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Sustainable steelmaking – A strategic 
evaluation of the future potential of 
hydrogen in the steel industry
As a result of declining availability and quality of raw materials, environmental pollution and 
increasing public pressure, countries are being urged to deal with the topic of an energy system 
transformation whereby fossil energy-intensive industries such as the steel industry have to 
change their business models and technology portfolios in order to reduce CO2 emissions. 
Technical developments have shown that sustainable steel production based on hydrogen supplied 
by green energy methods seems feasible in the near future.

A growing world population and expanding urbanisation 
increase the demand for more infrastructure and 

goods, yet on the other hand, economies are facing 
a shortage of resources as well as environmental and 
political restrictions, as illustrated in Figure 1. As an 
impact of these drivers and restrictions, society is forced to 
develop sustainable technologies and to improve current 
processes. In the medium to long term, ‘green energy’ will 
aim to replace today’s fossil and nuclear-based energy 
sectors to avoid greenhouse gas emissions. 

As a consequence of global ratifi cation and commitment 
to each country lowering its greenhouse gas emissions, 
political activities are gaining speed. This requires 
governments to implement actions to reduce emissions 
and change the whole landscape of energy generation 
and raw material supply. In 2013, for the fi rst time, newly 
installed green energy capacity worldwide exceeded new 
installations of fossil fuel-based power generation.
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r Fig 1 Impact of global drivers on technology

GLOBAL AND REGIONAL TARGETS FOR 
GREENHOUSE GAS EMISSIONS
Beginning in 1995, the annual UN Climate Change 
Conferences negotiated the Kyoto Protocol (1997) to 
establish legally binding commitments for developed 
countries to decrease their greenhouse gas emissions. In 
2007, the Intergovernmental Panel on Climate Change 
(IPCC) recommended decreasing global emission levels 
by 2050 to 50-85% of the 1990 levels in order to keep 
global warming below an increase of 2.1°C [1]. 

In 2009, the European Council defi ned a long-
term target of decreasing greenhouse gas emissions, 
which resulted in the publication of the Low Carbon 
Roadmap 2050 (2011) by the European Commission. 
This framework suggests a reduction of domestic CO2 
emissions of 80-95% by 2050 compared to 1990 levels 
(with a pathway of 40% by 2030 and 60% by 2040), of 
which the share for industry should amount to 83-87% 
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of 1990 levels by 2050 (see Figure 2) [2]. 
In 2015, 196 nations reached an agreement at the UN 

Climate Change Conference in Paris that commits each 
country to reduce greenhouse gas emissions in order to keep 
the global temperature increase below 2°C, and to pursue 
efforts to limit it to 1.5°C, compared to pre-industrial years. 
By 2050, manmade emissions should be reduced to levels 
that can be absorbed by forests and oceans [3]. 

This requires governments to implement actions to reduce 
emissions and limit global temperature rise. While the targets 
in the agreement are not legally binding, the treaty requires 
countries to report every fi ve years on the nation-specifi c 
goals they submitted to the UN. In 2016, 55 countries 
representing more than 55% of world carbon emissions 
have signed the agreement and met the threshold for entry 
into the Paris Agreement. Since then more countries have 
committed themselves to the goals of the climate conference 
and set 2050 as the target for zero emissions.

In order to meet these targets, the EU implemented the EU 
Emission Trading System (EU-ETS) for man-made greenhouse 
gases (CO2, NO2, PFCs) in 2005. This represents the world’s 
fi rst and largest ‘carbon market’ and puts a limit on overall 
greenhouse gas emissions from high emitting industry sectors, 
and which is reduced each year. Within this limit, companies 
can buy and sell emission allowances as needed. 

The price for one certifi cate (€per t CO2) is determined 
by supply and demand. In 2012, 7.9 billion allowances 
were traded with a total value of about €56 billion. The 
EU-ETS covers more than 11,000 manufacturing plants 
and power stations in 31 European countries, as well as 
air fl ights to and from European airports. In total, around 
45% of total EU emissions are limited by the ETS: The 
manufacturing industry received 80% of its allowances for 
free but this decreased annually to 30% in 2020, with 
a linear reduction of 1.74% per year. In the 4th trading 
period (2021-2028), the total allowances will be reduced 
2.2% each year to achieve a reduction of around 43% 
compared to 2005 [5] [6]. Several other  countries are 
following this example or have already implemented 
similar systems (eg, Australia, New Zealand, South Korea), 
and more are expected in the future.

