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A B S T R A C T   

In the world of ever-increasing demand for carbon-free steel, hydrogen and recycling have an undeniable role in 
achieving net-zero carbon dioxide emissions for the steel industry. However, even though steel is one of the most 
recycled materials globally, the quantity of steel that can be made from recycled steel will probably not match 
the demand in the future. This in turn means that steel must be also produced from the conventional resource, 
the iron ore. Hydrogen has been proposed as an environmentally friendly alternative to carbon as a reducing 
agent. To tackle the problems related to the usage of hydrogen for this purpose, hydrogen plasma smelting 
reduction has been studied extensively in the last few years. This article aims to provide means for process 
control of the hydrogen plasma, which may show erratic and chaotic behavior during the smelting process. The 
method used is optical emission spectroscopy, with which the plasma can be characterized, its composition can 
be evaluated, and its temporal evolution can be assessed. This study sheds light on how the plasma behaves with 
different electrode gaps and flow gas compositions together with how the position of the arc with respect to the 
center of the crucible can be assessed. In Ar/H2 plasma, the plasma temperatures derived with OES varied be-
tween 4000 and 10000 K, and up to a 26% decrease in electron density was observed when increasing the 
electrode gap in 1 cm increments.   

1. Introduction 

Climate change and its enormous impact on the environment 
prompted the European Union with the European Green Deal (EGD) to 
become the first carbon-neutral continent by 2050 and reduce green-
house gas (GHG) emissions by at least 55% by 2030 compared to 1990 
(Hainsch et al., 2022; Chauvy and Weireld, 2020; Rieger et al., 2021). 
This ambitious target also urges the European steel industry to optimize 
or replace its dominant process routes. Worldwide 4–5% of the total 
GHG and about 7% of all anthropogenic CO2 emissions are caused by the 
iron and steel industry (Zhao et al., 2020; Quader et al., 2015; Draxler 
et al., 2020; Holappa, 2020). The so-called integrated route produces the 
largest proportion (70%) of the steel via the blast furnace (BF) and basic 
oxygen furnace (BOF), followed by the recycling route using electric arc 
furnaces (EAF) with approximately 25%. The remaining 5% is produced 
via direct or smelting reduction (Draxler et al., 2020; Suopajärvi et al., 

2018). 2020 worldwide more than 1.87 billion tons of steel were mainly 
produced via these routes with an annual growth of 3% between 2015 
and 2020 (World Steel Association AISBL, 2021). The integrated route 
(BF–BOF) emits approximately 1.8 t CO2 per ton of crude steel, which is 
not particularly high compared to the production of other metals but 
leads to a large contribution to GHG emissions due to the huge pro-
duction volumes involved. 90% of these emissions are caused only by 
the sintering, coking, and blast furnace processes, whereby the BF has an 
energy demand and is accompanied by CO2 emissions of 12.31 GJ/tHM 
and 1.22 tCO2/tHM (Quader et al., 2015; Suopajärvi et al., 2018). To 
fulfill the aims of the European Green Deal, the iron and steel industry is 
forced to create strategies to reduce GHG emissions. For this target, two 
main technological pathways are pursued. Smart Carbon Usage (SCU) 
includes Process Integration (PI) and Carbon Capture and Utilization 
(CCU). PI aims to modify the existing iron and steelmaking routes to 
reduce carbon input and CO2 emissions. CCU focuses on CO2 capture 
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from the waste gases to produce basic chemicals, e.g., catalytic con-
version processes. The second pathway is Carbon Direct Avoidance 
(CDA) which aims to develop new steel production routes without 
directly releasing carbon emissions. For this purpose, these technologies 
use renewable electricity or green hydrogen or both (Draxler et al., 
2020; Eurofer The European Steel Association, 2019). 

