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INTRODUCTION
The European steel sector is challenged by the ambi-
tious objectives of the European Green Deal, which aims 
at achieving climate neutrality by 2050. Therefore, novel 
C-lean and sustainable steelmaking processes are being 
investigated through large-scale pilot projects, accompa-
nied by studies on the possibility of improving operating 
practices and introducing new components in conven-
tional routes. Moreover, Circular Economy and Industrial 
Symbiosis can further support the decarbonization pro-
cess [1, 2] while reducing depletion of natural resources. 
As far as the electric steelmaking route is concerned, 
many recent investigations focus on the replacement of 
fossil carbon-bearing materials fed to the Electric Arc 
Furnace (EAF) with renewable and/or Alternative Car-
bon-bearing Materials (ACMs) [3] from biogenic [4] and 
non-biogenic sources [5, 6]. Moreover, the use of green 
hydrogen to at least partially substitute Natural Gas (NG) 
in the EAF for heating purposes is intensively investigat-
ed [7,8].
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In this context the project entitled “Gradual Integration of 
Renewable non-fossil energy sources and modular heat-
ing technologies in EAF for progressive CO2 decrease” 
(Ref. GreenHeatEAF – G.A. No. 101092328) aims at ex-
ploring and validating these decarbonization strategies 
through the integrated and synergistic use of pilot and 
demonstration trials, advanced digital simulations, and 
enhanced monitoring and control systems. In effects, 
while pilot trials are indeed fundamental to thoroughly 
assessing the industrial feasibility of the investigated sub-
stantial modifications in process operations [9, 10], they 
are costly and time-consuming, thus they cannot span the 
full range of possible process conditions of interest and 
possible input material mix and/or Hydrogen/NG blends. 
On the other hand, simulations through a validated phys-
ics-based model, although based on a virtual replica of 
the EAF which relies on assumptions and simplifications, 
enable exploring a wide range of scenarios and make de-
tailed sensitivity analyses [11, 12]. Therefore, the combi-
nation of these two investigation approaches provides an 
ideal insight into the viability of potential modifications of 
consolidated industrial practices.
Within GreenHeatEAF, industrial trials were conducted to 
identify ACMs with characteristics that are similar to stan-
dard fossil carbon that do not affect process reliability nor 
product quality. The industrial tests also aimed to evaluate 
the handling characteristics and safety implications of us-
ing ACMs in EAF-based steel production. Pilot trials were 
conducted in a pilot EAF with a capacity of 10 tons [13] to 
assess both the effect of transition from NG to hydrogen 
as fuel in the burners and the effect of transition from fos-
sil carbon to biochar. Simulations were carried out via a 
stationary flowsheet model of the EAF-based steelmaking 
route, which was updated to simulate the addition of py-
rolyzed biomass, i.e. bio-carbon/biochar, plastic and tires 
in the EAF and the feeding of the EAF burners with hydro-
gen or NG/hydrogen blends [14]. 
This paper presents the methodology adopted for pilot 
trials and simulations, and overviews the most relevant 
results of both investigations, by highlighting the oppor-
tunities and barriers. 

METODOLOGY 
Pilot Trials 
Pilot trials were conducted to evaluate both the effect of 
transition from NG to hydrogen as fuel in the burners and 
the effect of transition from fossil carbon to bio-carbon. 
The use of alternative fuels and carbon sources was tested 
in a pilot EAF available at Swerim’s facilities in Lulea (Swe-
den), which has a capacity of 10 tons and was equipped 
with a CoJet-burner manufactured by Linde for these tri-
als. The fundamental principle underlying CoJet technol-
ogy is the use of an annular oxy-fuel flame shroud that 
envelops the primary supersonic jet, thereby generating a 
coherent jet capable of penetrating more deeply into the 
molten bath compared to a conventional supersonic jet 
[15]. The use of this type of burner is well established in 
EAF operations; however, the novelty of the present trials 
lies in feeding a suitably adapted CoJet burner with hydro-
gen over extended periods that was not previously inves-
tigated. The injected hydrogen is produced in the same 
experimental facility thanks to Swerim’s high-pressure 
alkaline electrolyzer.
The carbon was injected in the pilot EAF via a pressur-
ized carbon dispenser equipped with a roto-feeder and 
a supersonic wall-mounted carbon injector manufacture 
by Tallman Technologies using nitrogen as carrier gas. 
During the tests, carbon was also available for feeding 
from via the overhead bin. As emerged from previous ex-
periments, the injectable particle size of the carbon ma-
terial must not exceed 3 mm, and the moisture content 
must be lower than 5% to minimize the risk of clogging. 
In addition, the ash and volatile matter contents should be 
low to achieve a high fixed carbon content and to prevent 
adverse effects on the process. Based on this experience, 
the trials concerned:
1.	 Injection of bio-carbon to investigate the difference 

on slag foaming and slag reduction. Anthracite was 
used as reference carbon source.

