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 In 2017, industrial sector emitted 13 GT CO2 (1/4 of all CO2 eq. emissions) 
- 8.5 GT/y directly 

- 4.5 GT/y, from electricity, heating, processing and water.

 Materials processing accounts for most industrial emissions: 
metals : ~25%, cement: ~25%, plastics + paper: ~25%

https://www.iea.org

Industry energy and CO2 footprint
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The problems with steel making

 Every ton of steel produced in 2018 emitted on average 1.85 tons of carbon dioxide, equating to 
about 8 percent of global carbon dioxide emissions

 Global “overcapacity” - i.e. production capacity exceeding demand - is significant: as of 2024, 
estimated excess capacity exceeds 602 Mt 

 Projections suggest this overcapacity could reach ~721 Mt by 2027, further increasing market 
oversupply. /www.oecd.org/

/www.worldsteel.org/
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Overview of the steelmaking process

/www.worldsteel.org/

Blast furnace route Electric are furnace route
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The blast furnace process
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Iron ores
 Iron ores are mainly hematite (Fe₂O₃) and magnetite 

(Fe₃O₄); hematite is the dominant source for modern 
blast-furnace operations

 Typical Fe contents: ~60–65% in high-grade ores, 
~30–45% in lower-grade ores requiring beneficiation 
(crushing, grinding, magnetic separation)

 Major producing regions: Australia, Brazil, China, India – 
Australia and Brazil supply most of the seaborne market

 Main impurities: SiO₂, Al₂O₃, P, S – they increase slag 
volume and energy demand; low-impurity ores are 
therefore economically valuable

 Global steelmaking consumes >95% of all mined iron ore; 
ore quality and availability strongly influence CO₂ 
emissions
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 Graph represents the thermodynamic driving 
force ΔG0 = RTln(p02)  for an equilibrium reaction 
to occur: 

x M + O2 = MxO2
 Equilibrium constant: K=1/p02

Thus K=exp(-ΔG0/RT)
 Use top point and pO2 right scale to solve 

equation graphically (slopes are -ΔS0)
 For lower pressure, oxide decomposes
 For higher pressure, metal oxidizes

 Carbon reduces many oxides   
2C + O2 = 2CO

http://www.doitpoms.ac.uk/tlplib/ellingham_diagrams/printall.php

Metal oxide stability
Ellingham diagram
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The oxygen liberated by oxide dissociation does not need to form oxygen gas. 
Instead, it can oxidize CO:

2CO + O2 = 2CO2
Reduction of metal oxide is then:

MeO + CO = Me + CO2
A gas ratio pCO2/ pCO is established which is a unique function of temperature 

when Me and MeO coexist – use point C in Ellingham diagram.
If solid carbon is present

C + CO2 = 2 CO  (endothermic)
occurs simultaneously
Equilibrium for Me, MeO and C occurs at a unique T and pCO2/ pCO
Reduction with C occurs above that temperature
Fe3O4 reduced to FeO at (and above) 650 °C pCO2/ pCO =2
FeO reduced to Fe at 700 °C  pCO2/ pCO =1
TiO2 reduced to Ti at 1750 °C pCO2/ pCO =3x10-5 

reduction with CO is endothermic for less noble metals, needs heat to go 
forward.

Reduction of metal oxide
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 Reduction can occur with H2
H2 + ½ O2 = H2O  (use point H)

Metal reduction with H2 is more endothermic than with CO

 Reduction can occur with mixed CO and H2
Use natural gas, which is unstable above 500 °C

CH4 = C + 2H2
Then reduce the metal:

2 MeO + ½ C + H2 = 2 Me + ½ CO2 + H2O   
(but beware MeC formation)

 Also possible: metallothermic reaction:
2 FeO + Si = 2 Fe + SiO2 (or use Al or Mg)

Reduction of metal oxide
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The blast furnace process
 Upper Part of the Furnace

 Free moisture is removed from the burden materials.
 Decomposition of hydrates and carbonates occurs.

 Lower Part of the Blast Furnace Shaft
 Indirect reduction of iron oxides takes place, driven by carbon 

monoxide (CO) and hydrogen (H₂).
 Temperature range: 700–1,000°C.

 Bosh Area (Softening and Melting Zone)
 Iron oxides are reduced directly, and carbonization occurs through 

contact with coke.
 Burden materials begin to soften and melt.
 Molten iron and slag drip down to the hearth.
 Temperature range: 1,000–1,600°C.

