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Abstract

The 1.9 billion metric tons of steel globally manufactured in 2023 justify the steel indus-
try’s pivotal role in modern society’s growth. Considering the rapid development of coun-
tries that have not fully taken part in the global market, such as Africa, steel production is
expected to increase in the next decade. However, the environmental burden associated
with steel manufacturing must be mitigated to achieve sustainable production, which
would align with the European Green Deal pathway. Such a burden is associated both
with the GHG emissions and with the solid residues arising from steel manufacturing,
considering both the integrated and electrical routes. The valorisation of the main steel
residues from the electrical steelmaking is the central theme of this work, referring to the
steel electric manufacturing in the Dalmine case study. The investigation was carried out
from two different points of view, comprising the action of a plasma electric reactor and
a RecoDust unit to optimize the recovery of iron and zinc, respectively, being the two
main technologies envisioned in the EU-funded research project ReMFra. This work fo-
cuses on those preliminary steps required to detect the optimal recipes to consider for
such industrial units, such as thermodynamic modelling, testing the mechanical proper-
ties of the briquettes produced, and the smelting trials carried out at pilot scale. However,
tests for the usability of the dusty feedstock for RecoDust are carried out, and, with the
results, some recommendations for pretreatment can be made. The outcomes show the
high potential of these streams for metal and mineral recovery.

Keywords: ReMFra; plasma reactor; RecoDust; recycling; residue valorisation;
metal and mineral recovery

1. Introduction

Steel production, with a global output of nearly two Gigatons (Gt) per year, is a cor-
nerstone of the global industrial landscape. In Europe, over 0.17 Gt of steel was produced
in 2023, with 53.8% utilizing the Blast Furnace-Basic Oxygen Furnace (BF-BOF) route —
commonly referred to as Iron and Steel Making (ISM)—and 46.2% using Electric Arc Fur-
nace (EAF) technology [1]. The production process generates a range of by-products,
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including slags, sludge, mill scale, flue dust, and tailings. These by-products mostly con-
tain valuable materials such as iron, carbon, and metals, presenting opportunities for re-
use [2].

Addressing global warming has become a pressing challenge for the steel industry,
due to the increase in atmospheric COz concentration from approximately 315 ppm in 1958
to ~425 ppm by December 2024 [3]. A key pathway to reducing CO: emissions in steelmak-
ing involves replacing traditional blast furnace technology with alternative processes.
These include natural gas-based direct reduction methods and emerging hydrogen-based
technologies. Such transitions could lead to energy savings of approximately 57% and CO:
reductions of up to 95% [4]. Moreover, sustainable solutions for managing steel produc-
tion by-products are urgently needed. Some traditional recycling processes, such as the
sinter plant, may no longer be feasible following technological transformations [5,6]. Cer-
tain by-products, such as zinc-containing dusts, cannot be recycled internally due to zinc
limitations in the blast furnace [7]. Although external recycling solutions exist, they are
costly and constrained by zinc content restrictions [8-10]. For example, German compa-
nies cite annual figures between 2030 and 2050 as the time horizon for the transformation
to virtually COz-free steel production, depending on the depth of the transformation [5].

The ReMFra technology is a promising new approach for treating existing and future
by-products. In contrast to extant processes such as the Waelz process, rotary hearth fur-
nace, Oxycup, or DK process, RecoDust does not rely on coke [11]. This technology aligns
with future demands for by-product recycling, like sustainable resource management, in-
tegration of current and alternative production routes, categorization of by-products and
residual materials [12], while offering enhanced capabilities, such as recovering iron and
zinc from basic oxygen furnace (=BOF) and electric arc furnace (=EAF) dusts. This study
outlines the preliminary steps necessary for the successful pilot-scale implementation of
ReMFra technologies, including modelling and defining mass and energy balances for the
plasma reactor and RecoDust units. Historical industrial stream data provided by Ber-
gamo, Italy, Dalmine S.p.A (Dalmine, Italy). served as the basis for this modelling, with
the same data informing subsequent pilot operations. A scheme of the ReMFra process is
shown in Figure 1. In addition to state-of-the-art wet granulation, the more efficient dry
granulation method with optimal waste heat utilization is suitable for recycling RecoDust
slag [13,14].
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Figure 1. Scheme of the ReMFra process, modified from [15].
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For the plasma reactor, these outcomes served as a basis for the briquetting trials and
the following smelting in laboratory-scale facilities; that is, to ensure sufficient mechanical
stability of the briquettes and the efficiency of Fe and Zn recovery, once fed to the pilot-
scale plasma reactor unit. The carbon source for this investigation was not conventional
fossil-coke, but an extrudate made of . BLU plastic® and iron scale from Dalmine facilities.
These trials aim to demonstrate that smelting the selected recipes from Dalmine streams
alongside the plastic/scale extrudate should lead to high metal recovery and carburiza-
tion.