Hydrogen Plasma Smelting Reduction (HPSR) is one of these key 
technologies to achieve the necessary GHG reduction. In this process, a 
plasma arc is ignited between a hollow graphite electrode (cathode) and 
the melted pool (anode). Iron ore fines, hydrogen, and argon are 
introduced via the electrode into the reduction zone during this pro-
cedure. The charged ore is melted inflight and reduced to metallic iron 
with excited and ionized hydrogen species producing steam as a by- 
product (Zarl et al., 2020; NaseriSeftejani and Schenk, 2018a, 2018b). 
A recent comprehensive study by Souza Filho et al. (Souza Filho et al., 
2022) considers the usage of hydrogen from a wider perspective, where 
the initial reduction would be done with direct reduction and the rest 
with HPSR in order to increase the efficiency of the reduction and 
minimize the H2 usage. 

A transferred plasma arc is present in the HPSR process. Collisions, 
radiation-activated processes, and recombination trigger several in-
termediates such as atomic or excited hydrogen. When the molecular H2 
is supplied with sufficient energy, it transforms into excited hydrogen 
molecules (H2*), atomic hydrogen (H), and ionic hydrogen (H+) (Sabat 
and Murphy, 2017). In addition, there are further hydrogen forms dur-
ing the transition to the ionized species, H+ > H2

+ > H3
+ > H > H2, whose 

reduction potential decreases from left to right (Zarl et al., 2020). Due to 
this fact, the composition and properties of the hydrogen plasma are of 
significant interest. 

In this study, plasma within an HPSR furnace is studied with optical 
emission spectroscopy (OES) using both pure argon gas and Ar/H2 gas 
mixture. The plasma temperature and the electron densities are calcu-
lated using the OES data. Individual elements and the time evolution of 
the optical emissions are identified from the spectra and used to analyze 
the behavior of the arc. Finally, the arc’s stability and movements are 
concluded with the plasma reactor’s electrical data, OES data, and 
camera images. It is found that the arc’s position in the furnace can be 
evaluated from the OES spectra. The temporal evolution of the spectra 
and plasma parameters, on the other hand, gives insight into the 
behavior of the gas, steel, and impurity components in the process. To 
the best of the authors’ knowledge, this is the first study aimed toward a 
more profound understanding of the HPSR and optimizing the process 
by the means of OES. 

2. Methods and materials 

The plasma furnace, located at the Chair of Ferrous Metallurgy at the 
Montanuniversitaet of Leoben, consists of a power supply unit, a flow 
control system for the plasma gas supply, the furnace vessel, a mass 
spectrometer for exhaust gas analysis, and an optical spectrometer (Zarl 
et al., 2020; NaseriSeftejani and Schenk, 2018a, 2018b). The DC power 
supply unit was manufactured from Messer Grieβheim GmbH. These 
consist of a transformer with a downstream rectifier. The maximum 
output power at a voltage of 100 V and a current of 160 A is 16 kVA. The 
power can be adjusted in two stages (power levels 1 and 2). The plasma 
gas composition is controlled by two “EL-FLOW PRESTIGE F–201C” 
mass flow controllers from Bronkhorst High-Tech BV. These can provide 
hydrogen and argon in quantities of up to 10 l/min each, where a total 
flow rate of 5 l/min is not exceeded in the trials. The quality of the used 

gases can be obtained from Table 1. 
The furnace vessel consists of a bottom part and a removable lid. The 

