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Abstract.

The steelmaking industry remains one of the major global emitters of carbon dioxide and
other pollutants. According to World Steel Association, the global average CO,-emissions
intensity for crude steel production was 1.91 tonnes CO, per tonne in 2022. At the same
time, off-gases from basic oxygen furnaces (BOF), blast furnaces (BF) and electric arc
furnaces (EAF) carry a large fraction of chemical and sensible energy which is frequently
lost. This research focuses on the selection and recovery of metallurgical off-gas streams:
analysing established gas recovery and cleaning technologies in BOF and EAF operations,
summarising real compositional, calorific and performance data as reported in publicly
available technical literature, and proposing novel concepts to enhance utilisation of
collected gases by coupling energy recovery with emissions reduction. The findings highlight
potential energy savings, improved environmental performance and pathways for future
innovation in metallurgical gas-handling systems.
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Introduction
The steel industry 1is both energy-intensive and
polluting. According to recent environmental audits,

producing one tonne of steel emits about 1.91 t of COp. In
2022 global steel output reached 1.88 billion t, releasing
roughly 3.6 billion t CO,. Hot off-gases from blast furnaces,
basic oxygen furnaces (BOF) and electric arc furnaces (EAF)
contain a mixture of carbon monoxide (CO), carbon dioxide
(COz), nitrogen and minor species. These gases hold a
significant portion of the chemical and sensible energy
supplied to the process and, if not recovered, they contribute
directly to greenhouse-gas emissions. At the same time,
airborne dust and acid vapours must be removed to meet
tightening particulate and toxic-gas emission limits.
Developing gas-selection systems that simultaneously recover
energy and clean the gas 1is therefore a critical research
area in metallurgical engineering.

This article reviews established gas-recovery
technologies for BOF and EAF operations, analyses their
performance using recent data, and proposes novel concepts to
improve off-gas utilisation. The discussion integrates heat
and mass balances, gas-cleaning stages and energy-recovery
equipment, highlighting how modern systems simultaneously
reduce emissions and generate high-value energy products.

Recent studies by the OECD (2024) and IEA Iron and Steel
Technology Roadmap confirm that waste-heat and process-gas
recovery can cut specific energy consumption by up to 25 % in
integrated plants. Such systems combine thermal recovery (via
radiation and convective Dboilers) with chemical energy
utilisation (via CO-rich converter gas storage).

The European Commission BREF document (2020) 1lists
average converter-gas CO contents of 56-70 % wvol.,
corresponding to a lower heating wvalue of 8-9 MJ Nm 3,
validating industrial data from IspatGuru (2020) and
Primetals (2024) . In electric-arc furnaces, off-gas
temperature ranges between 600 - 1 200 °C, and sensible heat
accounts for 30-40 % of total input energy. These figures
demonstrate that off-gas recovery is a technically mature but
still under-utilised pathway for energy efficiency and
emission reduction. While many plants employ dry-ESP or
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baghouse filtration, only a fraction integrate heat
exchangers or energy-conversion cycles (e.g. ORC - Organic
Rankine Cycle, iRecovery®, ECORECS®) developed by Tenova and
JP Steel Plantech. The potential of integrating waste-heat
recovery with carbon-capture and utilisation (CCU) and AI-
based process control remains largely unexplored.

Results and discussion

Composition and properties of metallurgical off-gases.
The gas composition determines both its calorific wvalue and
the required cleaning strategy. Table 1 summarises typical
compositions for converter gas (BOF), blast-furnace gas (BFG)
and electric-arc-furnace (EAF) off-gas from recent surveys.
Converter gas from the BOF contains 55-60 % CO, 12-18 % COg,
trace oxygen (0.1-0.3 %) and the remainder nitrogen. The high
CO content gives a calorific wvalue of 8-9 MJ Nm *. BFG is
leaner, with around 20-25 % CO, 3 % H; and a net heating value
of 3-4 MJ Nm °. EAF off-gas composition fluctuates with scrap
type and oxidation; 1ts energy content 1is dominated by
sensible heat rather than chemical fuel, yet it can contain
up to one-third of the furnace’s total energy input.