 Tuyeres and the Combustion Zone
 Tuyeres: Water-cooled copper nozzles introduce preheated 

combustion air (900–1,300°C) into the furnace. This air is often 
enriched with oxygen.

 Combustion Zone (Hottest Zone):
 Temperature: 1,850–2,200°C.
 Coke reacts with oxygen and steam in the blast, producing carbon 

monoxide (CO), hydrogen (H₂), heat, and completely melting iron and 
slag.

Walden Iron industries

400 °C

1’000 °C

1’800 °C

1’400 °C
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 Inputs
 Air (O2 + N2)
 Coke: for reduction and heating:

2C + O2= 2CO (0.5 ton coke per ton Fe)
 Ore: Fe2O3
 Flux: lime CaO or limestone CaCO3 reacts with silicate 

impurities to make calcium silicate slag
 Outputs

 Pig iron (molten), slag (molten), CO2 + N2

 Reactions
3 Fe2O3 + CO = 2 Fe3O4 + CO2

Fe3O4 + CO = 3 FeO + CO2
FeO + CO = Fe + CO2

total: Fe2O3 + 3 CO = 2 Fe + 3 CO2
( 1.3 ton CO2 per ton Fe)

The blast furnace process
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Primary steel metallurgy
Blast furnace

 The number of blast furnaces in the world has decreased over the last 20 years, while their 
volumes have significantly increased

 The largest blast furnace in the world is in South Korea, with a volume around 6,000 m3 It 
can produce around 5’650’000 t of iron per year.
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Converting raw iron into steel
Oxygen converter process

 Basic Oxygen Steelmaking (BOS), also known as 
BOP, BOF, or OSM (oxygen converter process), is a 
primary steelmaking method where carbon-rich 
molten pig iron is refined into low-carbon steel by 
blowing oxygen through the molten metal.

 Blowing high-purity oxygen reduces the carbon 
content of pig iron, transforming it into steel while 
removing other impurities.

 Invented in 1948 by Swiss engineer Robert Durrer.
 Commercialized in 1952–1953 by the Austrian 

companies VOEST and ÖAMG in Linz and 
Donawitz (LD process).

 Contemporary BOS furnaces can handle up to 400 
tons of molten iron, converting it into steel in less 
than 40 minutes.
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Converting raw iron into steel
Oxygen converter process
 Molten Crude Iron Handling

 Molten crude iron ("hot metal") from the blast furnace is poured into 
a refractory-lined container called a ladle.

 The ladle is used to transfer the metal directly to the basic oxygen 
steelmaking (BOS) vessel or to an external pretreatment stage.

 Pretreatment of Hot Metal
 External pretreatment reduces impurities such as sulfur (S), silicon (Si), 

and phosphorus (P) before the hot metal is charged into the BOS 
converter.

 Charging the BOS Vessel
 The BOS vessel is charged with 25%–30% scrap steel or iron, 

depending on the charge balance requirements
 Molten iron from the ladle is added as needed to balance the charge. 

Maintaining the correct ratio of hot metal to cold scrap is critical for 
process efficiency and control.

 Oxygen Blowing
 The vessel is set upright, and a water-cooled, copper-tipped lance with 

3–7 nozzles is lowered into it.
 High-purity oxygen is injected at supersonic speed and at a pressure of 

700–1,000 kPa, initiating the steelmaking reactions.
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Converting raw iron into steel
Oxygen converter process

 Oxygen Blowing
 99% pure oxygen is blown over the molten iron using a lance.
 The oxygen reacts with dissolved carbon, forming CO and CO₂, raising 

the temperature to approximately 1,700°C.
 Refining the Molten Iron

 The increased temperature melts the scrap, reduces the carbon 
content, and removes unwanted chemical elements.

 Addition of Fluxes
 Fluxes (burnt lime or dolomite) are added to the vessel to form slag, 

which absorbs impurities during the steelmaking process.
 Tapping the Steel

 The BOS vessel is tilted toward the slagging side, and the refined steel 
is poured through a tap hole into a refractory-lined steel ladle 
("tapping").

