

3. METHODOLOGY _____________________________________________________________ 16 

3.1 RESEARCH DESIGN _____________________________________________________________ 16 
3.2 RESEARCH APPROACH __________________________________________________________ 17 
3.3 RESEARCH PROCESS ____________________________________________________________ 18 
3.4 DATA COLLECTION AND ANALYSIS _________________________________________________ 21 

3.4.1 SECONDARY DATA ______________________________________________________________ 22 
3.4.2 INTERVIEWS __________________________________________________________________ 23 
3.4.3 ANALYSIS ____________________________________________________________________ 24 

3.5 RESEARCH QUALITY AND ETHICS __________________________________________________ 26 
3.6 SYSTEM BOUNDARIES AND SIMPLIFICATIONS _________________________________________ 27 

4. THE STEEL SCENE AND DECARBONISATION PATHWAYS ______________________ 30 

4.1 STEEL SECTOR ________________________________________________________________ 30 
4.2 STEEL MARKETS _______________________________________________________________ 30 
4.3 STEEL PRODUCTION ____________________________________________________________ 31 

4.3.1 TRADITIONAL STEEL PRODUCTION FROM IRON ORE (PRIMARY STEEL) _______________________ 32 
4.3.2 STEEL PRODUCTION FROM STEEL SCRAP (SECONDARY STEEL) _____________________________ 32 
4.3.3 HYDROGEN-BASED DIRECT REDUCTION ______________________________________________ 33 

4.4 DECARBONISATION PATHWAYS ___________________________________________________ 34 
4.4.1 DECARBONISING INDUSTRY _______________________________________________________ 34 
4.4.2 DECARBONISING THE STEEL SECTOR ________________________________________________ 35 
4.4.3 DIRECT REDUCTION WITH HYDROGEN AND THE CASE OF HYBRIT _________________________ 35 
4.4.4 OPPORTUNITIES AND BARRIERS FOR HYDROGEN-BASED DIRECT REDUCTION __________________ 37 

4.5 THE SWEDISH ENERGY SYSTEM ___________________________________________________ 39 
4.5.1 SWEDISH ENERGY AND CLIMATE POLICY _____________________________________________ 41 

 
 



 viii 

5. ENERGY REQUIREMENTS FOR HYDROGEN-BASED IRON AND STEEL ___________ 43 

5.1 ENERGY PARAMETERS __________________________________________________________ 43 
5.2 RESULTS FROM MODEL __________________________________________________________ 46 

6. STEEL AND ENERGY IN EUROPE ______________________________________________ 50 

6.1 FACTORS AFFECTING THE CONDITIONS FOR HYDROGEN-BASED IRON AND STEEL _____________ 50 
6.1.1 DECARBONISATION PATHWAYS FOR THE IRON AND STEEL SECTOR _________________________ 50 
6.1.2 THE ROLE OF ELECTRICITY FOR INDUSTRY DECARBONISATION ____________________________ 51 
6.1.3 INDUSTRIAL SYMBIOSIS AND CROSS SECTORAL COLLABORATION ___________________________ 52 
6.1.4 THE IMPORTANCE OF SUPPORTING POLICY ___________________________________________ 54 
6.1.5 HYDROGEN ECONOMY ___________________________________________________________ 55 
6.1.6 THE ROLE OF PUBLIC ACCEPTANCE _________________________________________________ 56 
6.1.7 CHANGING ENVIRONMENT _______________________________________________________ 57 

6.2 COUNTRY ASSESSMENT _________________________________________________________ 59 
6.2.1 PARAMETERS FOR SELECTION _____________________________________________________ 59 
6.2.2 SELECTED COUNTRIES ___________________________________________________________ 60 

6.3 FOCUS COUNTRY: GERMANY _____________________________________________________ 62 
6.3.1 ENERGY SYSTEM AND INFRASTRUCTURE _____________________________________________ 62 
6.3.2 ENERGY POLICY ________________________________________________________________ 64 
6.3.3 GERMAN STEEL INDUSTRY ________________________________________________________ 66 
6.3.4 OUTLOOK FOR HYDROGEN-BASED IRON AND STEEL IN GERMANY __________________________ 66 

6.4 FOCUS COUNTRY: FRANCE _______________________________________________________ 68 
6.4.1 ENERGY SYSTEM AND INFRASTRUCTURE _____________________________________________ 68 
6.4.2 ENERGY POLICY ________________________________________________________________ 70 
6.4.3 FRENCH STEEL INDUSTRY ________________________________________________________ 71 
6.4.4 OUTLOOK FOR HYDROGEN-BASED DIRECT REDUCTION IN FRANCE _________________________ 71 

6.5 FOCUS COUNTRY: ITALY _________________________________________________________ 73 
6.5.1 ENERGY SYSTEM AND INFRASTRUCTURE _____________________________________________ 73 
6.5.2 ENERGY POLICY ________________________________________________________________ 75 
6.5.3 ITALIAN STEEL INDUSTRY ________________________________________________________ 76 
6.5.4 OUTLOOK FOR HYDROGEN-BASED DIRECT REDUCTION IN ITALY ___________________________ 77 

7. ANALYSIS AND DISCUSSION _________________________________________________ 79 

7.1 ENABLING ENVIRONMENT FOR HYDROGEN-BASED IRON AND STEEL IN EUROPE ______________ 79 
7.2 MLP AND TECHNOLOGY TRANSFER ________________________________________________ 85 
7.3 IMPLICATIONS FOR THE FUTURE ___________________________________________________ 89 
7.4 THEORETICAL IMPLICATIONS _____________________________________________________ 92 

8. CONCLUSIONS AND FUTURE RESEARCH ______________________________________ 93 

REFERENCES __________________________________________________________________ 98 

APPENDIX A – INTERVIEW QUESTIONS (EXAMPLES) ___________________________ 107 

 

  



 ix 

List of Figures 
FIGURE 1 - MULTI LEVEL PERSPECTIVE ON TECHNOLOGICAL TRANSITIONS, PRESENTED BY GEELS (2002) AND 

ADAPTED BY GEELS AND SCHOT (2007) _____________________________________________________ 8 
FIGURE 2 - DIMENSIONS OF HORIZONTAL TECHNOLOGY TRANSFER, MODIFIED FROM SHUJING (2012) AND REDDY 

AND ZHAO (1990) _____________________________________________________________________ 11 
FIGURE 3 - TECHNOLOGY TRANSFER FROM A MULTI-LEVEL PERSPECTIVE ______________________________ 14 
FIGURE 4 - RESEARCH PROCESS _______________________________________________________________ 19 
FIGURE 5 - RELATION BETWEEN PART 1 AND PART 2 _______________________________________________ 21 
FIGURE 6 - PART 1 AND PART 2 DATA COLLECTION ________________________________________________ 21 
FIGURE 7 - SEQUENTIAL DATA COLLECTION PROCESS ______________________________________________ 22 
FIGURE 8 - INTERVIEW THEMES _______________________________________________________________ 23 
FIGURE 9 - SYSTEM BOUNDARIES FOR THE STUDY _________________________________________________ 29 
FIGURE 10 - IRON AND STEELMAKING. TRADITIONAL BF-BOF ROUTE (LEFT) AND HYDROGEN-BASED DIRECT 

REDUCTION (RIGHT) (SOURCE: HYBRIT 2018) ______________________________________________ 34 
FIGURE 11 - ELECTRICITY GENERATION IN SWEDEN BY SOURCE 2018, IN TWH AND PERCENT  (DATA SOURCE: 

SVENSKA KRAFTNÄT 2019B) ____________________________________________________________ 40 
FIGURE 12 - ELECTRICITY GENERATION IN SWEDEN BY ELECTRICITY AREA AND SOURCE (DATA SOURCE: SVENSKA 

KRAFTNÄT 2019B) ____________________________________________________________________ 40 
FIGURE 13 - ACTUAL WIND POWER DEVELOPMENT IN SWEDEN 2000-2018 AND FORECAST FOR 2022 (DATA 

SOURCE: ENERGIMYNDIGHETEN 2019; SWEA 2019) __________________________________________ 41 
FIGURE 14 - SYSTEM OVERVIEW _______________________________________________________________ 43 
FIGURE 15 - DIRECT REDUCTION ELEMENTS ______________________________________________________ 43 
FIGURE 16 - ENERGY AND POWER REQUIREMENTS BASE LINE SCENARIO ________________________________ 46 
FIGURE 17 - MAXIMUM HYDROGEN FLOW SCENARIO 2 _____________________________________________ 47 
FIGURE 18 - RESULTS SCENARIO 2 _____________________________________________________________ 47 
FIGURE 19 - RESULTS SCENARIO 3 _____________________________________________________________ 49 
FIGURE 20 - ELECTRICITY GENERATION IN GERMANY BY SOURCE 2017, PRESENTED IN TWH AND PERCENT (DATA 

SOURCE: BMWI 2019) _________________________________________________________________ 62 
FIGURE 21 - GERMAN STATES _________________________________________________________________ 62 
FIGURE 22 - RENEWABLE POWER GENERATION IN GERMAN REGIONS BY SOURCE 2016 (DATA SOURCE: AEE 2017)

 ___________________________________________________________________________________ 63 
FIGURE 23 - ONSHORE WIND POWER POTENTIAL IN GERMAN REGIONS (DATA SOURCE: AEE 2017) ___________ 63 
FIGURE 24 - FUTURE SCENARIO OF RENEWABLE ELECTRICITY IN GERMANY (DATA SOURCE: NITSCH 2016; 

SCHMIDT-CURRELI ET AL. 2017) _________________________________________________________ 64 
FIGURE 25 - LOCATIONS PRIMARY STEEL PRODUCTION  IN GERMANY (MODIFIED FROM: WV STAHL 2017) _____ 66 
FIGURE 26 - ELECTRICITY GENERATION IN FRANCE BY SOURCE 2017, PRESENTED IN TWH AND PERCENT (DATA 

SOURCE: RTE 2018) ___________________________________________________________________ 68 
FIGURE 27 - FRENCH REGIONS ________________________________________________________________ 69 
FIGURE 28 - INSTALLED RENEWABLE CAPACITY IN FRENCH REGIONS BY SOURCE 2017 (DATA SOURCE: RTE 2018)

 ___________________________________________________________________________________ 69 
FIGURE 29 - RENEWABLE ELECTRICITY GENERATION IN FRENCH REGIONS BY SOURCE 2017 (DATA SOURCE: RTE 

2018) ______________________________________________________________________________ 69 
FIGURE 30 - NUCLEAR PLANTS IN FRANCE (MODIFIED FROM: RTE 2018) _______________________________ 70 
FIGURE 31 - INSTALLED RENEWABLE CAPACITY TARGETS FOR FRANCE ________________________________ 70 
FIGURE 32 - PRIMARY STEEL PRODUCTIONS SITES IN FRANCE ________________________________________ 71 
FIGURE 33 - ELECTRICITY GENERATION IN ITALY BY SOURCE 2016 (DATA SOURCE: IAE 2018B) _____________ 73 
FIGURE 34 - ITALIAN REGIONS ________________________________________________________________ 74 
FIGURE 35 - RENEWABLE ELECTRICITY IN ITALIAN REGIONS 2017 (DATA SOURCE: GSE 2018) ______________ 74 
FIGURE 36 - INSTALLED RENEWABLE CAPACITY IN ITALIAN REGIONS 2017 (DATA SOURCE: GSE 2018) _______ 75 
FIGURE 37 - LOCATIONS WITH PRIMARY STEEL CAPACITY IN ITALY ___________________________________ 76 

 
List of Tables 
TABLE 1 - INTERVIEW DETAILS ________________________________________________________________ 24 
TABLE 2 - CHARACTERISTICS OF TOP 12 STEEL PRODUCING COUNTRIES IN EU (DATA SOURCE: WORLD STEEL 

ASSOCIATION 2018A; EEA 2018) _________________________________________________________ 60 
  



 x 

Abbreviations 
BF-BOF  Blast Furnace-Basic Oxygen Furnace 

CCS  Carbon capture and storage 

CCU  Carbon capture and utilisation 

CDA  Carbon Direct Avoidance 

DRI  Direct reduced iron (sponge iron) 

EAF  Electric Arc Furnace 

EEG  Erneuerbare-Energien-Gesetz, German Renewable Energy Sources Act 

EET  Energy-efficiency technology 

EII  Energy-intensive industry 

EU-ETS EU Emission Trading System 

GHG  Greenhouse gas 

HBI  Hot Briquetted Iron 

MLP  Multi-level perspective 

OHF  Open hearth furnace 

PEM  Proton exchange membrane 

PPE  Programmations pluriannuelles de l’énergie, French Multi-Annual Energy Plan  

SCU  Smart Carbon Usage 

SEN  Strategia Energetica Nazionale, Italian National Energy Strategy 

SNBC  Stratégie Nationale Bas-Carbone, French National Low Carbon Strategy  



 1 

1. Introduction 
This chapter gives an introduction of the thesis subject by presenting a background of climate change 

mitigation and decarbonisation challenges for energy-intensive industries followed by a defined 

purpose of the thesis. Thereafter is the research question presented followed by the delimitations. 

Lastly the disposition of the thesis is presented. 

1.1 Background 

In order to combat climate change and to fulfil the goals of the Paris Agreement of limiting 

global warming to well below 2 degrees above pre-industrial levels (UNFCCC 2015), large global 

reductions in greenhouse gas (GHG) emissions are necessary (Intergovernmental Panel on 

Climate Change 2018). Electricity and heat, transport and industry are the three sectors related 

to the largest GHG emissions (IEA 2018a). A lot of development effort and research has in the 

past 10-20 years been put into mitigation options for electricity, buildings and transport and 

potential zero-emission technologies have advanced in a fast pace. However, the industry sector 

and especially energy-intensive industries (EII) like steel, pulp and paper and cement are still 

facing huge challenges for decarbonisation. GHG emission reductions beyond 15-30 % which are 

possible with current technologies must come from new breakthrough technologies that are not 

commercially available today (Åhman, Nilsson, and Johansson 2017).  

 

In 2016 the Swedish government united with three opposition parties and presented the 

Agreement on Swedish energy policy1 which declared that Sweden is to have zero net GHG 

emissions in 2045 and by 2040 all production of electricity will come from renewable sources 

(Regeringskansliet 2016). In Sweden, the industry sector accounts for approximately one third 

of the total emissions and the single biggest emitter within industry is the steel sector which 

alone accounts for 10 % of the total emissions (SCB 2018a; HYBRIT 2018). Globally, the steel 

sector accounts for approximately 7 % of the world’s emissions of GHG from fossil fuels (World 

Steel Association 2018c).  

 

Steel is the most commonly used metal globally and is infinitely recyclable (World Steel 

Association 2018c). The demand for steel is projected to increase in the future to meet the needs 

of the growing population and the already circulating steel will likely not be enough to fulfil this 

                                                
1 Swedish: Energiöverenskommelsen 
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demand (World Steel Association 2018a). This means that with the processes of today, the 

emissions related to primary steelmaking will continue. However, steel is a key component in 

almost every GHG mitigation technology such as most renewable electricity generation 

technologies that will be necessary to meet the goals of the Paris Agreement and to mitigate 

climate change (World Steel Association 2018c). Hence, a solution for decarbonisation of the 

steel industry is crucial.  

 

So far, the steel industry has seen many incremental improvements in technology with regards 

to e.g. energy efficiency and in Sweden the process is well developed and advanced. The biggest 

Swedish steel company SSAB is today the steel company with the lowest GHG emission per 

tonne steel produced from iron ore in the world which has been made possible by close 

collaboration within the industry and with academia (HYBRIT 2018). The best-practise 

steelmaking is however very close to the theoretical limits of the process and in order to reach 

further decarbonisation new breakthrough technology is required and need to become both 

technically and economically viable (EUROFER 2018).  

 

A new route for primary steel with a potential to cut the emissions from iron and steel 

production to practically none is currently being developed in Sweden. The technology is based 

on direct reduction with hydrogen as reduction agent, making the steel production process work 

without traditional coking coal in the blast furnace and will only emit water instead of CO2. This 

technology is the most promising for eliminating GHG emissions in the steel making process at 

the moment (Energimyndigheten 2018; Karakaya, Nuur, and Assbring 2018).  

 

Although the technology of hydrogen-based direct reduction is very promising and has the 

potential to drive a paradigm shift in the steel industry, the solution still only exists in theory 

and no testing has yet been made. This makes the academic field still unexplored and previous 

academic literature on this transition is scarce. The literature on GHG emission reduction in the 

steel industry is currently mostly limited to smaller, incremental technological changes e.g. the 

adoption of already existing energy-efficiency technologies (EETs). The relevance and 

applicability of that literature for this case is limited since the required transformation for a net-

zero technology shift in the steel industry is more complex and comprehensive. Some academic 

literature and industry reports discuss possible pathways for decarbonisation of the steel 

industry where the electric-hydrogen pathway is presented as promising. However, this 

literature is mostly focused on overall barriers and opportunities for different decarbonisation 
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pathways. This study aims to dig deeper into the hydrogen pathway and explore the conditions 

in three specific countries.  

 

In 2018, a case study on the potential hydrogen-based transition in the Swedish iron and steel 

sector was performed (Karakaya, Nuur, and Assbring 2018). Within the field of sustainability 

transitions, the study departed from a theoretical approach which included concepts from the 

multi-level perspective (MLP) and technological innovation system (TIS). The study concluded 

that the iron and steel industry is highly interesting for research on sustainability transitions 

and transition pathways. The field of sustainability transitions serves as a theoretical departure 

also in this master’s study is but here are the MLP concepts and transition pathways combined 

with a perspective on technology transfer and cooperation with the aim of exploring how 

sustainability transitions in one context affect the development in a different context and the 

technology transfer potential between the different settings.  

1.2 Problematisation and purpose 

As stated, the production of steel generates large GHG emissions but is necessary for a modern 

society and to mitigate climate change. Hence, there is a need to significantly reduce the 

emissions related to steelmaking while at the same time meet the increasing demand. 

Hydrogen-based direct reduction is a promising technology that have the potential to make 

primary steel production fossil free but is not tested on an industrial scale and the development 

and implementation implies many challenges. Among the many challenges is access to fossil 

free electricity one key issue, as the technology implemented on full scale in Sweden would 

demand 15 TWh of electricity per year or approximately 10 % of the national electricity 

generation as the main energy source coal is to be replaced by electricity (HYBRIT 2018).  

 

In Sweden, there are good conditions for this technology shift. The collaboration within and 

between industries are unique and the national climate targets are well aligned with the project 

aim (Karakaya, Nuur, and Assbring 2018). Sweden’s energy system also has a high degree of 

fossil free electricity and are today net exporters of electricity. However, the Swedish steel 

production accounts only for 2,8 % of the EU steel production and 0,3 % of the global steel 

production (World Steel Association 2018a). For this technology to really have an impact on a 

global scale it is key that the technology is being transferred and is adopted in Europe and the 

world, where the basic conditions for this shift differs a lot from the Swedish case.  
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The purpose of this thesis is to look into the conditions for hydrogen-based direct reduction 

technology, and to investigate the barriers and opportunities for technology transfer and 

adoption of this technology in a European setting, with energy as the main focus. 

1.3 Research question 

Based on the purpose, the following research question is defined:  

What are the prospects for transfer and adoption of hydrogen-based iron and steel production 

technology in Europe from an energy perspective?  

To answer the research question, two sub-questions are formulated: 

• What are the energy requirements for hydrogen-based iron and steel production 

technology? 

• What is the current development in the European steel industries and energy sectors and 

how does this development affect the adoption potential of hydrogen-based iron and steel? 

1.4 Delimitations 

The thesis focuses on the conditions for technology transfer of hydrogen-based iron and steel 

in Europe. There are a lot of challenges and uncertainties related to this technology that will 

affect the transfer and adoption, but the study focuses mainly on energy-related issues. This is 

due to the fact that energy, and access to fossil free electricity, has been accentuated as one of 

the biggest, if not the biggest, challenge in a low carbon transition of energy-intensive industries 

in general and for steel based on hydrogen specifically. The scope includes fossil free electricity 

production and electricity infrastructure as well as energy development and policy. The thesis 

focuses on three primary steel producing countries in Europe in addition to Sweden that have 

differentiating preconditions for this technology shift; Germany, France and Italy. The 

parameters for the selection of countries are presented in 3.3 Research process and further 

elaborated in 6.2 Country assessment.  

 

For the technical parts, the system boundaries for the technology are defined and presented in 

section 3.6 System boundaries and simplifications.  
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1.5 Disposition of thesis 

The paper is structured in eight different chapters, which are briefly presented below.  

 

Chapter 1 - Introduction: This chapter gives an introduction and background to the research 

problem. The research purpose is explained followed by the research questions. Delimitations 

of the study are thereafter presented, ending with a presentation of the thesis disposition. 

 

Chapter 2 - Theoretical framework: This chapter presents the theoretical framework of the 

thesis, which is the basis for the analysis of the findings and include the theory of sustainability 

transitions and the Multi-level perspective which is combined with perspectives on Technology 

transfer and cooperation.  

 

Chapter 3 - Methodology: This chapter describes and discusses the selected research design 

and research approach for the study and an overview of the research process is presented. The 

different methods for data collection are thereafter explained along with a discussion of research 

quality where the focus is on the validity and reliability of the research. The chapter ends with 

a presentation of the system boundaries of the case.  

 

Chapter 4 - The steel scene and decarbonisation pathways:  This chapter serves both as a 

review of the current academic literature and as an empirical description of the case. This 

chapter presents an overview of the current European steel industry including history, markets, 

products and the role of steel for mitigation of climate change. The two current dominating steel 

production technologies are explained as well as the technology of hydrogen-based direct 

reduction. Decarbonisation pathways for energy-intensive industry in general and the steel 

sector specifically currently discussed in literature are presented along with opportunities and 

challenges for a pathway based on hydrogen. Finally, the present state of the Swedish energy 

system and relevant energy policy is presented.  

 

Chapter 5 – Energy requirements for hydrogen-based iron and steel: This chapter presents 

the findings related to the first research sub-question What are the energy requirements for 

hydrogen-based iron and steel production technology? and hence the energy and capacity needs 

for a system of hydrogen production and direct reduction of iron ore with hydrogen are 
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presented. Three scenarios are presented of different electrolyser capacity dimensions and 

hence different operation flexibility and serve as input for chapter 6.  