Table 1
Composition and calorific value of major metallurgical off-gases
Gas Composition (vol %) | Calorific Notable features
source value
(MJ Nm~™3)

BOF CO 55-60 %; COp 12-|8-9 MJ Nm 3 High heating wvalue; dust
converter | 18 3, 0, ~0.2 %; concentration up to 70-
gas balance N, 80 g Nm * during blowing
Blast CO 20-25 %; COz 20- | 3-4 MJ Nm™* | Large flow
furnace 22 %; Hy 2-5 %; N, (4.2x10° Nm? h7t can
gas (BFG) | palance generate ~9 MW in

top-pressure recovery

turbines)
Electric Highly variable; | Up to | Temperature swings due to
arc contains CO,, CO and | one—-third of | batch operation; dust
furnace fine particulates; | the load >10 g Nm 3 requiring
(EAF) heat is primarily | furnace'’s robust dedusting
off-gas sensible input energy

Environmental impacts. In addition to greenhouse gases,
metallurgical off-gases carry particulate matter (PM) ,
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sulphur oxides (SOx), nitrogen oxides (NOx) and volatile
organic compounds. These pollutants contribute to respiratory
illnesses, smog and acid rain. Therefore, gas-selection
systems must not only capture energy but also remove dust,
neutralise acid gases and reduce toxic emissions to meet
regulatory limits.

Gas recovery from basic oxygen furnaces (BOF)

Suppressed-combustion gas collection. In early BOF
practice, converters were equipped with open flues where the
CO-rich gas was fully combusted 1in the flue-gas duct,
yielding only sensible heat recovery. Modern converters use
suppressed-combustion systems, in which a hood or skirt seals
the converter mouth during oxygen blowing to minimise air
ingress and preserve the fuel value of the gas. The process
yields CO-rich converter gas, which is cooled, dedusted and
stored for use as a gaseous fuel in downstream processes.
This method recovers both sensible heat (10-30 %, equivalent
to 0.1-0.3 GJ tLS ') and chemical energy (50-70 %) from the
converter gas. Total energy recovery reaches 70-90 %, saving
0.35-1.08 GJ per tonne of liquid steel (tLS) and reducing
CO, emissions by =46 kg t'. A leak-free system reduces
energy losses and improves the calorific wvalue of the
recovered gas.

BOF gas-cleaning train. In suppressed-combustion
systems, the converter off-gas exits at ~1 450 °C with a
hood pressure of +5 mm WC and then passes through several
cooling and cleaning stages. Figure 1 shows a real schematic
of a gas recovery system for a basic oxygen furnace. The gas
first enters a radiation and evaporation boiler, where water
circulating in membrane tubes absorbs sensible heat,
generating saturated steam. The gas is then cooled to about
1 000 °C and collected in a primary gas collector. A
secondary dust collector, typically a PA (plate—-annular)
venturi scrubber, reduces the gas temperature to =75 °C and
removes finer particulates. Finally, an induced-draught fan
(IDF) conveys the clean gas through a three-way wvalve to
either the gas holder or the chimney. A thickener and softener
treat the scrubber water, allowing solids to be removed and
water to be recirculated.
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Schematic of gas recovery system in a basic oxygen furnace
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Figure 1
Schematic of gas recovery system in a basic oxygen furnace (image
sourced from IspatGuru).
The solid-line arrows trace the converter off-gas, while the dashed
lines indicate the scrubbing water circuit

Dry and wet gas-cleaning techniques. Two principal
gas-cleaning routes are used for converter gas:

1. Dry gas cleaning - Dust-laden gas 1is guenched in a
water-cooled duct and then passes through a cyclone to remove
coarse particles. The gas is finally sent through a fabric
filter (baghouse) or electrostatic ©precipitator (ESP),
reducing dust to <15 mg Nm °. Dry systems avoid wastewater
generation and achieve high dust collection efficiency;
however, they have higher capital cost and require more
maintenance.