Due to the shortage of certifi cates, the price will 
increase. For example, the price for one certifi cate 
increased from 5€/tCO2 in 2017 to 25 €/tCO2 in early 
2020 (+400%). Studies suggest that the certifi cate price 
will probably increase by 2050 to between €40-200 [7], 
or  €60-80 [8]. 

ENERGY SYSTEM TRANSFORMATION
Due to this pressure, fossil energy-intensive industries – such 
as the power industry, the chemical and steel industries, as 
well as the transportation sector – will have to revise or 
change their business models and technology portfolio. As 

r Fig 2 EU greenhouse gas emission trends; projections to 2030 and 
targets in the European Union, 1990-2050. Ref: [4] 

r Fig 3 ‘Power to gas’ the use of green hydrogen in a pure hydrogen 
infrastructure Ref: [9]

a consequence, a paradigm shift is currently in progress, 
which will change the economic and ecological landscape 
of whole economies. This started with the shutdown of some 
fossil and nuclear energy-based power plants in several 
countries and the expansion of green power infrastructure. 
Increasingly, each sector will have to follow this path. 

Over the next few decades, the production and availability 
of green energy is expected to increase signifi cantly. Future 
scenarios expect that hydrogen produced by green energy 
could be used both as an energy source and an energy 
store, thus enabling a continuous supply of energy, away 
from discontinuous green energy sources (eg, wind and 
solar power). Due to the high weather dependency of the 
green energy supply and fl uctuations in power grids, it is 
apparent that effi cient and inexpensive storage facilities 
will be mandatory. 
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Excess (unused) energy from wind or solar sources, will 
have to be integrated into the energy system. Due to its 
exceptional storage capacities, chemical-based Power-to-
Gas (PtG) technology has the greatest potential to store 
large amounts of energy long-term (months to years). PtG 
is the conversion of ‘green’ electricity (particularly from 
wind power and photovoltaic) by means of electrolysis 
into hydrogen or methane (see Figure 3). The gases can 
be transported and stored in the gas infrastructure and 
afterwards used in various applications. 

For the steel industry, as a major emitter of greenhouse 
gases (~7% of anthropogenic CO2), a multitude of 
questions emerge regarding how to deal with the 
changing landscape and which actions to take. Today, steel 
production is based almost entirely on fossil raw materials, 
but from a thermochemical point of view, sustainable steel 
production with hydrogen is possible. 

Due to the environmental paradigm shift, there is an 
urgent need for a strategic evaluation of the potential of 
steel production based on hydrogen from green energy to 
replace fossil energy sources. Over recent decades, various 
processes based on hydrogen steel production have been 
investigated and installed. However, to date, a reliable 
process has not been realised on an industrial scale so 
its future capability as a substitute for fossil materials 
urgently needs to be investigated. The feasibility of such 
an industrial transition depends strongly on future green 
energy capacity, technological readiness, distribution and 
storage options, electricity and hydrogen prices as well as 
public awareness and political actions.

CURRENT STEELMAKING AND 
TECHNOLOGICAL DEVELOPMENTS
Modern steelmaking can be divided into oxygen-based 
steelmaking (BOF) and electric power-based steelmaking 
(EAF). The three types of iron intermediate products in both 

process streams are liquid hot metal (or in a solidifi ed form 
as pig iron), direct reduced iron (DRI) and hot briquetted 
iron (HBI). These are all virgin iron materials, produced 
from iron ore [10]. Scrap is charged as a recycled raw 
material into the process. In 2018, 70.8% of global crude 
steel was produced via the BOF routes (integrated and 
smelting reduction (SR) route) and about 28.8% via EAF-
routes (DR-EAF and scrap-EAF). The remaining processes 
(0.4%) are outdated open hearth furnaces [11]. 

The current map of process technologies for iron and 
steelmaking is shown in Figure 4. It can be classifi ed 
either into process steps from the raw material up to the 
fi nished product or into characteristic process routes (BOF, 
SR, DR and scrap route). The process steps comprise raw 
material preparation, ironmaking, steelmaking and further 
processing (casting, rolling/processing, fi nishing). 