 Final Refinement in the Ladle Furnace
 Alloying materials are added in the ladle furnace to impart specific 

properties required by the customer.
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Converting raw iron into steel
Oxygen converter process

 Burning of the impurities in pig iron:
 {O2}  2[O]  oxygen dissociates and dissolves in iron
 [Si]  + 2[O]  SiO2 at the beginning of the O2 inblow
 [Fe]  +   [O]  FeO (partial) iron slagging
 [Mn] +  [O]  (MnO) manganese slagging
 2[P] +  5 [O]  (P2O5) phosphorous burn
 2(FeO) +  [O]  (Fe2O3)         (oxygen rich slag)
 3(CaO) + (P2O5)  (CaO)3(P2O5)   removal of phosphorous with limestone

 Gas reactions
 [C] + [O]   {CO} decarbonization
 {CO} + [O]  {CO2} 

{ }: gas    [ ]: in liquid Fe   ( ): in slag
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Converting raw iron into steel
Oxygen converter process

[C] = 3.8-5 ma.%
[Si] = 0.5-0.8 ma.%
[Mn] = 0.3-1.0 ma.%
[P] = 0.2 ma.% max.
[S] = 0.04 ma.% max.

[Fe] = 94-95 ma.%

Tcharge = 1’400°C

[C] = 0.03 ma.%
[Si] = 0.05 ma.%
[Mn] = 0.3 ma.%
[P] = 0.008 ma.% max.
[S] = 0.08 ma.% max

[Fe] = 99.6 ma.%

Tout = 1’700°C 

Composition

at charging after OCP
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Converting raw iron into steel
Oxygen converter process
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Converting raw iron into steel
Oxygen converter process

https://www.youtube.com/watch?v=iRss4r0f7Hk
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Electric arc furnace steelmaking
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Electric arc furnace steelmaking

 Electric Arc Furnace (EAF) is a steel making furnace, in 
which steel scrap is heated and melted by heat of electric 
arcs striking between the furnace electrodes and the metal 
bath.

 In steel making, three-phase AC EAFs with graphite 
electrodes are commonly used.

 The main advantage of the EAF over the Basic Oxygen 
Furnaces is their capability to treat charges containing up 
to 100% of scrap. 

 About 33% of the crude steel in the world is made in the 
EAF

 Modern EAFs have a capacity of up to 400t
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Electric arc furnace steelmaking
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Steel scrap

Sheet scrap

Mixed scrap

Car body scrap

Blocks

<30mm

<60mm

>60mm

 85-90% of steel products are 
recovered at the end of their 
lifetime

 Steel scrap is important as
 Chilling material in BOF
 Main material in EAF

 Scrap is available in different 
shapes and sizes

 Strict regulations ensure
 Safety (no dangerous or 

explosive materials); no 
pressurized components

 Cleanliness (free of non-
ferrous/non-metallic 
materials

 Environmental quality
/www.euric-aisbl.eu/facts-figures/standards-specifications/
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Steel scrap

 According to the EU-27 steel scrap 
specification, scrap is classified into 6 main 
categories
 Old scrap
 Low residual new scrap (new production)
 Shredded scrap
 High residual scrap
 Fragmentized scrap

 The categories are divided into several 
specifications

/www.euric-aisbl.eu/facts-figures/standards-specifications/
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Steel scrap – challenges & current policy debate

 Technical & economic challenges
 Scrap quality varies (residual elements such as Cu, Sn, Ni)
 Closed-loop recycling difficult for some applications (e.g. automotive, packaging)
 Demand for high-purity scrap exceeds supply; premium prices
 Global scrap market highly competitive; exports often more profitable

 EU discussion: “Scrap protection”
 Debate whether the EU should restrict or control scrap exports
 Rationale:

 Secure strategic raw material for domestic low-carbon steel production
 Prevent “carbon leakage”: EU scrap exported to countries with lower environmental standards

 Criticism:
 Export restrictions may distort markets, raise costs, and reduce global recycling efficiency.
 Concerns from recycling industry about reduced competitiveness.
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Direct reduction processes

 Direct reduction refers to solid-state processes which reduce 
iron oxides to metallic iron at temperatures below the melting 
point of iron (at ~1’200°C)

 Direct reduced iron (DRI) is produced from the direct 
reduction of iron ore (in the form of lumps, pellets, or fines) 
into iron by a reducing gas or elemental carbon produced 
from natural gas or coal

 Direct reduction processes can be divided into two categories
 Gas-based by carbon monoxide and hydrogen derived from 

natural gas
 Coal-based
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Direct reduction processes

 The following reactions take place
1) Conversion of hematite into magnetite
 3Fe2O3 + CO/H2  2 Fe3O4 + CO2/H2O
2) Conversion of magneitite into ferrous oxide
 Fe3O4 + CO/H2  3 FeO + CO2/H2O
3) Conversion of ferrous oxide into iron 
 FeO + CO/H2  Fe + CO2/H2O