2.	 Hydrogen use with Linde CoJet-burner by using Syn-
thetic NG (SNG) as reference burner fuel.

Considering the ongoing transition of steel production 
towards more sustainable processes—characterised by 
the increasing use of Hot Briquetted Iron (HBI) and Direct 
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Reduced Iron (DRI), together with higher degree of con-
tinuous feeding—various iron carriers and charge mixes 
were employed in the tests to reflect expected variability 
of future EAF steelmaking operations, as follows:
1.	 Scrap charging with two-basket practice and carbon 

injection during the refining phase.
2.	 Scrap+HBI charging with one-basket practice and 

subsequent HBI feeding, and carbon injection during 
the HBI feeding phase and the refining phase.

3.	 Continuous scrap feeding and carbon injection used 
during the entire process. 

4.	 Continuous DRI feeding, and carbon injection used 
during the entire process.

During the trials, anthracite was used as charge carbon in 
both the scrap and HBI charging campaigns. The experi-
mental campaign comprised of 25 heats. 
For each iron carrier and its corresponding process con-
figuration, the following trial blocks were defined:
1.	 SNG-Anthracite, reference trials using SNG as burner 

fuel and anthracite as injected carbon.

2.	 H2-Antrhacite using hydrogen as burner fuel and an-
thracite as injected carbon.

3.	 H2-Biocarbon using hydrogen as burner fuel and bio-
based carbon as injected carbon.

The described experimental design enables the assess-
ment of the impact of substituting NG with hydrogen as 
burner fuel through the comparison of H2- Anthracite with 
SNG-Anthracite and the evaluation of the effect of replac-
ing fossil carbon with bio-carbon comparing H2-Biocar-
bon with H2-Anthracite.
The bio-carbon selected for the trials is wood-based char-
coal with high carbon content, which is similar to fossil 
anthracite. Bio-carbon has lower density, volatile matter 
and ash content as Sulphur, see table 1, which provides 
the chemical composition (in wt%) of the adopted mate-
rials for injection. Photographic images of the bio-carbon 
and anthracite for injection are provided in figure 1.

Tab.1 - Properties of carbon materials used in the pilot trials.

CARBON ANALYSIS

C (%) S (%) N (%) H (% Moisture (%) Volatile matter (%) Ash (%) Density (g/cm3)

Anthracite, 0-3 mm, as injection carbon. Supplier Carbomax

85.1 0.197 1.06 2.0 5.9 1.6 5.5 0.94

Bio-carbon, 0-3 mm, as injection carbon. Supplier Envigas

89.1 0,023 0.22 2.8 3.2 4.8 1.1 0.64

Fig.1 - Photos of (a) bio-carbon, (b) injection anthracite 1-3 mm.

(a) (b)
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Simulations
The model used for the simulations is developed in Aspen 
Plus® V11 and allows simulation of all the common steps 
of standard electric scrap-based steelmaking route from 
charging mix preparation to continuous casting through 
the combination of standard process blocks, customized 
calculators, and design specification units [11, 12]. The 
modular modelling framework considers key physical 
and chemical phenomena in the EAF process. It estimates 
molten steel quantity, temperature, and composition at 
different stages, as well as slag characteristics, electricity 
demand, and overall mass and energy balances. Since the 
model is based on input parameters and tuning data that 
are regularly measured in industrial practice, it can be eas-
ily calibrated, validated, and adapted across different steel 
plants and steel grades. Its modular structure also enables 
targeted modifications, as in this work to evaluate the re-
placement of fossil carbon in slag foaming and the substi-
tution of natural gas in EAF burner operations.
For the planned investigations, alternative carbon-bearing 
materials were modelled as non-conventional solids start-
ing from suppliers’ data. Furthermore, related streams and 
new unit blocks were added to the original version of the 
model, and some were modified to allow the use of these 
materials and simulate their effects. Literature and industrial 
data—coming from plant standard operations and collect-
ed during field trials—were used for the scope. In partic-
ular, literature data [16–18] together with industrial results 
from an initial set of field trials—focused on replacing the 
quantity of anthracite added to an industrial EAF through 
the 5th hole for slag foaming—were used to tune the mod-
el. The calibrated model was then tested against industri-
al data not used during the tuning phase. The tuning and 
validation procedures, as well as the test results, are deep-
ly described in [14]. For instance, the relative percentage 
error ranges of the tests—i.e., (simulated value-actual val-
ue)/(actual value) %—for tapped steel amount is between 
5.22% and 9.95%.
Similarly, considering literature data, new streams and unit 
blocks were included in the model for allowing the use of 
hydrogen (or blend with NG) in EAF burners and consider 
related effects. Specifically, it was necessary to add design 
specification blocks to manage gas flows to ensure the 
same energy input regardless of the gas mixtures used.