For the RecoDust unit, these results form the foundation for utilizing various types
of dusty feedstocks in the RecoDust pilot plant. Even though the RecoDust process can
process dry dust without pre-treatment, certain requirements for the use in the RecoDust
pilot plant must be met for dust from the iron and steel industry: dust must be dry and
free-floating, with a maximum grain size of about 400 um [16]. To achieve these goals,
pre-processing steps must be defined. Three different kinds of dust, two from BOF and
one from EAF, were used to test the moisture and the smelting range.

2. Materials and Methods
2.1. Preliminary Modelling and Historical Data Analysis

Historical data of the industrial streams have been analysed using the thermodynam-
ics model of mass and energy. (Internal data provided by Tenaris Dalmine (Bergamo, It-
aly, ReMFra project.)

For the plasma reactor, these outcomes served as a basis for the definition of mixtures
for briquette production to be used in pilot trials after characterization at laboratory-scale
facilities; that is, to ensure sufficient mechanical stability of the briquettes, and the effi-
ciency of metal recovery once fed into the plasma reactor unit. The carbon source for this
investigation was conventional anthracite, a patented recycled raw material IBLU (known
also as BLUAIR) developed by Iren, made from post-consumer plastic packaging waste,
and iron scale from Dalmine facilities. The characterization of the raw residues was per-
formed through routine internal laboratory analysis. These included X-ray fluorescence
(XRF) for main oxides, LECO combustion analysis for carbon and sulphur, gravimetric
drying at 105 °C for moisture, bulk density tests, and particle size measurements by laser
diffraction. The data were shared with the ReMFra consortium and used by RINA-CSM
to define suitable briquette compositions. These trials will aim to demonstrate that smelt-
ing the selected recipes from Dalmine streams alongside the polymer/scale extrudate
should lead to high metal recovery and metal bath carburization.

The plasma reactor is based on plasma technology. It utilizes an electrical arc gener-
ated by graphite electrodes and operates in a reducing atmosphere [17]. This pyrometal-
lurgical process was selected for its ability to treat various waste streams. In the ReMFra
project, the plasma reactor was applied to residues with high iron content, such as scale
from rolling mills, sludge from cooling water circuits, EAF/BOF dusts, and slags. The
scheme of the plasma reactor is shown in Figure 2.
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Figure 2. Scheme of the plasma reactor, reprint from [18].

During the process, several key phenomena occur: the heating of briquettes or pellets
to the process temperature of 1600 °C, the reduction of FexOy to metallic Fe, the melting of
inert materials, FeO, and Fe, and the dissolution of FeO into the slag. Mass and energy
balances, performed through thermodynamic calculations, were used to define opera-
tional ranges, evaluate the quality of the resulting metal and slag, and calculate the re-
quired amounts of reducing agents and energy demand. The input materials were bri-
quetted to enhance the efficiency of the reduction reactions. The scheme of the plasma
reactor reporting the input and output is shown in Figure 3.

Power input
Optimal recipe (KWh/zecq)
l N ) Off-gas (kwh/t;..,)
: asma
Brauk?rt‘t: Metal phase (kg/t;..s)
reactor I Slag phase (kg/t;..q)

Figure 3. Scheme reporting the input and output regarding the plasma reactor.

The briquette, with densities higher than the slag, were charged from the top of the
reactor and passed through the slag layer to the metal/slag interface, where the reduction
reactions occurred. Thermodynamic modelling provided initial insights into the optimal
composition for the briquettes.

The briquettes were composed of a mix of industrial residues, including significant
proportions of scale, LF slag, and rolling mill sludge, combined with smaller amounts of
EAF dust and binders such as molasses and CaO [19].

Some assumptions were made for the mass balance, including the distribution of
chemical species between metal, slag, and dust, which was based on literature data, prior
experiments, and industrial tests. The metal bath was assumed to contain 3 wt.% carbon,
and the coal used for reduction was considered to have 10% ash content.

For the energy balance, parameters were calculated at a process temperature of 1600
°C, assuming that only CO was generated during the reduction reaction and that the pro-
cess gases reached the same temperature as the reactor. The metal-to-slag ratio was tar-
geted to exceed 1.5, and the slag composition was optimized to achieve a basicity ((CaO +
MgO)/(Al20s + SiO2)) between 1.2 and 1.8. Slag behaviour during the process, particularly
foaming, was also considered. Foaming slag improves heat transfer, protects furnace com-
ponents, and stabilizes the process by submerging the arc. However, foam height depends
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on the slag properties and gas velocity, and is challenging to control. Reactor design ac-
counted for these phenomena, ensuring sufficient slag mass for productivity while main-
taining optimal FeO concentration through strategic feeding and tapping.

Regarding RecoDust, the moisture and smelting range were tested with three differ-
ent kinds of dust: two from a basic oxygen furnace and one from an electric arc furnace.