water-cooled and refractory-lined lid has five openings, each with a 
flange connection welded to it. The first flange serves as an observation 
opening with a sight glass. The “Axis-Q1775” camera from Axis Com-
munications AB records the furnace chamber and transmits the images 
to a connected computer in real-time. On another flange is a pressure 
gauge for checking the total pressure in the furnace vessel. The third 
opening was provided for future expansion and is meanwhile closed 
with a cylindrical cover plate. The exhaust gas again escapes through a 
cover opening and enters an attached heated hot gas filter, type “FE2” 
from ABB Ltd. The cathode is introduced into the furnace chamber 
through the central cover flange. The graphite cathode with an outer 
diameter of 26 mm, is located in a double-jacketed water-cooled guiding 
cylinder, allowing vertical electrode movement using a spindle shaft 
motor next to the reactor vessel. The graphite cathode has a Ø5 mm 
central hole along the cylinder axis through which the plasma gas and 
continuously charged ore enter the furnace chamber. A 10 × 20 mm step 
was fabricated at the end of the electrode to improve arc stability. In the 
water-cooled and refractory-lined lower vessel of the furnace are the 
steel bottom anode and on top of it the steel crucible. The crucible 
consists of a cylindrical bottom and an attached hollow cylinder as a 
vessel wall. The exact dimensions are given in Fig. 1 and the chemical 
analysis in Table 2. 

The quadrupole mass spectrometer GAM 200 from the company 
InProcess Instruments Gesellschaft für Prozessanalytik GmbH is used for 
exhaust gas analysis. After the hot exhaust filter, a portion of the exhaust 
gas flows into the mass spectrometer, where various components are 
heated to prevent the condensation of water vapor. 

On the side of the lower part of the furnace is an opening for the OES 
measurement. The spectrometer tunnel consists of sight glass, a series of 
flanges and gaskets, and an adjustable holder for the fiber optic cable. 
The mount fixes the fiber optic cable in position and has been aligned so 
that the entrance of the fiber optic cable points as directly as possible 
into the plasma beam. A sketch of the setup for spectrum measurement is 
shown in Fig. 2. 

The spectrometer used, from the company Avantes BV, has three 
channels. It consists of three individual “AvaSpec-ULS3648-USB2-RM” 
spectrometers, which measure different wavelength ranges combined in 
one housing. The first spectrometer records in the wavelength range 
from 300 nm to 535 nm. It has a “UC” diffraction grating with 1200 
lines/mm and a filter (“OSF-305′′) to cancel higher-order diffracted lines 
before the detector. The second spectrometer covers the wavelength 
range from 530 nm to 742 nm and is equipped with a “VC” diffraction 
grating (1200 lines/mm) and an “OSF-515′′ filter. Spectrometer No. 3 
measures in the wavelength range from 740 nm to 1040 nm, and has an 
“SI” diffraction grating with 830 lines/mm and an “OSF-600′′ filter. All 
three spectrometers have a “DCL-UV/VIS-200′′ detector lens to increase 
sensitivity and a “Toshiba TCD 1304′′ detector with 16-bit analog-to- 
digital converter. The beam entrance slit has a diameter of 10 μm and 
a focal length of 75 mm. The resolution of the first and second spec-
trometer is 0.18 nm and 0.25 nm for the third. The fiber optic cable 

Table 1 
Qualities of the gases used for the trials (Zarl et al., 2020).  

Gas Purity Remarks 

H2 5.0 – 
Ar 5.0 O2, N2, H2O ≤ 5 ppm  Fig. 1. Quarter section of the crucible dimensions [mm].  
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connected to each spectrometer channel is 2 m long. At half the length, 
the three individual cables (each 600 μm in diameter) are joined into 
one, at the end of which a 6 mm diameter converging lens is mounted. 
This end is attached to the furnace as described above. 

In this study, eight experiments, labeled as E1-E8, were conducted 
with varying parameters. Table 3 lists the electrode gaps, Ar and H2 
content, power level (PL), and duration of the experiments E1-E8. Two 
PLs with 100 and 160 A currents will be referred to as PL1 and PL2, 
respectively. For a detailed description of the HPSR together with an 
evaluation of which parameters affect the overall reduction process and 
a comparison of HPSR with results in the literature, the readers are 
directed to the earlier works of Ernst (Zarl et al., 2022) and Zarl (Ernst 
et al., 2022). 