 

Chapter 6 – Steel and energy in Europe: This chapter is more comprehensive than Chapter 5 

and addresses the findings of the second research sub-question What is the current development 

in the European steel industries and energy sectors and how does this development affect the adoption 

potential of hydrogen-based iron and steel? In this chapter, the findings from interviews as well 

as secondary data collection are presented. Seven themes are discussed, identified during the 

analysis of the interviews as especially relevant for the adoption of hydrogen-based technology 

for iron and steel production. This is followed by a country assessment where the basis for the 

selection of the three focus countries are presented. The chapter ends with three sub-chapters 

focusing on the energy systems and steel industry characteristics in the focus countries; 

Germany, France and Italy.  

 

Chapter 7 – Analysis and discussion: This chapter analyses the findings of chapter 5 and 6 

with the theoretical framework as a starting point. The themes identified in chapter 6 are 

directly related to the conditions for adoption of hydrogen-based iron and steel and a discussion 

about the enabling environment for this technology in the focus countries is made. The 

landscape development of the focus countries is also directly analysed from an MLP and 

technology transfer perspective and finally, there is a discussion about what implications for the 

future these findings could have.  

 

Chapter 8 – Conclusions and future research: Finally, in this chapter the work is concluded 

with the key findings answering the research sub-questions and the main research question 

What are the prospects for transfer and adoption of hydrogen-based iron and steel production 

technology in Europe from an energy perspective?. The work is concluded with recommendations 

for future research.  
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2. Theoretical framework  
The theoretical framework serves as the basis for the analysis and is in this chapter presented. The 

relevant theory is both innovation theory, more specifically theory regarding socio-technical and 

sustainability transitions as well as theory of low carbon technology transfer and cooperation.  

2.1 Sustainability transitions 

Due to the problems arising with climate change, recent literature on innovation and technology 

have had an increased focus on sustainability and a field called sustainability transitions have 

emerged and gained ground. Sustainability transitions are fundamental transformations where 

stable socio-technical systems shift to become more sustainable and governance and guidance 

from political actors and regulatory and institutional support can play important roles. Although 

not covering all perspectives on sustainability transitions, four frameworks have gained special 

attention within this literature and are considered central for the theoretical framing; transition 

management, strategic niche management, technological innovation system and the multi-level 

perspective on socio-technical transitions. All four frameworks provide a systemic view on socio-

technical transformation processes (Markard, Raven, and Truffer 2012). 

 

Two key concepts in transitions literature are socio-technical regime and niches. The socio-

technical regime is a system where knowledge, practises, technologies, infrastructure and 

institutions are socially embedded which creates path dependency and lock-in effects, hence 

innovation are of incremental nature developed along technology trajectories. Although this 

dynamic in itself is interesting, there has been a large focus on regime shifts where factors for 

destabilisation of the regimes have been studied as well as the new emerging regimes (Markard, 

Raven, and Truffer 2012). A niche is a protected environment where there are possibilities for 

radical innovations to develop, outside the existing regime. Niche innovations are initially low 

performance, unstable configurations and the niche environments works as incubation rooms 

that protect the innovations from market selection and retention mechanisms, until they are 

mature (Geels and Schot 2007). In order for the niche innovations to survive in the long-term, 

they must challenge the current practices and somehow break the stability of the socio-technical 

regime and start reshaping the current state, which far from all niche innovations are able to do 

(Geels et al. 2017).  
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2.1.1 Multi-level perspective 

The concepts of socio-technical regimes and niches are central in the multi-level perspective 

presented by Geels (2002), which builds on earlier work on technological regimes and dynamics 

of socio-technical change (Nelson and Winter 1982; Rip and Kemp 1998). The multi-level 

perspective is used to explain the mechanisms of technological transitions and can be seen as a 

bridge between evolutionary economics and technology studies. Despite the name, 

technological transitions do not only include the technological changes themselves, but also 

changes in e.g. user practices, regulation, industrial networks and infrastructure. The MLP is 

widely used to understand innovation processes and their impact on socio-technical 

transformations within industries (Geels 2002). Energy-intensive industries, steel included, are 

currently under a transformation pressure toward more sustainable modes of production and 

emission reductions that could transform the socio-technical regime of the industries. The MLP 

is therefore a highly relevant framework for understanding this process.  

 

The MLP framework divides the area of study into three different system levels which are 

interacting in a dynamic way and thus, creating socio-technical transitions. The different levels 

are technological niche, socio-technical regime and socio-technical landscape, who represent a 

micro-, meso- and macro-level respectively.  

 
Figure 1 - Multi level perspective on technological transitions, presented by Geels (2002) and adapted by Geels and Schot 

(2007) 
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Geels argues that socio-technical formations are kept stable due to the linkages between 

heterogeneous elements that are a result of social group activities that reproduce them. 

Infrastructure, cultural and symbolic meanings, user practises, industry structures and 

technological knowledge are all aligned and coordinated which create stability in the regime. 

The stability is of dynamic nature where innovations are guided to incremental improvements 

along trajectories, and the socio-technical regimes function as the mechanism of selection and 

retention (Geels 2002).  

 

These regimes are situated in the larger context of the socio-technical landscape, or the external 

structure, which usually changes even more slowly than regimes. As the landscape change 

however, the changes create an external pressure on the regime and opens up for radical 

innovations, developed in protected niches (Geels 2002). The global challenge of climate change 

and environmental problems is a current landscape change that are putting pressure on many 

socio-technical regimes towards deep decarbonisation (Geels et al. 2017) and the steel sector is 

no exception.  

2.1.2 Transition pathways 

As a response to criticism of the multi-level perspective and as an expansion of it, Geels and 

Schot (2007) developed a typology of four different transition pathways that varies in timing and 

nature of interaction between the levels in the framework. The criticism of the first presentation 

of the MLP perspective was threefold: unclarity of how to apply the concept empirically, lack of 

agency and too much emphasis on niches for regime change. The response to this criticism was 

an explication of the concept as well as an expansion of it where they defined four transition 

pathways. These four pathways are: transformation, reconfiguration, technological substitution 

and dealignment and realignment. The timing differs depending on when the landscape pressure 

occurs and the state of the niche innovations at that time. The transition pathway will be 

different depending on if niche innovations are fully developed or not at the time of the 

landscape pressure. The nature of the transition differs depending on whether the niche 

innovations and the landscape development is of reinforcing or disruptive kind towards the 

regime. Reinforcing landscape development stabilises the regime while disruptive 

developments at the landscape level creates pressure for change on the regime. Niche 

innovations can be competitive or symbiotic depending on if they aim to replace the existing 

regime or if they could work as competence-enhancing add-ons to it (Geels and Schot 2007). 
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Transformation pathway 

Transformation transition occurs when the landscape development is of disruptive character, 

however the pressure is moderate, and the niche innovations has not been fully developed and 

can hence not take advantage of this. The incumbent actors in the regime will then start to 

reshape the regime with gradual adjustments to meet the landscape pressure (Geels and Schot 

2007).  

 

Reconfiguration pathway 

Reconfiguration occurs when the niche innovations are symbiotic and can easily be adopted into 

the current regime as add-ons. These add-ons subsequently triggers other changes and create 

space for other niche innovation and the regime is adjusted further until the basic architecture 

of the regime is changed (Geels and Schot 2007).  

 

Technological substitution pathway 

If the landscape pressure is high and the niche innovation is fully developed, a substitution is 

likely where the landscape pressure will create a window of opportunity for the niche innovation 

to break through and replace the existing regime. This happens when the landscape experience 

a “specific shock” or a “disruptive change” which put sudden strong pressure on the regime 

leading to major regime tensions (Geels and Schot 2007).  

 

Dealignment and realignment pathway 

Similar to the substitution pathway, the dealignment and realignment pathway is triggered by a 

“specific shock” or “disruptive change” in the landscape pressure, but in contrast to the 

substitution pathway there is no niche innovation that is yet fully developed that could replace 

the regime. Hence, there is space for several non-sufficiently developed niche innovations that 

compete for the resources and attention until one of them becomes the dominant design and 

the regime is realigned with this innovation at the core (Geels and Schot 2007).  

2.2 Technology transfer 

The term technology transfer reflects upon the idea that a technology can be transferred from 

where it is developed and/or practised to a new context. The term is often used in contexts where 

technologies from developed countries transfer to developing countries in so called North-

South technology transfer, assisting developing countries in sustainable development. However, 



 11 

given the rapid development of countries like China, India and Brazil the characterization of 

North-South transfer have become slightly outdated but the term technology transfer is still 

widely used e.g. in discussions regarding policies for climate change mitigation (Ockwell and 

Mallett 2012). IPCC defines technology transfer as “a broad set of processes covering the flows of 

know-how, experience and equipment for mitigating and adapting to climate change amongst 

different stakeholders such as governments, private sector entities, financial institutions, non-

governmental organizations (NGOs) and research/education institutions” (IPCC 2000).  

 

Low carbon technology transfer 

Low carbon technology transfer or climate technology transfer are key for mitigating climate 

change and developed countries are under UNFCCC obligated to facilitate the transfer of low 

carbon technologies to developing countries (UNFCCC 2019). Low carbon technology transfer is 

always related to the urgent concern of climate change. This makes the interest shifted from 

naturally occurring technology transfer via market processes where time is unspecified or at 

least not very important, to the transfer and adoption of technologies where time is central due 

to the urgency of climate change mitigation. This makes policy interventions more central which 

are often aimed at speeding up and incentivising processes that might not have been performed 

naturally by the market (Ockwell and Mallett 2012).  

 

Taxonomy of technology transfer 

Technology transfer and the policies to facilitate the processes include both horizontal 

technology transfer which is the transfer from one country to another, and vertical technology 

transfer which is the development from R&D stages to commercialisation (Ockwell and Mallett 

2012). In the case of low carbon technology transfer where the time parameter is important, 

horizontal and vertical transfer are likely to overlap since the technologies are often novel and 

not yet commercialised (Shujing 2012). Horizontal transfer can be defined into three dimensions; 

the home country/technology supplier where the technology originates, the host 

country/technology importer that are the recipient of the technology and the 

transaction/technology transferred itself (Reddy and Zhao 1990; Shujing 2012). 

 
Figure 2 - Dimensions of horizontal technology transfer, modified from Shujing (2012) and Reddy and Zhao (1990) 
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Technology transfer as the transfer of knowledge 

Traditionally, technology transfer and the debate of ways to achieve it have been focused around 

just providing access to the technologies themselves (Lema, Iizuka, and Walz 2015), a strategy 

that has been deemed unsuccessful (Ockwell and Mallett 2012). This approach is based on the 

notion that a technology is simply a hardware that lacks context. However, an important insight 

in literature is that embedded in the hardware is also knowledge and skills required to develop, 

adopt, use and adapt the technology, often referred to as software (Byrne et al. 2012). This idea 

can also be extended and technology can be understood as a social construct, where the 

technology is embedded in a social context which must be understood in order to understand 

the technology itself (Klein and Kleinman 2002). The insight that technology is highly related 

to knowledge entails that technology transfer is not merely a process of placing the physical 

technology in a different setting, but a much more complex mechanism including knowledge 

transfer and knowledge exchange. As the relationship between technology transfer and 

knowledge have become increasingly apparent, the literature field of knowledge transfer and 

exchange have expanded (Davenport 2013).  

 

Thus, technology transfer can be defined as the transfer of specialised know-how which also 

entails more than the transaction of technological knowledge needed to produce something 

specific, but also the capacity to independently master and develop the technology (Shujing 

2012). More specifically, it can be grouped into three main flows; (A) Capital goods, (B) operating 

and maintenance skills and knowledge and (C) skills and knowledge for adapting and further 

developing a transferred technology where A and B is related to the production and technology 

operation capacity and C is related to the innovation capability of the technology importer (Bell 

2012). Hence, technology transfer is also highly related to innovation (Dubickis and Gaile-

Sarkane 2015; Bell 2012).  

 

Technology transfer and cooperation 

The research field of innovation is huge and will not be covered in-depth in this study. However, 

research has shown that innovation is a process of endogenous learning, feedback loops and 

incremental modifications over a longer time period and that networks of producers, suppliers, 

users and research institutions are required to stimulate technological learning and adaptation 

(Blohmke 2014). Cooperation among these actors are hence important for the innovation 

process and there is a growing consensus that there is a need for more innovation cooperation 
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rather than just hardware transfer for effective low carbon technology transfer for climate 

change mitigation (Lema, Iizuka, and Walz 2015).  

 

When it comes to international technology transfer, there is often a need to adapt the 

technology to local conditions in the host country and problems that arise with infrastructure 

differences, distance and communication are frequent (Teece 1977). Hence, it is important to 

understand the host country specific conditions before initiating a transfer process, or in other 

words, understand the socio-technical context of the host country. The success and 

effectiveness of technology transfer are determined by numerous factors, of which many are 

linked to the conditions in the host country (Blohmke 2014). Some are the nature of the 

technology (high-tech/low-tech), the degree of technological competition in the host country, 

general characteristics of host country, difference in national policy between the countries, 

mode of transfer (subsidiaries/joint ventures/licensing) and the initial relationship between the 

countries and the companies (Reddy and Zhao 1990). International cooperation to overcome the 

barriers can significantly improve the effectiveness of the transfer.  

2.3 Technology transfer from a Multi-level perspective 

The multi-level perspective has in previous literature been used to analyse the hydrogen 

pathway for the iron and steel industry transition in Sweden (Karakaya, Nuur, and Assbring 

2018). As this study intends to look beyond the Swedish transition for a broader European 

perspective this theory is in this study combined with technology transfer theory. These 

frameworks have not been combined explicitly in previous academic literature and the 

combination is thus unique to this study, although the relevance for a socio-technical 

transformation perspective on technology transfer has been highlighted. A “technology-finance 

framing” of technology transfer, where the focus is on hardware transfer and the financing of 

that process, used in e.g. the Clean Development Mechanism (CDM) have received criticism of 

neglecting the socio-technical context and the importance of knowledge as embedded in the 

design and functionality of the technology (Byrne et al. 2011). In addition is the main aim of low 

carbon technology transfers essentially to initiate sustainability transition processes. By 

combining these frameworks there is an intention to capture the complexity of the case and to 

understand how the socio-technical contexts of steel industry regimes in different countries 

affect the technology transfer potential of the studied technology from one country to another.  
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There are similarities between the frameworks that make a combination highly relevant. There 

is a shared perception of technology as more than just hardware, but as embedded in the socio-

technical context. One important factor for the success and effectiveness of technology transfer 

is the socio-technical fit of the technology since different social contexts with institutional norms, 

practises etc. can either facilitate or inhibit technological transitions (Blohmke 2014). Thus, an 

enabling environment for the transfer is key, with e.g. supporting governmental policy, national 

institutions for innovation, research and technology development but also in a broader sense 

that include market and technological conditions, institutions and practises (Mallett 2013).  

 

A combination of these two frameworks for this specific case is illustrated in Figure 3, where the 

socio-technical contexts e.g. different industries or countries are not seen as isolated systems 

but rather as two systems with a dynamic relationship with some shared elements and where 

changes in one system can affect the development in the other. This reflects an increasingly 

globalised world where many industries and countries are faced with similar challenges, e.g. 

related to climate change. The dynamic linkage between different systems entails that 

innovations within one system does not only have the power to change that context, but also 

allows for a wider spread, and possibly influencing the development outside that system.  

 
Figure 3 - Technology transfer from a Multi-level perspective 
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Taking the steel industry as an example where A and B in Figure 3 represent the steel sector in 

different countries. The socio-technical regimes of the two countries are likely similar in many 

ways due to certain common industry structures, practises, knowledge, technologies, trade and 

perhaps even companies within the same company group, but might differ to some extent due 

to cultural differences, social norms, infrastructure, laws and regulations etc. The two socio-

technical regimes are influenced by socio-technical landscapes with both mutual and differing 

characteristics. Common features could be environmental issues or climate change which is a 

global problem, while social trends, political landscape etc. could vary a lot between the 

countries. These differences entail various transformation pressure on the regimes which in turn 

creates differing conditions for new innovation and novelties developed in niche environments 

and affects the possible transformation pathways.  

 

Figure 3 illustrates possible technology transfer process from A to B where a niche innovation 

takes advantage of the window of opportunity created by the landscape pressure on the macro 

level in A (1) and thereby breaks through the dynamically stable regime (2). The regime 

development in A influences the landscape in A (3) and due to the dynamic relationship between 

the socio-technical contexts, landscape changes in A could also influence the landscape in B (4). 

This could lead to an increased transformation pressure on the regime in B (5) which in turn 

creates a window of opportunity for technology transfer from A to B (6,7). The effectiveness of 

this transfer is as previously mentioned strongly correlated with the socio-technical fit and 

whether there is an enabling environment for the technology. Cooperation between actors in A 

and B, as well as supporting institutions and policies are factors that improve the effectiveness 

of the transfer. Depending on the socio-technical regime and landscape in B and hence, the 

socio-technical fit, the pathway for the transition can be different.  

 

There is also a possibility that the changed landscape in A affects the landscape development in 

B but that the socio-technical fit of the breakthrough technology in A is not right for the regime 

in B, and hence there is no enabling environment for technology transfer of that technology 

from A to B. However, due to the landscape development in B and the increased pressure on the 

regime, windows of opportunities could open up for other niche innovations to break through 

the regime. This means that a development that was first initiated by a breakthrough technology 

in A could not only create a window of opportunity for technology transfer from A to B but also 

for a different breakthrough technology in B.   
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3. Methodology 
This chapter presents the methodology of the research. The chosen research design as well as the 

research approach and strategy are presented and justified with reference to theory. The methods 

and logic of the data collection and analysis is thereafter covered ending with discussions regarding 

the research quality and ethics. 

3.1 Research design 

Research designs vary between having an exploratory, a descriptive, an explanatory or an 

evaluative research purpose, and can also be combinations of these where the design of the 

research should be determined by the research question and the research objective (Saunders, 

Lewis, and Thornhill 2015). In this study the purpose is to perform an initial outlook of the 

conditions for a hydrogen-based iron and steel process within the context of decarbonisation of 

the European energy-intensive industry. A combination of an exploratory and an evaluative 

design is chosen for the research.  

 

Exploratory research is used to discover and clarify the understanding of what is happening and 

gain insights about a certain topic of interest (Saunders, Lewis, and Thornhill 2015) and  are 

often performed in contexts where the research field is unexplored and/or when the research 

context is not yet clearly specified (Blomkvist and Hallin 2014). This study aims to investigate 

and build an understanding of the hydrogen pathway for steel industry decarbonisation and the 

conditions for a hydrogen-based production process in a European context. It is a novel field 

and the technology of hydrogen direct reduction for iron- and steelmaking have in fact not been 

tested industrially. Hence, an exploratory design is suitable. Exploratory research is related to a 

high flexibility and could include the use of a mixed methods approach which is applied in this 

study (Yin 2014). 

 

Evaluative research typically has the purpose of finding out how well something works. In this 

study, the purpose is rather to investigate how well something would work, i.e. the potential of a 

certain technology in a European setting given the national energy systems and steel industry 

characteristics and dynamics. Evaluative research is likely to be concerned with assessing the 

effectiveness of an organisation, strategy or process and can be used to compare the 

effectiveness of something e.g. in different settings or for different locations (Saunders, Lewis, 



 17 

and Thornhill 2015). This makes an evaluative design suitable for this study where the aim is to 

assess the conditions for a technology and compare the conditions in different countries.  

3.2 Research approach 

Due to the complexity of the research topic and the nature of the research questions, a mixed 

approach is used where both quantitative and qualitative data are gathered and analysed. Since 

the research question is to a large extent depending on technical conditions this study is also an 

interdisciplinary study, not only covering issues within the field of social sciences but are also 

influenced by natural science, more specifically the energy field.  

 

Research is typically differentiated into qualitative or quantitative research, where either a 

inductive or a deductive approach is used (Creswell 2014).The distinction between qualitative 

and quantitative research is usually associated with the different research philosophies. 

Qualitative research is typically related to an interpretivist philosophy whereas quantitative 

research is often related to a positivist philosophy (Collis and Hussey 2014) and typically, natural 

science is associated with positivism and social sciences with interpretivism (Saunders, Lewis, 

and Thornhill 2015). Interdisciplinary studies such as this one draws on perspectives from 

different disciplines and integrate their insights for a more comprehensive understanding and 

perspective of the research phenomenon (Newell and Klein 1997). To combine and collaborate 

between natural and social sciences in interdisciplinary research is seen as necessary in order to 

solve complex problem related to climate change (Barthel and Seidl 2017). The interdisciplinary 

nature of the study thus makes a mixed approach suitable where influence is taken from both of 

the research philosophies.  

 

Given that this study has a mixed approach where both qualitative and quantitative data is 

collected, the study is not limited to the use of one exclusive research strategy. This study is 

built on two main strategies or methods for data collection; archival & documentary search and 

case study.  

 

An increasingly digitised world with possibilities to access large amounts of data online have 

increased the scope of using archival & documentary search as a research strategy. Data can be 

collected both through online sources and internal organisation documents and records 

(Saunders, Lewis, and Thornhill 2015). This type of data is called secondary data and it is of key 
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importance in this study to assess the quality of the original data and to be aware of the purpose 

of the data collection which is not the same as the research purpose for this research (Hox and 

Boeije 2005). In this study, primarily data provided by national governments, official institutions, 

industry federations and trade organisations are collected that are valued as trustworthy. The 

use of secondary data is further discussed in 3.4.1 Secondary data.  

 

To answer the full research question, the archival & documentary strategy is complemented and 

combined with a case study which is an in-depth inquiry into a topic or phenomenon in its real 

life setting (Yin 2014). The case is context dependent and it is thus key in a case study to 

understand the dynamics of the topic i.e. interactions between the case and its context. 

(Eisenhardt 1989; Saunders, Lewis, and Thornhill 2015). The case study object is in this study 

the technology of hydrogen-based direct reduction within the context of European steel 

industry and energy systems. The theoretical framework emphasises the importance of 

understanding the socio-technical context and the socio-technical fit for an effective 

technology transfer process, and a case study is well suited for this purpose.  

