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Abstract. This paper aims at providing an overview of the ways for residue valorization in the iron and
steelmaking industry. The important role of recycling in iron and steelmaking as a cornerstone for achieving a
cleaner and resource-efficient potential is described. Several research results concerning metals and metal oxides
(scrap, scale), slags, dusts, process gases, and water recycling from the iron and steelmaking process are reviewed
here, aiming to detect those research gaps that still need implementation and suggest potential approaches
toward potential solutions. Through a comprehensive evaluation, several possibilities are provided to
incorporate effectively in metallurgical processes the bio-based or bio-derived carbon materials, namely biomass,
biochar, biocoke, and polymers from waste plastics to reduce the dependence on fuel and reducing agents from
fossil sources, and therefore mitigating the related environmental impact of the steel industry. Eventually, this
review highlights the importance of embracing circular economy (CE) principles in iron and steelmaking, along
with considering opportunities for industrial symbiosis (IS) and exploring the role of digitalization and digital
solutions in recycling practices.
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1 Introduction

Steel production mainly involves two primary pathways:
production from iron ore using the blast furnace-basic
oxygen furnace (BF /BOF) route, which includes cokemak-
ing and iron ore agglomeration processes, and secondary
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production from recycled steel in electric arc furnace
(EAF) or induction furnaces [1,2]. The traditional
BF/BOF route contributes to a majority of worldwide
(70%) [3] steel production; it relies heavily on fossil fuels
and reducing agents, resulting in significantly higher CO,
emissions (2.0-2.2 tcoo/tum) [4-6] and energy consump-
tion (13.0-14.0 GJ/tgy) than the EAF route (CO,
emissions of 0.3-1.3 tcoo/tm) and (energy consumption
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Focusing on integrating the circular economy (CE)
principles enables material production optimization, mate-
rial consumption reduction, and contributions to emissions
reduction in iron and steelmaking. The CE framework
emphasizes minimizing waste and maximizing resource
utilization by creating closed-loop systems where materials
are reused, recycled, or remanufactured [7]. Applying CE
principles in iron and steelmaking can enable efficient
resource use and recycling [8]. For instance, steel scrap is
highly recyclable and can be almost entirely reintegrated into
the production of new steel [9]. This process can significantly
reduce the demand for virgin raw materials, decrease energy
consumption [10], and lower CO, emissions compared to
primary steel production from iron ore.

Moreover, the iron and steelmaking generates various
by-products, such as slags, sludge, mill scale, flue dust,
and tailings [11]. These by-products contain valuable
materials like metals and minerals, and technologies for
reusing these residues can reduce reliance on primary
resources, decrease landfill volumes, and result in
economic savings for steel plant operators. For instance,
slag, a byproduct of the steelmaking process, can be reused
in road construction, cement production, and as a raw
material for producing fertilizers [12]. According to [13]
20.7 million tons of BF slag and 16.3 million tons of
steelworks slag were produced and recovered in Europe in
2018. Among these steelwork slags, 52.3% is BOF slag,
34.9% is EAF slag, and 12.6% is other types of slag. Of
this, 72.4% were recovered, 15.3% were stored temporari-
ly, and 12.3% were sent to dumps. About 70.6% of
recovered steel slags were used as an aggregate in concrete
production. Road construction used 1.3%, while 4.5%
went into hydraulic engineering. Fertilizer got 13.1%), and
10.5% was recycled in metallurgical processes or used
elsewhere. Utilizing slag in these ways can reduce waste
and offset the need for natural resources in other
industries.

Optimizing the input of raw materials, such as iron ore,
coal, and fluxes, can minimize waste and improve overall
process efficiency. Furthermore, alternative carbon mate-
rials are of interest, especially given the reliance on fossil
carbon materials (coal, coke, natural gas, etc.) in the iron
and steelmaking industry. Due to environmental concerns,
there is growing relevance in using alternative carbon
materials, such as bio-based or bio-derived [14] or polymer-
based [15]. However, due to the existing strict requirements
for fuel and reducing agents, only partial replacement of
fossil fuels is possible for several metallurgical processes,
such as cokemaking or BF.

Water recycling and energy recovery should also be
considered. Steelmaking is a water-intensive process, and
implementing closed-loop water systems can allow for
water reuse within the plant, reduce the need for
freshwater, and minimize wastewater discharge. According
to [16], approximately 90% of water used in the steel
industry can be cleaned, cooled, and returned to the source.
Additionally, it is possible to consider recovering and
reusing energy generated during production processes, such
as waste heat recovery systems in BF or by-product gases
for electricity generation, contributing to overall energy
efficiency and reducing reliance on external energy sources.

CO, capture and sequestration (CCS) is a critical
strategy for achieving net-zero emissions in steelmaking
and other COg-intensive industries [17]. Capturing CO,
emissions from steelmaking processes and utilizing them in
other industrial applications, such as chemical production or
enhanced oil recovery, can contribute to a CE by reducing net
emissions. However, the high incremental cost and signifi-
cant energy consumption associated with CCS deployment
remain challenges to its practical scalability [18].

Establishing industrial symbiosis (IS), where waste or
by-products from one industry serve as raw materials for
another, can enhance resource or energy efficiency and
reduce the environmental impacts [19]. Johansson et al.
[20] demonstrated that IS offers opportunities for enhanc-
ing energy efficiency and reducing CO, emissions in iron
and steelmaking plants. For instance, this can be achieved
by utilizing waste from other sectors as reducing agents or
fuel and by integrating the process with district heating
systems.

This review mainly focuses on the role of recycling in
iron and steelmaking processes, emphasizing its signifi-
cance in managing by-products or utilizing alternative
carbon materials. Additionally, it examines approaches
and strategies undertaken by the EU iron and steel
industry concerning CE, IS, and metallurgical process
efficiency.

The review is organized as follows: Section 2 examines
the potential for recycling by-products generated from
cokemaking and the main by-products in iron and
steelmaking, such as slag, dust, and process gases, as well
as the possibilities for recycling steel scrap. Moreover, the
utilization of bio-based, bio-derived, or polymer-based
carbon materials in iron and steelmaking is also considered.
Section 3 discusses the circularity of non-steel resources
and opportunities for IS. Section 4 explores the role of
digitalization and digital solutions in recycling practices.
Section 5 presents conclusions and outlook.

2 Recycling practices in iron and steelmaking

2.1 Recycling of the main by-products in iron and
steelmaking

Firstly, during cokemaking, several valuable by-products
are created, including solid and liquid wastes [21]. After
coking, the coke is pushed out of the oven, and the dust
produced is collected. The hot coke is then quenched, after
which it is broken and screened into blast-furnace coke
and breeze (coke lumps smaller than 20 mm). Coal and
coke dusts can be utilized in the coal blend. Additionally,
coke breeze can be used for iron ore sintering or pelletizing.
The water and dust mixture from the quenching process is
transported to a decantation basin. Once the coke oven
gas is collected, water and tar are separated. In summary,
the key by-products can include tar, pitch, ammonia
liquor, benzene, elemental sulfur, sulfuric acid, ammoni-
um sulfate, and polycyclic aromatic hydrocarbons (PAH)-
filtered water. They can serve either as a product or can be
utilized in a coal blend. T'able 1 summarizes the options for
recycling and utilizing the main by-products in iron and
steelmaking.
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Table 1. By-products in iron and steelmaking and recycling/utilizing options, according to Refs. [21,22].

By-product Recycling/utilizing option

Coal and coke dusts

Coal blend or sold.

Coke breeze Iron ore sintering or pelletizing.
Tar, sulphur, sulphuric acid, and ammonium sulfate  They can be sold.

Raw benzene, toluene, xylene mixture

Sludge, solids, pitch, and contaminated wood
pulp from PAH treatment

Refined and sold.
Coal blend or brought to landfills.

BF slag (GB/AB slag)
BOF slag

EAF C* slag
EAF S** slag

LF slag

Sinter dust
BF dust (coarse)

BF sludge (fine)

BOF dust (coarse)
BOF dust/sludge (fine)

EAF C* dust

EAF S** dust

Cement /concrete, road, others.

Cement /concrete, roads, hydraulic engineering, fertilizer,
metallurgical use, others.

Landfill replacement, landfill building material, aggregate.
Landfill replacement, landfill building material, metal
extraction, aggregates (e.g., unbound mixtures).

Acid mine drainage prevention, treatment, remediation; soil
stabilization and road base reclamation; sludge solidification
and stabilization; hazardous waste stabilization; flowable fill
and excavatable backfill.

Internal recycling as sinter raw material.

Internal: mixed and granulated in sinter raw material,
pelletized /briquetted in BF burden, or injected into BF via
tuyere.