2. Wet gas cleaning - Gas 1is quenched and cleaned in a PA
venturi scrubber followed by a wet ESP. Water droplets capture
fine dust and acid gases, lowering dust levels to <50 mg Nm 3.
Wet systems handle sticky dust and are simpler to operate but
produce wastewater containing metals and require sludge
treatment.
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Figure 2
Venturi scrubber used as the final stage of gas cleaning in the BOF off-
gas recovery system

The Venturi scrubber operates by accelerating the gas
stream through a converging throat where liquid droplets are
injected. The high relative velocity between gas and liquid
ensures efficient capture of submicron dust and acid mists,
with typical collection efficiencies above 95 % for particles
smaller than 2 um [EPA, 2020].

This final scrubbing step is crucial for achieving
emission standards below 30 mg/Nm3® for total particulates
before the cleaned gas is directed to the gas holder or the

flare stack. The recovered condensate, containing iron oxides
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and sulfates, 1is sent to the plant’s wastewater treatment
unit for neutralization and reuse.

Integrating such a wet scrubbing section downstream of a
dry electrostatic precipitator (ESP) allows combined removal
of dust and acid gases, enhancing the overall environmental
performance of metallurgical off-gas systems and improving
the purity of recovered CO-rich gas for energy recovery
purposes.

Converter

Hot off-gas 1.450 °C

Top hood

Radiation
boiler & duct

Primary gas collector

Secondary dust collector = e
eam to plant
PA Venturi g

ID fan Wet ESP / Baghouse

Thickener & water treatment
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Gas holder Chimney Softener & recirculation
Figure 1

Energy and material flow diagram of the BOF gas utilization system
showing main components, heat recovery, and chemical energy extraction
points
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Figure 1 shows a diagram illustrating the key components
of the BOF gas utilization route. The diagram highlights
energy and material flows and indicates where heat and
chemical energy are extracted.

Suppressed-combustion BOF gas recovery systems deliver
high energy savings and significantly reduce dust emissions.
However, they face several challenges:

- Transient operations - During converter start-up and
end-blow periods, the gas contains low CO and is often flared,
reducing recovery. Real-time gas analysis and dynamic control
of the hood skirt can maximise recovery during these phases.

— Dust loading - Converter gas dust concentrations of 70-
80 g Nm °® require robust wear-resistant linings and efficient
water treatment systems to handle sludge.

— Scaling and corrosion - The combination of high
temperature and wet scrubbing can produce scale deposits and
corrosion in ducts and heat exchangers. Selecting appropriate
materials and implementing on-line cleaning mechanisms (e.g.,
steam-soot blowing) mitigate these issues.

Waste heat recovery from electric arc furnaces. EAFs
operate discontinuously; scrap or direct-reduced iron (DRI)
is charged, melted and tapped in cycles lasting 50-60 min.
The off-gas energy can account for up to one-third of the
furnace’s total input energy. JP Steel Plantech’s ECORECS
(Ecological and Economical heat RECovery System) and similar
systems have demonstrated that off-gas heat accounts for =40 %
of the input energy and that typical DRI-EAFs input
1 050 kWh t°* of energy, with 430 kWh t™! contained in the
exhaust gas. Recognising this, several heat-recovery
technologies have been developed.

Waste-heat boiler systems. The ECORECS system integrates
a membrane-tube boiler directly into the EAF off-gas duct.
Water circulated through the boiler tubes absorbs heat from
the hot gas, generating saturated steam at ~4.1 MPa and
253 °C. For DRI-EAFs, this boiler produces =180 kg h™* of
steam per tonne of steel, which can generate 17.5 kWh t™! of
electricity in a back-pressure turbine. The heat-recovery
system functions efficiently because DRI is fed continuously;
the gas temperature remains in the 600-1 200 °C range during
the tap-to-tap cycle, avoiding large fluctuations.
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A hybrid EAF boiler + waste-heat recovery boiler (WHRB)
has been proposed to supply superheated steam. The WHRB,
installed downstream, uses a duct burner to raise steam
temperatures and maintain steady output during furnace
fluctuations. The two-stage arrangement allows continuous
supply of high-pressure steam to power plants or district
heating networks.