 The resulting iron sponge is highly susceptible to oxidation 
and rusting if left unprotected and it is thus quickly processed 
further to steel

 Iron sponge can be protected by carburization and the 
formation of cementite
 3Fe + CH4/2CO  Fe3C + 2H2/CO2
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Direct reduction processes
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Direct reduction processes
The MIDREX process

 Gas Production:
 Natural gas (1) is heated and transformed 

into reducing gas (3) in the reformer (2).
 Reduction in Shaft Furnace:

 The reducing gas is used to convert iron oxide 
pellets (I) into Direct Reduced Iron (DRI) (II) in 
the shaft furnace.

 The gas is oxidized during this process and 
exits as top gas (4).

 Gas Recycling:
 Top gas is scrubbed and split into two 

streams: One sent to the reformer (5) for 
reprocessing. The other sent to the burner (6) 
to provide heat for reforming and other 
applications.

 Gas Composition:
 The reducing gas is a mixture primarily 

composed of CO and H₂, with smaller 
amounts of CO₂, H₂O, CH₄, and N₂.
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Direct reduction processes
The HYL process

 Overview
 Removes oxygen from iron ore pellets and lump 

ore using reducing gases in a moving bed shaft 
furnace.

 Operates at ~930°C and pressures up to 6 bars.
 Main Sections

 Reducing Gas Generation: Produces H₂ and CO 
using a natural gas-steam reformer.

 Reduction Circuit: Removes oxygen from iron 
ore using hot reducing gases.

 Key Components
 Gas Heater: Raises reducing gas temperature to 

~925°C.
 Scrubbing Unit: Removes dust, H₂O, and cools 

top gases.
 Recycle Gas Compressor and CO₂ Removal Unit: 

Recycle and purify reducing gases.
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Direct reduction processes
Pilot steel plants in northern Sweden

Green steel plant Luleå Green steel plant Boden

A clip on Youtube
https://www.youtube.com/watch?v=5_HhV8JRmBg 

https://www.youtube.com/watch?v=5_HhV8JRmBg
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Direct reduction processes

 Comparison of main direct reduction processes over the last 50 years
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Direct reduction processes

 Benefits
 The direct reduction process is comparatively energy efficient. Steel made using DRI requires 

significantly less fuel, in that a traditional blast furnace is not needed
 DRI plants need not be part of an integrated steel plant, as is characteristic of blast furnaces. 
 The initial capital investment and operating costs of direct reduction plants are lower than integrated 

steel plants and are more suitable for developing countries where supplies of high grade coking coal 
are limited, but where steel scrap is generally available for recycling

 Problems
 DRI is highly susceptible to oxidation and rusting if left unprotected, and is normally quickly 

processed further to steel
 The bulk iron can catch fire since it is pyrophoric
 Unlike blast furnace pig iron, which is almost pure metal, DRI contains some siliceous gangue (if 

made from scrap, not from new iron from direct reduced iron with natural gas), which needs to be 
removed in the steel-making process. 
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Secondary steel metallurgy

 After the converter process the steel contains approx. 99.6 ma.% Fe plus some C, Mn, Si
 Before the continuous casting/block casting process, the target steel composition has to be 

adjusted in the so-called secondary metallurgy process
 Chemical 

 De-gassing – removal of nitrogen, hydrogen
 De-oxidation 
 De-sulfurazition 
 Secondary de-carburization (for steels with extra-low C content)
 Precision alloying – addition of Cr, Ni, Mn, Si etc. depending on target composition

 Physical 
 Adjustment of casting temperature
 Purification of steel / removal of non-metallic inclusions via slag
 Homogenization of the melt by stirring
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Secondary steel metallurgy

 Secondary metallurgy furnace (ladle furnace) technology
 In general vacuum furnaces
 Heating: electric (inductive, arc, radiation), chemical (oxidation of 

Al and/or Si)
 Cooling: with steel scrap; gas; 
 Stirring: with gas stream, inductive (scarcely mechanical stirring 

 Reactions in the melt
 Gas reactions: reactions between inserted gases like O2 and N2 

and dissolved elements like [H] and [C]
 Precipitation reactions: reactions with elements that form solid 

compounds
 Controlled reactions between melt and slag
 Melting and dissolution of alloying elements; addition as pellets, 

wire or powder
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Environmental aspects of steelmaking
Comparison of different processes