Internal: dezincing pre-treatment by the hydro cyclone;
afterwards: mixed and granulated in sinter raw material,
briquetted in BF.

External: dezincing (shaft furnace — Oxycup, DK Recycling
— Waelz process); sent to the landfill.

Internal: used in the sinter plant, BF, and BOF.

External: dezincing (shaft furnace process); sent to the
landfill.

External: zinc recovery through the pyrometallurgical Waelz
process (rotary kiln).

External: processed to recover Cr and Ni in the form of

ferroalloys.

:*Carbon steel.
Stainless steel.

Secondly, blast furnace slag (BFS) and steel slag (SS),
generally called iron and steel slags, and are the main by-
products of iron and steelmaking [23-25]. Figure 1 presents
a schematic overview of iron and steelmaking processes
[26], along with the types of slag produced at each stage.
The primary types of slag generated in these processes are
classified as follows: BF slag, BOF slag, EAF slag, and ladle
slag. Additionally, in the wake of steel production,
consequential by-products include various types of dust
[27] and gases. Sintering plants have traditionally been
used to recycle by-products in integrated steel plants.
However, there are constraints on the materials that can be
recycled if operational problems are to be avoided in the
sinter plant or BF operations [24].

BF slagis a by-product of ironmaking, typically ranging
from 220 to 370kg of slag per ton of iron produced [28].
Additionally, BF slag is widely used as a supplementary

cementitious material (SCM) [29]. Furthermore, it can be
used in road construction, civil engineering works, fertilizer
production, landfill daily cover, soil reclamation, etc. The
composition of BF slag varies based on the ores, fluxing,
and coke fed into the BF. Typically, silica, calcium,
aluminum, magnesium, and oxygen comprise more than
95% of BF slag’s composition. Apart from other slags, BF
slags have a relatively low iron oxide content [30] due to
BFs’ highly reducing conditions.

During the production of molten steel, slag is formed due
to chemical interactions between liquid oxides of silicon,
manganese, phosphorus, iron, and lime or dolomiticlime, etc.
Steel slags also contain iron oxide due to the oxidizing
conditions in the BOF required for converting hot metal into
molten steel and eliminating impurities by blowing oxygen.
EAF slags similarly contain iron oxide. The main chemical
composition of BF slag and steel slag is presented in Table 2.
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Fig. 1. Schematic of slag generation in a BF, BOF, EAF, and LF, adapted from Ref. [26], Copyright (2015), with permission from

Elsevier.

Table 2. Main chemical composition of BF and steel slag,
according to Refs. [31,32], wt.%.

Constituent BF slag Steel slag
CaO 30.0-50.0 30.0-55.0
Si0, 28.0-38.0 8.0-20.0
FeO 0.1-4.7 10.0-35.0
Al,O3 5.9-24.0 1.0-6.0
MgO 1.7-17.3 5.0-15.0
MnO 0.1-3.0 2.0-8.0
TiO4 <4.0 0.4-2.0
Na,O 0.1-1.7 -

K50 0.1-1.5 -

SO;3 <0.9 -

S 0.4-2.5 0.05-0.15

It is estimated that approximately 10-15 wt.% of slag is
produced per ton of molten steel [33]. Steel slag is usually
subjected to metal recovery before its application outside
the iron and steelmaking process. By applying mineral
processing technologies such as crushing, grinding, classifi-
cation, and magnetic separation, it is possible to produce
steel scrap (90% of Fe) and iron oxide concentrate (Fe >
55%) from steel slag [30]. It contains about 30-50% CaO
and 3-10% MgO and can be directly used as a flux in
sintering, the BF, or the steelmaking process to substitute a
part of limestone and dolomite. Furthermore, steel slags
containing MnO can partially replace manganese ore,
reducing costs and raw material demand. However, since
some steel slags contain a notable amount of phosphorus
and sulfur, which are detrimental to steel properties, and
approximately 10-18% SiOs, the potential for direct use of
steel slag in the iron and steelmaking process can be
considered limited. The other part of steel slag (50-90% of
the total steel slag) is subjected to metal recovery [34,35].

The methods for slag processing are different, depend-
ing on the cooling method, chemical and mineralogical
composition of the slag, and its application. Various
granulation methods, such as wet and dry technologies, can

be employed to repurpose slag into a secondary raw
material. For instance, wet granulation of BF slag ensures
rapid cooling and high production rates, although it
necessitates water treatment.

On the other hand, dry slag granulation presents
advantages such as minimal wastewater and cost reduc-
tions and potential heat recovery, but it may encounter
flow rate limitations. Diverse dry granulation solutions
have specific EAF or LF slag granulation requirements.
Effective slag cooling and granulation are fundamental for
creating a mineral product suitable as a secondary resource
for the construction sector (i.e., road, cement, mortar).
Tenova developed technology for the dry granulation of the
LF slag by forced air stream [36] under installation at the
Pittini Group. This process does not use water as a slag’s
coolant and permits sufficient fast cooling to obtain
amorphous morphology for more than 90wt.% of the
solidified granules. The treated slag can be introduced in
the economic circle as a fluxant for EAF or as raw materials
for construction, thanks to the specific glass phase
necessary to initiate hydraulic reactions.

To summarize, while BF slag is mainly devoted to
replacing cement in concrete, steel slags are mostly used as
a filler material in embankment construction or as
aggregates in concrete due to the problems with volumetric
expansion. Advancements in the slag quenching process
have led to notable enhancements in the properties of steel
slag for use as aggregates. Slags from BOF, EAF, and LF —
commonly utilized in road construction, asphalt concrete,
agricultural fertilizer, and soil improvement — can now be
considered valuable resources for the production of cement
clinker and mortar production [37]. The chemical proper-
ties of steel slag make it suitable for adsorbing H,S and
metalloids from marine environments [32].

Additionally, a flowsheet-based model was developed
by Petrucciani et al. [38] targeting the improvements in the
slag valorization, which can be used for off-line investiga-
tion. This model is the basis for developing black-box
hybrid based (physical+ATI) models to be integrated into
decision support systems (DSS), supporting optimal
management and improved slag recycling and reuse. This
work has been carried out under the EU-funded project
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Fig. 2. Overview of residue possibilities from steel plants under the ReMFra project [48].

entitled “Optimising slag reuse and recycling in electric
steelmaking at optimum metallurgical performance
through on-line characterization devices and intelligent
decision support system — iSlag.”

In turn, Falsafi et al. [39] investigated the valorization
opportunities for slag as a by-product of EAF steel
production. A multi-criteria analytic hierarchy process
(AHP) model has been developed to evaluate value chain
configurations according to criteria such as technology,
legislation, economic and environmental sustainability,
and supply chain. The multi-criteria combined with the
multi-expert modeling approach is balanced with the
importance of different criteria from the actors’ points of
view, such as steel producers and technology providers.

Matino et al. [40] showed how to optimize by-product
reuse in Italian steelworks, focusing on internal recycling in
the form of pellets, especially of by-products, whose main
fraction is currently recovered in an internal quarry,
namely BOF slag. The optimization model was created,
described, and used to find the best solutions that allow
cost minimization and increase environmental sustainabil-
ity by considering the quality of the potential products,
specifically pellets or fertilizer. Furthermore, it was found
that a simulated by-product mixture was further improved
by adding a suitable amount of binders, obtaining the
following: BOF slag 65wt.%, BOF sludge 27wt.%,
dolomite 1 wt.%, cement 7wt.%. Moreover, a pelletization
procedure was developed to achieve the highest yield and
the best pellet features (namely size and compression
strength) in an industrially viable way.

Nylund [41] found that EAF slag holds promise as a
useful material for making cement. However, there are
hurdles to overcome, like dealing with high levels of iron
oxides and magnesia, along with the expenses linked to
processing and transportation. Despite these challenges,

EAF slag can still be put to good use as a supplementary
cementous material or raw material for making cement
clinker.

Concerning steelmaking, dust is obtained either in the
form of dust from dry dust separation or sludge from wet
dust separation units. Steelmaking dust contains heavy
metals, including Zn, Pb, Cd, and Cr [42,43]. Hydrometal-
lurgy and pyrometallurgy processes [44] can be applied to
recover for metals from steelmaking dust. The majority of
research has concentrated on using pyrometallurgy
methods to recycle valuable metals [45]. In addition,
EAF dust can be used as a construction material or as a
filler in acoustic and thermal insulators [46].

The current “REcovering Metals and Mineral FRAc-
tion from steelmaking residues” (ReMFra) project, [47],
aims to develop and validate a highly efficient pyrome-
tallurgic melting and reduction TRL8 demonstration plant
for recovering metals and minerals contained in a wide
range of steelmaking residues, such as filter dust, scale,
sludge, and slags, to obtain pigiron, iron-rich oxides, highly
concentrated zinc oxide, and an inert slag. ReMFra consists
of two main parts to be developed, improved, and tested at
an industrial scale: the plasma reactor by Tenova and
RecoDust (Fig. 2, [48]).