2.2. Material Plasma Reactor

The historical data provided by Tenaris Dalmine were considered as input for the
first calculation; the industrial streams considered were EAF slag, LF slag, Scale, Rolling
Mill Sludge, and EAF dust. These materials were characterized by chemical composition,
moisture content, and density, to establish their suitability for briquetting and subsequent
smelting in the plasma reactor. Specifically, the following analyses were carried out:
chemical composition (main oxides) via X-ray fluorescence (XRF); carbon and sulfur con-
tents using LECO combustion analysis; moisture content via oven-drying at 105 °C until
constant weight; and bulk density via volume displacement methods.

To assess the potential of ReMFra technologies for the Dalmine case study, it is es-
sential to determine the annual production of each stream. This will be the primary
boundary condition considered for modelling, enabling a preliminary dimensioning of
the processing unit. While Table 1 shows the chemical composition declared for the
streams, Table 2 below shows their annual production, average density, and moisture de-
gree.

Table 1. Chemical composition (wt.%) of the industrial streams provided by Tenaris Dalmine is
used for the formulation of ReMFra briquettes. Elemental values were determined by X-ray fluores-

cence (XRF) for oxides and by combustion analysis (LECO) for carbon and sulfur.

Species EAF Slag LF Slag Scale Rolling Mill Sludge EAFD
FeO 37.00 10.00 93.00 70.00 41.66
C 0.40 0.17 0.30 14.30 4.30
S 0.78 0.04 0.52 0.44
P
MnO 1.72 1.02 0.75 3.90
NiO 0.10 0.00 0.15 0.15 0.08
CuO 0.10 0.10 0.10
Cr20s 3.40 0.92 0.25 0.35 0.79
CaO 23.50 47.20 0.29 0.95 14.50
AlOs 4.70 18.30 0.15 0.43 1.66
SiO2 11.00 10.90 2.80 2.30 20.40
MgO 9.70 8.17 0.05 0.30 5.80
Na20 0.10 0.80 2.10 1.80 0.50
K20 0.00 0.10 0.40
ZnO 0.00 0.00 0.10 0.10 4.99
TiO:2 0.60 0.50 0.10
PbO 0.40

Table 2. Annual production, average density and moisture content of the industrial streams pro-
vided by Tenaris Dalmine, a partner of the project. All values are based on internal reports and

routine laboratory characterizations performed at the Dalmine plant.

. Density Moisture
-1
Stream Annual Production/t y /g cm= Wt%
EAF Slag 55.000 34 2.8
LF Slag 23.000 1.7 34

Scale 24.000 2.5 1.7
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Rolling Mill Sludge 3.500 1.8 214
EAFD 1.200 1.1 64.9

The abovementioned materials were used to create briquettes. The briquetting pro-
cess involved blending these streams with additives such as molasses and CaO [20,21] to
improve cohesion and mechanical properties through the formation of calcium saccharate
bonds. The specific weight proportions for each component are reported in Table 3.

Table 3. Weight percentages (wt.%) of each component in the three ReMFra briquette formulations.

LF Rolling
Recipe Slag Scale Mill EAFD Coal Molasses CaO Water Fe/C
Sludge
1 1616 404 8.08 3.03 9.09 8.08 8.08 7.07 5.41
11.27  36.89 17.42 6.15 6.15 8.20 820 571 9.16
3 1228 40.92 12.28 4.09 8.18 8.18 8.18 5.88 6.64

Adjustments to water content were made to optimize the workability of the mixtures,
ensuring consistent briquette quality. Briquettes were formed using a 20-ton hydraulic
press and dried under controlled conditions (100 °C for 24 h) before being subjected to
mechanical testing, including drop tests from 1 m height (10 repetitions), to evaluate their
resistance during handling and feeding into the reactor.

Thermodynamic modelling was conducted to define the optimal compositions of the
briquettes, considering factors such as slag basicity, energy balance, and metal recovery
efficiency. Recipes were iteratively refined to balance the proportion of materials, with the
goal of achieving high-density briquettes suitable for the operational conditions of the
plasma reactor.

2.3. Materials and Description of RecoDust

The RecoDust process consists of four steps, as shown in Figure 4. The first step, the
slagging and melting, takes place in the so-called Flash-Reactor at temperatures of 1500
°C to 1800 °C and a reducing atmosphere. The heat and the reducing atmosphere are pro-
vided by a natural gas/oxygen burner using an air excess ratio of below one. The fuel,
natural gas, can be mixed with up to 10% hydrogen, which is the first step towards decar-
bonization. The second step involves post-combustion through the injection of oxygen. In
addition to the combustion of CO and H>, the gaseous zinc is also oxidized to solid zinc
oxide. After the quenching by the ignition of water and air, the flue gas cleaning takes
place in a bag house filter. The non-volatile components form a slag phase, the so-called
RecoDust slag (RDS = Product #1), and are tapped discontinuously out of the Flash-Reac-
tor. The second product in the filter house is the so-called Crude Zinc Oxide (CZO = Prod-
uct #2) and consists of volatile components like zinc, lead, and halogens.