3.3 Research process  

The first step in the research process is an initial literature review performed to explore the field 

and existing knowledge, and to identify a gap in the literature (Collis and Hussey 2014). The 

findings from the literature review then provided the basis for the sequent formulation of the 

research problem as well as the definition of research question. The literature review included 

academic articles and industry papers and reports with topics varying from steel markets and 

decarbonisation pathways for industry to hydrogen economy and hydrogen steelmaking and 

more. The problem and research question formulation are followed by an extensive data 

collection divided into two main parts, which are further presented in the following section. The 

data is thereafter evaluated and analysed, and conclusions are formulated. The research process 

is presented in a linear way in Figure 4 below. However, the exploratory nature of the study has 

made the research an iterative process as new insights are gained, and the figure is to be 

interpreted as more of an overview than a precise description of the process.  
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Figure 4 - Research process 

The study is divided into two different parts which are guided by the research questions:  

• What are the energy requirements for hydrogen-based iron and steel production 

technology? 

• What is the current development in the European steel industries and energy sectors and 

how does this development affect the adoption potential of hydrogen-based iron and steel? 

 

Part 1 of the study is linked to the first research sub-question and is primarily related to the 

technology itself and the technology-specific, energy-related parameters are in this part 

identified and quantified. A model of a system with electrolyser, hydrogen storage and a DRI 

facility is constructed in Excel to evaluate the energy and power requirements for different DRI 

plant capacities. The output from the model is then used for an easy assessment of the overall 

technical fit of the technology in a certain energy system environment. The system boundaries 

for the model are defined and explained in 3.6 System boundaries and simplifications. Three 

scenarios are developed for three different system configurations; (1) A base line scenario where 

no storage is integrated and the electrolyser operate at the same rate as the DRI plant demand, 

(2) Scenario 2 where a storage is integrated and the installed capacity of the electrolyser is twice 

the DRI plant demand, which allows for flexibility in electrolyser operation based on electricity 

price or other and (3) Scenario 3 where the electrolyser capacity is further increased to match 

the approximate output of a wind farm with a capacity factor of 0.35.  

 

Some basic equations are used in the model to calculate the energy and power requirements for 

this technology and different DRI plant outputs:  

1. electricity for direct reduction (MWh/ton DRI) =  

hydrogen for direct reduction (Nm3/ton DRI) * electricity for electrolysis (kWh/Nm3) * 10-3 
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2. annual energy requirement (TWh/year) =  

output DRI plant (ton DRI/year) * electricity for direct reduction (MWh/ton DRI) * 10-6 

 

3. power requirement for H2 supply to DRI plant (MW) =  

hydrogen flow (Nm3/h) * electricity for electrolysis (kWh/Nm3) * 10-3 

 

4. installed capacity electrolyser (MW) =  

power requirement for H2 supply to DRI plant (MW) * dimension factor electrolyser 

 

Part 2 of the study is linked to the second research sub-question and is primarily related to the 

context of the case, which is the context of the steel industry and energy systems in Europe. This 

part includes a general assessment of the current status and development on an EU-level as well 

a more in-depth assessment of the conditions in three focus countries. According to the 

theoretical framework, the socio-technical fit in the host country is of key importance for the 

success of a technology transfer process and host country conditions play a vital role when it 

comes to the effectiveness of the transfer. A lot of effort in this study is thus put into 

understanding the socio-technical context of the case, and not only the case i.e. the technology 

itself, and part 2 is therefore more comprehensive than part 1.  

 

The selection of focus countries is based on three main parameters:  

1. Total crude steel production 

2. Share of primary and secondary steel 

3. Share of fossil free and renewable electricity generation 

 

Countries that have large steel production volumes, high share of primary steel as well as high 

share of fossil free and/or renewable electricity are valued as more interesting for this 

technology. In addition to the quantitative parameters, also a qualitative evaluation is made 

where a diversity perspective is taken into account regarding the energy system characteristics 

and ongoing hydrogen-based steelmaking initiatives in the countries. The selection is made for 

the countries to represent different types of energy systems in terms of main electricity source 

etc. Countries where there are no ongoing initiatives on hydrogen-based steel is valued as more 

interesting for technology transfer of the technology.  
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Figure 5 - Relation between Part 1 and Part 2 

Figure 5 illustrates how the two parts relate to each other, where part 1 is more focused on the 

case itself while part 2 is focused on the context and includes an assessment of three focus 

countries in Europe.  

3.4 Data collection and analysis 

A mixed approach is used throughout the study, with different weight on qualitative and 

quantitative research. The first part is primarily quantitative while part 2 is both qualitative and 

quantitative. Semi-structured interviews are conducted as the main source of primary data as 

well as government publications, organisation reports, industry and energy statistics and 

databases as sources of secondary data. Part 1 and 2 are performed sequential and the findings 

from part 1 are used as input in part 2.  

 

An overview of the data collection is presented in Figure 6 and 7 below. 

  
Figure 6 - Part 1 and Part 2 data collection 
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Figure 7 - Sequential data collection process 

3.4.1 Secondary data 

Depending on the nature of the research question primary data, secondary data or a combination 

of the two are required to answer the full research question of a study (Saunders, Lewis, and 

Thornhill 2015). Primary data is collected for the first time by the researcher with the purpose 

of addressing the specific research problem while secondary data is collected by another person 

or organisation than the researcher them self, and for a purpose unrelated to the specific 

research problem. Primary data can be both expensive and time-consuming to collect but it also 

ensures the quality of the data to be accurate and reliable. On the contrast, secondary data is 

often easier, faster and cheaper to collect, however, the researcher must be careful and only use 

reliable sources of secondary data (Hox and Boeije 2005). 

 

Even though data from secondary sources is not collected for the specific research purpose, it 

can still be valuable and highly useful for research projects. It can for example be used as 

comparative and contextual data and can help triangulate findings from primary data collection. 

Sometimes using secondary data is the only way for a researcher to access the full information 

needed to answer the research question (Saunders, Lewis, and Thornhill 2015). This is accurate 

for this study where information regarding the selected countries’ energy systems e.g. power 

generation and installed capacity are required which would be impossible to primary collect 

within the scope of the study.  

 

For the secondary data collection in this study, a variety of sources are used e.g. text documents 

such as organisation databases and reports, snap shot multiple source such as government 

publications and country reports as well as longitudinal multiple source such as industry 

statistics and reports, government and EU publications and newspaper reports. Databases from 

trustworthy sources such as IEA, EEA, World Steel Association, national grid operators, 

ministries and steel associations in the focus countries are used (for more details see references 

where data is presented). The secondary data is triangulated with other secondary data as well 

as primary data.  
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3.4.2 Interviews 

Interviews are in this study primarily used as a mean for qualitative data collection for part 2. 

Given the combination of an exploratory and an evaluative purpose a semi-structured design for 

most interviews are chosen which is suitable for both exploratory and evaluative research 

(Saunders, Lewis, and Thornhill 2015). In this study, the semi-structured interviews are as 

typically performed with a set of predefined questions about the main topic of interest and more 

questions are developed as the interview proceeds, depending on the interviewee’s answers. The 

order of the questions have been flexible and dependent on the flow of the conversation and the 

response of the interviewees (Collis and Hussey 2014).  

 

In this study the topics for the interviews differ depending on the expertise of the interviewee 

and the purpose of the interview. Two main themes that are to some extent overlapping are 

defined for the interviews. These are: (1) Industry decarbonisation with focus on steel and (2) 

Energy system and energy policy as presented in Figure 8 below. A third, secondary theme of 

Hydrogen economy is also defined. Persons with special knowledge within each of these areas are 

interviewed. The starting point of the interview questions were a general questionnaire with 

relevant questions and follow-up questions. These questions were then specifically adjusted and 

compiled for every interview depending on the interviewee’s expertise and country-specific 

knowledge, to get the most out of each interview. The general questionnaire is presented in 

Appendix A, but does not comprise all country specific questions etc.  

 
Figure 8 - Interview themes 

The questions that are asked are primarily open questions that give the interviewee an 

opportunity to describe a situation, reason about a phenomenon etc. In addition, probing 

questions are asked to explore the answers further (Collis and Hussey 2014). Questions that are 

leading or so called double-barrel question that are made up of two or more questions are 

avoided to minimise bias and to ensure that the interviewee responds to all aspects of the topic. 
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The length of the interviews vary between 40 to 90 minutes and English is the language for all 

interviews with non-Swedish respondents. As preferred when conducting semi-structured 

interviews, the interviews for this study are audio-recorded (with the interviewee’s consent) and 

later transcribed (Saunders, Lewis, and Thornhill 2015). 

 

 
Table 1 - Interview details 

In total are 13 semi-structured interviews performed of which five are performed face-to-face 

and eight are performed as telephone interviews or via video connection. The interviewees are 

selected to represent a wide range of different perspectives on steel industry decarbonisation, 

energy issues and the role of hydrogen as an energy carrier. The interviewee group represent 

both EU-perspectives and country-specific perspectives, industry, policy and research 

institution perspectives. A broad range of nationalities, with interviewees from all of the three 

focus countries and others, are represented to create a broad understanding for the development 

in Europe and in the focus countries. Table 1 presents an overview of the interviews, what 

organisations that the interviewees represent and also the topic for the questions and 

discussions. Due to anonymity reasons no names or details that can be associated with specific 

interviews or interviewees are presented in this paper.  

3.4.3 Analysis 

The analysis is performed with the theoretical framework as a basis and the approach is in this 

section explained in detail. The qualitative data analysis starts during the collection of data i.e. 

during the interviews and insights from the initial analysis are used to modify and improve the 

interview questions for the subsequent interviews. The interviews are then transcribed and 

coded for a more comprehensive analysis, to identify themes, patterns and relationships that 

are key to answer the research questions. A template analysis is performed for the qualitative 
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analysis and hence, a coding template is developed. The coding is performed in MAXQDA 

program for qualitative and mixed methods analysis where a template is designed as a 

hierarchical structure with six main groups down to four sub-levels. The six main groups are (1) 

Country perspective, (2) Industry, (3) Energy, (4) Other, (5) Multi-level perspective and (6) 

Technology transfer factors where the first four are descriptive codes and number five and six are 

related to the theoretical framework and hence analytical codes. From the coding seven main 

themes are extracted and are presented in chapter 62:  

• Decarbonisation pathways for the steel sector 

• The role of electricity for industry decarbonisation 

• Industrial symbiosis and cross sectoral collaboration 

• The importance of supporting policy 

• Hydrogen economy 

• The role of public acceptance 

• Changing environment 

These themes reflect the on-going development in the European steel sector in relation to 

decarbonisation and energy. Together with the energy parameters assessed in part 1, they are 

also to be seen as the basis of what factors that constitute an enabling environment for the 

technology of hydrogen-based iron and steel.  

 

A concurrent triangulation design is used, meaning that the quantitative and qualitative data is 

collected and analysed simultaneously and that the findings from the two data sets are 

compared to see whether they support one another. This is done in order to create a richer and 

more comprehensive picture of the research questions (Saunders, Lewis, and Thornhill 2015). 

More specifically this means that the energy parameters and the identified themes (together 

socio-technical factors for an enabling environment) are analysed together with the country 

specific findings on the energy systems and steel industry dynamics. The focus countries are 

analysed from an MLP perspective where the landscape development and different regime 

characteristics are studied to investigate to what extent the focus countries are a socio-technical 

fit for transfer of the studied technology.   

                                                
2 For the quotes presented in chapter 6 it should be noted that some are translated from Swedish 
by the researcher and is not to be taken as a word-by-word representation of the interviewee 
answer.  
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3.5 Research quality and ethics 

The quality of research can be assessed by analysing the reliability and the validity of the research. 

Reliability refers to replicability and consistency of the research, whether the study can be 

replicated by someone else and lead to the same findings. Validity is more related to if the 

appropriate measures are used, if the analysis is accurate and if the result is generalisable 

(Saunders, Lewis, and Thornhill 2015). In short could validity be described as whether the 

research is studying the right phenomenon and reliability is whether it is studied in the right 

way (Blomkvist and Hallin 2014).  

 

In relation to research quality it should be noted that this study has been under some limitations 

that affects primarily the reliability of the research. The main limitation for the secondary data 

collection is language issues. As many relevant documents and reports for the study are only 

available in the national languages, and the language proficiency of the researcher is limited to 

Swedish and English, key points from this kind of data have been translated via Google Translate 

and some reports have been impossible to read and explore thoroughly. A language barrier was 

also experienced in one of the interviews where the interviewee had clear difficulties with 

expressing themself in English, which was not their first language. The other interviews had no 

obvious communication difficulties, however, since many of the interviewees have English as 

their second language, including the researcher, it is possible that nuances in the language could 

not be expressed or was not sensed in the interviews. Another limitation, that also relates to the 

interviews, is the fact that the thesis had no travelling budget and a majority of the interviews 

had to be performed via telephone or video calls. The setting and location of an interview could 

affect the interviewee in terms of trust and credibility to the researcher, and also willingness to 

share personal opinions or other data (Saunders, Lewis, and Thornhill 2015). Therefore, would 

personal contact and face-to-face interviews have been a preferred mode of interviewing. 

However, due to the fact that the interview questions to a very little extent treated personal 

question about the interviewee that could be sensitive for them to share, this is something that 

is not seen as very limiting in the data collection.  

 

Another limitation in the data collection is the number of persons that are interviewed. 13 

people, although experts in their fields, are likely not enough to cover all perspectives and 

knowledge about this case for three different countries. However, a complete investigation is 

likely not possible as perspectives and opinions differ even for people working closely in the 
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same organisation. Given the time and economic limitation, these 13 interviews are valued as 

sufficient to get a good understanding of the most important aspects of the case and its context, 

however, should not be seen as a complete description. The findings from the interviews are 

triangulated with secondary data from key reports, statistics etc.  

 

In relation to ethics, the participating interviewees have been informed about the topic and 

purpose of the thesis prior to the conversation to make sure that they know what kind of study 

they are participating in. In most cases, the questions have been sent to the interviewee 

beforehand, to give them a chance to prepare. This has been done in the purpose of being 

transparent with the research agenda and have contributed to more in-dept discussions as the 

interviewees have been prepared for the interview. Information have also been given to the 

interviewees that their personal participation is anonymised in the report, hence their names 

are not published, but that the company or organisation that they represent will be presented. 

All audio recordings have also been taken with the interviewees’ consent and are deleted at the 

completion of the report.   

 

As in all research, this study is a subject to researcher bias. The risk has been considered 

throughout the work but special attention and effort to avoid bias has been given during the 

interviews and in the analysis of the answers, to put personal conceptions and opinions aside to 

see the answers from an objective point of view. Some quotes are translated from Swedish by 

the researcher and even though the risk of bias in translation have been considered, there is still 

a risk that the tone and nuance is lost or changed in the translation due to personal conceptions 

in the case.   

3.6 System boundaries and simplifications 

To make fossil free primary steel, the entire value chain from iron ore mining and pelletising, 

hydrogen production and storage, direct reduction of the pellets to sponge iron (DRI), steel 

production in the Electric Arc Furnace (EAF) and final treatment processes are to be fossil free. 

This is a complex system and there are several alternatives for either integrated or disintegrated 

value chains for iron, steel and hydrogen production where the level of integration can be 

adjusted to the local conditions. 
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As well as it is possible to have a fully integrated system, there are also possibilities to have a 

disintegrated system where the different processes are separated and located in different 

geographical locations. The most suitable mode, fully integrated or not, depends on the local 

conditions in terms of access to iron ore, access to fossil free electricity, suitable storage 

alternatives for the hydrogen, location of the EAF and so on. In a traditional route the blast 

furnace (iron production) and the converter (steel production) are integrated due to the iron 

being in liquid state after the reduction in the blast furnace. However, in a route based on 

hydrogen and direct reduction, the output after the reduction is the porous material of DRI, or 

sponge iron, which can possibly be transported to an EAF in a different location (or pressed to 

hot briquetted iron, HBI, which is favourable for transportation). The energy required for the 

melting in the EAF depends on the inlet temperature of the DRI, which will be different 

depending on if it has been transported or not. The possibility of transportation opens up for 

the possibility of a disintegrated system where each process can be located based on the most 

suitable local conditions. In the northern of Sweden where the conditions are unique, an 

integrated value chain is possible. However, in a European context the conditions are very 

different, and it is not certain that an integrated system is the most suitable or even possible.  

 

The focus in this study is the energy aspect and therefore, the stages that require the most 

energy and affect the energy system are the most relevant. The electrolysis where the hydrogen 

is produced is the most crucial stage in the process and also the most energy intensive. The 

hydrogen is used in the direct reduction of iron ore to sponge iron (DRI). To produce a sufficient 

amount of hydrogen for the reduction, large amounts of fossil free electricity is required. There 

is also a need for fossil free electricity in the electric arc furnace, however, that amount of 

electricity is only about 0.5 MWh/ton liquid steel while the electrolysis consumes more than 2.5 

MWh/ton liquid steel. For an energy system based on renewable and intermittent electricity 

there is a need for balancing power and a hydrogen storage can play an important part.  

 

Based on this, the system that this study focuses on is a system that include renewable power 

generation, transmission, hydrogen production and storage and finally direct reduction of iron 

ore in the DRI plant. The system will hence leave out the processes before the direct reduction 

such as the pelletising and also the processes after the reduction such as the steel production in 

the electric arc furnace. Figure 9 displays an overview of the system and the boundaries.  
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Figure 9 - System boundaries for the study 

Within the system boundaries some simplifications are made. A certain amount of energy is 

required for the direct reduction in the shaft, to preheat the hydrogen before the reduction 

process for the compression of the hydrogen to the suitable storage pressure. The amount of 

energy required for these activities as well as other minor activities are however small compared 

to the large amounts of energy required for the electrolysis and will hence be disregarded in the 

calculations. The calculations will also disregard heat losses and heat recoveries in the system.  
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4. The steel scene and decarbonisation pathways 
This chapter serves as both an academic literature review and an empirical description of the case 

context. An overview of the current steel scene including sector characteristics, markets, ways of 

producing steel as well as decarbonisation pathways for the sector discussed in literature are 

presented. The hydrogen-based direct reduction technology for iron- and steelmaking and present 

overarching opportunities and barriers for the technology is also introduced.  

4.1 Steel sector 

The steel sector is an old industry and the technology that made it possible to mass produce 

steel was first introduced in the 1850s (World Steel Association 2018b). The sector has the 

typical characteristics of an Energy-intensive industry with large companies, high entry barriers, 

high fixed costs, low profit margins and long investment cycles. The sector have traditionally 

been characterised by mostly incremental innovations with focus on energy efficiency and 

increased productivity (Wesseling et al. 2017). On a global level, the steel sector accounts for 

approximately 7 % of global GHG emissions from fossil fuels (World Steel Association 2018c) 

and have over time, with an increased global focus on climate change mitigation, been facing 

more pressure to develop new processes for decarbonisation which have opened up for more 

radical innovations including carbon capture and storage/utilisation (CCS/U) and hydrogen-

based solutions (Åhman et al. 2018).  

4.2 Steel markets  

Steel is an infinitely recyclable material with a long lifetime and is the most used metal in 

human-made applications globally. There are today over 3,500 different grades of steel with 

differing physical and chemical properties, developed for their specific application requirements 

and new steel grades are developed continuously. The most common steel application is 

construction (51 %) followed by mechanical equipment (15 %), automotive (12 %), metal 

products (11 %), other transport (5 %), domestic appliances (3 %) and electrical equipment (3 %). 

The final steel products can be classified as flat or long products. Long products are often called 

“bulk steel” with less quality and purity requirements and are typically used in construction. 

Flat products are typically used in the manufacturing and automotive industry with a higher 

quality demand and also include different grades of speciality steel (World Steel Association 

2018c).  
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Global steel production has increased rapidly in the latest years and 2017 the global amount of 

steel produced amounted to 1,690 million tons. The top steel producing country is China with 

just over 50 % of the total global steel production volume. China is followed by India, Japan, USA 

and South Korea and together the top five countries account for 72 % of the global production 

(2018) (World Steel Association 2018a). The rapid development have led to an overcapacity in 

the industry where the total capacity is estimated to more than 2,200 million tons yearly (OECD 

2018). 

 

Steel is an important component in a modern society and is seen as key for the solutions required 

to mitigate climate change, building a low-carbon economy and a sustainable world 

(Jernkontoret and Stockholm Environment Institute 2017; World Steel Association 2018b). The 

global demand for steel and steel products is estimated to increase from today’s 1,690 million 

tons to 2,800 million tons yearly in 2050. Economic drivers, increased environmental concerns 

and hence an increased focus on a circular economy have led to a more efficient collection and 

recycling of steel which have boosted the production of scrap-based steel. This trend is believed 

to continue but due to the large increase in demand, there will probably still be a need for 

production of primary steel (HYBRIT 2018). 

 

The price of steel varies to a large extent depending on the characteristics. The price of bulk 

steel is approximately $500-600 per ton while the price of speciality steel can be $2,500-5000 

per ton (MEPS International Ltd 2019; Åhman, Nilsson, and Andersson 2013). There is hence a 

strong premium market for speciality steel with specific characteristics that e.g. the Swedish 

steel sector is heavily reliant on. However, this premium market so far only applies to quality 

characteristics. Today, there is no indications of a potential premium market for CO2-free steel 

where steel customers are willing to pay extra for a more environmentally friendly produced 

product. This could however be the subject of future climate policy discussions and/or supported 

by public procurement (Åhman et al. 2018). 

4.3 Steel production 

Steel is produced in a process where iron is combined with carbon and recycled steel and is a 

material up to 1000 times stronger than iron. Steel is today produced via two main processes, (1) 

the blast furnace-basic oxygen furnace route (BF-BOF) where the steel is often referred to as 
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primary steel and (2) electric arc furnace (EAF) where the steel is referred to as secondary steel 

(World Steel Association 2018c). Historically also other processes have been used for 

steelmaking such as the open hearth furnace (OHF) which dominated the sector during the first 

parts of the last century before a revolutionary technology shift to the BOF and EAF begun in 

the 1960s (Schifman 2018).  

4.3.1 Traditional steel production from iron ore (primary steel) 

The first step in the primary steel production process is mining of iron ore from mines. The main 

iron oxides used for steel production is hematite and magnetite. The iron ore is reduced to iron 

by removing oxygen but before the reduction the iron ore can be refined to pellets for a more 

efficient reduction process. In this process the characteristics of the iron ore is altered in several 

steps to suit the following reduction process in terms of thermal, physical, chemical and 

mechanical properties. The part of the pellet process that generates the largest emissions is the 

sintering which is a thermal agglomeration process where fossil fuels, oil and/or coal, are the 

main sources for the heat generation (HYBRIT 2018). The iron ore pellets are thereafter fed into 

a blast furnace where it is reduced with coke as the reduction agent. The reduced iron is liquid 

and is called “pig-iron”. After the blast furnace, the pig iron is together with scrap steel and 

oxygen transformed into steel in the basic oxygen furnace/LD-converter (BOF). The steel is 

thereafter further treated in secondary metallurgy, continuous casting and rolling (Jernkontoret 

2000a). To produce one ton crude steel from iron ore approximately 1370 kg iron ore and 780 kg 

coal is required and the BOF can be charged with up to 30 % scrap steel (World Steel Association 

2018c).  