While the former will recover the coarse residues (scale,
sludge, slag), the latter will target fine-grained dusts. The
project allows for improving iron yield using recovered pig
iron instead of new pig iron and replacing the iron ore with
iron rich oxide. The recovery of concentrated ZnO and inert
slag as by-products can provide a significant source of
income and will contribute to overall carbon neutrality.
Moreover, the process foresees using secondary carbon
sources (i.e., waste plastics) as reducing agents to reach the
full circularity. To conclude, ReMFra is expected to enable
technological advances in the demonstrators involved and
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Fig. 3. Schematic representation of scrap recycling, adapted from Ref. [52], Copyright (2014), with permission from Elsevier.

contribute to developing new standards, training pro-
grams, adaptation, and certification of industrial processes,
thus facilitating the replication of the project.

Regarding the EAF off-gases, the Tenova iRecovery
system [49] has more than thirteen running references
worldwide. It comprises a heat recovery for steam
generation (HRSG) with a radiant, evaporative cooled
system (ECS) and convective section, the waste heat boiler
(WHB). It can completely process the waste gas from 1700
to 200 °C, recovering up to 75% of the energy available in
the waste gas, corresponding to approx. 20-25% of the total
energy input in the EAF process. Pressurized water at
boiling point feeds the ECS + WHB, which is converted
into saturated steam through the heat exchanged with the
waste gas. Saturated steam is the energy carrier for power
generation or direct use in different thermal applications.

2.2 Scrap recycling

Steel scrap in steelmaking is typically used either in an
EAF for scrap-based steelmaking or in a BOF for ore-based
steelmaking. In BOF steelmaking, approximately 75% of
the iron input is derived from hot metal produced via the
BF, with the remaining 25% consisting of steel scrap [50]. In
contrast, the EAF process typically utilizes up to 100%
steel scrap, though a portion of direct reduced iron (DRI)
can also be used.

Steel scrap can generally be classified into three major
streams, namely home, prompt, and obsolete [51]. As can
be seen in Figure 3 [52], firstly, home scrap is typically well-
sorted by quality and contains low levels of impurities,
making it suitable for recycling into the same steel grade.
Secondly, prompt scrap comes from consumer goods
manufacturing and is often well-sorted and of high purity.
Lastly, obsolete scrap is generally classified into different
categories based on its composition and size.

Impurities in the scrap mixture can be non-steel
materials, i.e., plastic and copper fragments that were
not separated after shredding, alloys within the steel scrap,
and coatings increasingly used on steel products. Certain
impurities can be eliminated as dust, generated from
elements in coatings that vaporize before the scrap is
melted and then settled out from the gas upon cooling.
Other impurities oxidize to form metal oxides upon

smelting [52-54]. The impurities that occur from scrap
(phosphorus, sulfur, and tramp elements) can adversely
influence steel properties [55].

Adopting technologies to clean scrap before it reaches
steel furnaces is essential to maximizing the potential of
low-quality scrap streams. In this regard, Bjorkman et al.
[52] highlighted measures to minimize the detrimental
effects of tramp elements in scrap, including design for
recycling, improved sorting at the shredder plant,
improved processing at the steel plant, and development
of alloys that can accommodate impurity and tramp
elements, diluting scrap with ore-based iron units.

Several approaches have been developed and used in
steelmaking for optimizing scrap tracking and charge
[56,57]. Tenova and ORI Martin, as part of the Lighthouse
Steel 4.0 project [58], which received funding support from
the Italian Ministry of Economic Development (MISE) and
Region Lombardia, improved the classification and
tracking process for scrap material from when it enters
the steel plant to the moment it exits the EAF as molten
steel. At ORI Martin, the scrap acceptance process involves
weighing trucks, checking for radiation, and photographing
the truck and its load. Tenova developed a system based on
machine learning, using convolutional neural networks, to
classify the scrap category automatically from the images.
The scrap is then stored in the yard, with crane movements
tracked along with information about the scrap type and
supplier. A 3D laser scanner on the cranes profiles the scrap
volumes, assisting in loading and unloading operations and
creating a real-time 3D map of the yard. This information is
used in the Consteel continuous charging system, which
feeds and pre-heats materials to the EAF. Another camera
system on the conveyor ensures that material that could
damage electrodes does not enter the EAF uncontrolled. In
addition, the correlation between scrap grade in the charge
and the steel analysis at the end of each heat allows any
discrepancy to be identified with respect to the expected
composition (with particular attention to the tramp
elements) and identify the scrap quality concerning the
supplier.

Within the “Circularity enhancements by low-quality
scrap analysis and refinement” (CAESAR HEU) project
[59], brings together steelmakers, technology developers,
and research centers to enhance the circularity of low-
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Fig. 4. Steelanol (a); and Torero (b) demonstration plants.

quality scrap. Advanced technologies will be developed to
enhance scrap upgrading, sorting, and characterization to
refine low-quality scrap streams within Europe. The
project aims to identify opportunities to use and reuse
lower-quality scrap through advanced characterization
and sorting technologies, support high-quality steel
production in the EAF and increase the scrap rate in the
converter, and develop and implement an industrial
demonstrator for scrap sorting/cleaning using innovative
technologies [60].

However, the analysis conducted by Oda et al. [61]
indicated that the global availability of scrap would be
limited. The study emphasized the critical importance of
researching and developing innovative COq-lean technolo-
gies for primary steelmaking, as well as assessing their
economic feasibility.

2.3 Recycling of biomass residues in iron and
steelmaking

Traditionally, the primary methods for steel production
include using fossil fuels [62,63], namely coal and natural
gas; fuel, and reducing agents, namely coke [64] or carbon
source (in addition to those mentioned, graphite and
calcined petroleum coke can also be considered). As the
world shifts towards environmentally conscious practices,
integrating lignocellulosic biomass, biochar, or biocoke into
iron and steelmaking processes has emerged as a promising
path to reduce reliance on fossil fuels [65,66].

Prior to considering the possibility of the application of
alternative carbon biomaterials (biomass, biochar, bio-
coke) in iron and steelmaking, it should be highlighted that
raw biomass has several disadvantages, such as high
moisture content, low calorific value, low bulk density, and
high content of oxygenated volatile matters (VM).
Therefore, in most cases, pre-treatment is inevitable to
obtain bio-substitutes with properties allowing a partial or
complete replacement of fossil fuels in metallurgical
processes [34,35,67-70].

To mitigate these disadvantages, making pellets or
briquettes is the simplest way to improve the physical and
mechanical properties of the raw biomass [71-73].
Moreover, the composition of the compacted products
can be easily adjusted to meet changing requirements and
raw material availability. Additionally, improving the

properties of raw biomass in obtaining biochar can be
achieved via thermal treatment (e.g., torrefaction [74],
hydrothermal processing [75-77|, and pyrolysis [78,79],
etc.). The advantages of thermal treatment include
reduced moisture and oxygen content while increasing
the carbon content and the calorific value of the solid
product, making it more suitable for use in various
metallurgical processes.

Regarding the torrefaction process, it is worth paying
attention to the EU-funded project entitled “Converting
wood waste into biofuel from steelmaking,” Torero [80] the
aim of which is to introduce a novel concept of utilizing
waste wood products that cannot be recycled and would
otherwise be incinerated. The technology, developed and
adapted by consortium partner TorrCoal, relies on
torrefaction, a thermochemical process at high temper-
atures (250—320°C) without oxygen, thereby removing
water and volatile matter from biomass [81]. The
innovation behind Torero is that the biocoal generated
can be utilized to replace the fossil fuels within the BF in
steelmaking industrial installations. The waste wood is
collected, appropriately processed, and subjected to
torrefaction before it is transported to the BF instead of
fossil coal. In collaboration with the STEELANOL project
(Production of sustainable, advanced bio-ethANOL
through an innovative gas-fermentation process using
exhaust gases emitted in the STEEL industry) [82], the
waste gas emissions from the steelmaking plant can then be
converted into ethanol using a microbe-based fermentation
process. Waste wood, in essence, generates a competitive
input feedstock to produce renewable fuel, thus creating an
additional value chain in the transport sector. Both
projects successfully started their industrial production
at the end of 2023; the plants are located close to the
ArcelorMittal operations in Ghent, Belgium (Fig. 4).