Two-stage hot-water/steam recovery (Primetals WHR) .
Primetals Technologies offers a two-stage waste-heat recovery
system for EAFs. In Stage 1, the water-cooled hot-gas line is
replaced by an energy-recovery unit that cools the gas at
higher temperatures; the recovered thermal energy can be used
to generate hot water or steam. In Stage 2, the secondary
cooler (forced-draft cooler or quenching tower) is replaced
with a convective heat-exchange unit to capture residual heat.
The modular design includes a heat-storage tank to smooth
cyclic heat supply and an auxiliary cooler for periods without
steam demand. Benefits include reduced energy consumption,
flexibility to produce hot water or electricity, and easy
integration into existing dedusting systems.

Dedusting integration. Gas recovery must be coupled with
dedusting systems to protect downstream equipment. Primetals’
EAF dedusting plant uses a water-cooled duct and sliding
sleeve to adjust combustion air. A drop-out box removes large
particles, and a water-cooled hot gas 1line 1leads to a
secondary cooling stage (forced-draft cooler, hairpin cooler
or quenching tower). Secondary fumes from ladle treatment or
material-handling stations are captured wvia additional
suction points and directed with the primary gas to a
pulse-jet bag filter. Modern dedusting systems incorporate
waste-heat recovery to generate steam or electricity, closing
the energy loop.

Organic Rankine Cycle (ORC) systems and 1innovations.
Recent projects, such as Turboden’s 3 MW Organic Rankine Cycle
(ORC) unit, show that saturated steam from an EAF
heat-recovery boiler can drive an ORC turbine to produce
electricity. Combined with scrap preheaters and continuous
charging, 20-25 % of the furnace’s input energy can be
recovered as useful heat. When used as process steam (e.g.,

for vacuum degassing or district heating), CO, emissions are
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reduced by =5 %; 1f converted to electricity, emissions drop
by 1.5 %. Coupling Consteel® continuous charging with the
iRecovery® system can produce 85-140 kg of steam per tonne of
liquid steel, demonstrating that advanced charging and gas
recovery strategies yield significant energy savings.

Comparative analysis and research outlook

Table 2 compares key performance indicators for BOF and
EAF gas-recovery systems. It highlights the recovered energy
fraction, steam production rates and dust emissions,
demonstrating that integrated gas-selection systems can
contribute materially to steel plants’ energy balance and
environmental compliance.

Table 2
Comparison of BOF and EAF gas-selection systems

Parameter BOF suppressed | EAF heat recovery
combustion (ECORECS/WHR)

Energy in off-gas | Chemical + sensible; | Mainly sensible; ~40 % of
~70-90 % of converter | input energy available
energy recovered

Steam production | Not primary; gas used as | =180 kg t™* of saturated
fuel; some steam | steam at 4.1 MPa; 85—
produced in boiler for | 140 kg t™* in Consteel +
quenching iRecovery system

Dust 70-80 g Nm™ 3 >10 g Nm™3; batch

concentration variations

before cleaning

Dust after | <15 mg Nm 3 (dry | Pulse-jet bag filter

cleaning ESP/baghouse) ; reduces dust to regulatory
<50 mg Nm™® (venturi + | limits; integrated with
wet ESP) waste-heat recovery

CO, reduction | #46 kg t™* due to gas|1.5-5 % reduction

potential recovery depending on steam

utilisation

Recommendations and research directions

Advanced diagnostics and control

Real-time gas analysis (e.qg., tunable-diode laser
sensors) and AI-based control algorithms can optimise the
timing of hood closure, combustion air introduction and boiler
feed-water flow. These tools can maximise CO recovery in the
BOF and maintain stable steam output in the EAF despite batch
fluctuations. Integrating a fume-monitoring system with
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predictive maintenance (bag-break and cleaning monitors) has
been shown to enhance bag filter performance and reduce energy
usage.