 

An alternative way of producing steel from iron ore is the route of direct reduction. In contrast 

to the reduction of iron ore in the blast furnace is the iron ore in this route reduced directly in a 

solid state. The reduction agent is methane from natural gas. The reduced iron in this route is 

called “sponge iron” and has a more porous structure than pig iron which is liquid. The sponge 

iron is after the reduction together with scrap steel processed to steel in an electric arc furnace 

(EAF). After this process the steel is further treated to the final products (Jernkontoret 2000a).  

4.3.2 Steel production from steel scrap (secondary steel) 

An electric arc furnace can also be used to produce so called secondary steel. In this process, 

steel scrap is recycled and fed into an EAF which uses electricity to melt the scrap before it is 
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further processed in secondary metallurgy outside of the furnace. To improve the quality of the 

steel, the scrap can also be mixed with sponge iron in the EAF. There are primarily three types 

of scrap that is used for steel making, (1) scrap that is recirculated within the steel plant, (2) 

scrap from the customers of the steel plant and (3) scrap that is bought with more or less known 

origin e.g. old cars (Jernkontoret 2000b).  

4.3.3 Hydrogen-based direct reduction 

A new breakthrough technology with potential to significantly reduce the emissions from steel 

production is a route based on hydrogen and direct reduction. This route will replace the blast 

furnace where the iron ore is reduced to iron using coke in the traditional route with a shaft 

where the iron ore pellets is reduced with hydrogen as the reducing agent. This process is 

endothermic and therefore, process heat must be added. Similar to the technology of direct 

reduction with natural gas is the reduced iron after the process called sponge iron and is 

processed in an electric arc furnace to steel and thereafter further treated in secondary 

metallurgy, continuous casting and rolling as in current integrated steel production (HYBRIT 

2018; Åhman et al. 2018) 

 

The hydrogen used in the shaft is produced via electrolysis where water is decomposed into 

hydrogen and oxygen by the passage of an electric current. When the electricity used for the 

electrolysis is generated by renewable or fossil free sources, the emissions related to the iron 

reduction process is significantly reduced compared to the traditional route. To further reduce 

the process CO2 emissions and for the process to be basically fossil free, the pelletising of iron 

ore, the process heat in the shaft and the electricity used in the electric arc furnace should be 

with energy from fossil free sources (HYBRIT 2018).  

 

For the iron ore pellets process to be CO2 neutral the fossil fuels used for heating in the sintering 

must be replaced by fuel from renewable sources. For this process different alternatives exist 

including e.g. wooden pellets, bio-coal and fossil free oils. In addition must the characteristics 

of the iron ore pellets be adjusted to suit the hydrogen-based reduction in the shaft instead of 

the coke-based reduction in a blast furnace (HYBRIT 2018).  

 

Figure 10 below presents an overview of the traditional primary route (BF-BOF) and a route 

based on hydrogen and direct reduction.  
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Figure 10 - Iron and steelmaking. Traditional BF-BOF route (left) and hydrogen-based direct reduction (right) (Source: 

HYBRIT 2018) 

4.4 Decarbonisation pathways 

4.4.1 Decarbonising industry 

Power and heat, transport and industry are the sectors related to the largest amount of GHG 

emissions globally (IEA 2018a) and it has been stated that industry is the sector that will be most 

challenging to decarbonise. This is due to the heterogeneity of the sector as well as the GHG 

intensity, trade exposure, cost sensitivity and the long lived facilities (Fischedick, Roy, et al. 

2014). According to Bataille et al. (2018) is it necessary to make decarbonisation of energy-

intensive industry a high priority on the international, national, regional and sectoral agenda to 

make it consistent with the Paris Agreement. It must also be reflected in the nations’ climate 

policies and focused pathways for each region is important to set up. 

 

The literature presents several non-exclusive paths towards decarbonisation of industry. 

Bataille et.al. (2018) proposes that strategies for energy-intensive industries can follow two 

main paths, (1) Keep existing processes, which include the alternatives of carbon capture, 

utilization and storage (CCUS) as well as the usage of alternative heat sources in processes and 

(2) Change existing processes, which includes new technology solutions such as bioliquids and 

gases, electrification and a hybrid electric-hydrogen focus.  
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Usage of biomass and CCUS are familiar and relatively familiar technologies but have both 

geographical and political limitations in their practicability and scalability. For biomass there 

are land use constraints, geological CO2 storages are facing substantial social scepticism in 

certain areas and there are also constraints in suitable sites for CO2 storages. These constraints 

could entail that the electrification and electric-hydrogen pathways are the ones that industry 

need to take eventually and considering the long development times, the ones that need to be 

in the focus of attention already today (Bataille et al. 2018).  

4.4.2 Decarbonising the steel sector 

In a similar way as Bataille et.at. do EUROFER, The European Steel Association, present two 

main pathways for low-carbon innovation projects in the steel sector. (1) Smart carbon usage 

(SCU), which include further usage of existing steelmaking processes using fossil fuels and 

reducing the produced CO2 and (2) Carbon direct avoidance (CDA), which include new processes 

that uses electricity and/or hydrogen from renewable sources to make steel. These pathways are 

accompanied by an overarching strategy of Circular Economy (EUROFER 2018). 

 

It has been estimated that CO2 emissions from steel production can be reduced by approximately 

50 % using the pathway of SCU without carbon capture and storage (CCS) and up to 80 % with 

CCS. The pathway of CDA could achieve a CO2  reduction of 95-100 % compared to the most 

common technology for steelmaking today, the blast furnace-basic oxygen furnace (BF-BOF) 

route (EUROFER 2018). It can be concluded that the climate targets will not be met with current 

processes, even if they are improved, but that new breakthrough technologies are required 

(Axelsson et al. 2018; Åhman et al. 2018). The technology that is the most promising for a 

complete elimination of CO2 emissions from steel production is direct reduction with the use of 

hydrogen as a reduction agent (Energimyndigheten 2018; Fischedick, Marzinkowski, et al. 2014; 

Karakaya, Nuur, and Assbring 2018). 

4.4.3 Direct reduction with hydrogen and the case of HYBRIT 

The technology of direct reduction with the use of hydrogen is currently being developed in 

Sweden by HYBRIT, a joint venture company founded by SSAB (steel production), LKAB (iron 

ore) and Vattenfall (energy) and a pilot plant is planned to be ready for initial testing in 2020 

(HYBRIT 2018). A pre-feasibility study of HYBRIT was completed in 2018 that provided 

important insights for the continuation of the project. It concluded that no serious technical 
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obstacles laid ahead, however, that a complete transformation of the system would require large 

efforts in development and research and that collaboration between companies, institutes and 

academia is key for the success (HYBRIT 2018). 

 

The pre-feasibility study estimated the production cost of hydrogen-based steel to be 20-30 % 

higher compared to today’s production of conventional steel from BF-BOF processes, with the 

key determinants being the price of fossil free electricity, price of carbon emissions and price of 

coke used in conventional steelmaking. Based on expectations of future prices of carbon and 

electricity and the increased awareness and focus on sustainability, hydrogen-based iron and 

steel does not only appear as an attractive solution from an environmental point of view but 

also economically (HYBRIT 2018). 

 

Apart from the HYBRIT-initiative in Sweden, other steelmakers in Europe are exploring 

alternative steelmaking routes based on hydrogen.  

1. Austria's biggest steel producer Voestalpine have joined in a consortium called 

H2FUTURE with Siemens, VERBUND and Austrian Power Grid and are now building a 

pilot facility for green hydrogen planned for initial testing during 2019. The facility will 

be used in research purposes and the long term vision is to use the hydrogen for a low-

emission steel production based on direct reduction (H2FUTURE 2018).  

2. In 2018, the German steel company Salzgitter launched the project SALCOS and are 

collaborating with the Fraunhofer Institutes and other partners to research alternative 

steelmaking using hydrogen and direct reduction (Salzgitter AG 2019). Salzgitter is also 

part of an adjacent research project called GrInHy (Green Industrial Hydrogen) that are 

developing a proof-of-concept of a high-temperature industrial electrolyser for 

integrated iron and steel production (GrInHy 2019).  

3. In February 2019 the largest steel company in Germany, ThyssenKrupp, announced that 

they are investing €10 billion in CO2 free steel production based on hydrogen before 2050 

(Knitterscheidt 2019). 

4. In 2017, ArcelorMittal investigated a switch from natural gas to 100 % green hydrogen 

in their direct reduction plant in Hamburg, which is the only direct reduction plant in 

Europe. The investigation concluded that an operation with only green hydrogen would 

be technically possible, but not economically feasible with the current conditions and no 

further effort has been put into the hydrogen pathway (Hölling, Weng, and Gellert 2017).  
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5. In 2018, the big steel producer Tata Steel joined Nouryon and the Port of Amsterdam to 

study the feasibility of a hydrogen cluster in Amsterdam, based on green hydrogen. The 

initial plan is a 100 MW electrolysis facility with the ambition to scale the technology 

further. The plan is for Nouryon to operate the facility and for Tata Steel to use the 

oxygen in their processes, and to explore routes where hydrogen is used to make useful 

chemicals and products out of the steel plant emission. No plans to use hydrogen for 

direct reduction in the future has so far been expressed (Nouryon 2018).  

4.4.4 Opportunities and barriers for hydrogen-based direct reduction 

The pre-feasibility study of HYBRIT as well as other literature discusses overarching 

opportunities, uncertainties, barriers and challenges of this technology and the transition to a 

low carbon steel industry, of which not all but some of the most apparent are presented below: 

• Access to fossil free electricity 

Green electrification of industry in general and the production of fossil free hydrogen in 

particular requires access to a substantial amount of electricity from renewable sources. In 

Sweden, a HYBRIT steelmaking route is estimated to require between 10 and 15 TWh of fossil 

free electricity per year which is within the same range as Sweden’s average export of electricity 

during the years 2012-2016 of 15.9 TWh (HYBRIT 2018) and is approximately 10 % of Sweden’s 

current electricity production (160.5 TWh 2017) (SCB 2018b). An overall trend in society of 

increased electrification entails that the demand for electricity will increase in general and a big 

challenge for the energy system is to meet this demand.  

 

• Future price of electricity and carbon 

Not only is access to electricity important for the low carbon transition and the feasibility of 

hydrogen-based iron and steel but also access to affordable electricity. For the electricity-

demanding hydrogen-based steel the electricity price will have a major impact on the price of 

steel and hence the competitiveness with conventional steel on the market. Also the price of 

emitting carbon e.g. emission allowances in the EU Emission Trading System (EU-ETS), will have 

a big impact of the competitiveness of green steel compared to conventional steel (Vogl, Åhman, 

and Nilsson 2018; Mayer, Bachner, and Steininger 2019).   

 

• Future market for green steel 

The pre-feasibility study of HYBRIT showed that a hydrogen-based route for steelmaking would 

increase the production cost of primary steel by 20-30% compared to the conventional 
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steelmaking route. Since that kind of green steel does not exist today it is hard to know what the 

demand and the willingness-to-pay is for that kind of product on the steel market. So far, no 

indications of a premium market for green steel have been observed (Åhman et al. 2018). 

However, a study performed at Chalmers University of Technology shows that a substantial 

increase in the carbon price (100 € /tCO2) of steel would increase the final price of a mid-size 

European car by less than 0.5% (Rootzén and Johnsson 2016). This gives strong indications that 

an increased price of raw steel due to it being “green” will not have a noticeable effect on the 

final prices of the final products.  

 

• Supporting policies and regulatory framework 

The transformation to a low carbon steel industry will only be possible with sufficient policy 

effort to drive innovation and investments in the technologies that can make this possible. A 

policy tool frequently discussed is carbon pricing which include e.g. direct carbon pricing 

through taxation or cap and trade. There might also be a need for governments and institutions 

to share the risk of the development of breakthrough technologies, e.g. through public funding 

for R&D or by using the purchasing power to create a market pull for low carbon products 

(Bataille et al. 2018). One potential downside of too strong climate policies in a region is the risk 

of carbon leakage and a weaker global competitiveness. To implement adequate policy measures 

for this transitions without risking the profitability and competitiveness of the sector is a big 

challenge for policy makers (EUROFER 2018). 

 

• Financing and risk 

The investment costs required for piloting and upscaling are in both the HYBRIT case and for 

other technologies and low carbon initiatives very high and imply a high risk (Karakaya, Nuur, 

and Assbring 2018). EUROFER estimates that the required financing for commercializing the 

ongoing initiatives in EU for decarbonising the steel industry amounts to €10 billion over 10-15 

years’ time (EUROFER 2018). This include R&D, demonstrations of the technologies’ feasibility 

and new facilities, which must be planned in accordance with existing investment cycles for 

current production facilities (HYBRIT 2018). 

 

• Long development times  

These kinds of breakthrough technologies typically have long development and implementation 

times which implies a big challenge to meet the need for urgent CO2 emission reductions within 

industry. Another barrier lies in the fact that due to the long development times, the generation 
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that carries the macroeconomic costs of the development might not be the ones actually 

benefiting from the transition. In short term some effects of the efforts could be rather non-

beneficial with e.g. increased unemployment. This could be a barrier for both financing and 

required policy measures (Mayer, Bachner, and Steininger 2019).  

 

• Use of hydrogen storage for balancing the electricity grid 

A hydrogen storage is essentially an energy storage. In a future with an energy system more 

reliant on intermittent energy sources such as wind and solar, demand for electricity must be 

more flexible and balancing functions such as storages must be integrated in the energy system. 

A hydrogen storage has the potential to play an important role in a future energy system where 

a big storage can provide balancing services to the electricity grid for several days. This is 

possible through the operational flexibility of the electrolysers. Hydrogen can be generated and 

stored in times with low electricity prices (and hence high production of electricity from 

intermittent sources) and excess hydrogen can then be used in times of higher electricity prices 

(Vogl, Åhman, and Nilsson 2018).  

 

• Technology spill-overs and industry symbiosis 

The decarbonisation transition of the steel industry is strongly intertwined with the same 

transitions in other industries, especially the electricity sector (Bachner et al. 2018). The 

transition pathway of decarbonisation therefore includes several sectors and technology 

progress in one industry can also benefit the progress in another industry. For instance could 

the transport sector and electricity sector profit from developments in the steel industry 

(Axelsson et al. 2018).  

4.5 The Swedish energy system 

Sweden’s electricity sector is unique in EU with very low CO2 emissions related to generation 

due to a 52 % share of renewable power and a 43 % share of nuclear power (Svenska Kraftnät 

2019b). The renewables are dominated by hydro which accounts for 41 % of the total generation, 

followed by wind that accounts for 11 %. An overview of the electricity generation in Sweden is 

presented in Figure 11.  
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Figure 11 - Electricity generation in Sweden by source 2018, in TWh and percent (Data source: Svenska Kraftnät 2019b) 

 
Sweden is a part of a bigger Nordic-Baltic trade area called Nord Pool where electricity is traded 

day-ahead and intra-day. The Swedish electricity sector is divided into four electricity areas, 

from north to south they are numbered SE1-SE4. SE1 and SE2 are dominated by hydro and in 

SE3, the nuclear reactors are located. SE4 is an area with little power generation but high 

consumption. The electricity generation by source in the four electricity areas are presented in 

Figure 12. In the north, there in an excess of electricity and in the south, there is an electricity 

shortage. Thus, are electricity transferred from the north to the south, a transfer that is limited 

due to certain transmission capacities in the grid. There is an ongoing development by the 

Swedish TSO Svenska Kraftnät to increase this capacity and ensure the power supply in the 

entire country (Svenska Kraftnät 2019a).  

 

 
Figure 12 - Electricity generation in Sweden by electricity area and source (Data source: Svenska Kraftnät 2019b) 

 
Wind power have undergone a strong development in Sweden in the last years; from 241 MW of 

installed capacity and an annual output of 447 GWh in 2000 to 7300 MW and 16.7 TWh in 2018 
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(Energimyndigheten 2019). This strong trend is expected to continue. In a recent forecast by the 

Swedish Wind Energy Association (SWEA), the installed wind capacity in Sweden is predicted to 

13.9 GW in 2022, with an expected output of 38.5 TWh (SWEA 2019), as presented in Figure 13.  

 

 
Figure 13 - Actual wind power development in Sweden 2000-2018 and forecast for 2022 (Data source: Energimyndigheten 

2019; SWEA 2019) 

4.5.1 Swedish energy and climate policy 

The Swedish energy policy aims to unite ecological sustainability with competitiveness and 

security of supply and are tightly coupled with energy and climate targets on an EU level. In 

2016, Sweden launched the Agreement on Swedish energy policy (Energiöverenskommelsen) 

with a target of 100 % renewable power generation by 2040 and net-zero emission of GHG by 

2045, of which at least 85 % of the reductions are to be within Sweden. After 2045, the goal is to 

achieve negative emissions (Regeringskansliet 2016).  

 

Even though the target is 100 % renewable power by 2040, this is not a ban of nuclear power and 

nuclear plants will not be shut down due to political decisions. The question about nuclear and 

the future of nuclear in Sweden has recently become a subject of political debate. From a 

previous political consensus of shutting down nuclear reactors at the end of their lifetime or 

when it is not economically feasible to run them, a few parties in Sweden have now come forward 

claiming that nuclear power will be needed also in the future and that the energy target should 

be reformulated to “100 % fossil free electricity” (Kristersson, Bohlin, and Rosencrantz 2019). 

However, this demand have faced strong criticism, by experts and political actors with key 

arguments that nuclear is twice as expensive as wind or solar power and that it is only a political 
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strategy to demand this and that it will not have any influence in practise (TT 2019; Hylander 

and Sidén 2019).  

 

Sweden aims at being an international leader, showing that it is possible to achieve a climate 

transition while at the same time keep and strengthen national welfare and competitiveness. 

The goal of enterprise and industrial policy is hence to increase Swedish competitiveness while 

also contribute to the global sustainable development goals. Sweden also aims to be one of the 

first fossil free welfare states in the world and have thus launched the initiative Fossil-Free 

Sweden that is a platform for dialogue, cooperation and inspiration among different actors; from 

the government to cities and businesses (Ministry of the Environment and Energy 2018a). 

Sweden has also launched the initiative Industrial Leap under which the government will invest 

SEK 300 million annually from 2018 to 2040 in research, feasibility studies and full-scale 

investments for reducing process-related emissions in Swedish industry (Ministry of the 

Environment and Energy 2018b).  
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5. Energy requirements for hydrogen-based iron and steel  
In this chapter, the findings from part 1 are presented i.e. key energy requirements for hydrogen-

based direct reduction of iron ore.  

5.1 Energy parameters 

Given the defined boundaries in 3.6 System boundaries and simplifications, the system that is 

considered in the following calculations include electricity production and transmission, 

hydrogen production and storage and direct reduction of iron ore to sponge iron as presented in 

Figure 14.  

 
Figure 14 - System overview 

DRI plant 

The direct reduction is where iron ore is reduced to sponge iron with hydrogen as the reducing 

agent, as presented in Figure 15.   

 

 
Figure 15 - Direct reduction elements 

The amount of hydrogen required for the reduction to produce one ton sponge iron is 

approximately 49 kg, or 545 Nm3
 H2 (Vogl, Åhman, and Nilsson 2018; Universal Industrial Gases, 

Inc. 2018). Approximately 0.3 MWh electricity is needed in the DRI shaft and some energy is also 

needed for pre-heating of the hydrogen before the reduction (HYBRIT 2018). However, as stated 

in 3.6 System boundaries and simplifications, these energy flows are in this case disregarded as 

the energy required for the electrolysis (where the hydrogen is produced) is of such dominance.  
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Electrolysis 

Electrolysis is a process where water is split into its components, hydrogen and oxygen, by an 

electric current. There are currently two main commercial technologies for electrolysis, Alkaline 

electrolysis and Proton Exchange Membrane (PEM) with different characteristics both in terms 

of maturity and electricity consumption. Alkaline electrolysis is a mature technology and is 

currently associated with the lowest production cost. PEM not as mature but under rapid 

development and has some dynamic advantages such as a more compact design and higher 

flexibility in operation (Zorica, Vuksic, and Zulim 2014). Electrolysis is a modular technology 

where a big facility would consist of several parallel electrolysis stacks. The capacity of the 

current biggest stacks is approximately 600 Nm3 H2 per hour. The planned capacity of a 

electrolysis facility based on the HYBRIT concept is over 100 parallel stacks (HYBRIT 2018).  

 

The electricity consumption per Nm3 hydrogen differs between 4.6-5.6 kWh/Nm3, depending on 

the technology (alkaline electrolysis or PEM) with an expected decrease of approximately 0.2-

0.4 kWh/Nm3 for both technologies in the future due to technology and efficiency improvements 

(HYBRIT 2018). The 545 Nm3 H2 required for the production of one tonne sponge iron need 

approximately 2,5-3 MWhe (depending on the electrolysis technology) for the hydrogen 

production.  

 

The electrolysis facility can either be placed close to the electricity generation e.g. close to a 

wind farm, and the hydrogen can then be transported in pipes to the DRI plant, or it could be 

located close to the plant, given that the conditions of local energy system are right. One option 

is also to decentralise the system and locate the electrolysers separately close to several different 

power production sites (Mohseni 2019). 

 

Energy infrastructure requirements 

The power requirement for the electrolysis in this system is to a large extent depending on the 

capacity of the DRI plant i.e. how much sponge iron that is produced, and the operation of the 

plant, where the capacity requirements naturally increases with a bigger plant and the need to 

reduce more iron ore.  

 

For a certain DRI plant capacity, the power requirements for the electrolysis exceeds the 

installed capacity where a connection to the transmission grid is required which could entail 
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very large costs. In Sweden a connection to the transmission grid is required for capacities 

exceeding ~ 600 MW (Rehnholm 2019).  