It should be mentioned that utilizing alternative carbon
biomaterials in metallurgical processes is not a new
concept; it is a well-established, sustained practice that
has been extensively outlined and reported. There is a
practice of using alternative carbon biomaterial in various
metallurgical processes: for the carbonization (cokemak-
ing) process [83-86], in BF: as a charged fuel and reducing
agent [67,87], and an injected one [88,89], in iron ore
sintering [90,91], in EAF [92,93], and in the direct reduction
of iron [94-96], etc.
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2.3.1 Utilization in cokemaking

Conventional coke is primarily consumed in BF produc-
tion, where specific quality requirements are crucial for its
practical use. Coke serves several essential functions in BF
ironmaking. Firstly, it maintains the burden structure and
sustains skeleton permeability and drainage efficiency.
Secondly, it acts as a reducing agent, providing chemical
energy for melting the burden. Lastly, coke contributes
carbon to the carburization of hot metal and acts as a filter
for soot and dust [97]. While the first and last functions are
indispensable in BF, the other roles are more flexible and
subject to potential alternatives.

It should also consider the critical fuel and reducing
agents parameters: the coke reactivity index (CRI) and
coke strength after the reaction with CO, (CSR). European
BF requirements dictate a CRI of 23% and a CSR of 65%.
Additionally, good mechanical strength is essential, under
the Micum test: M40 (>88%), M25 (>90%), and M10
(<6%) representing the percentage of material grain sizes
remaining above 40 mm, 25 mm, and 10 mm, respectively,
after a mechanical treatment (100 revolutions in a drum).
From the IRSID test: 140 (>57%), and I10 (<18%)
represent grain sizes of +40mm and —10mm in % (500
revolutions in a drum) [98]. This strict tolerance for fuel
quality and reducing agents is a limiting factor for BF
applications of alternative carbon biomaterials.

Due to the challenges posed by the low bulk density, low
strength, and difficulty maintaining the required particle
size of biomass or biochar, the potential utilization of them
as fuel and reducing agents is a complex technological task.
In this context, the production of biocoke emerges as a
viable consideration for BF applications.

Nevertheless, biomass, particularly charcoal, has been
historically used in cokemaking, with evidence suggesting
that charcoal, derived from wood or other organic materials,
was employed in early cokemaking processes. Using
biomass/biochar in the coal blend to obtain biocoke has
several advantages: some of them are obvious: the benefit of a
COg-neutral carbon source and lower sulfur and phosphorus
content than conventional coke derived from only a coal
blend. Another one can be considered controversial, relating
to increasing the reactivity of coke to decrease the
temperature of the thermal reserve zone of the BF [9§],
thereby decreasing the amount of coke required to produce a
ton of hot metal [98,99]. Nevertheless, according to [100],
producing biocoke with specific physical and chemical
properties remains challenging, primarily due to its lower
CSR and higher CRI than conventional metallurgical coke.
The addition of biomass to the coal blend in cokemaking is
currently limited to a range of 2-10%, necessitating further
research to optimize biomass utilization without compromis-
ing the quality of the resulting biocoke. Key parameters such
as fixed carbon, volatile matter, alkali content, particle size,
and biomass product reactivity must be carefully optimized
before blending with coal.

Efficient production of high-quality biocoke has been
demonstrated, with results comparable to coke obtained
from a coal blend, as long as the biomass content does not
exceed 10% [67]. This limitation also applies to pre-
carbonized biomass [84].

Focusing on studies carried out regarding the
influence of bio-additives on biocoke quality, research by
MacPhee et al. [84] should be mentioned, which reveals
a linear decrease in CSR and an increase in CRI
when charcoal is added in increasing amounts from 2
to 10%.

Ng et al. [101] used charcoal additives in a coal blend to
produce biocoke, observing similar CO, reactivity to
reference coke with 2% and 3% charcoal additions. In
comparison, 5% charcoal resulted in lower initial gasifica-
tion temperature and higher reaction kinetics. In another
study [102], the authors used hydrochars obtained by
hydrous pyrolysis from a pine Kraft lignin to produce
biocoke. It was concluded that resulting biocokes are more
reactive than coke made from good coking coal, and the
micro-strength of biocokes is much lower than that of
conventional coke.

In another study, the amount of biomass additives was
considered up to 5% for two industrial coal blends [83], the
types of biomass being chestnut and pine. It was concluded
as the amount of biomass used increased, the CRI
increased, and the CSR decreased. However, all indicators
were within acceptable limits, and the authors also
concluded that the amount of biomass added was low to
prevent any deterioration in coke quality.

Moreover, Xing [103] produced coke with a 7.5wt.%
charcoal addition. The author studied the influences of
charcoal addition on coke properties under gasification and
annealing, simulating the conditions within an ironmaking
BF'. The charcoal did not significantly affect the coke pore
structure during BF annealing. Gasification in the BF
caused a greater change in the biocoke pore structure
associated with charcoal addition due to the preferential
consumption of charcoal particles by the Boudouard
reaction.

In study [104], it was shown that by applying some
treatment methods, such as briquetting and high pyrolysis
temperature for lignin-based biocarbon, some important
properties (mechanical strength, apparent density, and
reactivity) could be improved. Moreover, the compressive
strength property of lignin-based biocarbon can surpass the
standard metallurgical coke. Additionally, lignin-based
biocarbon can be considered for utilization in pyrometal-
lurgical processes (BF, EAF and SAF) to substitute fossil-
based carbon.

The project “BIOCode — Biomass for COkemaking
Decarbonization”, aims to reduce the carbon footprint in
industrial cokemaking. It focuses on replacing some fossil
coal in coking blends with carbon-neutral biomass,
showing promise in decarbonizing this industry [105].
It aims to study this substitution through experiments
conducted across various scales, ranging from laboratory
trials to industrial-scale testing. Embracing the
principles of CE, the project emphasizes utilizing
biomass sourced from the wood industry and agroforest
residues (Fig. 5, [106]). This initiative extends beyond
environmental goals, striving to establish local biomass
recovery, storage, and pre-treatment networks. The
project chooses biomass selectively and applies pre-
treatments, aiming for an industrial substitution rate of
up to 10%.
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This will involve utilizing agricultural and forestry
waste from nearby industrial areas. To maximize biomass
incorporation into coal blends, pre-treatments like pyroly-
sis and torrefaction are promising techniques to improve
biomass quality.

2.3.2 Utilization in iron ore sintering

Iron ore sintering occurs at temperatures of 1200-1400 °C,
during which a mixture of iron ore fines and other materials
(e.g., sinter return fines, limestone) is used [107]. In the iron
ore sintering process, biomass can be effective in the
reduction of COg emissions and more effective in the
mitigation of SO, and NO,. The utilization of biochar, with
relatively high fixed carbon (>90%) and somewhat larger
size (1-5mm), can achieve sinter yield and sinter
productivity equal to that obtained by coke breeze. Using
a coke-biochar composite can enhance the replacement
ratio of coal by up to 60% [90,91,108-111].

Regarding the results of the study on the use of biomass,
by [112], biomass products should have a hard structure
and low VM that can be suitable for substituting coke
breeze in the iron ore sintering process. As reported by
Kawaguchi and Hara [110], to achieve the necessary
productivity and an equivalent sinter yield compared to
using coke breeze, the biofuel’s fixed carbon content should
exceed 90%. Additionally, the particle size of the biofuel
should ideally fall within the range of 1-5 mm.

According to Jahanshahi et al. [113], for sintering
purposes, the ideal charcoal fuel should possess character-
istics such as low VM (<3%), high density, low reactivity,
and particle sizes between 0.3-3 mm.

Concerning the possible replacement of coke breeze,
Ooi et al. [114] studied the sintering process with fuel
containing different amounts of sunflower husk and coke.
The fuel blends were made using coke and sunflower husk
based on the calorific value of 5% coke breeze. The results
showed that the replacement of 10% of coke with sunflower
husk did not significantly change the characteristics of the
sintering process or the sinter quality but contributed to
the decrease in the formation of 2,3,7,8-PCDD/Fs by

approximately 10% (from 1 to 0.91 ng/Nm?®). In the case of
replacing 20% of coke with charcoal, the emissions of
dioxins decreased by approximately 33%.

Jha et al. [115] carried out the iron ore sintering,
applying sawdust and charcoal as partial substitutes for
coke breeze. The study determined that a blend incorpo-
rating 10% sawdust, 30% charcoal, and 30% through a
combination of sawdust and charcoal is the most suitable
substitution for coke. This conclusion was drawn based on
the sinters’ observed strength, reducibility, thermal
degradation, and reduction degradation indexes.