Natural gas

Hydrogen ﬂ Oxygen Water Compressed air

|

slagging | Fluegas1 Flue gas 2 . Fluegas3 Fluegas4 flue gas

T=1700°C T=1700- quenchi cleaning
A<l 800°C T=800-180°C T <250°C
A=14

I l l

Feedstock Naturalgas RecoDustSlag Crude Zinc Oxide
=Product#1 =Product#2

Feedstock 1

Ipuwing
le—o!
le—

t
post, Flue gas
—

pneumatic
conveying

Figure 4. Steps of the RecoDust process, reproduced from [16], with permission from Springer
Nature, 2025.
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The experimental work for the samples comprised testing of the moisture content
and the smelting range. The samples used were taken from two different basic oxygen
furnace dusts (= samples BOF 1 and BOF 2) and one EAF dust (=sample EAF 1). Sample
BOF 1 contained 19.2% zinc oxide and 38.7% total iron, while sample BOF 2 contained
2.6% zinc oxide and 58.4% total iron. The last sample, EAF 1, had a zinc oxide content of
5.0% and a total iron content of 32.4%.

The moisture testing was performed using a vacuum drying oven in an air atmos-
phere, and the heating microscope was utilized to determine the smelting range in a nor-
mal air atmosphere. The oven used for the determination of the moisture (shown in Figure
5) is set at at 105 °C, with a pressure of 0.5 bar, until the weight consistency is reached.

Figure 5. Drying oven for the determination of the moisture.

3. Results
3.1. Plasma Reactor

The first compositions of the briquettes will be defined starting from the annual tons
and the chemical composition of the residues of Tenaris Dalmine to be treated.

To lower the CO:2 footprint of the process and to minimize the consumption of non-
renewable resources, a testing campaign replacing anthracite with a waste polymer pro-
duced by IBLU as a reducing agent was performed. IBLU is a Recycled Raw Material,
compliant with UNI 10667- 17 used in metallurgical and steel processes as a substitute for
coal. It intervenes in the production cycle with the functions provided by the technical
standard (e.g., reducing agent), improving economic and environmental performance.
The IBLU polymer is characterized by a low density (0.35 g cm?), measured according to
the Archimedean principle by determining the volume displaced by the solid sample in a
liquid medium, a low moisture content of 0.37%, and an ash content of 4.15%. It consists
almost entirely of volatile matter of 95.9%, with a total carbon content of 73.99%, of which
less than 1% is fixed carbon, and a hydrogen content of 11.87%. A fraction of scale was
used to produce, by IBLU, a product with 75% scale and 25% of polymer, obtained by
extrusion and then charged in the plasma reactor. The composition of IBLU (75% scale
and 25% polymer) was defined to obtain an appropriate density value permitting the pas-
sage through the slag phase during the charging in EAF. The value obtained was 2.55 g
cmS,
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The choice of Tenaris for plasma reactor charge materials, was IBLU (Figure 6) made
with a fraction of the scale and the remaining scale in briquettes, with the other materials
(named ReMFra briquettes).

|I|II|II| |IJII|IIII|I Ilrlllllllll ||II|III'1II- |IIII|IIII|I.|I|II|I|=III-II|I|II I|||II|II|I|IIII|IIII -II-|I|II Ul |I|II|IIH|I I |I-II|III|
0CM 2 3 4 S & * L3 8 10 1 1 13 14 15

Figure 6. .LBLU extrudate, reprint from [18].

IBLU is used as alternative reducing agents in the plasma reactor trials. These com-
pact “biscuit-like” elements were produced by extruding a homogeneous mixture of 75
wt.% iron-rich scale and 25 wt.% IBLU polymer. Their cylindrical geometry, mechanical
cohesion, and bulk density of 2.55 g/cm? were specifically designed to allow them to sink
through the slag layer and promote contact with the molten bath. Their low moisture con-
tent (<0.4%) and high volatile matter (>95%) make them particularly reactive in high-tem-
perature reducing environments.

The compositions considered were as follows:

1. Ratio 70:30, ReMFra 1: IBLU.
2.  Ratio 30:70, ReMFra 2: IBLU.
3. Ratio 50:50, ReMFra 3: IBLU.

The definition of the three ReMFra briquette compositions, reported in Table 4, was
guided by detailed mass and energy balance calculations, aiming to ensure optimal per-
formance regarding metal recovery, slag behaviour, and energy input in the plasma reac-
tor. These recipes were designed to valorise the total annual quantity of iron scale pro-
duced at the Dalmine steel shop (24,000 t/y). The proportion of each stream was adjusted
to meet several targets: maintain a metal-to-slag ratio above 1.5, achieve a slag basicity in
the range 1.2-1.8, ensure an overall Fe/C weight ratio compatible with the desired level of
carburization in the molten metal, and optimize the density of the input materials to guar-
antee their proper sinking through the slag layer during charging. Recipe 1 includes the
highest proportion of rolling mill sludge and EAF dust among the three, while maintain-
ing moderate levels of LF slag and coal as reducing agents. Recipe 2 further increases the
fraction of sludge and EAF dust while reducing the coal content, resulting in a higher Fe/C
ratio and, consequently, a lower expected carburization of the molten metal. Recipe 3 max-
imizes the use of iron-rich scale and balances the remaining components to ensure both
mechanical stability and metallurgical performance.