 

Hydrogen storage and the role of balancing 

One factor that also affect the power requirement is the integration of an underground hydrogen 

storage. A large-scale hydrogen storage can be of great significance in an energy system largely 

based on intermittent energy sources such as wind and solar and serve as a balancing function 

for the grid. In addition, it can strongly improve the value chain economics as the hydrogen 

production can be flexibly produced based on the electricity price (HYBRIT 2018).  

 

To be able to use the electrolysers and the storage as a balancing function for the grid, the 

capacity requirements increases compared to if no storage is integrated and the electrolysis is 

performed simply just when the DRI plant is operating. To support the grid during periods of 

large electricity generation, the electrolysers must have a capacity to load the storage without 

stopping or reducing the hydrogen supply to the DRI plant (Mohseni 2019).  

 

There are some different available alternatives for a large-scale hydrogen storage, where the 

local conditions are the biggest determinant for which alternative that is most suitable. The 

most cost effective storage alternative today is pressurised underground storage where salt 

caverns, pipe storage and lined rock cavern are valued as the most suitable for this purpose 

(HYBRIT 2018). Salt caverns are cavities built in underground salt deposits and are suitable for 

high pressure storage over 200 bar. Salt caverns are currently the only proven technique for large 

scale underground hydrogen storage and have large advantages compared to many other 

underground storage alternatives in terms of low construction costs and relatively 

uncomplicated operation. Pipe storage are currently used for short term storage of natural gas 

but is not tested for hydrogen. The feasibility of pipe storage is independent from the geological 

conditions and due to the fact that hydrogen pipes already exist, it is considered a soon 

achievable option to store hydrogen in pipe storage (HyUnder 2013). For the Swedish conditions 

where no salt deposits are present underground and pipe storage is estimated too costly, lined 

rock cavern seems like the most suitable option as it is demonstrated in Sweden for natural gas 

with promising results (HYBRIT 2018).  
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5.2 Results from model 

The results from the model for a base line scenario is presented in Figure 16. The calculations 

are based on an operating time of 8000 h per year for the DRI plant, an electricity consumption 

of 5 kWh/Nm3 for the electrolysis and without the integration of a hydrogen storage.  

 
Figure 16 - Energy and power requirements base line scenario 

The electricity required for the reduction to one tonne of sponge iron is approximately 2.7 kWh 

based on the defined assumptions. Hence, approximately 2.7 TWh per year is required for the 

direct reduction of one million tonnes. The corresponding power requirement for a facility with 

that production rate is 341 MW which then have to be constant during all operation hours of the 

year. This is hence the minimum installed capacity of the electrolyser for a sufficient supply of 

hydrogen to the DRI plant and as pointed out, this would require maximum output of the 

electrolyser during DRI plant operation and does not allow for any flexibility in electrolyser 

operation. For a facility of three million tonnes DRI annually the energy and power requirements 

are approximately 8.2 TWh and 1022 MW respectively and for a very large facility of five million 

tonnes the requirements are 13.6 TWh and 1700 MW.  

 

If a hydrogen storage is to be integrated with the purpose to serve as a balancing function for 

the grid and/or to improve the system economics, there is a need for a larger electrolyser 

capacity to allow for a more flexible operation and the maximum power requirements increases. 

What installed capacity that is required depends on the desired flexibility, i.e. at which rate the 

storage can possibly be loaded/what balancing power to provide to the grid.  
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In a second scenario where a hydrogen storage with a capacity to supply the DRI plant for 7 days 

operation is integrated and the electrolysers have an excess capacity of +100 % compared to the 

base line case, the results are as presented in Figure 18. In this scenario, when the electrolysers 

are in maximal operation, the DRI plant is fully supplied with hydrogen for the reduction and 

the hydrogen storage is loaded at the same rate as the plant demand (as shown in Figure 17), 

which allows for a flexible operation of the electrolysers depending on the electricity price etc.  

 

 
Figure 17 - Maximum hydrogen flow Scenario 2 

 
Figure 18 - Results scenario 2 

In scenario 2 the annual energy requirement is equal as in the base line scenario as the same 

amount of iron ore is reduced, whilst the requirement for electrolyser installed capacity is 

doubled i.e. 680, 2044 and 3407 MW for one, three and five million tonnes respectively. The 

correlation is straightforward as the higher flexibility that is desired in electrolyser operation, 

the larger the installed capacity is needed. The optimal dimension of electrolyser capacity given 

a certain electricity price fluctuation, installation cost of electrolyser, storage size etc. is 

currently not fully explored, but a dimension of x2 compared to the DRI plant demand is 

according to experts a valid estimation at the moment (Rehnholm 2019).  
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A potential configuration is to couple the electrolyser directly to a power production site, e.g. a 

wind farm, where the generated electricity is directly used for hydrogen production. To 

maximise the utilisation of the generated wind power usually the same capacity is installed for 

both the electrolyser and the coupled wind farm (Godula-Jopek 2015). Depending on whether 

the electrolyser is also coupled to the grid and the chosen electrolyser technology (PEM or 

alkaline) the optimal dimension of the power and hydrogen production varies. Given that wind 

is an intermittent energy source, the design and operation of the electrolyser must be adjusted 

for that configuration. A wind farm coupled with the electrolyser in scenario 2 would have the 

same installed capacity as the electrolyser, i.e. approximately 2000 MW for a DRI facility with 

an annual capacity of 3 million tonnes. However, given that the capacity factor of an average 

wind turbine in Europe is about 0.22-0.37 (onshore vs. offshore) (Komusanac, Fraile, and 

Brindley 2019), that system is likely to need a connection to the regular grid as well to secure 

the supply of hydrogen. To increase the independence of a grid connection, the system needs a 

larger installed capacity which naturally is associated with larger costs. A completely 

autonomous system entirely supplied by a connected wind farm or other intermittent energy 

source would naturally not have the ability to support the grid with balancing services.  

 

Scenario 3 represent a case where a wind farm is coupled directly to the electrolyser to supply 

electricity for the hydrogen production. The installed capacity is increased to match the yearly 

output of a wind farm with a capacity factor of 0.35. As presented in Figure 19, the installed 

capacity increased to approximately 900, 2700 and 4400 MW for annual production rates of one, 

three and five million tonnes DRI respectively. Given that the average onshore wind turbine size 

in Europe is 2.7 MW (Komusanac, Fraile, and Brindley 2019), this would be equal to 330, 990 and 

1650 average wind turbines. It should be noted that this is only an approximate value of a yearly 

output and that it could vary from year to year. No consideration is in this model taken to 

seasonal changes e.g. less wind production during the summer, and it is likely that a system of 

this dimension and storage size would not be able to manage these variations without a 

connection to the grid. However, the numbers give an indication of how much wind power that 

must be installed to supply a DRI facility with the required amount of electricity (/hydrogen).  
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Figure 19 - Results scenario 3 

 
There are many considerations that would be required to take into account when optimising the 

dimension of the system, especially when coupled with intermittent power sources, and the 

local conditions e.g. wind profile and electricity price, could play very important parts. This 

optimisation lies outside the scope of this study and thus will scenario 2 be used for comparison 

and overall assessments for different locations. Scenario 2 is to be viewed as a rough estimation 

to give an indication of the power requirements for this system.  
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6. Steel and energy in Europe  
In this chapter the findings from part 2 of the data collection is presented i.e. both qualitative and 

quantitative data that is related to the context of decarbonisation of European iron and steel industry. 

First, general findings related to the conditions for hydrogen-based iron and steel in relation to the 

current status and developments in EU are presented. These findings are presented according to the 

themes that were identified during the coding and analysis of the interviews and can be interpreted 

as an assessment of the factors for an enabling environment for this technology. Second, a focus 

country assessment is presented where the steel producing countries in Europe are compared and 

three focus countries are selected based on certain criteria. Third, the country perspective of the three 

focus countries are presented in regard to both qualitative and quantitative aspects.  

6.1 Factors affecting the conditions for hydrogen-based iron and steel 

Below are the seven themes identified during the analysis of the interviews as especially relevant 

for industry decarbonisation and the adoption of hydrogen-based iron and steel presented, 

supported with quotes from the interviewees.  

6.1.1 Decarbonisation pathways for the iron and steel sector 

The interviewees’ perspectives on the different decarbonisation pathways for the steel sector 

varies, however many interviewees stressed the importance of not only developing and applying 

new production technologies, but also to increase circularity and materials efficiency of steel-

based products and to design suitable business models for this. Although there were differing 

attitudes among the interviewees towards the different technologies associated with the 

emission reduction pathways for steel e.g. CCS, CCU and hydrogen-based direct reduction, there 

was a consensus that all technologies are more or less needed, in order for a sufficient reduction 

of the production related emissions in the steel industry.  
 

“You can look at various combinations of those pathways: more CCS, less hydrogen, more 

circularity etc. There are multiple combinations, but all pathways show that you will need a bit of 

all. You can’t say that we go completely without CCS for example.” 

Representative from think tank, April 2019 

 

“There is a broad acceptance that this issue is not one that only has one solution in terms of 

technology. It depends on the local conditions.”  

Representative from the steel industry, March 2019 
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These statements are also supported by the Industrial Transformation 2050 report by Material 

Economics that is described by several interviewees as a key document. The report presents 

three pathways to net-zero emissions for steel by 2050 with different main approaches, (1) based 

on new processes i.e. electrification in the form of hydrogen, (2) based on circular economy and (3) 

based on carbon capture and storage. All pathways have different requirement in terms of 

electricity demand, cost and recirculation but one conclusion is that all the different 

technologies are needed in all of the different pathways, to varying extent. Another conclusion 

is that materials efficiency and circularity have so far received too little attention and that these 

factors are key in the transformation to a net-zero steel sector (Material Economics 2019).  

6.1.2 The role of electricity for industry decarbonisation 

The clear importance of abundant and affordable electricity was stressed by many of the 

interviewees, both in regard to decarbonisation of energy-intensive industry as a whole but also 

specifically in regard to the steel sector. According to a report by IES, a potential final electricity 

demand for energy-intensive industries could be around 3000-4000 TWh per year in 2050 (Wyns, 

Khandekar, and Robson 2018). For the steel sector, Material Economics estimate the electricity 

demand to between 210-355 TWh per year based on which pathway that is pursued. The highest 

electricity demand is for the new processes pathway including hydrogen, 355 TWh (Material 

Economics 2019). The perception among the interviewees is that this is one of the biggest, if not 

the biggest, challenge for the transition.  

 

“The biggest challenge for me in this decarbonisation strategy is the enormous amount of additional 

electricity that is needed” 

EU representative, April 2019 

 

“We also don’t have the answer, but we recognise that that is a problem and that is discussed a lot 

in Brussels. Everyone is complaining about their need for abundant and affordable electricity, 

carbon free electricity.” 

Representative from think tank, April 2019 

 

“A key factor is energy.” 

Representative from the steel industry, March 2019 
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The fact that many other sectors e.g. transportation have electrification as the main 

decarbonisation pathway creates a potential future problem of high competition or lack of 

available electricity. In many countries this electrification of the industry, transport sector and 

other will have to happen at the same time as the power sector need to decarbonise and if this 

huge demand cannot be met with renewable sources there is a risk of a continued dependence 

of fossil-based power e.g. from coal. In some countries, the only feasible way to achieve net-

zero could possibly be by prioritising a transition for the key sectors and sectors with no other 

decarbonisation alternative first, which would likely mean a prioritisation of the power sector 

and perhaps also the transport sector before heavy industry and the steel sector. From a system 

perspective would a large-scale increase in electricity consumption in industry not make sense 

even if that would mean an end to e.g. using coking coal in steel production, if that transition 

would entail a continuation or even an increase in fossil dependent electricity production e.g. 

coal-based power.  

 

The interviewees agree that the electricity dependence is a real challenge and that the 

developments in industry and the energy sector are strongly interlinked. However, far from all 

industry actors are actively supporting and taking part of the energy transition. 

 

“It seems to me that some actors are waiting for this energy transition to happen before they can 

take the risk of investing in this pathway. I think we have to do it simultaneously, we must have 

faith in that we will manage the energy transition too.”  

Representative from the steel industry, April 2019 

 

“Electricity is a real problem, but I have heard this argument so often that I now start to get a bit 

sceptical, if it is just used as a reason not to act.” 

Representative from academia, April 2019 

6.1.3 Industrial symbiosis and cross sectoral collaboration 

As it stands clear that the transformation in the industry is highly related to the transition in 

the energy sector and also other sectors it also becomes apparent that these transitions need to 

go hand in hand. A problem of today, identified by a couple of interviewees are silo thinking 

where problems are discussed and solutions are developed in silos, by the different sectors 
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independently. There are common features in the necessary solutions among different 

industries and technologies based on hydrogen is one. Hence, some similar infrastructure and 

development needs are shared between industries and there is a lot to gain by collaborating 

across borders. The perception of one interviewee is:  

 

“I think from an EU perspective some DG’s have always talked about environment and climate, but 

my view is that the collaboration within the commission has been seriously improved lately.” 

Representative from academia, April 2019 

 

The fact that the commission have asked the industry for a common road map for 

decarbonisation can also be interpreted as a way to try to break the silos between different 

industries. A coming reorganisation within the European commission where the current unit for 

coal and steel is merged with other units into a bigger one for low carbon emission industry also 

indicates efforts on increased collaboration. Even though there are some efforts on crossing 

industrial borders, silo thinking is still a large barrier of today and could possibly be managed 

with policy efforts to incentivise more collaboration between industry and the energy sector, 

but also among industries.  

 

To reduce the emissions related to steel production a key aspect is increased recirculation of 

steel as well as materials efficiency, to lengthen the service life of steel products etc. This is 

highlighted by several interviewees and is a key message in the Industrial Transformation 2050 

report. When the focus shift from only questions regarding technology, the issue is also 

extended beyond the steel sector. As an example, copper contamination is a big barrier to 

increased recycling of steel since it affects the quality. To overcome that problem, solutions 

including alternative product design are proposed which would include other actors that just 

the steel producers and collaboration between different sectors could simplify measures like this 

to a large extent.  

 

When it comes to the steel industry, industrial symbiosis and collaboration across borders is 

something that has been present to a certain extent for a long time. As one interviewee 

expressed it:  
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“Industrial symbiosis is kind of a buzz word, but it is nothing new for the steel sector. For example, 

the slag from the production is used in the cement industry. Waste heat can be used for residential 

heating. I think the step to industrial symbiosis is relatively small for the steel industry.” 

Representative from academia, April 2019 

6.1.4 The importance of supporting policy 

One thing that almost all interviewees have stressed as important is that the transformation is 

not just about developing the best technologies, but that it needs to be supported by the right 

policy framework.  

 

“I think it is really important to remember that when you talk about industry decarbonisation that 

you talk both about the technical side of it but also the policy side. That well yes, there are a lot of 

technical problems that needs to be solved, but at the same time you need to think about the policy 

instruments because even if all technical solutions are solved, the companies wouldn’t invest in 

these new technologies if they don’t know that there is a reliable regulatory framework to make sure 

that they can compete on a global level.” 

Representative from think tank, April 2019 

 

“I think the biggest challenge is to create a policy framework that enables companies to invest into 

these new low carbon steel making technologies and to be sure that if they do, they will be a market, 

someone would support them with the additional investment costs and so on. And keep the 

competitiveness in the short term but also in the long term” 

Representative from think tank, April 2019 

 

Supporting policies that have been mentioned by the interviewees have to a large extent been 

focused on creating a market for green steel and supporting the companies in this transition. A 

big barrier right now is the large uncertainty and risk related to demand and production costs of 

new steel production technology. Due to the global overcapacity in the steel industry and that 

steel is a global commodity and is traded all over the world it is important that a low carbon 

transition in the European steel industry is done in a way where the companies can keep their 

competitiveness. Feasibility studies indicate that the cost of producing fossil free steel based on 

hydrogen would be approximately 20-30 % higher than conventional steel and the market 

outlook for that steel with current market conditions is weak. In addition, the EU ETS has not 

yet lived up to its designed purpose and the carbon price is still at a low level. These factors are 
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strong barriers for companies to invest in low carbon technologies but could be managed with 

the right policies. Through a well-designed policy framework, the government could reduce or 

share the risk of the investments, create an artificial demand in terms of e.g. public procurement 

or set material and product standards. A majority of the interviewees agree that up until now 

there have been too weak and too few incentives for large investments for emission reductions 

and that these investments have been associated with too high risk and uncertainty. Various 

policy measures are needed to change this; however, the right policy mix in not yet found.  

 

“I think there must be a political answer. If it would be economically viable for companies, they 

would do it or they could do it. But at the moment, it seems to be difficult from the economic 

perspective. So, I think mindset is one issue and the other one is economics. And I think the 

economics can be solved with a political agreement.” 

Representative from academia, February 2019 

 

“But it is really about how to somehow create an equal playfield where companies compete on 

environmental performance rather than on price. And the final solution there is not found yet.” 

Representative from think tank, April 2019 

 

Once again, due to the strong interlinkage between industry and energy development, the 

industry policies must be designed in accordance with energy policy. Also trade policy or even 

things like accounting rules e.g. for stranded assets could be measures that are relevant for the 

low carbon development in the steel industry. Policies to enable an increased recirculation of 

steel could also be relevant e.g. to limit the level of copper contamination in steel scrap.  

6.1.5 Hydrogen economy 

A majority of the interviewees are saying that they are currently experiencing a buzz regarding 

hydrogen and hydrogen-based solutions. However, there are varying opinions and perceptions 

of the future of a hydrogen economy. Some are saying that hydrogen will be an important energy 

carrier for the future with hydrogen storage as key for grid balancing services in an energy 

system with a lot of intermittent, renewable sources. As an effect of this buzz around hydrogen, 

or perhaps also partly as creator of the buzz, the EU High Level Industrial Roundtable "Industry 

2030" have named Hydrogen technologies and system as one of six strategic value chains for EU 

to coordinate actions within and invest in.  
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“I feel like there is definitely a buzz around hydrogen. Kind of like CCS was ten years ago.” 

Representative from academia, April 2019 

 

“Hydrogen will be needed, not only for hydrogen-based steel making, but also for the chemicals 

industry. There will therefore be a certain competition for that hydrogen.” 

Representative from the steel industry, March 2019 

 

Others are more sceptical regarding the future role of hydrogen with key arguments that the 

infrastructure needs and required investments for large scale hydrogen are too big to make it 

the best solution economically. That hydrogen can serve well in specific industrial applications, 

for example hydrogen-based iron and steelmaking, but that the production of hydrogen will be 

site specific and no large-scale infrastructure needs to be built.  

 

“Why transport hydrogen when you can just transport electricity in the already existing grid 

infrastructure? It doesn’t seem like the best alternative to put the money in building a complete new 

infrastructure of hydrogen, when you can instead invest less money in modernising the grid.” 

Representative from the energy sector, April 2019 

 

There is also a big debate regarding blue vs. green hydrogen, and whether to “accept” blue 

hydrogen as part of the solution. Some are convinced that a step wise transition where blue 

hydrogen can play in important role is the right way while some argue that using blue hydrogen 

is only a way of prolonging the gas infrastructure in some countries and that there are many 

alternatives that are better both from an environmental and economical perspective. Even 

though the EU High Level group have identified hydrogen as an important value chain the debate 

is still young and there are large uncertainties related to the scalability, security etc.  

 

“I don’t think there has been any credible studies, this is still a very new thing that is coming up. But 

that is currently the discourse and I know that there are fierce arguments.” 

Representative from think tank, April 2019 

6.1.6 The role of public acceptance 

Even though in theory some solutions and technologies are better than others there are many 

other factors that affect the feasibility of these. Several interviewees have stressed the 
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importance of public opinion and that low public acceptance for a solution could be a 

determinant barrier for a certain development. Many of the technologies and solutions 

discussed in regard to steel industry decarbonisation are things that are not always 

unproblematic in society’s eyes. For example, CCS and nuclear power are two technologies that 

have faced a lot of resistance in some countries. Also technologies like wind turbines are facing 

“not in my backyard” problems and hydrogen is something that could possibly create a public 

debate in the future.  

 

“I think public acceptance is very important, on all aspects. We will have to close our dirty plants in 

the future which will affect people living on the country-side with that as their main income. That is 

negative public acceptance that creates lock-in effects for business-as-usual.” 

Representative from academia, April 2019 

 

What is also important is that public opinion change and, in some cases, it can change very fast. 

Some technologies or solutions that are widely accepted today might face serious problems with 

public acceptance in the future and on the contrary could things that are not accepted today in 

the future be fully accepted solutions.  

 

“I think this new generation have completely different thoughts. I think public awareness will play a 

more important part in the future, we haven’t really cared before but now there is a strong green 

wave among young people that will change what we accept or not.” 

Representative from academia, April 2019 

6.1.7 Changing environment  

A majority of the interviewees agrees that there has been a recent change among policymakers, 

the industry and individuals in the discussions about decarbonisation and emission reductions. 

This change is still ongoing and there are beliefs among the interviewees that it will keep 

growing even stronger.  

 

“There is definitely a change of mindset. Something is going on. But there is not really a detailed 

study on why it happens, what are the factors etc.” 

Representative from academia, February 2019 
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“There are fewer and fewer people questioning that this is a problem.” 

Representative from the steel industry, March 2019 

 

“There is a lot more talking about decarbonisation than just five years ago. People have realised 

that this is an important question… Things are happening, and we are moving forward.” 

Representative from the academia, April 2019 

 

In this changing environment several initiatives and projects for a low carbon industry 

transition both within and outside the steel sector have been initiated and one enabling factor 

for this is according to at least two interviewees a clearer playfield for companies set out by the 

Paris Agreement, the Sustainable Development Goals and national targets as a base. In addition, 

there are some roadmaps for the way ahead and there are financing alternatives for innovation 

and development of new technologies. However, as discussed in previous sections there is a 

perception among several interviewees that even though there is a change in how people are 

talking about this, the economic incentives for the companies to change are still not strong 

enough to actually make the transition happen.  