In the fi rst step, the raw materials for the subsequent 
processes are benefi ciated and refi ned. During the 
ironmaking stage, the raw materials are converted into 
liquid hot metal or solid DRI or HBI, depending on the 
process. This stage is very energy intensive and requires 
carbon and hydrogen carriers as reducing agents to remove 
oxygen from the iron ore by CO and H2 and the formation 
of CO2 and H2O. The product hot metal or sponge iron 
(DRI/HBI) is then converted into steel in the successive 
process stage, where the carbon is removed and the 
desired steel grade composed by the addition of alloying 
elements. Finally, the steel is cast, processed and fi nished.

The characteristic process routes can be divided into 
the integrated route (with blast furnace and basic oxygen 
furnace: BF-BOF), the alternative routes smelting reduction 
(SR-BOF) and direct reduction (DR-EAF) and the scrap-EAF 
route. Also, a combination of these routes are possible, eg, 
processing HBI in the blast furnace or BOF. 

The fi rst three routes produce iron and steel from virgin 
raw materials using scrap as a material addition, hence 
the product is very pure as it is almost free from harmful or 
quality-sensitive elements. This is a drawback of the scrap-
EAF route, where various grades of scrap are mixed/melted 
and where the fi nal product may contain a number of tramp 
elements. High quality steel can be produced by this route, 
but the scrap has to be clean and sorted, which is very 
complex and costly. Besides economic development, this is 
one of the reasons why the production of steel via the virgin 
routes will continue to dominate. 

TECHNOLOGICAL OPTIONS FOR 
SUSTAINABLE STEELMAKING
Alternative ironmaking routes such as DR and SR have been 
under development since the 1950s. Since then, 73 DR and 
59 SR processes were designed [14], however only a few 
of them reached the pilot stage or industrial application. 
In general, other process combinations are possible, eg, a 

r Fig 4 Overview of iron and steelmaking routes [13]
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is novel. Regarding CO2 emissions, this process would 
emit only 0.15t of CO2 compared to 1.76t of CO2 on the 
conventional BF-BOF route, a reduction of > 85%.

In the future, another option could be possible – hydrogen 
plasma smelting reduction (HPSR). Based on gas plasma at 
high temperature, molecular hydrogen is split into atomic 
or ionic hydrogen (H or H+). This hydrogen has a much 
higher reduction potential than molecular H2 and can 
reduce all oxides to metals. The product is liquid steel. First 
trials at laboratory scale at the Montanuniversitaet Leoben 
in recent years were successful and a new pilot plant is 
currently being constructed. However, much research work 
is still needed [16]. 

Another technology, electrolytic iron production, was 
tested at laboratory scale within the European ULCOS 
project and by Nancy University and ArcelorMittal [17]. 
So far the trials are still at laboratory stage and for 
greater production output this technique does not seem 
suitable.

DEMAND FOR GREEN ENERGY FOR A 
H-BASED STEEL INDUSTRY
In order to determine the green energy demand for a 
hydrogen-based steel industry, the specifi c theoretical 
energy demand for the conversion of iron ore to iron 
needs to be investigated. Based on data of a typical DR 
steelmaking route, a ‘base scenario’ (state of the art 
technology) and a future ‘best case’ scenario (expected 
technological improvements up to 2050) were evaluated. 
This data was used for the calculation of the overall green 
energy demand for a hydrogen-based steel production in 
all countries and regions worldwide based on the steel 
production in 2018 (see Table 1). The fi rst energy intensive 

combination of the integrated and the direct or smelting 
reduction routes in order to leverage productivity and 
synergy effects.

From the thermochemical and energy points of view, 
iron ores could be converted to intermediate ferrous 
products by the use of carbon, hydrogen or electric power 
based on the simplifi ed equations in Figure 5, where the 
energy position of the different ironmaking routes are 
shown in the tertiary diagram. In the carbon corner, the 
‘carbon based metallurgy’ processes are located (BF-BOF 
and SR). Depending on the amount of electric power or 
hydrogen used in a process, the position shifts towards 
the H2 and electrical power corners. These are the DR 
processes based on natural gas (NG) or hydrogen, which 
could use gas mixtures of CO and H2 as the reducing 
atmosphere. In an optimum case, H2 contents up to 
almost 100% could be possible. The electric power 
required results from the smelting of the intermediate 
product DRI in the EAF. 