Table 4 shows the composition of the ReMFra briquettes for the three cases. Consid-
ering the treatment in the plasma reactor of all the scale produced in one year in the
Dalmine steel shop, with IBLU and the rest in ReMFra briquettes, these three compositions
have been defined.

Table 4. Weight percentages (wt.%) of each component in the three ReMFra briquette formulations.

Recipe LF Scale Rolling Mill EAFD Coal Molasses CaO Water Fe/C
Slag Sludge

1 16.16 404 8.08 3.03  9.09 8.08 8.08 7.07 5.41

11.27  36.89 17.42 6.15 6.15 8.20 820 5.71 9.16

3 12.28 40.92 12.28 4.09 818 8.18 8.18 5.88 6.64
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The behaviour of briquettes has been studied through melting tests.

To ensure efficient heat transfer and uniform melting of the materials, the smelting
trials were conducted using a molten metal bath composed of iron with an addition of 10
wt.% nickel. The nickel was intentionally added as a tracer element to enable accurate
tracking of the metal phase during post-process chemical analysis and calculation of the
metallic yield.

Adding nickel, which acts as a tracer, was necessary to allow for considerations and
subsequent calculations downstream of the chemical analyses and the metal yield. The
briquettes, ReMFra and IBLU, were weighed each time to obtain the compositions of the
three cases.

Both ReMFra and IBLU briquette are loaded into an external cup addition system of
the Balzer induction furnace: as soon as the metal bath is completely melted, they are
gradually inserted through a lever. Figure 7 shows the moment immediately after the bri-

quettes have been inserted into the metal bath.

Figure 7. Loading of both ReMFra/IBLU briquettes into the metal bath.

Once everything is melted, the furnace is turned off, and the sample is allowed to
cool, first inside the furnace itself and then in air.

The extracted metal ingot is then processed to obtain chips and thin sheets, which
will undergo chemical analysis to determine the content of carbon, sulfur, and nickel. The
slag will also be set aside for XRF analysis of oxides. Specifically chemical composition
was determined by X-ray fluorescence (XRF) using a benchtop spectrometer. The samples
were prepared as pressed powder pellets, and the results were calibrated using certified
reference materials. Data processing was carried out with the standard software provided
by the instrument manufacturer. Table 5 below shows the slag analysis.

Table 5. Chemical composition of the slag (wt.%).

Recipe Fe Al Si Ca Mg Mn Ni Cr )\
1 40 8.0 0.9 9.5 0.5 0.6 0.1 0.2 <0.1
2 47 5.9 0.8 5.0 0.3 0.8 0.1 0.3 <0.1
3 43 6.6 0.9 7.2 0.3 0.7 0.1 0.2 <0.1

Knowing the metal’s carbon content, for metal ingots 1, 2, and 3, it was possible to
calculate the carbon content only on the reduced metal: this is defined as the sum of the
metal loaded initially and the recovered fraction of metal multiplied by the percentage of
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total carbon and divided by the recovered fraction of metal. These results are shown in
Table 6.

Table 6. Recovered fraction of metal, metallic yield, and carbon content on the reduced metal.

Recovered Fraction of Metal Metallic Yield Carbon on the Reduced

/g Iwt.% Metal/wt.%
1 43.80 98.82 0.07
2 38.89 75.23 0.20
3 37.90 79.32 0.31

Melting tests of IBLU and ReMFra briquettes showed high recovery of the metal frac-
tion but low carburization of the metal bath. The different compositions of anthracite and
IBLU polymer could explain this. The latter has no fixed carbon, but only carbon from
volatiles, with low efficiency for bath carburization compared to the fixed carbon of an-
thracite. While the experimental trials focused on the IBLU extrudate as an alternative
reductant, the modelling phase also considered a conventional scenario based on anthra-
cite coal, assuming 10% ash content and a significant proportion of fixed carbon. This
comparison helped define baseline values for carbon efficiency, energy demand, and Fe/C
ratios. As expected, anthracite showed superior carburization potential compared to
IBLU, which consists mainly of volatile carbon and lacks fixed carbon. From a technical
standpoint, the lower carbon yield from IBLU indicates that additional carbon input or
complementary reductants may be required to reach the target of 3 wt.% C in the molten
bath. Moreover, an economic comparison is currently ongoing to evaluate the cost-perfor-
mance trade-offs between using recycled polymer-based materials and conventional re-
ductants. While IBLU offers potential cost and environmental advantages, due to its
waste-based origin, its lower metallurgical efficiency in carburization must be carefully
considered in industrial applications. It is possible to calculate the amount of carbon re-
quired to obtain a metal bath with 3% carbon (obtaining hot metal). In order to decide
which ReMFra briquettes to use for industrial testing, an economic and environmental
impact assessment will be made to understand the impact on the plasma reactor process
of producing steel (low carbon) versus cast iron (high carbon).