 Energy consumption
 Blast furnace + basic oxygen converter: 5’500-8’500 kWh/tLS (waste 
 Direct reduction processes: 2’500-3’000 kWh/tLS

 Electric arc furnace (EAF) melting of steel scrap (100%): 340-390 kWh/tLS

 Electric arc furnace (EAF) melting of scrap + DRI: 530-680  kWh/tLS

 CO2 emission (direct)
 Blast furnace + basic oxygen converter: 1.6-2.2 tCO2/tLS 
 Direct reduction processes: 0.5-0.7 tCO2/tLS

 Melting of steel scrap (100%) in the electric arc furnace (EAF):  0.25-1.1 tCO2/tLS

 Electric arc furnace (EAF) melting of scrap + DRI: 0.9-1.8 tCO2/tLS
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Environmental aspects of steelmaking
Total emissions 1900-2015

a The connection of 19 dominating 
processes with their representative 
production technologies, application 
period and total carbon emissions from 
1900 to 2015. b Energy intensity and 
carbon intensity level for each process 
(for details see Supplementary 
Information 1 Section S2.2). 
Abbreviations for steel production flows 
are: MI mining, SI sintering, PE pelleting, 
BF blast furnace, DR direct reduction, 
BOF basic oxygen furnace, CB crucible, 
PD puddling, B-T Bessemer & Thomas, 
OHF open-hearth furnace, IF iron 
foundry, EAF electric arc furnace, CC 
continuous casting, IC ingot casting, SeM
section mill, PtM Plate Mill, StM strip 
mill, RbM rod bar mill, CdM Cold rolling 
mill.

/P. Wang et al., Nature Communications 12 (2021) 2066/

https://www.nature.com/articles/s41467-021-22245-6#MOESM1
https://www.nature.com/articles/s41467-021-22245-6#MOESM1
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Environmental aspects of steelmaking
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 Significant inprovements in process efficiency are 
offset by the much more pronounced increase in 
annual steel production, resulting in a 17-fold net 
increase in annual emissions
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Environmental aspects of steelmaking

MI mining, SI sintering, PE pelleting, BF blast 
furnace, DR direct reduction, BOF blast oxygen 
furnace, CB crucible, PD puddling, BT Bessemer 
& Thomas, OHF open-hearth furnace, IF iron 
foundry, EAF electric arc furnace, CC 
continuous casting, IC ingot casting, SeM
section mill, PtM plate mill, StM strip mill, RbM
rod bar mill, CdM cold rolling mill.

/P. Wang et al., Nature Communications 12 (2021) 2066/
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Environmental aspects of steelmaking
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Environmental aspects of steelmaking
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Direct reduction processes

 Factors that help make DRI economical and ecological:
 DRI has about the same iron content as pig iron, typically 90–94% total iron (depending on the 

quality of the raw ore) so it is an excellent feedstock for the electric furnaces used by mini mills, 
allowing them to use lower grades of scrap for the rest of the charge or to produce higher grades of 
steel.

 Hot-briquetted iron (HBI) is a compacted form of DRI designed for ease of shipping, handling, and 
storage; hot direct reduced iron (HDRI) is DRI that is transported hot, directly from the reduction 
furnace, into an electric arc furnace, thereby saving energy.

 The direct reduction process uses pelletized iron ore or natural "lump" ore. One exception is the 
fluidized bed process which requires sized iron ore particles.

 The direct reduction process can use natural gas contaminated with inert gases, avoiding the need to 
remove these gases for other use. However, any inert gas contamination of the reducing gas lowers 
the effect (quality) of that gas stream and the thermal efficiency of the process.

 In most cases the DRI plant is located near a natural gas source as it is more cost effective to ship the 
ore rather than the gas.

 To eliminate fossil fuel use in iron and steel making, renewable hydrogen gas can be used in place of 
syngas to produce DRI.
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Learning objectives
 Primary metallurgy basics 

 Explore the key principles of extracting and refining metals from ores.
 Study the thermodynamic and kinetic factors influencing metal production.
 Use Ellingham Diagrams and process modeling tools to predict reactions.

 Steelmaking processes
 Compare the Blast Furnace and Direct Reduction methods.
 Understand the Basic Oxygen Converter Process and its role in steel refinement.

 Environmental Aspects
 Examine the CO₂ emissions and energy consumption of primary metallurgy.
 Discuss potential strategies for sustainable steel and aluminum production. 
 Investigate the role of advanced technologies in improving efficiency.
 Assess the significance of recycling and alternative raw materials in reducing waste. 
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