The adapted flowsheet model was used to perform sce-
nario analyses aimed at assessing the effects of using al-
ternative carbon-bearing materials and/or hydrogen on 
both process performance and key product characteris-
tics (e.g. composition). 
1.	 Alternative carbon-sources: the simulations allowed 

to include effects not considered in industrial trials 
(e.g., electricity demand, fossil CO2 emissions, steel 
composition, slag mass quantity) and to test a great-
er number of alternative materials, thereby comple-
menting pilot and industrial tests, which focused 
mainly on foaming performance and safety issues, as-
pects not considered in the simulations. Specifically, 
simulations permit to evaluate the impact of replac-
ing only the anthracite charged through the 5th hole 
of the EAF for starting the slag foaming—which rep-
resents less than 15% of the total fossil carbon input—
while ensuring a fixed carbon input or energy supply, 
as well as the effect of the replacement of the entire 
amount of carbon needed for slag foaming (anthra-
cite + foaming coal). In addition, sensitivity analyses 
are performed to evaluate the effect of the contents of 
different biochar compounds.

2.	 H2 usage as burner fuel: the simulations examine 
the gradual substitution of NG used under standard 
operating conditions with H2, while maintaining an 
equivalent total energy input to the EAF. Key pro-
cess indicators—including EAF off-gas composition, 
steel chemistry, and relevant operational parameters 
(e.g., electrical energy demand, slag quantity, and 
slag composition)—are systematically monitored. 
Furthermore, the simulations encompass the entire 
secondary metallurgy to evaluate whether the current 
Vacuum Degassing (VD) practice is adequate to miti-
gate potential adverse effects on tapped steel quality, 
particularly those associated with increased hydrogen 
content.

EXPERIMENTAL AND SIMULATION RESULTS
Results of the pilot trials
The results from the trials were evaluated with respect to 
yield of injected carbon, slag foaming quality, steel chem-
istry, slag chemistry and dust and off-gas generation. 
Figure 2 shows the total carbon yield for each heat. The 
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carbon yield is calculated using output from the HSC 
model described by J. Orre et al [19]. The average carbon 
yield is 53% for anthracite (excluding the heat with nega-
tive carbon yield) and 42% for the investigated biocarbon. 
This is equivalent to a replacement factor of 1.25 for car-

bon in anthracite with carbon in the investigated bio-car-
bon, i.e. 25% more carbon atoms are needed for bio-car-
bon injection.

Fig.2 - Carbon yield to slag reduction.

The slag foaming was assessed by visual inspection when 
the slag door of the EAF was opened for sampling. The 
following classification of the slag foaming performance 
was adopted:
1.	 bad, if the arcs are clearly visible in the furnace;
2.	 OK, if the arcs in the furnace are not visible and the 

slag is not at the level of the slag door when the fur-
nace is in horizontal position;

3.	 good, if the arcs in the furnace are not visible and the 

slag is at the level of the slag door when the furnace 
is in horizontal position or inclined towards the steel 
tapping side.

Table 2 reports the average values of qualitative results 
of slag foaming assessment for the three trial blocks de-
scribed before under different process conditions. The 
inspection showed that the foaming is good and equiv-
alent for all the different CoJet fuels and injected carbon 
sources

Tab.2 - Average slag foaming quality for the different trial blocks.

SNG-Anthracite H2-Anthracite H2-Biocarbon

2.4 2.9 2.8

Metal and slag chemical composition was assessed during 
the trials (see figure 3), and the results showed that no sig-
nificant effects were observed on steel and slag chemical 

compositions in relation to use of hydrogen. However, 
the FeO content of the slag was generally higher for the 
bio-carbon heats (34% compared to 28% for the anthracite 
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heats). Consequently, the iron losses to slag (and removal 
of oxidizable impurity elements as Mn and Cr to slag) were 
higher for the bio-carbon heats. The Sulphur content of 

the steel was also slightly lower for the bio-carbon heats, 
which can be explained by the lower Sulphur content of 
the bio-carbon than the anthracite (see table 1).

Fig.3 - Chemical compositions (wt%) of a) Average tapped metal; b) Average EAF slag.