 

As there is a change in the mindset of individuals, it is also likely that the public opinion changes 

and this can create both increasing pressure and additional challenges in the future and it is 

currently very hard to predict the consequences of these changes.  
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6.2 Country assessment  

6.2.1 Parameters for selection 

The selection of focus countries for the study is made primarily based on three main selection 

parameters; (1) total crude steel production, (2) share of primary and secondary steel and (3) fossil 

free and renewable electricity generation. In addition, a diversity among the countries in terms of 

energy system characteristics and ongoing hydrogen initiatives for steelmaking (as presented in 

3.3 Research process) was considered.  

 

Crude steel production 

Only countries with a comparable or larger total steel production than Sweden have been 

considered in the selection. Germany is by far the biggest steel producing country in EU with a 

total crude steel production of 43 million ton in 2017, or 26 % of the total production in the 

European Union. Germany is followed by Italy, France, Spain and Poland which are the countries 

with a yearly crude steel production exceeding 10 million ton. Countries with a steel production 

comparable to Sweden is Slovak Republic and Czech Republic with a yearly total of 5 and 4.5 

million ton respectively (World Steel Association 2018a).  

 

Share of primary and secondary steel  

As the hydrogen-based direct reduction is a technology for replacing the blast furnace in the 

traditional route of primary steelmaking, the technology is mostly relevant for countries with a 

high degree of primary steel from iron ore (BF-BOF route) and less relevant for countries with a 

high degree of secondary steel from steel scrap (EAF). Netherlands is the only country in EU that 

has a 100 % primary steel production. Also Austria (91 %), Slovak Republic (93 %) and Czech 

Republic (95 %) have a very high degree of primary steel (World Steel Association 2018a).  

 

Fossil free/renewable electricity generation 

To produce a sufficient amount of hydrogen for iron ore reduction the amount of electricity 

required is as previously mentioned very large. Sweden’s electricity production is 98 % fossil free 

and 57 % is from renewable sources which is a unique position in EU. France has the second 

highest degree of fossil free electricity production (90 %) in EU due to a large electricity 

generation from nuclear power plants. The same goes for Slovak Republic, 79 % of the electricity 

is fossil free due to the country’s nuclear electricity. The country with the highest degree of 
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electricity from renewable sources is Austria (74 %) of which 63 % is from hydropower (EEA 2018; 

IEA 2018b). 

  

An overview of the selection parameters and country statistics for the top 12 steel producing 

countries in EU are summarised in Table 2 below.  

 
Table 2 - Characteristics of top 12 steel producing countries in EU (Data source: World Steel Association 2018a; EEA 2018) 

6.2.2 Selected countries 

Three countries in Europe are chosen as focus countries for the study based on the quantitative 

selection parameters while also considering a qualitative perspective on energy system 

differences and ongoing hydrogen-based initiatives for steel.  

 

Firstly, Germany is selected as a focus country. Germany is the biggest steel producer in EU with 

68 % primary steel and are currently pursuing an ambitious energy transition to phase-out the 

fossil coal-based power and increase renewables. Secondly, France is selected as a focus country. 

France is the third biggest steel producer in EU with a 70 % share of primary steel making and 

90 % fossil free electricity. No steel initiatives with hydrogen are yet initiated in the country. 

Both Germany and France can be considered key players in EU cooperation with large influence 

and power, and to study those countries is interesting also from an EU perspective. Lastly, Italy 

is chosen as a focus country for the study. Italy is the second largest steel producer in EU and no 

initiatives for hydrogen-based steel is yet initiated in the country. Even though only 20 % of the 

steel is primary steel, this quantity is still as large as the total steel production in Sweden, 

including both primary and secondary steel. What also makes Italy an interesting country is the 

large potential for renewable energy production (Meneguzzo et al. 2016) and that Italy holds the 

steel production site with the largest capacity in the entire Europe, in the southern Italian city 

of Taranto (ArcelorMittal Italia 2018a).  
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Even though Austria is valued as interesting according to the selection parameters, the country 

is not chosen as one of the focus countries. This is due to the fact that the primary steel producer 

in Austria already has an ongoing initiative for hydrogen-based steelmaking and the country is 

hence not as relevant from a technology transfer perspective. There are ongoing initiatives in 

Germany as well, however the country is still chosen as a focus country. This is due to the fact 

that the two ongoing initiatives do not represent the entire production of primary steel in the 

country and technology transfer is still relevant.  
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6.3 Focus country: Germany 

6.3.1 Energy system and infrastructure 

The German electricity sector is characterised by a high dependence on coal and natural gas 

which together accounts for about 50 % of the electricity generation. The electricity generated 

from renewable sources have increased significantly from about 7 % in 2000 to 35 % in 2018, 

where the biggest share is from onshore wind power (BMWi 2019c). An overview of the 

electricity generation in Germany by source is presented in Figure 20 below.  

 

 
Figure 20 - Electricity generation in Germany by source 2017, presented in TWh and percent (Data source: BMWi 2019) 

 

Germany is divided into 16 geographical areas called states or 

in German, Bundesländer (see Figure 21). As presented in 

Figure 22, the states with the largest renewable electricity 

generation is Bayern in southern Germany, Niedersachsen 

and Schleswig-Holstein in the north-western parts of the 

country. The general patterns of the generation coincide with 

the geographical conditions of the country, wind power is 

dominant in the northern states where the wind conditions 

are good, whereas hydro and solar are more dominant in the 

south where the hydro and solar potential are higher 

(Schmidt-Curreli et al. 2017).  

Figure 21 - German states 
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Figure 22 - Renewable power generation in German regions by source 2016 (Data source: AEE 2017) 

 
Even though the large scale wind farms are mainly located in the north where the average wind 

speeds are the highest, there are also large potential for wind power in the south, given that 

suitable turbines for those wind speeds are used (Schmidt-Curreli et al. 2017). A study that 

investigated the wind power potential in Germany concluded that about 8 % of the land area in 

Germany could be suitable for wind power production. It is concluded by the study that to utilise 

2 % of this area for wind power production is fully realistic (Bofinger et al. 2011). Figure 23 

presents an overview of the estimated onshore wind power potential along with the current 

installed capacity in the different states and as clearly shown is there large unexploited potential 

in many states.  

 
Figure 23 - Onshore wind power potential in German regions (Data source: AEE 2017) 
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According to a forecast of the German energy supply, given a scenario (Klima 2050) where the 

objectives of the energy transition are met, the amount of onshore wind power production will 

amount to 190.4 billion kWh per year and offshore wind power will amount to 90.7 billion kWh 

per year in 2030  (Nitsch 2016; Schmidt-Curreli et al. 2017) which can be compared to the 

production in 2018 of 93.9 billion kWh and 19.4 billion kWh for onshore and offshore 

respectively (BMWi 2019c). (AEE 2017) 

 

There is also a big unexploited potential of electricity generation from solar, which is in the 

Klima 2050 scenario predicted to increase from the 2018 generation level of 46.3 TWh (BMWi 

2019c) to 104.9 TWh per year in 2030. The levels of electricity from bioenergy and hydropower 

are expected to increase only marginally.  

 
Figure 24 - Future scenario of renewable electricity in Germany (Data source: Nitsch 2016; Schmidt-Curreli et al. 2017) 

6.3.2 Energy policy 

In 2011 the anti-nuclear debate in Germany following the Fukushima nuclear accident led to the 

decision to shut-down the existing nuclear plants in Germany. For many people this indicated 

the start of the large energy transition in the country called the Energiewende, however, the 

term Energiewende has in fact been used since the 1980s (Wettengel 2017). The Energiewende 

have to a large extent driven the national development in the energy sector in this century with 

the aim to phase out nuclear power to 2022, significantly increase the share of renewables, 

increase energy efficiency and reduce CO2 emissions (BMWi 2015).  

 

The base in German energy policy is reliability of supply, environmental soundness and 

affordability. A key factor for the fulfilment of the national energy and climate goals and for the 

success of the energy transition is good cooperation, and to achieve this, the Federal Ministry 

for Economic Affairs and Energy (BMWi) have set up five energy transition platforms to enable 
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dialogue between business, government, society and science. The five platforms are electricity 

market, energy efficiency, energy grids, buildings and research and innovation.  

 

One of the most important measures for the Energiewende is the EEG 2017, Renewable Energy 

Sources Act, with the aim of increasing electricity production from renewable sources in 

Germany while also securing a cost-effective development that is compatible with the grid 

(BMWi 2017). The targets for renewable electricity of total electricity generation is:  

• 40-45 % by 2025 

• 55-60 % by 2035 

• at least 80 % by 2050 

The EEG includes many different policy measures such as feed-in tariffs, payments for flexibility, 

grid capacity expansion and more.  

 

For coal-based power generation Germany have recently (January 2019) decided on a phase-out 

by 2038 with the possibility to end in 2035, given the right conditions. This phase-out will be 

step-wise with the switch off of 12.5 GW capacity by 2022 and another 13 GW by 2030 (BMWi 

2019a).  

 

Grid networks 

The German grid network infrastructure is outdated and is in the current state unable to cope 

with a future energy system based on a high share of renewables instead of nuclear, gas and 

coal-fired power plants. The grid must be upgraded and expanded to be able to transport large 

amounts of electricity from wind in the north to the south and west of Germany and at other 

times be able to transport electricity generated from solar in the south to the northern parts 

(BMWi 2015). Therefore, a big expansion and modernisation of the grid has been initiated within 

the Energiewende called the Electricity Grid Development Plan and “electricity highways” are 

built. The development will comprise about 7,500 km transmission lines. 1,800 km of this are 

new extra-high voltage grids where the majority run or will run from the north to the south 

(Bundesnetzagentur 2019a, 2019b).  

 

The need for the new lines is urgent in regard to a successful energy transition, however, the 

construction is lagging behind the rapid development of renewable electricity. Public 

acceptance for these projects is crucial and one of the biggest factors for the finalisation of the 

required new networks before the nuclear shut-down in 2022 (Schmidt-Curreli et al. 2017). 
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6.3.3 German steel industry 

Germany is the largest steel producer in Europe, both in 

terms of total crude steel production and in terms of 

primary steel (World Steel Association 2018a). The primary 

steel market is dominated by ThyssenKrupp, ArcelorMittal 

and Salzgitter that together have five primary production 

sites, of which two are in Duisburg in Northrein-

Westfahlen, one in Bremen, one in Salzgitter in 

Niedersachensen and one in Eisenhüttenstad in 

Brandenburg. Three other companies also produce primary 

steel but to lower volumes; HKM, Saarstahl and Dillinger 

with sites in Duisburg, Völklingen and Dillingen (Neitzel 

2017). Figure 25 presents an overview of the primary steel 

production sites in Germany. (VW Stahl 2017) 
Figure 25 - Locations primary steel production 

 in Germany (Modified from: WV Stahl 2017) 

 

As previously mentioned, there are two companies that have announced that they are/will invest 

or look into investments and development for hydrogen-based steel production, Salzgitter with 

the initiative SALCOS and most recently ThyssenKrupp.  

6.3.4 Outlook for hydrogen-based iron and steel in Germany 

Electricity 

Germany has a current annual primary steel production of 30 million tonnes and to produce that 

amount of sponge iron from a hydrogen-based direct reduction route would require over 80 TWh 

electricity. It should be noted that this amount is for the hydrogen production required for the 

direct reduction only, and not for the entire route including the electricity required for the EAF. 

If this electricity is included, the demand increases to over 100 TWh.  

 

Given the current state of the German power sector, to produce this amount of fossil free DRI 

would require approximately 30 % of the current fossil free power generation. In a future 

scenario of 2030, as presented in Figure 24, it would amount to approximately 18 % of the 

renewable power generation in the country.  
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The capacities of the blast furnaces vary between approximately one to four million tonnes of 

steel, with several companies having multiple blast furnaces. The biggest steel producer 

ThyssenKrupp have four blast furnaces on two sites in Duisburg (ThyssenKrupp 2014) and to 

produce the amount of hydrogen that would be needed for the direct reduction of an equal 

amount as these sites would require 31 TWh, over 10 TWh more than the total current electricity 

from offshore wind in the entire country. The required installed capacity of electrolysers for this 

production rate is almost 7800 MW (given scenario 2 presented in 5.2 Results from model). 

Looking at the site in Bremen where there are two blast furnaces (ArcelorMittal 2012), the 

electricity that would be required for an equal amount of DRI production is 6.7 TWh and the 

installed capacity of the electrolyser for that production rate would amount to 2700 MW 

(scenario 2).  

 

Steel industry 

The steel industry in Germany is in the interviews described as having a history of being quite 

conservative, however that that is now slowly changing. The reasons for this are described as a 

change in mindset of the entire German population and a generation shift in the steel industry 

where younger people with a more innovative mindset are coming in to the industry. One 

interviewee highlighted that there are large differences between the steel companies in 

Germany when it comes to innovation, energy efficiency etc. This is described as related to 

different company cultures and differing perceptions of innovation and change and different 

corporate capabilities.   

 

Policy 

German energy policy and energy development is as previously mentioned largely driven by the 

rapid shut-down of nuclear and increase of renewables. The renewable development has so far 

been very successful due to supporting policies such as feed-in tariffs etc. In Germany’s national 

energy and climate plan there is a strong emphasis on the need for a cross sectoral strategy and 

cooperation, and that energy policy also affect other fields of policy such as economic, 

environmental, social and industrial policy. There is also an emphasis on that the growth of 

renewables need to be stepped up, not only to achieve the national energy and climate targets, 

but also to support the additional demand of electricity from other sectors such as heavy 

industry in their efforts of reaching climate goals (BMWi 2019b). The need for electricity for 

industry decarbonisation is clear and especially relevant if the hydrogen pathway for iron and 
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steel production is to be pursued. The clear expression of industrial relevance in the national 

energy plan is thus very important for the outlook of hydrogen-based steel.  

6.4 Focus country: France 

6.4.1 Energy system and infrastructure  

 
Figure 26 - Electricity generation in France by source 2017, presented in TWh and percent (Data source: RTE 2018) 

The French power sector is characterised by its nuclear power that amounts to 72 % of the total 

power generation in the country. Renewables accounting for 18 % of the power generation 

makes the French power sector 90 % fossil free. A majority of the renewable electricity is 

generated from hydro (10 % of total generation) followed by wind (4 %). Solar and bioenergy 

accounts for 2 % each of the total generation. An overview of the power generation in France by 

source is presented in Figure 26. 

 

France is divided into 13 regions, as presented in  

Figure 27, where a majority of the hydro and solar 

power is generated in the southern regions and the 

Alpes and a majority of the wind power is generated 

in the north. The installed capacity as well as the 

total power generation in the French regions are 

presented in Figure 28 and Figure 29.  
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Figure 27 - French regions 

 
Figure 28 - Installed renewable capacity in French regions by source 2017 (Data source: RTE 2018) 

 
Figure 29 - Renewable electricity generation in French regions by source 2017 (Data source: RTE 2018) 

The nuclear power plants are distributed in most parts of the country, as presented in Figure 30.  
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Figure 30 - Nuclear plants in France (Modified from: RTE 2018) 

6.4.2 Energy policy 

France has recently (March 2019) launched a Multi-Annual Energy Plan (PPE) which is a strategy 

for energy and climate for the years 2019-2023 and 2024-2028 (Ministère de la Transition 

écologique et solidaire 2019). In addition, due to the danger of global warming and climate 

change and to meet the targets of the Paris Agreement, France has an articulated a National Low 

Carbon Strategy to reach carbon neutrality, called Stratégie Nationale Bas-Carbone (SNBC), that 

serves as a policymaking roadmap in terms of climate change reduction (Ministère de la 

Transition écologique et solidaire 2015) 

 

In the PPE, targets for future installed renewable capacity are presented. The capacity will 

increase by 50 % to 74 GW in 2023 and double to 102-113 GW in 2028 compared to the level in 

2017. This means that 36 % of the electricity will come from renewable sources, compared to 

today’s level of 18 %. Wind and solar are the two renewables that will have the largest increase 

while hydro and geothermal will increase marginally. In Figure 31, the PPE targets for installed 

capacity of wind, solar and hydro are presented for 2023 and a low and high scenario for 2028.  

 
Figure 31 - Installed renewable capacity targets for France  
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In the PPE, it is also stated that four to six nuclear reactors will be shut down by 2028 and that 

14 reactors will be shut down to 2035. In 2035 the nuclear share of the electricity will be down 

to 50 %, from today’s level of 72 %. The outlook after 2035 is still uncertain, whether nuclear 

plants that reach the end of their lifetime will be replaced with new nuclear or not.  

6.4.3 French steel industry 

France currently produce approximately 11 million tonnes of primary steel annually (World 

Steel Association 2018a). This production is divided between two locations; Dunkirk in Hautes-

de-France in the north with a three blast furnaces and 

a capacity of over 6 million tonnes and Fos-sur-Mer 

in Provence-Alpes-Côte d'Azur in southern France 

with two blast furnaces and a capacity of 

approximately 5 million tonnes (ArcelorMittal 2012; 

ArcelorMittal Europe n.d.). There are also two blast 

furnaces in Florange that have been mothballed since 

2012 and will not be put back in operation (Europe1 

2018). An overview of the primary steel production 

sites in France is presented in Figure 32.  

Figure 32 - Primary steel productions sites in France 

6.4.4 Outlook for hydrogen-based direct reduction in France 

Electricity 

To produce the equal amount of DRI from hydrogen as the current primary steel production in 

France of 11 million tonnes would require approximately 30 TWh of electricity, which amounts 

to about 6 % of the total fossil free electricity in the country. This is only for the direct reduction, 

when including the electricity for the EAF and other processes, it increases to about 37 TWh.  

 

For the two primary steel plants, in Dunkirk and Fos-sur-Mer with capacities of six and five 

million tonnes respectively, the annual energy requirements are 16 and 13.5 TWh and the 

required installed capacity of the electrolysers for the hydrogen production is about 4100 MW 

and 3400 MW for that production rate (given scenario 2 presented in 5.2 Results from model). 

This means that the capacity of the electrolyser required for a DRI plant with a capacity equal to 

the size of Dunkirks current annual primary steel production, would be slightly more than the 

current total installed wind capacity in the entire Hautes-de-France region. For Fos-sur-Mer the 



 72 

required capacity for the electrolyser is about 150 MW more than the total installed capacity of 

hydro in the entire region of Provence-Alpes-Côte d'Azur.  

 

Steel industry 

The steel industry in France is by one interviewee with expertise in the sector described as “very 

conservative” for various reasons. One reason being company culture, another that the French 

steel industry have gone through difficulties economically due to the global overcapacity and 

that there are no incentives for new innovative investments. One thing stressed by several 

interviewees was also the powerful labour force in France that needs to be considered for 

investments, initiatives etc. that could affect jobs or/and skills required.  
 

Policy  

There are great ambitions for carbon neutrality in France, presented in the SNBC and the PPE. 

The policies are formulated in the SNBC to support industries in their low carbon transitions 

and to take an active part in developing and adopting disruptive technologies. The steel industry 

and electrolysis for iron ore is specifically mentioned as one of these technologies and the 

support to innovation will be direct in terms of sharing innovation risk or guaranteeing usage 

opportunities. CCS and CCU are highlighted as very promising and the support for these 

technologies will be for research and public policies.  

 

As presented in 6.4.2 Energy policy, the PPE lays out an ambitious roadmap for the energy sector 

with focus on reducing energy consumption and diversifying energy mixes by increasing 

renewables, shut down coal-fired power stations and decrease the share of nuclear in power 

production to 50 %. The iron and steel sectors are in the PPE specifically highlighted and over 

the period covered by the plan, the aim is to demonstrate innovative processes that enable a 

complete replacement of coal usage in iron and steel production.  

 

France has also presented a €100 million national plan for hydrogen development called Plan de 

déploiement de l’hydrogène pour la transition énergétique, with a focus on energy, industry and 

mobility. In the plan, hydrogen is highlighted as one important pillar in a carbon-neutral energy 

model and according to the French Minister Nicolas Hulot presenting the plan in June 2018, the 

intention is to make France the world leader in this technology (Ministère de la Transition 

écologique et solidaire 2018; Sampson 2018). The industry specific goals of the hydrogen plan 

are 10 % decarbonised hydrogen in industrial hydrogen use by 2023 and 20 % to 40 % by 2028. 

For the energy sector a strong focus is energy storage and grid services.  



 73 

 

The targets in SNDC as well as the PPE and the hydrogen plan are high and if achieved, they 

would support a low carbon transition and possibly the adoption of the technology of hydrogen-

based direct reduction for iron and steelmaking. However, several interviewees stressed that 

France in general are good at setting high national targets but are often weak in implementation 

due to insufficient policy measures to actually achieve the targets. There are also concerns that 

the rapid development of new renewable capacity is not very well coordinated with the existing 

energy system. Given that there are uncertainties about the future of nuclear beyond 2035, 

whether new capacity will be built when current plants reach the end of their lifetime, there 

could be a future problem of French overcapacity in terms of electricity generation. The 

possibility to export all the excess electricity is limited due to physical transmission restrictions 

and the alternative to expand the cross-border transmission capacity is not unproblematic due 

to political factors.  

6.5 Focus country: Italy 

6.5.1 Energy system and infrastructure 

In contrast to Germany and France does Italy not have any power production based on nuclear. 

Instead, the Italian electricity sector is characterised by a high share of natural gas which 

accounts for 44 % of the electricity that is generated in the country. Renewable electricity 

accounts for 39 % where hydro power is the main renewable source with 15 % of the total 

generation of electricity, followed by solar (8 %) and wind (6 %) (GSE 2018). An overview of the 

domestic electricity generation is presented in Figure 33.  

 
Figure 33 - Electricity generation in Italy by source 2016 (Data source: IAE 2018b) 
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Italy is a net energy importer and the second largest importer of natural gas in Europe. The 

natural gas is to 44 % supplied by Russia, via pipelines across Ukraine and southwestern Europe. 

Italy also import a vast amount of natural gas from Algeria and Libya. About 16 % of Italy’s 

electricity is directly imported from neighbouring countries where France accounts for about 

half of the electricity import. Even though Italy does not have any domestic nuclear power 

generation, nuclear electricity is hence imported from France (EIA 2017). 

 

Italy is divided in 21 regions, as presented in  

Figure 34. A majority of the hydro power is generated in 

the northern regions whereas the wind power mainly 

comes from the south. There are good solar conditions in 

the entire country, especially in the south, and solar power 

is generated in close to all regions. An overview of the 

generated electricity from renewables as well as the 

installed renewable capacity in all regions is presented in 

Figure 35 andFigure 36 below.  

 

 

Figure 34 - Italian regions 

 

 
Figure 35 - Renewable electricity in Italian regions 2017 (Data source: GSE 2018) 
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Figure 36 - Installed renewable capacity in Italian regions 2017 (Data source: GSE 2018) 

6.5.2 Energy policy 
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growth of more than three times the 2017 production of 22 TWh. This translates into 30 GW of 

new installed solar PV capacity between 2020 and 2030, as stated in the SEN. The target for wind 

capacity is 18.4 GW of total installed capacity by 2030, an 8.6 GW increase from the capacity in 

2017 of 9.8 GW. This will result in about 40 TWh of electricity from wind by 2030, and a total 

renewable electricity generation of 186.8 TWh.  