Integration with carbon capture and utilisation (CCU)

The calorific value of converter gas (8-9 MJ Nm ?) makes
it a suitable feedstock for methanation or Fischer-Tropsch
synthesis. Combining gas recovery with CO, capture from other
plant sources can yield a synthetic natural gas or liquid
fuels stream. Research should focus on catalytic reactors
that can operate at moderate pressures (~10 bar) and
incorporate pressure-swing adsorption for CO, purification.

Thermochemical energy storage and ORC hybrids

To address the cyclic nature of EAF operations, storing
recovered heat in molten-salt or phase-change materials could
buffer energy between charges. Coupling storage with ORC
systems allows continuous electricity generation even when
the furnace is idle. Advanced designs may incorporate
high-temperature solid oxide fuel cells to utilise CO-rich
converter gas, converting chemical energy directly to power
and raising overall efficiency.

Circular economy and material recovery

Baghouse dust from BOF and EAF gas cleaning contains iron
oxides and alloying elements. Hydrometallurgical recovery of
zinc, lead and other metals can transform waste into valuable
products. Wet-scrubber sludge should be processed through
filter presses and thickener circuits, as shown in Figure 1,
with recovered water recirculated.

Conclusion
Effective gas-selection and heat-recovery systems are
central to sustainable steelmaking. The BOF

suppressed-combustion process captures 70-90 $ of converter
gas energy and reduces CO, emissions by ~46 kg t™!, while
modern EAF waste-heat recovery systems recuperate up to 40 %
of input energy, generating substantial quantities of steam
and electricity. Coupling these technologies with advanced
dedusting, real-time diagnostics and emerging CCU pathways
can further lower emissions and create new revenue streams.
Ongoing research into thermochemical storage, ORC-fuel-cell
hybrids and AI-driven process control promises to enhance the
efficiency and resilience of future metallurgical

This work is distributed under the terms of the Creative
Commons Attribution—-ShareAlike 4.0 International License 2 2 5
(https-//creativecommons.org/licenses/by—sa/4.0/).



Proceedings of the 12th International
Scientific and Practical Conference
«Theory and Practice of Science: NO

Key Aspects» 2 7 2

(November 19-20, 2025). | C
Rome, Italy NTERLONF

SoenTIF PubLiHNG CenTe

GENERAL ENGINEERING AND MECHANICS

gas—-selection systems.

The review and comparative analysis confirm that gas-
selection and energy-recovery systems are essential pillars
of low-carbon metallurgical production.

- In BOF converters, suppressed-combustion systems
capture both chemical and sensible energy, recovering up to
70-90 % of off-gas energy and lowering direct CO, emissions
by about 46 kg per tonne of liquid steel (World Steel
Association, 2023).

— In EAF units, modern heat-recovery technologies such as
ECORECS® and iRecovery® reclaim 35-40 % of input energy,
producing 85-180 kg of steam per tonne of steel at 4.1 MPa,
according to manufacturer performance data (JP Steel Plantech
Co., Tenova, 2024).

- Integration of dry baghouse filters (dust < 15 mg Nm 3)
or wet Venturi scrubbers (dust < 50 mg Nm ?®) ensures
compliance with emission 1limits set by the EU Industrial
Emissions Directive 2010/75/EU and U.S. EPA 2020 standards.

The combination of heat-recovery boilers, dedusting, and
CCU creates a circular energy loop within the steel plant.

Further technological progress should prioritise:

1. Hybrid dry + wet cleaning systems to reduce both dust
and acid gases;

2. Thermochemical energy-storage modules enabling stable
energy output during batch EAF cycles;

3. Al-driven predictive control for dynamic gas
composition and hood-pressure management;

4. Integration with COz-utilisation routes (methanation,
Fischer-Tropsch, fuel-cell coupling).

In conclusion, metallurgical gas-selection and recovery
represent a cornerstone for decarbonised steelmaking,
offering measurable energy savings, improved air quality, and
new economic opportunities through the wvalorisation of
process gases.