(a) (b)

Also, it is important to mention that the impact of hydro-
gen on the metal composition cannot be evaluated since 
the content of hydrogen was not measured in the melted 
metal. This aspect was therefore investigated by simula-
tions, as showed in section “Results of the simulations”. 
The EAF-gas composition in terms of volume percent of 
CO, CO2, O2 and H2 was continuously measured during 
the trial campaign. Figure 4a compares tests with H2 as 
fuel with SNG, while figure 4b shows the average EAF 

gas composition for the different burner fuels and the 
different carbon sources. The average gas composition 
in burner mode was calculated using data from periods 
when the burner was operating during the scrap charging 
trials and the HBI feeding trials. Figure 4 shows that using 
H2 instead of NG as fuel has a positive effect in terms of 
CO2 emission reduction, while no significant difference 
was observed on EAF-gas composition between anthra-
cite and bio-carbon.

Fig.4 -  a) Average gas composition for different burner fuels; b) Average gas composition for the different burner 
fuels and the different carbon sources.

(a) (b)

Finally, possible differences in dusts compositions were 
assessed. During the trials, the weight of off-gas dust, col-
lected in barrels after the bag house filter, were recorded 
for each heat. Furthermore, the chemical composition of 
the collected dust samples was analysed. Although the 

variations in dust chemistry and amount were quite high 
during the tests due to variations in zinc and alkali con-
tents of the charge materials, the difference in dust chem-
istry for use of bio-carbon and anthracite were insignifi-
cant. 
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Results of the simulations
Table 3 summarises the results of the two main simulated 
scenarios. Concerning the effects of the use of alterna-
tive carbon-sources as foaming materials, the variations 
of the following monitored variables have been included 
in the table: EAF specific electrical energy consumptions, 
specific CO2 emissions and slag, and contents of C and S 
in tapped steel. The use of H2 in EAF burners is assessed, 

among others, by monitoring the content of H2 in liquid 
steel during tapping and after VD, to complement pilot 
and industrial trials that do not monitor this aspect.
The results are reported in terms of range of variation with 
respect to reference conditions, considering the whole 
explored range, and all the simulated heats and consid-
ered materials.

Tab.3 - Overview of the results of the simulations.

Simulation Aim Reference Monitored Variable Variation 
range

1. Alternative 
C-sources

Replacement of fossil carbon 
used for slag foaming process 
with alternative carbon-bearing 
materials

Use of fossil carbon in 
slag foaming process 
(anthracite for starting + 
foaming coal)

EAF specific 
electricity demand [-9.4% +8.3%]

Specific CO2 EAF 
emissions 

[-19.2% 
-0.9%]

Specific EAF slag [-8.7% +1.3%]

C content in tapped 
steel [-7.2% +2.3%]

S in tapped steel [-12.5% 
+16.2%]

2. H2 usage 
as burner 
fuel

Gradual replacement of NG with 
H2 in EAF burners (step of 10% of 
NG energetic contribution)

Full NG use in EAF 
burners

H2 in tapped steel [+1.1% 
+170.4%]

H2 in liquid steel after 
VD

[+0.8% 
+79.8%]

In scenario 1, the high values of electricity consumption 
reductions are connected to the use of tires at fixed car-
bon fed, while the increases of required electric energy 
are generally related to the full replacement of fossil car-
bon with biochar. They depend on the lower Higher Heat-
ing Value (HHV) of almost all the considered biochars 
compared to reference anthracite and to their moisture 
content. However, the extent of such increase depends 
on the produced steel family (i.e. group of similar steel 
grades) and related operating practices. Obviously, higher 
fossil CO2 reductions are achieved when global replace-
ment of fossil carbon compared to replacement of anthra-
cite only. Moreover, higher decreases in slag amount refer 
to full replacement of fossil carbon, while slight increase 
of slag amount has been observed with biochars having 
higher carbon content. Finally, a reduction in carbon con-
tent is obtained by using tires in simulation at fixed sup-
plied energy, and high Sulphur content reductions refer 

to full replacement of fossil carbon with biochar, while 
Sulphur content increases if tires are used. As anticipated, 
full fossil carbon replacement yields the most significant 
variations. Figure 5 depicts the specific results of some 
simulations where fossil carbon is entirely replaced by 
one of the considered biochar (80% wt. of fixed C and 7.4 
kWh/kg of HHV), while ensuring the same fed carbon as 
the reference case. The results shown relate to four sim-
ulated heats belonging to different steel families; they are 
reported in terms of variations of the variables considered 
in table 3 with respect to the reference heat. It can be ob-
served that, although similar trends, the extent of the ob-
tained variations in monitored variables depends on the 
produced steel family and consequently on operating 
conditions used in related productions.
In scenario 2 an increase of H2 content in tapped steel is 
observed in all simulations. Besides the values reported 
in table 3, a typical obtained trend is depicted in the illus-
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trative figure 6, where an example is shown of the extent 
of H2 variations in steel in case of gradual replacement 
of NG in EAF burners. Specifically, with full replacement 
of NG in EAF burners, hydrogen content in tapped steel, 
while remaining within the ppm range, more than doubles 
compared to the reference heats where only NG is fed to 