 

To be able to integrate this amount of renewables in the grid requires a big effort in 

strengthening the network areas and addressing congestion problems, in order to maintain 

optimal network services. The Italian TSO Terna, together with the national utilities, have 

ongoing projects to secure this. The projects include enhancements of the north-south 

connections, investments for voltage regulation and stability, increasing cable capacity, 

reinforcing the south and island grids and more. By 2030 5,700 km electric cable will be upgraded, 

of which about half will be completely new lines (TERNA 2018).  

6.5.3 Italian steel industry 

The steel industry in Italy is characterised by a large share of scrap-based production. 

Approximately 20 % of the 24 million tonnes of steel produced in Italy is primary steel, which 

amounts to just under 5 million tons. The primary production is dominated by a big site in 

Taranto in the southern of Italy, that has a capacity of around 8-9 million tonnes, however the 

current output is about 4.7 million (Mussa, European Parliament, and Directorate-General for 

Internal Policies of the Union 2016). Since 2013, the 

site in Taranto has experienced difficulties in regard 

to local environment and health and two out of five 

blast furnaces were closed down, hence the low 

output compared to the production capacity. In 

September 2018 the former ILVA site was acquired by 

ArcelorMittal with the ambition to restore previous 

production levels of 9.5 million tonnes to 2023. This 

will require imported steel feedstock as the current 

production is limited to 6 million tonnes per year 

with an expected increase to 8 million when the 

environment plan is completed (Maliushkina 2018).  

Figure 37 - Locations with primary steel capacity in Italy 
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There is also a blast furnace in Piombino in Tuscany, however it was shut-down in 2012 and has 

not been taken back in operation (SteelOrbis 2012). There has been a lot of turbulence around 

the steel mill in Piombino associated with a lot of uncertainty about the future. In 2018, big 

efforts from new owners of the plant, the Indian company Jindal, with the aim of relaunching 

the steel production was initiated. However, the blast furnace will be replaced by electric arc 

furnaces for the steel production (Panicucci 2018).   

6.5.4 Outlook for hydrogen-based direct reduction in Italy 

Electricity 

The share of primary steel production in Italy is compared to Germany, France and Sweden low, 

only about 20 % of the total crude steel production, or in quantities: 4.7 million tonnes. The 

electricity required to produce the equal amount of DRI via a hydrogen-based route is 13 TWh, 

which represent 12 % of the renewable electricity generation in Italy today. In a future scenario 

of 2030 with the national targets for renewable electricity achieved, it would amount to 7 % of 

the renewables. It should be noted that this electricity is only for the hydrogen production for 

the direct reduction, and do not include the electricity for the other processes. It the electricity 

for the EAF etc. are included, the electricity demand is increased to 17 TWh.  

 

There is current only one operating primary steel plant in Italy, in Taranto in the Puglia region. 

The electrolyser capacity required for a DRI plan of this production rate is 3200 MW (given 

scenario 2 presented in 5.2 Results from model). Puglia is the region in Italy with the second 

largest installation of renewable capacity with a total of 5450 MW. In 2017 these installations 

generated 10.7 TWh electricity, 2.3 TWh less than what would be needed for the hydrogen 

production. The renewable electricity generation in the neighbouring region Basilicata 

amounted to 2.8 TWh in 2017. Thus, would a DRI facility and attached hydrogen plant of this 

size consume almost all the renewable electricity generated in the regions Puglia and Basilicata 

combined.  

 

Steel industry 

As the primary steel site in Taranto has experienced difficulties in regard to local environment 

such as air and water quality, the focus from the new owners have recently been to manage these 

in order to restore production levels. This focus has however not included significant CO2 

emission reductions through new processes, but minor reductions through energy efficiency in 

current processes. The future development is hard to predict, either are these local 
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environmental concerns the start of a bigger environmental and climate ambition, that could 

possibly open up for a future hydrogen-based process, or perhaps will this work stay limited to 

only local environment and these issues will get all the attention and resources also in the future. 

Even more likely than these two alternatives is that Taranto will follow the development and 

strategy of the bigger company group, that are now exploring CCU and the possibility to make 

commercial ethanol from steel production waste gases (ArcelorMittal Italia 2018b).  

 

Policy 

Italy has a clear strategy for energy and electricity development with targets in line with the 

Paris Agreement. The country fulfilled and exceeded their 20-20-20 target of share of 

renewables in gross final consumption (17 %) already in 2015, and it is the SEN pointed out that 

Italy is way ahead of many other European countries, Germany and France among others, that 

at the time had not yet achieved their targets. However, the energy relevance for industry is only 

highlighted in terms of that high energy prices can affect the global competitiveness of Italian 

energy-intensive industries and thus employment rates and that an increased effort for energy 

efficiency is necessary within industry to reach national targets. Electrification for industry 

decarbonisation is not highlighted in this strategy.  

 

The country also has a clear national strategy for industry development, called Industria 4.0. The 

strategy is a €18 billion initiative from 2017-2020 with key objectives of modernising 

manufacturing and support the digitisation of the Italian economy. The initiative aims to attract 

private investments to support innovative technologies and to support companies to be more 

competitive by adapting to and embracing a digital transformation (Klitou et al. 2017). Even 

though digitalisation can serve as enabling for emission reductions, energy efficiency etc. the 

focus of Industria 4.0 is not primarily environmental or climate concerns and the relevance for 

a possible hydrogen driven steel industry transformation is not obvious.  
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7. Analysis and discussion 

In this chapter the findings on a general level and country specific levels are analysed with the 

theoretical framework of MLP and technology transfer as a starting point. The chapter starts with an 

analysis of the seven identified themes where the qualitative data from the interviews are related to 

the quantitative data and the implications for adoption of hydrogen-based iron and steel in Europe 

in general and in the focus countries specifically are discussed. This is then further analysed from the 

perspective of MLP and technology transfer. Lastly, the implications for the future and possible future 

developments are discussed.  

7.1 Enabling environment for hydrogen-based iron and steel in Europe 

The seven themes identified from the interviews are themes that characterise the current 

discourse regarding steel industry decarbonisation and hydrogen-based iron and steel 

production in Europe. All seven aspects are hence characteristics of the socio-technical context 

and key for understanding the conditions for technology transfer and to what extent there is an 

enabling environment for the adoption of the technology in a potential host country.  

 

Decarbonisation pathways for the iron and steel sector  

Even though there are uncertainties and different opinions about the right way forward to 

reduce emissions related to steelmaking, there is a consensus about the significance of not only 

a technological solution but also an increased focus on materials efficiency and circularity. This 

is something stressed by the interviewees as well as the Industrial Transformation 2050 report 

(Material Economics 2019), and with this comes an uncertainty regarding the future demand for 

primary steel. In the pathways that Material Economics present it can be seen that independent 

on which pathway that is pursued, the European production of steel from iron ore will decline 

by 2040 even though the total demand for steel increases and saturates at approximately 190 

million tonnes per year (13.7 tonnes per capita), from today’s levels of 163 tonnes annually. For 

the three different pathways the predicted primary steel production in EU are in 2040 73.3, 40.5 

and 90.7 million tonnes, compared to today’s primary production of just over 100 million tonnes. 

Other reports confirm this downward trend, not just in the EU but also globally. A report by 

Accenture estimates the peak of global primary steel demand to somewhere between 2020 and 

2025 (Accenture 2017). 
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Given this possible decrease in demand for primary steel, it is not likely that building more 

primary steel production capacity in Europe is going to be a feasible investment. Therefore, 

would a scenario where technology transfer of hydrogen-based direct reduction technology for 

replacing existing blast furnaces in Europe be more plausible than an effort for adding more 

capacity, green or not.  

 

The role of electricity for industry decarbonisation 

One of the biggest challenges for industry decarbonisation, and a factor that could be a 

determinant for which emission reduction pathway that is going to be dominant in the steel 

sector, is access to fossil free electricity. The status of the power sector and to what extent it is 

decarbonised are in the EU countries very varying although the electrification pathway is shared 

among many sectors in the entire EU, such as heavy industry, transportation, heating etc. 

However, in order to be able to electrify these sectors, the power sector needs to be able to supply 

enough fossil free electricity. Therefore, it is key that in the countries that still have high 

emissions related to power generation, the decarbonisation of electricity and other sectors 

happen simultaneously. From a system perspective, it does not make sense to start using 

electricity in industrial processes if that leads to a continuation or increase in dependence on 

fossil-based electricity. A barrier for industry decarbonisation is a high-emission power sector 

where the country puts its recourses into that sector first, and where industry decarbonisation 

is a later priority.  

 

The best enabling environment for the adoption of hydrogen-based technology for iron and 

steelmaking is thus where the power sector has or are in the process of decarbonisation. Sweden, 

with its very low CO2 emissions from the power sector, is thus a country with a very good 

enabling environment for this technology.  

 

In Germany there are big efforts for an energy transition, and the country has taken on the role 

as a pioneer in renewable electricity. However, the shut-down of nuclear plants have led to a 

prolonged dependence of fossil coal for power generation and hence made a decarbonisation of 

the power sector more challenging. Electricity-wise, the best conditions for a domestic supply 

of electricity for hydrogen production is in the northern parts of the country where there are 

good conditions for wind power generation, both onshore and offshore as well as a lower 

consumption of electricity than the south. Today, many energy-intensive industries are located 

in the southern or western parts of the country, which are also areas with high population. When 
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the nuclear plants are shut down more electricity needs to be transferred from the north to other 

parts of the country and the ongoing efforts to upgrade and adapt the grid for this is lagging 

behind due to issues with public acceptance and other. From a system perspective it would be 

favourable to situate more energy-intensive activities in the north, to ease the large cross-

country transmission needs.  

 

France’s power sector is to 90 % decarbonised and they are today net exporters of electricity. 

Hence, there have good conditions for producing fossil free hydrogen for iron and steelmaking. 

A potential future overcapacity of electricity due to a rapid development of renewable sources 

and a limitation in exporting it due to border transmission capacities, could mean very 

favourable conditions for hydrogen production and if not used domestically, also export of 

hydrogen. This would require large infrastructure investments and cross-country agreement and 

cooperation.  

 

Even though Italy is the country with the highest share of domestic renewable generation among 

the focus countries, the country is highly dependent on imported natural gas for electricity 

generation and also direct import of electricity. There is a large focus on increasing renewable 

power production and integrating it with the grid. However, the main objectives for this 

development are to reduce energy dependency and improve energy security and there is not a 

large focus on electrification of industry for decarbonisation.  

 

Industrial symbiosis and cross sectoral collaboration 

It stands clear that the challenges faced by industries are to a great extent shared and that silo 

thinking is one barrier for overcoming those challenges. Collaboration between different actors 

(industry, research, institutions, politics etc.) and between industries is needed. The clear 

relation between energy and industry decarbonisation, as elaborated in the previous section, is 

both a big challenge and an opportunity for cross sectoral collaboration.  

 

In countries where the need for collaboration among different actors and between different 

sectors is realised and seen a potential win-win situation for everyone, the outlook for 

overcoming the big challenges are better, and hence, there is a better enabling environment for 

industry decarbonisation in general which also apply to the hydrogen-based technology for iron 

and steel.   
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The HYBRIT initiative is one example of cross sectoral collaboration where industry actors (iron 

and steel) are working together with an actor within the energy sector. In addition, is research 

institutions, academia and a governmental organisation (Swedish Energy Agency) involved. This 

is a sign of a good enabling environment for collaboration between different actors in Sweden 

and also an indication of the development that is possible in environments that support this 

kind of cooperation.  

 

In Germany, there are efforts for creating a platform for dialogue and cooperation between 

different key actors in the energy transition. As one example, the German Federal Government 

hosts the Berlin Energy Transition Dialogue (BETD) which is a forum for high-level policymakers, 

industry, science and the civil society to share experiences and ideas on the energy transition. 

In this forum, there is a strong focus on industry and climate justice for the energy transition, 

and as previously elaborated it is of key importance to see and act on the relation between energy 

and industry decarbonisation. Another example is the strong emphasis on sectoral coupling and 

that industry is clearly mentioned in the German national energy and climate plan. This puts 

Germany ahead of the two other focus countries, France and Italy, as they are not as progressive 

in this area.  

 

The importance of supporting policy 

A clear policy framework that support the development of new low carbon technologies needed 

for industry decarbonisation is key for the success. With the current market conditions where 

the willingness to pay a premium for low carbon products are still low and the costs associated 

with investments, development and production are high, there are not enough incentives for 

companies to take the risk associated with these innovations. Policies that reduce or share the 

risk of the development of these low carbon technologies are key and the best enabling 

environment for technologies like these, including the technology for hydrogen-based iron and 

steel production, is in countries where the necessary policy framework is in place or at least up 

for advanced discussions.  

 

Policy on the EU level applies all of the focus countries e.g. the EU ETS, but there are also 

possibilities for countries to implement even more ambitious policy, accustomed for the 

regional conditions and needs. Policy for supporting innovation and development of new low 

carbon technologies are discussed in Germany at present, by NGO’s and think tanks that are 

discussing a suitable mix of different policy instruments with industry and policymakers to 
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address both additional costs related to investments and production but also the market and 

demand side. The same development is ongoing in France were think tanks are trying to set up 

dialogues with industry actors and policymakers to discuss these kinds for policy designs 

although, according to the interviewees, these discussions are not yet that advanced. However, 

France has a well-developed policy framework for energy and climate with the SNBC and the 

PPE. These strategies are well-aligned with each other and have a clear industry strategy where 

research and innovation for disruptive technologies are presented as key. However, stressed by 

some of the interviewees, France has generally been good at formulating targets and policies, 

but have failed in implementation. Italy on the other hand, are proud of their achievement of 

the 2020 energy targets several years in advance and that they are, in contrast to many other 

countries, actually reaching their goals. However, when looking at energy and industry policy in 

Italy with the purpose of understanding the prospects for hydrogen-based steel, it can be noted 

that even though the policy frameworks are ambitious one by one, neither gives much attention 

to the other. Meaning, the national energy plan (SEN) does not recognise industry and 

electrification of industry to a large extent and the Industria 4.0 plan does not give much 

attention to energy of electrification. As this technology of hydrogen-based iron and steel is to 

a large extent affected by both industry and energy development, this silo thinking is not in 

favour of the technology, as also pointed out in the previous section. 

 

Hydrogen economy 

There is a current buzz around hydrogen; as an energy carrier, for storage and grid balancing 

services etc. However, not everyone shares the perception of hydrogen as the best solution and 

the discussions are still in a very early phase. This make the future role of hydrogen very 

uncertain. The best enabling environment for hydrogen-based iron and steel, given the central 

role of hydrogen, is a country where hydrogen is more than just a buzz and action is taken for 

research, development and a possible future hydrogen infrastructure. Research and the 

development of solutions also builds knowledge, which is very important for the adoption. An 

enabling environment is also where hydrogen is publicly accepted.  

 

The focus country that is the most progressive in the hydrogen development is France with a 

clear national hydrogen plan and the ambition to be world leaders in this technology. Although 

also being a subject for discussions and multiple initiatives in the other focus countries, the 

hydrogen development is not as advanced as in France with a governmental formulated national 

plan. In addition is the power sector in France more prepared for supporting a large-scale fossil 
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free hydrogen production as it is to a much greater sense decarbonised. Concerning storage for 

hydrogen, salt caverns is the cheapest and most simple underground storage alternative at 

present. Salt deposits are wide-spread in the northern half of Germany and offshore north of the 

country, making it geographically suitable for hydrogen storage in salt caverns. In France and 

Italy there are far fewer salt deposits and these countries are therefore less suitable for this 

storage alternative (Gillhaus 2007).  

 

The role of public acceptance 

Public opinion about a technology or solution can well be the make or break factor for the 

success. In the transition to a low carbon steel industry there are many factors that could be 

subject to public opinion that could affect the technologies in different ways and potentially 

have an impact of which pathways that is becoming dominant in the transition. These factors 

are, among others, public acceptance for different power generation technologies e.g. nuclear 

where there is a strong anti-nuclear movement in some countries, wind power that face not-in-

my-backyard problems, coal-based power that are facing more resistance but is key for 

employment in certain cities. Other factors could be grid development that also face not-in-my-

backyard problems that could be a big barrier for the necessary extension of national power grids, 

or public acceptance for underground storage. In some countries CCS have faced a lot of 

resistance. In a democracy, public opinion also affects political influence and could hence affect 

policies, financing and investment and market demand.  

 

The best enabling environment for hydrogen-based iron and steel is naturally where there is a 

strong public acceptance for the solutions that are necessary for the transition. A public 

resistance for technologies related to other pathways could also work as a driver for the 

hydrogen pathway, e.g. public resistance for CCS could make the hydrogen pathway the 

preferred alternative.  

 

Public acceptance for all of these considerations in all of three of the focus countries have not 

been fully explored in this study, however interviewees and other reports have pointed out 

public opinion as one big barrier for the deployment of renewable energy and new grid 

infrastructure in Germany. In Germany, a big debate on CCS for coal power plants a few years 

ago resulted in a public consensus of not accepting it. Although this debate has not yet happened 

for the industry, it is likely to happen soon, and the outcome of that could as well be the same 

as in the coal debate. France has a strong labour force that needs to be taken into consideration 
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when discussing changes that could affect employment. In Italy there is, as in many countries, 

also a trend of not-in-my-backyard attitude when it comes to large energy and infrastructure 

projects. The public acceptance for CCS is also very low in Italy at present (Virdis et al. 2015).  

 

Changing environment  

In EU there is a general trend of an increased focus on decarbonisation for industry and energy 

in order to reach the goals of the Paris Agreement. This trend is reflected in the wide-ranging 

long-term strategic vision of a climate neutral economy by 2050, adopted by the European 

Commission, where two out of the seven presented strategic areas are deployment of renewables 

and competitive industry and circular economy (European Commission 2018). When there is a 

consensus of what the problem is and what needs to be done it affects all aspects of the 

transition and all aspects that are previously elaborated in this chapter. It affects the extent of 

effort that is put into decarbonisation measures and the pathways to get there, the effort to 

ensure access to fossil free electricity, what policy measure that are suggested, discussed and 

implemented, the demand on the market and hence risk related to innovation and it affects the 

public opinion and acceptance for all components required for the transition.  

 

This makes the environment, the landscape development, a factor that facilitates the necessary 

development and creates an enabling environment for the transition. The landscape 

development is hence further analysed from an MLP and technology transfer perspective in 

section 7.2 MLP and Technology transfer below.  

7.2 MLP and Technology transfer  

This study has put a lot of effort into understanding the socio-technical context of the 

technology in order to assess the conditions for technology transfer and understand the extent 

of an enabling environment for the technology adoption in the focus countries. As a reminder, 

the combination of the MLP framework and theory on technology transfer is illustrated 

according to Figure 3 in section 2.3 where systems are dynamically interlinked and where 

development or changes in one system can affect the development in another system due to this 

linkage.  

 

In this analysis, the socio-technical regimes are defined as the steel industries in the different 

focus countries. These regimes are similar in many ways due to common steel industry practises, 
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structures, actors and regulations within the EU. However, there are differences in terms of 

culture, norms etc.  

 

When applying a multi-level perspective on this case and its context it is evident that there are 

changes in the socio-technical landscapes that puts pressure on the existing regimes. This 

landscape pressure is apparent for all countries included in this study and in general on an EU 

level. This pressure is to some extent an undefined force that several interviewees describes as 

“a feeling that something is going on, that something is happening”, but it is also clear national 

and international targets and roadmaps for decarbonisation and climate change mitigation. The 

discussions about climate change and climate change mitigation where emission reductions are 

one major part have intensified during the last years in EU and the member countries. There is 

a general agreement of what needs to be done (reduce the emissions) but the way forward, how 

to actually pursue this and who is going to pay for it is more debated. This development has 

according to the interviewees happened during the last years and this issue is now getting a lot 

of attention.  

 

The drivers for the change are multiple. As the price of carbon is slowly increasing within the 

ETS, companies realise that they cannot continue with business as usual and it seems like even 

though companies are reluctant to changing their processes, they are now forced to start 

considering it. As the public awareness about environmental and climate issues is increasing, it 

also becomes a more important question for investors, share- and stakeholders of the companies 

which, according to one interviewee is a fairly new development. Pressure for change could also 

start with some or a few strong individuals within the companies with a strong determination 

and conviction of the right way forward. Even though there are several factors that puts 

transformation pressure on the current regimes, these factors are more or less apparent in the 

different countries and there are also strong barriers for this transformation that works as 

reinforcing powers of the existing regime practises.  

 

Transition pathway - Dealignment and realignment 

Looking at this dynamic from a multi-level perspective and possible transition pathways there 

are characteristics of this development that resembles a dealignment and realignment pathway 

as introduced by Geels & Schot (2007). A relatively sudden change has put a lot of pressure on 

the sector to find solutions for significant emission reductions. However, no niche innovation 

or breakthrough technology is mature and developed enough to be a clear substitute to the 
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current blast furnace route. There are several technologies, or pathways, that have the potential 

to replace the route and realign the socio-technical regime and the steel sector is now in the 

process of understanding and deciding which pathways that is the best and will be the new 

dominant design for primary steelmaking.  

 

One can identify differences in how far this development of dealignment and realignment have 

come in the different focus countries and in Sweden. Starting with Sweden where the so far most 

advanced initiative with hydrogen-based iron and steel is being developed, it can be identified 

that the socio-technical regime is in the process of realignment. One technology has 

distinguished as the leading alternative for low carbon primary steelmaking. However, since this 

technology is still not commercialised but only in development and not even in pilot phase yet, 

there are still a lot of uncertainties related to the technology and the market and hence the 

regime is still not fully realigned and dynamically stable. The favourable conditions for 

cooperation and the supporting institutions and policies in Sweden have created a good 

enabling environment for this technology and together with an energy system that facilitate the 

innovation, pushed the development to the current stage.  