In [116], the impact of incremental charcoal content,
ranging up to 100%, in fuel blends used for sintering was
explored. The findings indicated that the ideal charcoal
content for these blends was around 30%. The substitution
of up to 30% of coke breeze with charcoal in the iron-ore
sinter blend yielded several beneficial outcomes. This
substitution increased the sintering process’s vertical
velocity, resulting in higher yield, strength, and improved
reducibility by hydrogen at 800°C in the final sintered
product. At this 30% charcoal substitution level, the
sintering machine exhibited optimal efficiency, reaching
approximately 58.51%, while the productivity in a BF was
about 46.11%.

Cheng et al. [117] conducted various sintering tests by
altering the charcoal content in the blend (20%, 40%, 60%,
80%, and 100%) while keeping other parameters constant.
The results highlighted a change in sintering character-
istics, mainly when charcoal replacement rates were high.
This change was attributed to the efficiency of combustion
and heat recovery. As the substitute surpassed 60%, the
duration of melting temperature and the melt quantity
index notably reduced. Another significant finding was the
decrease in NO, emissions concentration as the charcoal
proportion increased in the sintering process.

2.3.3 Utilization in carbon composite agglomerates (CCAs)

CCAs are mainly used in the BF and the direct reduction
(DR) process. Conventional CCAs are produced as pellets
by cold bonding with or without a binder or by hot or cold
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pressing briquettes. The biomass used in the pellets can be
raw biomass or charcoal. At a high temperature, iron ore
can be reduced by biomass within the pellets via the
following reactions [118-120]:

FeO, + CO — FeO,_; + COg, (1)
C 4 €0, — 2C0, 2)
FeO, + Hy — FeO,_; + H5O, (3)

On the one hand, the reactivity requirements for carbon
materials are not very stringent. Nevertheless, the carbon
in the CCAs should not participate in any chemical
reactions below the set temperature of the heat reserve
zone. One of the most important quality parameters is the
strength of the CCAs. Top-loaded CCAs should meet a
BF’s minimum mechanical strength requirements. Other-
wise, they can worsen the efficiency of the process. In
addition, carbon-bearing biomaterials directly affect the
mechanism of mass and heat transfer, temperature profile,
and gas distribution inside the BF. Chemical reactions lead
to the formation of gases within the pellet, increasing its
porosity. As reported by Mousa et al. [121], the main
disadvantage of CCAs is their low crushing strength. Up to
46% of biochar can be used in the DR process in
agglomerates. It has been pointed out that the reduction
rate of iron oxide is higher in biochar-based CCAs due to its
greater reactivity than conventional coal or coke-based
CCAs [122,123]. Further studies are needed on the
production aspects of these pellets, especially since their
use in a BF requires higher strength qualities.

2.3.4 Utilization in blast furnace

The main ways to use alternative carbon biomaterial in a
BF are top charge (in this case, biocoke can be suitable) and
pulverized injection (in this case, biochar or charcoal can be
suitable). Charging alternative carbon biomaterial is
problematic to achieve due to the minimum tolerance of
the BF to the quality of coke or biocoke, which is justified
by the fact that there are many factors in the BF
(shattering, abrasion, solution loss reaction, alkaline
attack, high-temperature attack and breakage by high-
speed hot blast) [98] affecting the degradation of coke or
biocoke.

In turn, utilizing torrefied biomass, charcoal, or biochar
in the BF as pulverized fuel can change the conditions in
the BF, influencing the coal and coke rate and quality
requirements. Firstly, torrefied biomass, charcoal, or
biochar injection into the BF has an effect on the coke
reactivity and degradation mechanism. Moreover, there
can be variations in the capacity of decreasing reducing
agent rates and changes under in-furnace conditions
depending on the physical and mechanical properties of
the torrefied biomass, charcoal, or biochar.

In spite of this, Brazil is an example that produces hot
metal on a large-scale using pulverized charcoal injection at
arate of 100-200 kg/tyy in a mini BF [124,125]. Currently,
pulverized charcoal, or a mixture of pulverized charcoal

and pulverized coal (PCI) in a mini BF (50-350 m®) can
produce 10 Mt of steel. Maintaining efficient performance
requires specific characteristics for charged materials
(pellets, sinter, coke). Hot and cold burden strengths play
a significant role in sustaining the permeability of the shaft.
The advantages of the mini BF technology are low
emissions, the low sulfur content in the iron, and low slag
volumes.

Concerning the laboratory scale outcomes, Orre et al.
[126] evaluated the performance in the case of using
different biomass and visualized results via RIST- and
carbon direct reduction rate (CDRR) diagrams. In this
study, the injection of torrefied biomass or charcoal, top
charcoal charging, and their combination were evaluated in
model calculations. It was found that injecting 142 kg/tsn
of torrefied biomass significantly impacted the BF
conditions and could be counteracted by top-charging
30 kg /tmn of charcoal. With the combined use of the latter
methods, CO, emissions can be reduced by up to 34% with
moderate changes under BF conditions and limited
investments.

In turn, de Castro et al. [127] presented a six-phase
mathematical model of the BF, which can simulate the BF
operation under simultaneous PCI and charcoal. The
model results indicated that a further decrease in coke
consumption in the BF could be possible by using combined
injections of 150 kg of pulverized coal and 100 kg/ty of
pulverized charcoal.

Wang et al. [128] used hydrothermal carbonization
(HTC) technology to carbonize and improve biomass raw
material to obtain hydrochar for BF injection purposes.
The effects of HT'C temperature and holding time on the
yield, composition, structure, combustion behavior, and
safety of hydrochar were studied. Since biomass hydrochar
has the characteristic of being carbon neutral, BF injection
hydrochar can reduce CO5 emissions, and every 1kg/tgy of
biomass hydrochar can reduce CO, emissions by 1.95kg/
taM-

Sundqvist Okvist et al. [129] evaluated the introduction
of biocoal into the BF via biocoke, biobriquettes, and
biocoal injection and concluded that these addition
methods are possible. Industrial results verify that
injection of up to 10% of biocoal mixed with coal or the
addition of some percentages of biocoal to residue
briquettes can be applied in the short term and reduce
the fossil CO5 emissions if enough biocoal is available.

According to Suopajérvi et al. [130], the replacement
ratio of fossil-based reducing agents achieved with charcoal
is the highest, thus leading to the largest decrease in fossil-
based coke consumption. The amount of charcoal injected
into the BF per produced ton of hot metal could be around
200kg, implying a coke rate of 260kg/tyy. Charcoal
production technologies can be kept rather uncomplicated,
and integration with heat and power applications is
straightforward. On the other hand, the yield of charcoal
from slow pyrolysis is low, and much of the chemical energy
of biomass goes to pyrolysis liquids and permanent gases.
Fast pyrolysis bio-oil does not have suitable properties for
BF injection but can be used in heat and power production
as such and, with further upgrading, in several other
applications. The by-product char (15-25 wt.%) from fast
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pyrolysis could also be utilized in reducing agent
applications. Solid and liquid bio-based reducing agents
can be produced in a decentralized manner, whereas
gaseous bio-reducers require a centralized production
scheme [130]. In summary, from the ironmaking perspec-
tive (Fig. 6), the most promising bioreducing agent
scenario could involve using charcoal in the BF.

2.3.5 Utilization in electric arc furnace

EAF primarily uses electricity with a small amount of
carbon material [131]. This carbon material serves various
functions in the EAF process, including providing chemical
energy, creating a reducing atmosphere during smelting to
minimize oxidation, acting as a carbon source for slag
foaming [132,133] to enhance energy efficiency and
productivity.

Several different conclusions have been made regarding
using biomass or biochar as an individual carbon source or
mixtures of biochar and coke [134-140]. In papers
[134-137], promising results were obtained suggesting
potential applications in slag foaming or cogeneration of
plants in the scrap-EAF route. Moreover, Yunos et al. [136]
explored the use of palm shell char in the EAF, showing
improved interaction with EAF slag compared to conven-
tional coke. Additionally, Fidalgo et al. [137] studied
biochars from agricultural residues, such as grape seed and
pumpkin seed chars, as potential replacements for coal in
EAF steelmaking. They found that biochar could effec-
tively replace coal, and its high VM was conducive to slag
foaming. Some studies [132,138] have indicated that
employing a blend of coke and biochar (for instance,
50 wt.%:50 wt.% or 70 wt.%:30 wt.%) can enhance slag
foaming or obtain superior outcomes compared to using
biochar individually. It was concluded [138] that the
reaction of the nut coke primarily caused the slag foaming,
while the role of the loose biochar remained uncertain.

However, it has also been reported that results with
the application of biochar individually can be poorer than
conventional sources [132,138]. To be more precise, Huang
et al. [139] investigated the interaction between synthetic
slag and carbon materials from various sources, including
biochar, and observed that biochar had a weaker

_'l Fischer-Tropsch l—
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interaction with slag than other carbonaceous materials,
potentially affecting slag foaming. In turn, Funke et al.
[140] explored the application of char from wheat straw
fast pyrolysis as charge carbon in an EAF. However, the
presence of minerals, especially potassium, posed chal-
lenges, requiring optimization for EAF use.