In all modern iron and steelmaking processes, hydrogen 
is used in different proportions as a reducing agent in 
gas mixtures with carbon monoxide. In the classical 
carbothermic production of hot metal in the blast 
furnace with coke as the main reducing agent, hydrogen 
is generated by the input of substitute reducing agents 
such as coal, oil, plastic or gas. The hydrogen content in 
furnace gas in modern blast furnaces can be up to 10%. 
Novel smelting reduction processes like COREX®, FINEX®, 
HIsmelt® or DIOS® use signifi cantly higher amounts of 
hydrogen of up to 30% in the process gas, as only coal is 
used as a reducing agent.

DR processes operate with the highest amount of 
hydrogen: from 60% up to almost 100%. These processes 
use hydrogen-rich gases created from natural gas via 
catalytic gas reforming or steam reforming and do not use 
coke or coal as input materials. DR processes include shaft 
furnace-based technologies ENERGIRON® (< 85% H2) 
and MIDREX® (< 65% H2) as well as the fl uidised 
bed-based processes FIOR/FINMET® and CIRCORED® 
(up to 100% H2). While the shaft furnace processes are 
commercially in operation, the fl uidised bed processes 
suffered from technical and economic problems and were 
shut down. 

For the industrial implementation of hydrogen-based 
technology, the DR processes seem to have the greatest 
potential, with ENERGIRON® units already operating 
with more than 60% H2 on an industrial scale. Due to 
envisaged technical developments it is expected that the 
amount of hydrogen in the process could be increased up 
to almost 100%. A process layout of such a technology 
based on an ENERGIRON ® or MIDREX®  reduction shaft 
is shown in Figure 6. All of these process units are proven 
technologies, but the integration of this process route 

r Fig 5 Energy sources and options in iron and steel production[15]
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Depending on the quality of the iron ore, a DRI input 
of about 1,150kg per t crude steel (kg/ts) is required, 
which increases the SGR to 1,177m³H2(STP) kg/ts. 
If scrap is added (as in the integrated BF-BOF route), 
the SGR kg/ts varies according to the scrap amount. 

For the case scenarios and in order to compare the 
conventional BF-BOF route with a DR steelmaking route, 
the scrap input is assumed to be equal. With a scrap input 
of 155kg, the SGR is 1,013.46m³H2(STP) kg/ts. Calculating 
the energy for the required hydrogen production and 
adding the electrical power for the melting process in the 
EAF,  the specifi c energy input is 5,408kWh kg/ts today.

In a best case scenario (with adjusted input parameters 
due to the future technological development of the 
DR route and electrolysis), the specifi c energy could be 
reduced to 4,075 kWh kg/ts. 

In order to compare the DR-EAF and BF-BOF 
steelmaking routes, the additional energy required 
for the downstream processes has to be added. This is 
because the BF-BOF route is energy self-suffi cient and 
produces excess energy from the process gases (coke 
oven gas, blast furnace gas and converter gas), which is 
converted into electricity in power plants on site. This 
energy is then used for downstream processes (rolling/
fi nishing) as well as for other energy consumers. On the 
other hand the DR-EAF and scrap-EAF routes require 
external energy input. As a result, a hydrogen-based 
DR route has to supply the energy for the downstream 
activities from an external source. A typical specifi c value 
for these processes is 2.8GJ/t or 778kWh kg/ts. Adding 
this value, the specifi c energy required gives 6,186kWh 
per t HRC/fi nal product today and 4,853kWh per 
t HRC/fi nal product in the best case. 

step in steel production is the conversion of raw iron ore 
into an iron-rich intermediate product (DRI). 

In this thermochemical reaction, the reducing agent 
(H2) reduces the oxygen of the iron oxide according to the 
following simplifi ed chemical reaction:

Fe2O3  +  3 H2  ⇒  2 Fe  +  3 H2O  (Equation 1)

The minimum specifi c energy input for the reduction 
of iron oxide to iron by H2 is about 6.5GJ/t .This 
is the most energy-consuming step in the whole 
steelmaking process, and compares to11GJ/t for 
the production of DRI by current modern direct 
reduction  plants. Based on this value, the specifi c 
gas rate (SGR) is 1,020m³H2(STP) per t of DRI. 

r Table 1  Required energy for a H-based steel production and future estimations [19]   

r Fig 6 Process fl ow chart for the production of crude steel with 
hydrogen on the basis of a direct reduction shaft and EAF.  Ref: [18]
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1.76t of CO2/ts (conventional BF-BOF route) to 0.15t of 
CO2/ts (DR-EAF with H2). 