EAF burners. However, simulations also show that this in-
crease does not affect the final product, as it can be han-
dled by current VD procedures, that are always capable of 
ensuring that the required specification is met in obtained 
steel. 

Fig.5 - Examples of results obtained during simulations of heats belonging to different steel families and 
aimed at full replacement of fossil carbon with biochar.

Fig.6 - Example of variations of hydrogen in steel obtained in simulations of the gradual NG replacement 
with H2 in EAF burners.
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CONCLUSIONS AND OUTLOOK
The pilot trials in Swerim’s EAF were conducted success-
fully and the following conclusions can be drawn. 
1.	 In the pilot trials carbon in fossil anthracite was re-

placed by carbon in bio-carbon with a replacement ra-
tio of 1.25, providing the following outcomes. 
•	 The slag foaming was mostly good, and no signifi-

cant difference arises between trials with injection 
of anthracite and biocarbon. 

•	 The use of bio-carbon led to a decrease in Sul-
phur content in slag and metal due to lower Sul-
phur input compared to anthracite.

•	 No significant difference arose on the composi-
tion of EAF off-gas and dust between trials with in-
jection of anthracite and the investigated bio-car-
bon. No substantial difference was expected since 
the contents of carbon and Hydrogen are similar, 
although bio-carbon has slightly higher Hydro-
gen content. 

•	 Some further process optimization considering 
the total carbon and Oxygen input to the furnace 
may be investigated. For example, reduced oxy-
gen injection could reduce the need for bio-car-
bon for slag reduction without negative effects on 
the slag foaming or FeO content due to higher gas 
generation per carbon atom provided by the bio-
carbon than the anthracite.

•	 The reasons for the lower yield of carbon in 
bio-carbon (42%) compared to anthracite (53%) 
may be further investigated. Factors likely to con-
tribute to the lower carbon yield of bio-carbon are 
material properties like higher volatile content, 
lower density and smaller particle size.

•	 Adaption of production methods for improving 
bio-carbon properties for use with standard in-
jection systems at EAF steel plants, or adaption of 
standard injection systems for use of bio-carbon 
could improve the carbon yield and reduce the 
replacement ratio for bio-carbon.

2.	 H2 was used with a 1:1 energy replacement ratio be-
tween SNG and H2 [19]
•	 There were no significant measured differenc-

es on steel, slag, dust and off-gas composition. 
However, simulation indicated significant higher 
H-content in the steel when using hydrogen in-
jection. 

•	 Further investigation of the actual Hydrogen con-

tent in crude steel when using hydrogen injection 
and its effect on the final steel quality is of interest 
for future work.

•	 It is confirmed that CO2 emissions are higher in 
SNG-based heats compared to H2-heats.

The simulations investigated substitutes of fossil carbon 
with similar or lower characteristics of used anthracite; 
generally, they do not provide negative effects on process 
and product. Also, the replacement of the entire amount of 
foaming carbon (anthracite through the 5th hole + foaming 
coal) does not affect negatively the process performance 
or the quality of the liquid steel. In general, substituting 
fossil carbon in the foaming process with various types of 
alternative carbon-bearing materials can lower CO2 emis-
sions. The carbon and sulfur contents in tapped steel rise 
in proportion to their respective concentrations in the con-
sidered alternative carbon-bearing materials. In addition, 
electric energy demand increases with higher moisture 
contents and is also influenced by volatile matter content 
and HHV. 
To sum up, the combination of pilot trials and simulation 
highlights that no major negative effects on the product are 
observed from the use of alternative C-bearing material, 
independently of the way they are introduced in the fur-
nace. However, further parallel real industrial trials showed 
that an excessive amount of some of these materials may 
jeopardize operational safety and leads to poor slag foam-
ing. Furthermore, it is possible to confirm that hydrogen 
can be used as burner fuels with benefit in terms of CO2 
emissions. Large quantities of hydrogen fuel result in an 
increase of hydrogen content in liquid steel but standard 
VD operating practices appear adequate to mitigate this ef-
fect leading to a final hydrogen content meeting the given 
specifications for each considered steel family.
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