Since the goal is to reach around 3% carbon in the molten metal, the assessments
indicated that an increased carbon input is required in the original blends.

Table 7, below, reports some output from the model necessary for the technical engi-
neering of the plasma reactor (made by Tenova, Milano, Italy) and the process, including
the volume of the reactor (depending on the height achieved by the metal bath and the
foam of the slag), the volume and heat of the off-gas before and after Zn recovery (off-gas
and post-combustion, respectively), the energy demand for the process, and the coal to be
added for oxide reduction.

Table 7. Calculated parameters related to using three recipes with the materials from Dalmine, nec-

essary for the engineering of the plasma reactor.

Recipe No. 1 2 3

Charge rate/t h™! 7.40 7.80 7.90

Charge/t heat™ 22.20 23.40 23.80
Coal/kg treed™ 161.00 154.00 139.00
Energy/kWh treed™! 1868.00 1843.90 1795.00
Off-gas flow/Nm? t! 227.00 218.50 252.10
Off-gas heat/kWh t! 163.00 169.30 193.70

Height metal/m 0.35 0.36 0.35

Max height foam/m 1.62 1.71 1.84
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The process required 1795 kWh to 1868 kWh per ton of feed, including the energy to
heat the reactor and sustain the reduction reactions, converting FeO and ZnO into metallic
Fe and Zn. The off-gases generated offered a heat recovery potential of 163-193 kWh per
ton of feed, which could be harnessed using technologies such as Organic Rankine Cycles
(ORC) or heat exchangers. The briquettes were tailored to optimize iron and zinc recovery
from residues generated in EAF processes, balancing chemical reactivity, mechanical
strength, and slag compatibility.

Some first calculations for reactor volume were made, starting from the ladle diame-
ter. This is to control the formation of foam during the reduction reaction. The foaming
can be difficult to control properly, since the evolution of the chemical and physical con-
ditions in the slag/steel system that affect foam height is generally unknown. Foam is gen-
erated by the gas (CO) passing through the liquid slag; the foam height depends on slag
properties and the gas velocity. The following is a classical formulation to calculate slag
height.

Where ¥ is a foaming index, depending on slag characteristics: viscosity (u), density
(0) and surface tension (o):

u
Z=k'm (1)

where k is a coefficient specific to slag type. For the slag composition calculated with this
first briquette composition, k~214 [22].

Knowing the reactor diameter, it is possible to calculate the hight (Htam) of the foam-
ing slag, as follows:

Hgoqm = 2 - velocitygqs ()
FlowRate

. _ [lowrate 3

velocitygq,s ired (3

3.1.1. Engineering Solution

Tenova performed both the basic and detailed engineering for modifying Ladle Fur-
nace #3 (LF3) at the Tenaris Dalmine steel shop to accommodate the ReMFra smelting and
reduction process. The main objective was to enable the treatment of steelmaking resi-
dues, including slags, scales, sludges, and filter dusts, while keeping LF3 fully functional
under normal operations. By strategically limiting design changes to the ladle, material
handling system, and automation layer, Tenova minimized the impact on routine produc-
tion and streamlined the overall implementation.

A new ladle was devised specifically for the ReMFra project, addressing two major
constraints: (i) the limited electrode travel length that sets the minimum molten bath level
and (ii) the maximum foaming slag volume that can be safely contained to prevent over-
flow. As illustrated in Figure 8, the basic ladle design accounts for these dimensional limits
in order to maintain both adequate arc operation and slag-freeboard distance, and the 3D
model of the ladle, where the refractory lining concept is detailed; load-stability checks
are verified for various configurations of steel bath height and slag layers.
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Figure 8. Basic 3D design of the new ladle.

Based on thermodynamic data from earlier project phases, Tenova set a nominal bri-
quette feed rate of around 7.5 t h™! to balance high throughput with safe foaming behav-
iour. This rate is expected to produce roughly 9 t/h of molten metal and 4.5 t/h of slag,
under the specified metallurgical conditions. The materials, thickness, and metallic struc-
tures of the ladle’s lining were chosen to withstand repeated thermal cycles between nor-
mal LF treatments and the higher-reduction environment typical of ReMFra.

Ensuring stable and continuous briquette feeding to the ladle is crucial to the ReMFra
process. Batch feeding would lead to significant CO surges and exacerbate slag foaming.
Therefore, Tenova expanded the existing Material Handling System by adding two new
silos, each with a capacity of around 10 m?3, along with vibratory feeders that can operate
between 5 and 10 t/h.