All of the DR process units have proven technologies, 
but the integration of the H process route is novel. Other 
H-based technologies are being developed and tested. 
However these processes will still need decades to reach 
industrial scale.

From a quantitative point of view, a transition from 
carbon to H-based steelmaking would require enormous 
amounts of hydrogen, and thus green energy. The 
feasibility of such an industrial transition strongly depends 
on future green energy capacity, technological readiness 
of sophisticated electrolysers, H2 distribution and storage 
options, electricity and hydrogen prices as well as public 
awareness and political actions. 
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seem feasible in the near future. 

For the industrial implementation of a substitute 
H-based approach, the direct reduction processes (DR-EAF 
route) seem to have the greatest potential, as they already 
operate on an industrial scale, using about 60% H2 as the 
reductant. 

Due to the further expected technical developments in 
the upcoming years, it is expected that the amount of 
hydrogen in the process could be gradually increased to 
almost 100% and CO2 emissions could be reduced from 

r Fig 7 Crude steel production by process
own illustration, data by Worldsteel, 2019 [20]



M
IL

LE
N

N
IU

M
 S

TE
EL

 2
02

0

32

SUSTAINABILITY

System (EU ETS), European Comission, Brussels, 2013.
6. International Carbon Action Partnership, EU Emissions 
Trading System, ETS Detailed Information report, 2020.
7. Buttler, A., et al., Kampf der Studien - Eine Metaanalyse 
aktueller Energiesystemstudien zum Bedarf an Speichern 
und konventionellen Kraftwerken im Kontext der 
Annahmen und der historischen Entwicklung, Lehrstuhl 
für Energiesysteme an der TU München, Munich, 2016.
8. Kunz C. et al., Die neue Stromwelt, Agentur für 
Erneuerbare Energien, Berlin, 2015.
9. Sterner M. et al., Bedeutung und Notwendigkeit 
von Windgas für die Energiewende in Deutschland, 
Forschungsstelle Energienetze und Energiespeicher 
(FENES) OTH Regensburg, Regensburg, 2015.
10. Schenk J. L., Recent status of fl uidized bed technologies 
for producing iron input material for steelmaking, 
Particuology, Vol. 9, No. 1, 2011, pp.14-23.
11. World Steel Association, World Steel in Figures 2019, 
Brussels, 2019, p.10.
12. EUROFER, A Steel Roadmap for a Low Carbon Europe 
2050, Brussels, Belgium, 2013.
13. The Boston Consulting Group, Steel Institute VDEh, 
Steel’s Contribution to a Low-Carbon Europe 2050, 
Duesseldorf, Germany, 2013.
14. Schmöle P. et al., From ore to steel – ironmaking 
processes, Stahl und Eisen, Vol. 132. No. 6, 2011, pp.29-38.
15. Schmöle P. et al., Energy Network in Integrated Iron 
and Steel Plants, Stahl-Akademie, Duesseldorf, 7 March 
2016.
16. Bäck E. et al., Wasserstoff als Reduktionsmittel für die 
Eisen- und Rohstahlerzeugung – Ist-Situation, Potentiale 
und Herausforderungen, BHM Berg- und Hüttenmännische 
Monatshefte, Vol. 160, No. 3, 2015, pp.96-160.
17. Allanore et al., Iron Metal Production by Bulk 
Electrolysis of Iron Ore Particles in Aqueous Media. Journal 
of the Electrochemical Society, 2008, pp.125-129.
18. Wirtschaftsvereinigung Stahl, Perspektiven der 
Stahlproduktion in einer treibhausgasneutralen Wirtschaft, 
Duesseldorf, 2018, p7.
19. Skorianz, M., Sustainable steel production – the 
potential of hydrogen in the steel industry, Thesis, WHU 
Otto Beisheim School of Management, Düsseldorf, 2016.
20. Worldsteel Association, World Steel in Figures 2019, 
Brussels, 2019, p.10.

r Fig 9 European green energy demand for the production of HRC/
fi nal product, by country

r Fig 8 Regional green energy demand for the production of 
HRC/fi nal product