Within the “Sustainable EAF steel production” project,
GreenEAF [141] studies were carried out on the partial or
full replacement of coal and natural gas with charcoal or
syngas produced from biomass pyrolysis in EAF steel
production. Charcoal showed poor foaming results due to
differences in wettability, affecting the interaction with
slag; the volatile matter content of carbon sources did not
significantly influence slag foaming in these tests.

Cirilli et al. [142] conducted tests for replacing
anthracite with biochar. The results of the industrial tests
indicate that char utilization as charge material can be
done, but operating practice needs to be optimized with
long-term experimentation. As part of the following RFCS
project, (Biochar for a sustainable EAF steel production,
GreenEAF2) [143], industrial trials demonstrated the
feasibility of using biochar as charge material without
significant modifications to the steel and slag analysis.

At the Swedish metals research institute Swerim [144],
three types of hydrochars (a form of biocoal made through
hydrothermal carbonization) derived from orange peel,
green waste, and rice husk were tested in a 10-ton test-bed
EAF. These hydrochars were injected into the EAF and
placed on top as a carburizer to replace anthracite [145].
Additionally, introducing hydrochar from the top into the
EAF at the start of the process led to a higher yield of
carburization compared to the injected one. The yield of
fixed carbon to steel was higher for hydrochar than for
anthracite. However, the yield of C;,; was lower for
hydrochar due to the higher VM. The final levels of
phosphorus and sulfur in the liquid steel, with the addition
of hydrochars, were maintained within acceptable limits.

Under another initiative, the RFCS BioReSteel project
“Valorization of wet biomass residues for sustainable steel
production with efficient nutrient recycling” [145] attempts
to replace fossil carbon in the EAF by biocoal, produced
from low-value locally available wet biomass residues
by means of a hydrothermal carbonization process.
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An experimental study will prove the concept by employing
laboratory and EAF testbed trials. The industrial EAF trials
will be performed at three EAF plants to test hydrochar
injection, hydrochar top charging and bio-oxide agglomer-
ates to prove the concept’s flexibility and generality.

Simulation tools can be useful to develop scenario
analyses that can drive and extend the outcomes of field
trials in the context of the use of biomass and biochar in the
EAF, such as those shown by the recent Horizon Europe
project entitled “Gradual integration of REnewable non-
fossil ENergy sources and modular HEATing technologies
in EAF for progressive CO, decrease” (GreenHeatEAF).
Here an Aspen Plus-based model of the EAF process is
adopted to develop sensitivity analyses related to the main
parameters (e.g., moisture, carbon and sulfur content) of
biochar added in the EAF process with respect to steel and
slag compositions and process performances in terms, of
energy, metallic efficiency and CO, emissions, for instance.

It is worth noting that although biomass has several
advantages, such as those mentioned above, along with its
use in iron and steelmaking, it is burdened by several
challenges associated primarily with its properties and its
impact on the further process in which it can be used.
Additionally, the limited availability of sustainably
producible biomass is a critical concern. The competition
for land and resources between biomass production, food
agriculture, and biodiversity preservation limits the
amount of biomass that can be harvested ethically and
sustainably. Balancing the use of lignocellulosic biomass
with the need for environmental conservation requires
careful planning and effective management strategies. The
widespread use of biomass in iron and steel production
could significantly increase the demand for woody biomass,
raising concerns about deforestation. Moreover, biomass
availability within the EU is becoming a pressing issue due
to rising demand from other sectors, such as pulp and
paper, natural fibers, chemicals, and the heating and
transport industries [100]. Additionally, the development
and use of biomass in iron and steel production rely heavily
on key factors such as the availability of sustainable
domestic biomass resources, supply chain logistics, and
supportive national policies. Concerning the above-men-
tioned, Mandova et al. [146] identified several opportu-
nities for integrating domestically sourced biomass into
blast furnace ironmaking. Countries like Canada, Sweden,
China, the USA, and France were highlighted as the most
suitable due to favorable conditions. However, other
nations may encounter challenges such as limited govern-
ment support or inadequate biomass resources.

2.4 Recycling of polymers in iron and steelmaking

Polymers utilization has shown the potential to mitigate
known environmental issues [147] even if they are not
considered renewable carbon sources. The last decade has
seen a 50% growth in plastics production, which is expected
to continue in the coming years [22]. The chemical
composition and physical characteristics of waste plastics
play a crucial role in determining their suitability for

reduction processes. Plastics typically contain lower sulfur
and alkaline amounts than traditional fuels like coal, heavy
oil, or coke [148].

Despite the abundance of discarded plastic materials,
the recycling industry faces challenges in managing certain
plastics, especially mixed and contaminated materials.
Mechanical separation encounters limitations due to
sorting requirements and the deteriorating quality of
materials with each recycling cycle.

Alternative polymer materials with the proper Hy/C
ratio (such as plastics or rubber from waste residue) to
partially replace virgin fossil carbon sources in iron and
steelmaking processes represent a potential for their
utilization. Waste plastics can be utilized in ironmaking,
namely cokemaking, and BF; or EAF steelmaking.
Literature reports that approximately 30% of coke and
coal can be replaced in EAF steelmaking by polyethylene
(PE) wastes, resulting in energy savings of around 12 kWh/t
of plastic charge. Moreover, substituting 1.7 kg of tires for
1kg of anthracite in the steelmaking process contributes to
lower CO5 emissions, particularly when using carbon-neutral
natural rubber in tires [149].

2.4.1 Utilization in cokemaking and blast furnace

Using plastic in cokemaking faces two main limitations:
the quality of the resulting coke should meet the specific
requirements mentioned earlier in Section 2.3, and adding
plastic significantly impacts coking pressure, potentially
endangering coke ovens. Similar to considering biomass,
determining the feasible amount of plastic for cokemaking
is crucial in understanding its utilization. Regarding the
impact of plastic addition on the resulting coke quality
and coking process, extensive research has been carried
out by Nomura et al. [150], who investigated chlorine
behavior during the co-carbonization of coal and chloride
compounds like polyvinyl chloride (PVC) in both
laboratory-scale and commercial-scale coke ovens. In
both tests, adding PVC to coal showed minimal impact on
the chlorine content in coke and coke oven gas (COG).
The chlorine residue ratio in coke from PVC was
significantly lower than that from coal, which is attributed
to the faster decomposition of PVC during carbonization
compared to the chlorine release from coal. Moreover,
Nomura et al. [151] studied the effect of plastic addition on
coal caking properties. They found that thermal decom-
position products of plastics interacted with bituminous
coal during carbonization in coke ovens. The impact
varied with the type of plastics; aliphatic polymers had a
modest effect on coal caking and coke strength. In
contrast, aromatic polymers decreased fluidity and
dilatation, and worsened coke strength. In another study,
Nomura [152] proposed the waste plastic recycling process
in coke ovens as superior, capable of treating a large
amount of waste plastics, recovering useful materials
using existing facilities, maintaining coke quality, and
fixing released chlorine in the ammonia liquor spray
system. Eventually, Nomura and Kato [153] recycled
waste plastics using coke ovens, co-carbonizing coals, and
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added plastics into coke, tar, oil, and coke oven gas. They
investigated the effect of plastic particle size on coke
quality and coking pressure, concluding that either large
or small plastic particles are favorable for waste plastic
addition without affecting coke strength. It was supposed
that a 1% addition of large-size agglomerated waste
plastics did not increase coking pressure. Notably, in [154],
it was concluded that the addition rate of waste plastics to
blended coals should be limited to 1wt.% to avoid
negatively affecting coke strength.

Concerning the application in BF, it is known that
waste plastic injection via tuyeres, ranging from 60 to
80kg/tyy, has been implemented in various countries
[155]. These plastics exhibit lower thermal ignition
temperatures, quicker burning times, faster-burning rates,
reduced ash ratios, and higher calorific values than
pulverized coal. The physical properties of waste plastic,
such as porosity, shape, and size, impact reaction kinetics.
The highest possible amount of waste plastic that can be
injected is around 70kg/tm. Interestingly, one ton of
plastics can substitute roughly 750kg of coke [156].
According to Devasahayam [157], who investigated the
addition of 2wt.% waste plastics to coal blend in
cokemaking, concluded that a 2% mitigation of BF CO,
emissions is possible. Plastic replacement in BF leads to
energy resource savings totaling up to 60 GJ/t. Efficient
resource use has enabled up to a 40% replacement of
metallurgical coke with injected waste plastics.