 

When analysing the steel sector in Germany from an MLP perspective, it can be argued that they 

have not yet come as far as Sweden in the realignment process. Given that there are numerous 

initiatives related to emission reduction indicates that there is a significant landscape pressure 

also in Germany but the difference to Sweden is that there are some initiatives on hydrogen and 

some on CCU and others where no technology has yet been able to take on the role as the 

dominant technology. In addition is the initiatives on hydrogen not yet as advanced as in 

Sweden. One could argue that the transition pathway will depend on which technology that will 

be leading, if it is CCS the transition could be identified as a reconfiguration rather than a 

dealignment and realignment since that technology is not of as radical character as the hydrogen 

route.  

 

It can be discussed whether it is relevant to compare the Swedish and the German steel industry, 

since they are of different magnitude in terms of production, number of sites and number of 

companies. Indeed, the steel sector in Germany is much bigger than the one in Sweden in all 

aspects. This however, is not a factor that isolate the industries in the two countries from each 

other. The two regimes are dynamically interlinked and affect each other, which makes the two 

regimes also comparable, not in terms of magnitude, but in terms of landscape pressure and 
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socio-technical context. The large scale of the steel regime in Germany however, could be a 

factor that creates a bit of inertia in the transition.  

 

Studying the French and the Italian steel sectors where there are no current initiatives of 

hydrogen-based steel, one could question whether the landscape pressure is as strong as in 

Sweden and Germany. However, when analysing the answers from the interviewees there are 

strong indications that the discussions about a low carbon transition are intensifying also in 

France. The clear national strategy for a carbon neutral future is also a strong indicator of this. 

At the same time, hydrogen technology is getting more attention and a national plan for 

hydrogen development is currently in place. These factors indicate a development of a 

promising enabling environment for hydrogen-based iron and steel. However, there is only one 

major primary steel producer in France and the interviews and other data collection indicates 

that the company has not yet showed a particular interest for the hydrogen pathway but are 

more focused on other pathways for decarbonisation, e.g. CCU and an electrolytic process. Given 

that the French steel industry is perceived as conservative indicates that the nature of the socio-

technical regime differs from the Swedish regime. Differences in regime characteristics could 

entail differing windows of opportunities for niche innovations trying to break through. It is 

possible that the more conservative French steel industry provides a more enabling environment 

for technologies that are more symbiotic with the current regime and the current practises than 

what hydrogen-based iron and steelmaking is.  

 

In Italy there are also ongoing discussions regarding emission reductions, however this 

discussion in not yet that strong for energy-intensive industries. In addition, indications from 

interviews and previous research show that the Italian citizens are not that involved in these 

issues. Italy have a development plan for industries called Industria 4.0, however, this plan is to 

a large extent focused on digitalisation and modernising of the industry sector which certainly 

can be in line with a decarbonisation for industry, but this does not seem like the current main 

focus. They also have an ambitious strategy for energy although it is not focused on 

electrification of industry or similar. This however indicates that there is a strong environmental 

landscape pressure for change for the energy sector, but that the pressure on energy-intensive 

industry is not yet that strong. Similar to the French steel industry, the Italian steel industry is 

also characterised by one major primary steel producer and several actors that are focusing on 

scrap-based steel. As with France, this actor has not showed any indications of interest in 
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hydrogen-based steel so far, which as in the French case, could mean a different transition 

pathway compared to Sweden, when or if the landscape pressure intensifies.  

 

One interesting question in relation to the framework is also the level of dynamic linkage 

between the national regimes and how much a transition in Sweden could affect the 

development and landscape pressure in the focus countries. One indicator of dynamic linkage 

and a factor for the effectiveness of a technology transfer process is current relationship 

between countries where one strong marker is the level of cooperation, trade and business 

currently performed between Sweden and the countries. Looking at statistics, Germany is 

Sweden’s main trading partner of goods and services, both when it comes to import and export. 

France is in 9th place for export and 10th place for import, whereas Italy is 12th for export and 

11th for import (SCB 2019). When asking the Swedish interviewees in this study about what they 

know of the German, French and Italian steel industries, the typical answers have been that they 

know some about the German steel industry but basically nothing about France or Italy. 

Although this linkage is not fully explored these two factors indicate that the dynamic linkage 

between Sweden and Germany is stronger than the one with France and Italy.  

 

As also expressed by several interviewees could Sweden’s (and HYBRIT’s) presence in European 

contexts of policymaking, lobbying, discussions and other, affect the discourse about how and 

to what extent large scale industrial emission reductions and the hydrogen pathways for steel 

industry decarbonisation is perceived as feasible. The greater the presence and active 

participation by the Swedish regime actors, the stronger the connection to the other regimes 

and regime actors and the more could the Swedish activities affect the development in EU and 

the member countries and in the longer term also the technology transfer potential. However, 

as a single actor it is hard to change the entire discourse and the landscape pressure for a whole 

industry. With more than one actor, more than one single regime that is in the process of change, 

pushing for the same agenda, it is easier to make people and regime actors listen and also change 

their mindset.  

7.3 Implications for the future   

Literature about low carbon technology transfer emphases that due to the urgent issue of 

climate change horizontal and vertical technology transfer sometimes need to happen 

simultaneously. In a technology transfer driven by the market, the common mode is first a 
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process of vertical transfer where the technology is taken from development stages to 

commercialisation possibly followed by a process of horizontal technology transfer where the 

technology is taken across borders into new settings and countries. However, given the time 

frame of national decarbonisation goals as well as the Paris Agreement and the long investment 

cycles in the steel industry, if hydrogen-based direct reduction technology is to be an actual 

solution to the emission challenges, there is a need for overlapping horizontal and vertical 

technology transfer. This means that there is no time to wait for the technology to be market 

ready in one country (e.g. Sweden) before starting to explore alternatives of international 

technology transfer. It must happen earlier, before commercialisation, even though it will be 

associated with higher risk.  

 

One important insight when exploring the countries’ steel sectors and the conditions for a 

hydrogen-based process in relation to energy is that the current energy systems in the focus 

countries do not have the local renewable capacity to supply enough electricity to a potential 

hydrogen and DRI plant given the current locations of the primary steel plants. There are 

however locations where the renewable power capacity and potential for future capacity is much 

better than the current locations of the steel plants, e.g. northern Germany. As there are large 

transmission limitations of electricity, the optimal alternative from an energy point of view and 

if a hydrogen pathway is to be pursued, would be to move the primary steel plants to where the 

best energy conditions are. Though, this is not a feasible option in reality due to many reasons 

e.g. moving a big industry affects employment and many families, it affects downstream value 

chains etc. Due to a global overcapacity of steel production, and uncertain but possibly declining 

demand for primary EU steel in the future, building new greenfield primary steel sites at these 

optimal energy locations is likely not a feasible option either.  

 

Given these constraints, a potential development, which would be possible in a process with 

hydrogen-based direct reduction of the iron ore, is instead a more decentralised value chain. In 

that configuration, the entire primary steel plant is not moved or closed but the blast furnace is 

shut-down and replaced by an EAF. A site with an electrolyser, a DRI plant and preferably a 

hydrogen storage could then be built at a location where the power conditions are optimal. DRI 

(or pressed into HBI) could then be transported to the steel plant. Another possible 

configuration would be to have the electrolyser and hydrogen storage at one site and transport 

the hydrogen in pipes to the DRI plant which then could be in direct connection with the EAF. 

This however, requires a hydrogen infrastructure to support this.  
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Hypothetical future scenarios that support a hydrogen-based transition for the steel sector 

could take form in various ways. Given the low carbon power sector in France with an outlook 

of increased amount of renewables and the national hydrogen plan, the conditions for 

hydrogen-based iron and steel are the most favourable compared to the other two focus 

countries from a solely energy perspective. However, when considering the steel industry 

characteristics and the socio-technical context of the steel regime in France, there is not an 

optimal enabling environment for the technology. In Germany on the other hand, the energy 

system is despite an ambitious and rapid development of renewables still heavily reliant on fossil 

fuels for power generation. Though, when analysing the socio-technical regime and landscape 

development in Germany, there seem to be a better outlook for an enabling environment than 

in France. A possible future configuration for hydrogen-based iron and steel that is consistent 

with these country characteristics is a hydrogen production and storage site in France, 

preferably close to the German border where the hydrogen then could be transported in pipes to 

reconstructed steel plants in the western parts of Germany. This of course, implicates many 

political considerations and large investments due to the fact that cross border hydrogen 

infrastructure needs to be built. Alternatively, can a site (or sites) in northern France with 

electrolyser, hydrogen storage and a DRI plant supply DRI (or HBI) to German steel plants, which 

also implies many political challenges.  

 

Given the good power conditions in Sweden and that the technology in fact is being developed 

and is to be tested in Sweden, another possible future configuration would be the direct export 

of DRI (or HBI) from sites in Sweden to steel plants in Europe, for example in Germany.  

 

Although these are configurations that could possibly be adopted in theory, for an actual 

development in this direction, there are many things that needs to be in place. First and 

foremost, these configurations must make sense from an economic and business perspective, 

which lies outside the scope of this study. Secondly, the steel sector is a key industry for many 

countries in Europe and important for export, employment, value chains, global competition etc. 

It is thus also related to politics of trade, labour and employment and business and forces for 

preservation of the industry in the current form are strong which creates inertia in a transition. 

Thirdly, the possible future configurations include the agreement and cooperation across 

national borders, something that, despite the countries all being part of the EU collaboration, is 

not unproblematic. Efforts for strengthening the EU cooperation and simplify intra-trade have 
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for a long time been on the agenda, where the common currency Euro is one example and the 

initiative Energy Union another. Though, there are also strong forces against a more integrated 

EU. There are hence more to the question than just building cross country infrastructure or 

similar, there are also many political aspects to it.   

 

One advantage with a configuration of a DRI plant and an EAF, independently of them being 

integrated or disintegrated, compared to a configuration based on a blast furnace, is that the 

share of scrap in the production can be easily adjusted, by adding more or less scrap in the EAF. 

This could implicate an advantage in the long term as a potential future development is a 

declining demand for primary steel, and a configuration with an EAF gives good conditions for 

adapting to that change given the increased flexibility in raw material mix.  

7.4 Theoretical implications 

A combination of two frameworks; MLP and technology transfer have been used for analysing 

the findings in this study. By combining the two approaches a complexity of the case has been 

captured that would have been hard to achieve with just either of the two. In short, exploring 

and analysing the conditions for technology transfer from an MLP perspective have added 

important dimensions to the case that would have been missed by only using a technology 

transfer perspective. In order to answer the full research question: What are the prospects for 

transfer and adoption of hydrogen-based iron and steel production technology in Europe from an 

energy perspective? it is key to understand the technology as more than hardware, but as 

something embedded in a socio-technical context, as also highlighted in more recent literature 

on technology transfer. The MLP perspective have been used to identify the socio-technical 

context in the different focus countries by studying the socio-technical regime and the 

landscape developments and have been highly useful to understand whether there is an enabling 

environment for a technology transfer process. As the steel sector is currently experiencing a 

transformation pressure, the MLP perspective has been relevant for understanding this 

development and possible transition pathways which is a dynamic dimension that would not 

have been understood merely with a technology transfer perspective. The combined model has 

hence contributed with a deepened understanding of the case and a similar approach could be 

useful when studying the transition in other sectors that are experiencing a similar 

transformation pressure and where technology transfer could be relevant.  
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8. Conclusions and future research  
This is a mixed method master thesis where a case study has been performed to investigate the 

conditions for hydrogen-based iron and steel in the context of European steel industry and 

energy sectors. The theoretical departure has been a combination of two frameworks, the multi-

level perspective on sustainability transitions and technology transfer. For the data collection, 

a vast amount of secondary data has been gathered and 13 semi-structured interviews have been 

performed with experts within the iron and steel industry and energy sector as well as research 

institutions and academia. The interviewees represent a broad range of nationalities; Sweden, 

all of the three focus countries; Germany, France and Italy, as well as other European countries. 

The findings of the work are here summarized to answer the two research sub-questions and 

finally the main research question.  

 

What are the energy requirements for hydrogen-based iron and steel production technology? 

The energy requirement for the hydrogen-based direct reduction of iron ore at a site with a 

capacity of 1 million tonnes annually is about 2.7 TWh, and the power requirement for a site 

with that production rate is about 340 MW. However, the maximum power requirement i.e. the 

installed capacity of the electrolyser, varies depending on the system configuration (hydrogen 

storage or not) and desired flexibility of the electrolyser operation. The optimal configuration 

depends on multiple factors, e.g. electricity price and fluctuation, storage size, installation cost 

of the electrolyser etc. and lies outside the scope of this study. A dimension of the electrolyser 

of twice the hydrogen demand for the direct reduction is considered a valid estimation of a 

system with an integrated hydrogen storage. The required installed capacity of an electrolyser 

in a system with a production rate of 1 million tonnes annually and that system dimension is 

hence about 680 MW.  

 

What is the current development in the European steel industries and energy sectors and how does 

this development affect the adoption potential of hydrogen-based iron and steel? 

The study has been focusing three primary steel producing countries in Europe; Germany, 

France and Italy and the key insights for these countries are here presented.  

 

From a solely energy system point of view, France currently has the best conditions for fossil 

free hydrogen production due to their large-scale nuclear power generation. As there is also a 

strong wave for renewables, the future outlook of a fossil free power sector in France that are 
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able to deliver both abundant and affordable electricity is the most promising among the focus 

countries. In addition, France has a national plan for hydrogen development and there is a trend 

in society of an increased environmental concern. However, a tradition of a conservative 

mindset in the French steel industry constitutes a barrier for the adoption of the technology of 

hydrogen-based iron and steel production. In order to overcome these barriers, policies that 

create strong enough economic incentives for a transition is required. 

 

Although experiencing a rapid development in renewable electricity, Germany has still some 

major challenges ahead when it comes to decarbonisation of the power sector. A phase-out of 

nuclear power due to political decisions have prolonged the dependence of coal-based power, 

which are now to be phased out by 2038. In terms of enabling socio-technical environment for 

this technology and technology transfer, Germany has the most comparable conditions to 

Sweden with good support from institutions, efforts for promoting cross sectoral cooperation, 

political clarity in terms of national goals and an advanced discussion about a suitable policy 

framework for achieving the targets. The mindset in the steel industry toward change and 

increased climate responsibility vary between the German companies, however, some are 

already exploring the hydrogen pathway for decarbonisation and there are perceptions that the 

overall mindset in the industry is changing due to an increased public awareness for climate 

issues, among others.  

 

Italy has very good conditions for renewable power generation, especially solar power in the 

southern and island regions. Even though the renewable trend is strong in Italy and the outlook 

for installation of solar and wind power is bright, Italy has some major challenges in the power 

sector that are a priority in their energy transformation. The big focus for Italy is to decrease 

energy dependency and decrease energy price gap towards the European average. The focus in 

the industry transformation is digitalisation and modernisation for increased competitiveness 

and given that the environmental and climate factors are not seen as clear competitiveness 

factors, decarbonisation is not the main focus in the industry transition. A big barrier for the 

adoption of hydrogen-based iron and steel production technology in Italy is that the energy and 

industry issues are treated as two separate fields, and given that the technology is very energy 

dependent, this places the technology in the interface of industry and energy. The focus on 

competitiveness is reflected also in the steel industry as the Italian primary steel producer is 

now pursuing efforts for re-establishing the previous levels of output. Even though the efforts 

include an environmental strategy, this work is mainly focused on local air and water quality, 
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and not reducing emissions. For reducing process-related emissions, the work is focused on 

energy efficiency, and not new processes.  

 

Main research question: What are the prospects for transfer and adoption of hydrogen-based iron 

and steel production technology in Europe from an energy perspective? 

In general, the iron and steel sector in Europe are experiencing a changing environment with an 

increased focus on reducing emissions related to production which creates a transformation 

pressure on the sector that opens up for new technologies such as hydrogen-based direct 

reduction. However, the pace and the effort for making the transition happening is differing 

between the European countries. As of today, none of the focus countries in this study; Germany, 

France or Italy, is an optimal socio-technical fit for this hydrogen-based technology. 

Considering only the energy system, France has the best conditions for fossil free hydrogen 

production. For a hydrogen production based on only renewable electricity, northern Germany 

with its wind potential and southern Italy with its solar potential could be interesting locations 

for the future.  

 

However, even though access to electricity is key in this matter, abundant fossil free electricity 

does not directly translate into optimal conditions for transfer and adoption of the technology. 

There is also a need for an enabling socio-technical environment for the technology, which in 

this specific case include factors like supporting policies that reduce or share risk of investment, 

create favourable market conditions and promote innovation, public acceptance for the 

solutions necessary for this development, industrial symbiosis and cooperation across industrial 

and sectoral borders. One other important factor that affect the transfer and adoption potential 

of this technology is the fact that due to global overcapacity in the steel sector and a potential 

future decrease, or at least not an increase, in demand of primary steel in EU it does not seem 

like a feasible option to build new greenfield primary capacity. Transfer of this technology is 

therefore to focus on replacing existing production, and not adding capacity. The potential 

decrease in primary steel demand could also be an opportunity for hydrogen-based 

configurations, since those configurations have a higher flexibility in terms of raw material mix, 

where the share of scrap can easily be increased. Given that the local energy conditions at the 

steel sites of today to a large extent are not sufficient to support a system with electrolyser, 

hydrogen storage and DRI plant, and the fact that electricity transmission capacity is limiting 

factor in many energy systems, one alternative for the future is more decentralised value chains 

where the different processes are located where there are optimal conditions. This would mean 
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that either hydrogen or sponge iron is produced where there are favourable power conditions 

and would then be transported to steel plants for the remaining steelmaking processes in the 

chain.  

 

Future research 

This study has given initial insights of the conditions for hydrogen-based direct reduction for 

iron and steelmaking in Europe. Due to limitations and delimitations in time, scope and access 

to data, this assessment is not to be seen as a complete assessment of all aspects of this case. 

There are multiple interesting areas for further investigation. One aspect that has been outside 

the scope of this study but is highly relevant for the adoption potential of the technology is 

system economics. The production cost of a hydrogen-based route compared to a traditional 

route with is in a feasibility study estimated to be 20-30 % higher. This however, is based on 

Swedish conditions. To fully assess the adoption potential of this route, an economic assessment 

needs to be made specifically for the local conditions where it is to be adopted. Another 

important aspect, also related to the electricity price, is the dimension of an electrolyser and an 

integrated hydrogen storage. A larger installed capacity of the electrolyser and an integrated 

hydrogen storage opens up for flexibility in operation and can significantly improve the system 

economics. It has been outside the scope of this study to optimise this system based on local 

conditions, but it could be an important subject for future studies.  

 

The study concludes that supporting policy is key for the innovation and adoption of new low 

carbon technologies such as the one studied in this thesis. These policies should be designed to 

reduce or share the risk of investments and help creating a market, a demand for these products 

despite a possible higher price. How exactly these policies are to be designed is a very broad and 

important topic, which could also be different on local levels, and is hence a field for much 

further exploration beyond this thesis.  

 

A very obvious limitation of this study is the assessment of the conditions in three focus 

countries. As stated also in the introduction chapter; to really have an impact on a global level, 

it is important that the technology is transferred and adopted in Europe and the world. This 

study is as stated an initial outlook of the conditions outside of Sweden, but it should not stop 

there. The conditions in other European countries and countries outside of Europe is certainly 

also of large interest.  
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Finally, the theoretical departure of this study has been a combination of two frameworks, the 

multi-level perspective and technology transfer which has proved to be a useful and highly 

relevant combination for understanding and analysing the conditions for technology transfer 

and adoption of the specific technology in a European context. The applicability of this 

combination is however not limited to this specific case but can if further developed be useful 

when exploring technology transfer and transition pathways in other energy intensive 

industries. Future research could focus on a theoretical analysis of the two original frameworks 

and a further development and refining of the combined model, to make it generalisable and 

relevant for other case studies in the future.  
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Appendix A – Interview questions (examples) 

Theme: Steel industry dynamics (general and country specific)  
 

• What is the current discourse regarding industry decarbonisation in EU/this country? 
o What is the discourse within the steel industry?  

 
• What are the main drivers for decarbonisation within the steel industry in EU/this 

country?  
 

• What are the main barriers/challenges to decarbonisation within the steel industry in 
EU/this country?  

 
• What are the key technologies/pathways for decarbonisation within the steel industry 

currently discussed?  
o From your perspective, what is the most promising technology/pathway? 

 
• What is the attitude towards the hydrogen pathway for steel industry decarbonisation 

from different actors? 
 

• What are the most relevant policies for industry decarbonisation in EU/this country?  
o From your perspective, are the policies in place powerful enough? 
o If not, what do you think should be added to the current policy framework?  

 
• What is the general attitude of the industry actors when it comes to changing their 

current practises/processes in order to reduce their emissions?  
o Are there differences between different industry actors?  
o If so, what do you think is the reason for this? 

 
• Would you say that the steel companies in EU/this country are innovative?  

o Are there differences in mindset and/or innovation capabilities between 
countries/firms?  

o If so, what do you think is the reason for this?  
 
Theme: Energy (general and country specific) 
Starting points for discussions: There is a current trend of electrification as a mean for 
decarbonisation in many industries. Decarbonisation within the steel industry will also require large 
amounts of electricity.  
 

• What is the current discourse regarding electricity requirements for industry 
decarbonisation in EU/this country? 
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• Are there collaborations/joint efforts for these issues between the industry and energy 
sector?  

o If so, how does this collaboration look like?  
 

• Do you think that it is possible to achieve the large levels of new electricity that will be 
needed for industry decarbonisation?  

o What is needed, and from whom, to realise this?  
 

• What are the national targets for power sector decarbonisation and/or renewable 
electricity? 

o What are the policy measures in place to achieve this?  
o From your perspective, are the policies in place powerful enough? 
o If not, what do you think should be added to the current policy framework?  

 
• What is the current development of renewable energy/electricity in this country?  

o What renewable sources will be dominant in the future?  
 

• What are the main drivers for decarbonisation of the power sector/increased amount of 
renewables?  
 

• What are the main barriers/challenges for decarbonisation of the power 
sector/increased amount of renewables?   

 
• What are the biggest challenges/problems with the national energy system of today? 

 
 
Theme: Hydrogen 
 

• What is the current discourse about hydrogen economy in EU/this country?  
o Is it discussed in relation to industry and decarbonisation? 
o Is it discussed in relation to energy and for energy storage?  
o What is the current discourse about blue hydrogen vs. green hydrogen?  

 
• What are the main drivers for the hydrogen development? 

 
• What are the main barriers/challenges for the hydrogen development?  

 