This continuous feeding setup enables operators to regulate briquette supply in real
time, preventing sudden peaks in CO evolution and promoting uniform melting condi-
tions. Furthermore, it enables LF3 to quickly transition from standard steel-refining tasks
to ReMFra operations without significant equipment reconfiguration.

3.1.2. CFD Simulation of Off-Gases

A key step in validating these modifications was verifying that the LF3 roof and off-
gas system could manage the increased CO production and partial combustion inside the
ladle. Tenova therefore conducted comprehensive CFD simulations of the hood and duct
network, modelling scenarios at briquette feed rates of 5, 7.5, and 10 t/h. Figure 9 illustrates
a simplified model used for CFD inputs.
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‘ Conveyor

‘ Centralducts
A Ifﬂ Central main body
6 Lateral ducts

Figure 9. Design of the LF roof for the CFD analysis.

The detailed boundary conditions, summarized in Figure 10, were established to cap-
ture reactive flow, heat transfer, and the entrainment of ambient air through the gap
around the ladle.

Wall central body / central duct
Mixed Outlet

h 5190 [W/m?/K] Flow rate 30,000 [Nm¥h]

TH0 310 9.8 [kals]
Wall thickness. 0.007
Emissivity 08
Air inlet
Pressure Inlet
Wall lateral duct / conveyor Temperature 2 [l

Mixed
h 15
Tair 208 K]
Wall thickness 0,007
Emissivity 08
Waste gases inlet

Flow rate* 500 [Nmh)

Wall electrodes
Adiabatic

*The data referred to case 5 t/h feeding rate

0153 [kgls]
CO mol fr 09
H20 mol fr 01

Temperatwre 1600 [°C]

Figure 10. CFD boundary condition.

The results, illustrated by the temperature maps in Figure 11 and wall temperature
distributions in Figure 12, confirmed that the existing hood design stays within acceptable
thermal limits if the nominal feed rate is around 7.5 t/h.

TEMPERATURE MAP

Casel - Low

Case2 - Nominal Case3 - High

25 252 480 708 ©35 1162 1390 1618 1845 2072 2300

Temperature [°C]
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Temperature [°C]

Case1 Case2 Case3
Inlet FreeBoard 1600 1600 1600
Inlet Air 25 25 25
Outlet 111 199 252

Figure 11. Off-gas temperature map for the three cases, and numerical results, reprint from [18].

WALL TEMPERATURE MAP

Wall Temperature [°C] Wall Temperature [°C] Wall Temperature [°C]
Min Max Min Max Min Max
26 169 26 335 27 454

25 68 111 154 197 240 283 325 368 411 454

Figure 12. Wall temperature map for the three scenarios, and numerical results.

Even in the higher 10 t h™! scenario, local temperature hotspots were identified but
did not exceed critical thresholds for brief operation. Figure 13 shows how the velocity
fields in the off-gas converge smoothly toward the extraction ducts. Overall, these find-
ings indicate that no significant hardware alterations (e.g., to the off-gas duct or roof struc-
ture) are necessary under normal ReMFra operating conditions.

VELOCITY MAP

24 32 40 48 56 64 72 80

v [m/s]
Case1 Case2 Case3
Inlet FreeBoard 0.3 0.5 0.7
Inlet Air 8.6 8.5 8.4
Outlet 42 52 56

Figure 13. Off-gas velocity map and numerical results.
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Moreover, an integrated control platform enables a safe transition from typical pro-
duction cycles to ReMFra campaigns, providing both the necessary flexibility and the ro-
bust constraints to avoid undesired fluctuations in slag foaming or off-gas composition.

3.2. RecoDust

Figure 14 shows the results of the moisture content determination. Sample BOF 1 has
a very low moisture content of less than 1%, sample BOF 2 has a moisture content of ap-
proximately 3.1%, and sample EAF 1 has the highest moisture content, at over 4.1%.

4.5

4.0

3.5 1
. ——
o 3.0
o
=]
B 251 [ ]25%~75%
CE) I Range within 1.5IQR

. —— Median Line

Mean
1.5 1 .
*+  Qutliers
1.0 5
| —
BOF 1 BOF 2 EAF 1

Figure 14. Moisture of both BOF dust samples and the EAF dust.

The smelting behaviour is shown in Figure 15. The comparison of the initial sample
height and the sample height in relation to the temperature indicates that the flow tem-
perature of the EAF dust sample could not be determined until a temperature of 1600 °C.
The samples of BOF dust, BOF Dust 1, and BOF Dust 2 show a very similar smelting be-
haviour. For sample BOF Dust 1, a flow temperature of 1269 °C, and for BOF Dust 2, a

flow temperature of 1309 °C, could be determined. The lines for the determination of the
flow temperature are dashed.