From practical perspective, ArcelorMittal Belgium is
partnering with Vanheede Environment Group, Ghent
University, and CRM Group on the “SMART: Steelmaking
with Alternative Reductants” project [158]. It aims to
reduce CO, emissions by chemically recycling end-of-life
plastics and other waste in the steelmaking process. This
initiative aligns with ArcelorMittal Belgium’s sustainabil-
ity strategy to lower CO, emissions by 35% by 2030
(compared to 2018) and move toward climate neutrality by
2050, which aligns with the Green Deal framework. The
SMART project focuses on substituting traditional fossil-
based carbon reductants like coal with not-yet recyclable
waste-based alternatives.

2.4.2 Utilization in electric arc furnace

Using polymers from plastic waste in EAF steelmaking
offers advantages both in terms of energy supply and as a
carbon source.

If the focus is shifted to laboratory-scale research,
rubber-derived carbon can show high reactivity and a low
reduction rate of iron (II) oxide from slag, according to an
investigation by Maroufi et al. [159]. The significant role of
carbon material and slag interaction in the iron oxide
reduction process was emphasized. Contrary to this
conclusion, when using coke/plastics (HDPE), the FeO
reduction rate in slags with high FeO content is significant
compared to coke. Moreover, the CO, content in the off-gas
was observed to decrease (by 75%) with an increase in the
polymer content of the blend [15].

Zaharia et al. [160] explored the effect of adding waste
rubber tires to blends with coke for carbon injection in EAF
steelmaking. This study suggests that higher combustion

efficiencies can be achieved when coke is partially replaced
with waste rubber. At an industrial level, the simultaneous
injection of coke and rubber in EAF steelmaking under an
oxygen and nitrogen atmosphere is expected to somewhat
enhance furnace efficiency.

Several studies have explored the application of
polymers from waste plastics and rubbers in industrial
EAF steelmaking processes [160-162]. In this light, the
RFCS project OnlyPlastic (EAF working with polymers
derived from plastic residue in substitution of fossil fuel,
Project ID 899415) [163] substitutes all the fossil carbon
sources (coal, coke, petroleum coke) in the Feralpi Lonato
EAF, both injected and charged as reducing and foaming
agents, with granulated densified polymers derived from
plastic residue in agreement with the UNI 10667-17
specifications. The design of a new Tenova wall-mounted
injector has shown good efficiency in all phases of the EAF
process for both densified polymers alone and together with
lime. A life cycle assessment (LCA) study performed by
Rina-CSM highlights the environmental benefits of using
SRA in steel production: the reduction in Scope 1 CO,
emissions up to 30% (climate change); the reduction in
landfilling of hard-to-recycle plastic materials (land use);
and no impact on the air quality (particulate matter, ozone
depletion, acidification).

To summarize, when considering the use of polymers
from plastic waste in metallurgical processes, even a small
substitution is advantageous in the case of application in
cokemaking and BF. Practically, utilizing plastics current-
ly addresses only a small portion of end-of-life plastic
disposal in the short term. However, it is crucial to
recognize that integrating waste plastics in cokemaking is
not a comprehensive solution for achieving environmental
mitigation issues in coke production. From another
perspective, in EAF steelmaking, using a mixture of coke
and polymers is more favorable for slag foaming and
reducing the iron oxide in the slag than using coke
individually as a carbon source. This beneficial effect can
also be noticed when using coke with biochar as a mix, as
pointed out in Section 2.3.

3 Circularity of non-steel resources and
industrial symbiosis

One of the main pillars of a CE is the closure of material
cycles. Regarding the steel sector, several material cycles
are evident apart from the steel cycle (i.e., recycling of
scrap and ferrous material fractions from iron and
steelmaking by-products). The three main cycles are
CO,, process gases, and wastewater. The exchange of
materials and energy between energy and resource-
intensive sectors is defined as IS (sector coupling), and
the steel sector can play a central role in such approaches.

3.1 Closure of the carbon cycle as a possibility for
industrial symbiosis

To reach climate neutrality, carbon direct avoidance
(CDA) must be the favored decarbonization pathway
[164]. However, in a future climate-neutral steel sector, a
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certain amount of COy will still be released from the
processes, even if secondary carbon carriers replace fossil
carbon. Exemplarily, CO, will be generated during the EAF
process, where carbon is used for final iron oxide reduction or
to create a foamy slag. In the lime producing sector, also
important for steelmaking, or in cement production, CO, is
released during limestone calcination or the cement clinker
process. These CO, streamsrepresent valuable raw materials,
and carbon cycles can be closed by CCUS applications.
Known technologies to separate CO, from process gases
are amine scrubbing with different solvents [165] or
membrane separation. Different approaches exist linked to
the steel sector, in which CO, is converted into valuable
products such as methane [164] or ethanol [166]. The
Austrian-funded project called “ZEUS” (Zero emissions
through sector coupling) is an example of the steel and
cement sectors being coupled. An amine scrubbing plant is
installed at the pilot-scale level in a steel plant environment.
~800kg CO, is captured daily from a power plant off-gas
fired by steel mill process gas streams with a CO, content
between 20 and 25 vol.% [164]. The CO, captured is
compressed and filled into bottles and used in a catalytic
methanation plant, which is also installed. This plant uses
green H, from an existing electrolysis plant to produce
synthetic methane, which can be transported in existing
natural gas pipelines and used in the steel plant as an energy
carrier or reducing agent. In the scope of ZEUS, CO, from the
cement clinker process gasis separated by amembrane-based
system and further used in an electrochemical synthesis to
produce syngas or formic acid (see Fig. 7). By converting the
COs into synthetic methane for reuse in the steel or cement
industry, a carbon cycle is realized since the CO5 generated
from methane combustion can be again separated and
reused. Alternatively, chemical products can be used in the
chemical industry. Both measures can contribute to the
approach to climate neutrality. The project’s goal is to
demonstrate sector coupling mechanisms by COs-neutral
process chains in the industrial environment (TRL>6) and
develop business cases (efficiency vs. cost analysis).

3.2 Enhanced water circularity in steel mills

Water is an important and special resource for iron and
steelmaking, used for many purposes, such as cooling

operations, descaling, or dust scrubbing. All types of water
are used in steelmaking processes. Fresh water is mainly used
in processes for direct and indirect cooling, while seawater is
normally used for once-through cooling after an antifouling
pretreatment. The average water intake for integrated
steelworks is 28.6 m® per ton of produced steel, with an
average water discharge of 25.3 m®/ton of steel. For the
EAF route, the average intake is 28.1 m® per ton of steel,
with an average discharge of 26.5 m® per ton of steel [167].
Water has, therefore, a special status in the steelmaking
process chain, and an efficient use of water resources is one
of the main challenges of the steel sector, according to the
EU water policy. In general, the main factors regarding
industrial water performance are physical (flow velocity,
temperature, pressure, etc.), chemical (pH, total dissolved
solids, organic matter, metallic ions, etc.), and biological
factors (aerobic and anaerobic bacteria). Therefore,
process waters from steelworks and their treatment
optimization need to be studied to decrease or eliminate
pollutants originating from different steelmaking process-
es for improved internal water reuse. A research project
funded under RFCS (Research Fund for Coal and Steel,
RFCS) called “WHAM” (Water and related energy hub
advanced management system in steelworks) focused,
among others, on the minimization of cooling water losses
and water management inefficiencies or increased water
reusability through using innovative water treatments.
Apart from that, sensors and accompanying models have
been developed and tested as DSS for different applica-
tions. Exemplarily, a DSS for the optimal management of
the rolling mill indirect cooling water system was tested in
offline mode (see Fig. 8, [168]). In Figure 8, the pink point-
line square underlines the boundaries of the case study;
the light blue circles represent the well; the blue blocks are
the basins; yellow, violet, and green blocks are the oxygen
production plant, reverse osmosis, and cooling towers,
respectively; and the orange block indicates the user
process (wire rod mill). The make-up water sources are
highlighted through dashed red squares.

Tests revealed that saving ~4% and 95% osmotic and
well water and increased use of low-quality water was
possible [168]. The DSS was installed at an Italian steel
producer’s site and is currently being tested in online
mode.
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Fig. 8. A simplified flowsheet of the water circuit considered in the rolling mill use case, reproduced from Ref. [168].