References:
[1] Kovalenko, V., Kovalenko, I., Miniailo, N., Shevchuk, L.,
Vasetskyi, V., Bashko, V., & Kopysov, V. (2025). GENERAL PRINCIPLES
OF ENERGY CONSUMPTION IN THE METALLURGICAL INDUSTRY. Modern Problems
of Metallurgy, (28), 229-247. https://journals.nmetau.edu.ua/index-

This work is distributed under the terms of the Creative
2 2 6 Commons Attribution-ShareAlike 4.0 International License
(https-//creativecommons.org/licenses/by—sa/4.0/).


https://journals.nmetau.edu.ua/index-.php/mpm/article/view/2211

Proceedings of the 12th International
Scientific and Practical Conference
«Theory and Practice of Science: NO

Key Aspects» 2 7 2

(November 19-20, 2025).
Rome, Italy |NTeRCON|=

SdenTIFc PUbLEHNG CenTen

GENERAL ENGINEERING AND MECHANICS

.php/mpm/article/view/2211

Hamzah, O. A. H. (2017). Parameter selection the powerplant with
recovery system Off-gas in the refinery (Doctoral dissertation, NTU"
KhPI"). https://repository.kpi.kharkov.ua/items/7980c04b-3673-404d-

bf61-13073bblc22b
Colla, V., Matino, I., Dettori, S., Petrucciani, A., Zaccara, A.,

Weber, V., ... & Romaniello, L. (2019). Assessing the efficiency of
the off-gas network management in integrated steelworks. Materiaux &
Techniques, 107(1), 104. https://www.mattech-

journal.org/articles/mattech/abs/2019/01/mt180048/mt180048.html
World Steel Association. Sustainability Indicators 2023 Report.
https://www.worldsteel.org/sustainability/sustainability-
indicators-2023-report/

European Commission. Best Available Techniques Reference Document
for Iron and Steel Production (BREF). Table 8.4: Composition and
characteristics of BOF gas. 2020.

Global Efficiency Intelligence. Steel Climate Impact - International
Benchmarking of Energy and CO, Intensities. Available at:
https://www.globalefficiencyintel.com/steel-climate-impact-
international-benchmarking-energy-co2-intensities

Cui, J., Meng, G., Zhang, K., Zuo, Z., Song, X., Zhao, Y., & Luo, S.
(2025) . Research progress on energy-saving technologies and methods
for steel metallurgy process systems—A review. Energies, 18(10),
2473. https://www.mdpi.com/1996-1073/18/10/2473

This work is distributed under the terms of the Creative
Commons Attribution—-ShareAlike 4.0 International License 2 2 7
(https-//creativecommons.org/licenses/by—sa/4.0/).


https://journals.nmetau.edu.ua/index-.php/mpm/article/view/2211
https://repository.kpi.kharkov.ua/items/7980c04b-3673-404d-bf61-13073bb1c22b
https://repository.kpi.kharkov.ua/items/7980c04b-3673-404d-bf61-13073bb1c22b
https://www.mattech-journal.org/articles/mattech/abs/2019/01/mt180048/mt180048.html
https://www.mattech-journal.org/articles/mattech/abs/2019/01/mt180048/mt180048.html
https://www.worldsteel.org/sustainability/sustainability-indicators-2023-report/
https://www.worldsteel.org/sustainability/sustainability-indicators-2023-report/
https://www.globalefficiencyintel.com/steel-climate-impact-international-benchmarking-energy-co2-intensities?utm_source=chatgpt.com
https://www.globalefficiencyintel.com/steel-climate-impact-international-benchmarking-energy-co2-intensities?utm_source=chatgpt.com
https://www.mdpi.com/1996-1073/18/10/2473