100
80
60
40
20

Change in height [%]

0 100 200 300 400 500 600 700 800 9S00 100011001200 1300 1400 1500 1600
Temperature [°C]

EAF Dust ——BOF Dust 1 BOF Dust 2

Figure 15. Sample height compared to its initial height, of the samples BOF 1, BOF 2 and EAF 1 over
the temperature.
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4. Discussion

The plasma-based smelting trials demonstrated the feasibility of recovering iron-rich
metal from various steelmaking residues—including scale, rolling mill sludge, and EAF
dust—using briquettes formulated through thermodynamic modelling. The results con-
firm that industrial by-products can be transformed into high-value outputs (metal, slag,
and ZnO dust-enriched) when operating at around 1600 °C in a reducing atmosphere,
with the key advantage of the plasma technology being its adaptability to various residue
streams. A critical factor emerging from the trials concerns bath carburization. The metal
yield proved high, exceeding 75% in most formulations. The final choice of reductant—or
reductant blend —will need to balance the environmental benefits of using secondary raw
materials with the operational demands for generating a sufficiently carburized liquid
metal.

Process economics and environmental impact also arise from the interplay between
slag basicity, energy input, and reductant addition. Thermodynamic calculations indicate
that slag foaming is likely with these briquette recipes, offering both advantages and chal-
lenges. Although foaming can enhance heat transfer and thermal efficiency, it also de-
mands careful furnace dimensioning and control of the gas evolution rate (CO) to prevent
excessive foam formation and potential slag overflow. From a design perspective, the op-
timal ratio of metal to slag, as well as the control of basicity ((CaO + MgO)/(AL2Os + SiOz)),
must be maintained to ensure appropriate slag viscosity and to keep foaming within man-
ageable limits. Energy requirements, ranging from approximately 1795 kWh to 1868 kWh
per ton of feed, were broadly consistent with pilot-scale plasma processes targeting simi-
lar temperature ranges. Notably, the off-gas carried a substantial portion of recoverable
heat (163-193 kWh per ton of feed), suggesting potential for energy recovery via heat ex-
changers or ORC systems. This aligns with the overall circularity goals of the ReMFRa
project, where secondary raw materials and heat recovery strategies can collectively re-
duce the environmental footprint of steelmaking. Overall, these results underpin the tech-
nical viability of employing plasma reactors for valorising iron-rich residues and substi-
tuting part of the conventional reductant with polymer-based alternatives.

The results from the three feedstock samples for RecoDust indicate that pre-treat-
ment steps are required for certain types of dust. For the BOF 1 dust sample, both test
results fall within the acceptable limits for use in the RecoDust process, meaning that pre-
treatment, such as drying or reducing the smelting range, is unnecessary. In contrast, the
moisture content of the BOF 2 dust sample revealed that drying is essential, as wet feed-
stocks cannot be pneumatically introduced into the Flash Reactor. Besides conventional
drying, utilizing microwave treatment to dry the dust may be a viable solution [23]. How-
ever, the smelting range for BOF 2 dust is suitable for use without further adjustments.

The single EAF sample, on the other hand, shows excessively high moisture content
that exceeds acceptable limits, and therefore needs to be dried. Additionally, unlike the
BOF samples, its smelting range needs to be lowered. This can be accomplished by mixing
the dust with a flux or combining it with another potential feedstock [24]. While the re-
quired drying process is technically straightforward, the energy for evaporation would
otherwise be consumed within the Flash Reactor if wet feedstocks were utilized. How-
ever, drying before trials is more energy-efficient because it avoids heating the water to
the reactor’s operating temperature of about 1700 °C.

The humidity test has proven to be highly effective in achieving the desired results.
When determining the smelting range, it is important to note that the test atmosphere
does not replicate the conditions within the Flash-Reactor. In the Flash-Reactor, the chem-
ical composition of the injected dust undergoes significant changes due to the reduction
of zinc, the evaporation of volatile components, and changes in the valence state of iron.
As a result, the smelting range test provides only an approximate guide. Nevertheless, it
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remains a useful and practical measure, particularly when the results indicate a sufficient
margin from the application limits.

A key next step is to test whether different types of dusts can achieve high de-zincing
rates of more than 98% in the RecoDust process [25]. This involves evaluating the compo-
sition and behaviour of various dust samples under standard process conditions. The re-
sults will determine the process’s adaptability and efficiency across a broader range of
input materials.
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Abbreviations

The following abbreviations are used in this manuscript:

EU European Union

BF-BOF Blast Furnace-Basic Oxygen Furnace
ISM Iron and Steel Makin
EAF Electrical Arc Furnace
EAFD Electric Arc Furnace Dust
CO2  Carbon Dioxide

ZnO  Zinc Oxide

Fe Iron

Zn Zinc

LE Ladle Furnace

CaO  Calcium Oxide

MgO Magnesium Oxide

Al Aluminium
Si Silicon

Mg Magnesium
Mn Manganese
Ni Nickel

Cr Chrome

\Y Vanadium

CFD  Computational Fluid Dynamics
GHG Greenhouse gas
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