3.3 Skills for industrial symbiosis

IS is characterized as a transaction of residual materials,
water, and energy of a production process as inputs of other
processes within the same company or among different
companies [169]. The energy-intensive industries employ
people with many different skills and diverse knowledge,
who can work in multi-disciplinary teams. Steel mainly
comprises the competence fields of metallurgy, materials
science, physics, chemistry, engineering, environment,
mathematics, information technology and computer sci-
ence, languages, business, and accountancy [170]. The
digital, green, and social transformation of the EU society
includes a proactive industry-driven adjustment of the
future skills demands of the different industrial sectors.
Especially A.SPIRE, the SPIRE Association (SPIRE
stands for sustainable process industry through resource
and energy efficiency), a public private partnership,
coordinates huge, collaborative R&D&I under the umbrel-
la of Horizon Europe. A research initiative started in 2019
within the European ERASMUS+ program, is called
“SPIRE-SAIS™- (skills alliance for IS — a cross-sectoral
blueprint for a sustainable process industry SPIRE). It is
based on the fact that IS will lead to new jobs and
professions but lacks skill updates [169,170], and there is a
need for attracting and training the new workforce across
sector boundaries [171]. SPTIRE-SAIS mainly includes the
sectors chemicals, steel, engineering, non-ferrous metals,
minerals, water, cement, and ceramics and provides
educational modules and tools for greater awareness of
the needs and opportunities provided by improved IS and
energy efficiency. New skills, including green and digital
skills, will also be identified for the practical implementa-
tion of IS in globally competitive industries. During the
project, current professional profiles existing in the
companies of the project partners have been identified
and summarized in cross-sectoral generic job profiles (see
Fig. 9).

Figure 9 clearly shows a strong connection between the
various levels and sectors across different industries.
Regarding production and functional areas, each area is
represented by the related manager function (management

level) and the dedicated operators/foremen/technicians
(operational level). All these job profiles have internal
company functions but could also become part of IS
cooperation across sectors and companies. As it is evident
that managerial skills and operational skills are different
(at least concerning the concrete tasks and the level of
skills), both management skills and operator skills are
coming into focus. During improvement cycles, further
pooling will be checked, e.g., to combine the Energy
Manager, Environmental Manager, and Waste Manager in
a common profile, “Environmental Engineering,” including
those three job functions just as specific parts.

Regarding the steel sector addressed in SPIRE-SAIS
and the FEuropean Steel Skills Alliance (ESSA), a
simulation of the BOF or an interactive 3D model of the
BF is implemented into the training platform, which is
already a part of the ESSA online training platform
steelHub. In the future, required skills will, among others,
include aspects related to the limits and possibilities of
electricity and hydrogen, recycling metals into usable
metals and interaction between raw materials with strong
quality fluctuations, LCA for process optimization, or the
cleaning of water, gases, and slags [171]. This can be
achieved by: a multidisciplinary approach, including green,
digital skills and technical and transversal skills; a holistic
approach for workforce reskilling and upskilling; a strong
collaboration among industries, public bodies, and educa-
tion providers.

4 Role of digitalization and digital solutions
for recycling practices

The ongoing twin transition to a climate-neutral and
digital economy is a challenge and an integrated approach,
where digital tools can pave the way to a more efficient CE,
i.e., they have the potential to enable an almost complete
closure of material cycles. Due to the complexity of the
digitalization process, the R&D&I directions must be
addressed and supported to maintain and even increase
actual trends and, looking to the defined entities, such as
companies, make a forecast of relevant research activities
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and investments [173]. Using artificial intelligence (AI) and
machine learning (ML) technologies can give greater
support to operators by facilitating repetitive activities,
improving steel product quality and quantity, improving
the flow of information, reducing costs related to supply
chain management, and supporting the improvement of
workers’ health and safety conditions [174]. In the same
manner, process simulation using tools such as LCA
supports a deeper understanding of the environmental
implications for metallurgical processes and the validation
of solutions for enhanced energy and resource efficiency
[171]. Similarly, the digitalization of environmentally-
related information for the final product in a digital-
product-passport (DPP) perspective introduces a poten-
tially closer link between recycling rate and efficiency
policy and related product claims to foreground users [175].

The role of digital solutions for recycling practices in the
steel sector can be explained by scrap as one important
secondary ferrous raw material. As explained in Section 2.2,
scrap is used in both steelmaking furnaces, the BOF and
the EAF, whereas in the BOF, scrap has the function of a
cooling agent (temperature control due to exothermic
oxidation reactions of silicon, manganese, and carbon from
the hot metal) apart from its role as an iron carrier. In the
EAF, scrap mainly serves as an iron carrier. Scrap trading
according to its quality should be coupled with industrial
transformation and circularity principles must be integrat-
ed into the steel business models. This means that different
actions should be envisaged and linked to each other, and
digital technologies (sensors and ML tools) play a key role
[174]. By better controlling the melting processes,
sensitivity to poor scrap qualities (e.g., “old” or post-
consumer scrap) can possibly induce a higher reuse rate of
post-consumer scrap. This is an important aspect since the
volume of globally available post-consumer scrap is

expected to increase to ~900Mt by 2050 (compared to
~400Mt post-consumer scrap currently available world-
wide) [176]. Closely linked to the melting process, scrap
yard logistics (either internally at the steel plant or an
external scrap supplier in close cooperation with the
steelmaker) is highly relevant.

Three main areas can be defined in which digital
solutions can contribute to increased scrap recycling. First,
at the scrap supplier site (before delivery to the steel plant),
processing or purification techniques can be upgraded, for
instance, by coupled optical and spectroscopic sensors
integrated into the scrap processing line to improve the
quality, for instance, of post-consumer scrap. Accompanied
classification of different scrap types can be done by
automated image analysis algorithms. Such optical and/or
spectroscopic image acquisition is also possible directly on a
truck or conveyor belt (at both, the scrap supplier site as
well as later at the steel plant scrap yard). The second main
area is the steel plant scrap yard, especially the selection of
the different scrap grades as well as the transport to the
melting furnace. Digital solutions can support optimized
scrap yard management through automated selection and
transport. Scrap is chosen according to the planned
production sequences (steel product portfolio) based on
the quality known. Monitoring of scrap charging linked to
melting process performance represents the third area in
which digital solutions can be applied. Scrap analysis
before and during charging into the BOF /EAF with optical
and spectroscopic methods coupled with Al techniques to
identify scrap input analysis based on correlation with
liquid steel analysis would be a possible scenario. The
melting processes (energy demand, tap-to-tap time,
additive usage, such as alloying elements or slag formers)
are controlled more efficiently, inducing energy and
resource savings.
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Finally, in case all these aspects interact with each other
satisfactorily, timely access to the scrap market enables the
steel producer to acquire scrap qualities suitable for its
production portfolio at the right time [174]. This leads to
enhanced process and operation optimization and more
efficient insights and outlooks on the scrap market.

5 Conclusions and outlook

The recycling trajectory in iron and steel production is
promising but poses challenges. This review paper provides
a comprehensive overview of research findings on recycling
practices for scrap, iron and steelmaking slags, dusts, and
process gases. It also highlights examples of ongoing and
completed projects, underscoring the important role of
recycling in achieving a cleaner future in the iron and
steelmaking industry. It was revealed that integrating
recycled materials, mainly scrap steel, is a critical step
towards resource efficiency, allowing for significant reduc-
tions in energy consumption and CO, emissions. However,
recognizing the limited future availability of scrap
worldwide requires precise research and innovative
approaches to reduce emissions significantly. Efforts to
manage and repurpose by-products such as slag, dust, off-
gases, and water underscore the industry’s commitment to
circularity and resource efficiency.

Incorporating alternative carbon biomaterials, namely
biomass, biochar, or biocoke, into iron and steel production
processes can open the way to reduce dependence on fossil
fuel and reducing agents used conventionally, although
with challenges on preconditions such as sufficient,
sustainable domestic biomass resources, supply chain
aspects, and supportive national policies. In addition,
the requirements for the properties of fuel and reducing
agents depend on the metallurgical process, which affects
whether alternative carbon materials can be used as a
partial replacement or completely.

Notable advances include using polymers from waste
plastics in iron and steelmaking processes. However,
polymers from waste plastics are not a renewable carbon
source, and the possibility of their use is partial for some
metallurgical processes, as discussed earlier. Additionally,
it is important to understand that the use of plastics solves
only part of the issue of recycling end-of-life plastics in the
short term and is not a comprehensive solution to mitigate
the environmental impact, which is instead based on a
systemic vision for pursuing the efficiency of all processes
involved.

While recycling remains vitally important, it alone
cannot solve all challenges. Embracing CE principles,
promoting the research and development of innovative
technologies, and scaling up pilot projects can allow
ambitious emissions reduction targets to be achieved.
Going forward, a holistic approach integrating innovative
technologies and CE principles, considering the opportu-
nities for IS, along with digital solutions in recycling
practices and related skills adjustments in time, will be
critical to the transition of iron and steelmaking to more
resource-efficient production processes.
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