3. Theoretical 

The high energy of the plasma decomposes material into both neutral 
and ionized atoms and molecules. Some of this energy is transferred to 
these particles, where their electrons get excited to higher energy states. 
The excited state of a particle is not stable, and thus the particle relaxes 
back towards its lowest energy state. In addition to collisional and non- 
radiative relaxation processes, the particle may release the energy as a 
photon. The photon’s energy, which is inversely proportional to the 
wavelength, equals the energy difference between the upper and lower 
energy states. 

Due to the unique structure of each element and molecule, the 
photon energies are characteristic of each particle. Because of this, 
multiple species that radiate simultaneously in the plasma can be 
identified from an optical emission spectrum where the intensities of the 
optical emissions are presented with respect to wavelength. Atomic 
optical emission lines are labeled with the element symbol followed by a 
Roman numeral describing the ionization degree of the atom. A neutral 
atom is labeled with I, a singly ionized atom with II, and so on. 

Two of the most common parameters that are used to characterize 
and analyze plasma are temperature and electron density. Plasma tem-

perature affects the optical spectra because higher plasma temperature 
excites the particles to higher energy states and vice versa, and thus 
emission line intensities will change with changing plasma temperature. 
The plasma temperature can be calculated with Boltzmann equation by 
measuring the wavelength-integrated line intensities (Aragón and 
Aguilera, 2008). This equation reads 

ln(
εzλmn

gmAmn
)= −

1
kT

Ez
m + ln(

hcNz

4πUz(T)
) (1)  

where z is the ionization state of the radiating species, εz is the 
wavelength-integrated emissivity that is proportional to the line in-
tensity when the plasma is in local thermodynamic equilibrium (LTE), 
lambda is the wavelength of the emission line, subscripts n and m denote 
the lower and upper energy levels of the atom, respectively, g is the 
degeneracy of the energy level, Amn is the transition probability, k is the 
Boltzmann constant, T is the temperature, and E is the energy of an 
energy level. The Boltzmann plot is formed by first measuring multiple 
emission line intensities εz from the OES spectra and then calculating the 
left-hand-side of the Equation (1) for each optical emission line. When 
Ez

m is plotted as the function of the left-hand-side of Equation (1), the 
temperature can be calculated from the slope of the linear fit to the 
datapoints. The logarithmic term with Planck’s constant h, speed of light 
c, number density N, and partition function Uz(T), is a constant at a 
given temperature and thus can be neglected. The Ar I and H I lines used 
in the plasma temperature analysis are in Table 4. 

Electron density describes the number of electrons per volume of the 
plasma. In this work, the electron density has been evaluated with the 
full width at half maximum (FWHM) of the Hα line. The higher the 
electron density is, the wider the FWHM becomes due to collisions be-
tween the electrons and particles within the plasma. The electron den-
sity has been estimated with the FWHM value of Hα by using the 
empirical equation from the work of D. M. Surmick and C. G. Parigger 

Table 2 
Chemical composition of the steel crucible.  

Element wt(%) 

Fe 97.6 
Mn 1.41 
Si 0.224 
Cu 0.215 
Cr 0.187 
C 0.129 
Ca 0.0033  

Fig. 2. a)Laboratory reactor with OES analysis (Masab Naseri Seftejani, 2020), and b) camera position outside the furnace (Zarl et al., 2020). HGE stands for hollow 
graphite electrode. 

Table 3 
Experiment details for E1-E8.  

E# Electrode gap [mm] Target 
Ar-% 

Target 
H2-% 

Power 
Level 

Time [s] 

1 30 100 0 1 300 
2 40 100 0 1 300 
3 50 100 0 1 300 
4 60 100 0 1 300 
5 30 60 40 1 264 
6 40 60 40 1 222 
7 40 60 40 2 300 
8 50 60 40 2 333  
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(Surmick and Parigger, 2014), where they studied the line widths of Hα 
and Hβ lines for laser-induced plasma. The equation reads 

Ne = 1017 × (
Hα,FWHM [nm]

1.3
)

1/C (2)  

where C is constant depicting either the upper or lower limit with values 
of 0.61 and 0.67, respectively. The lower limit with 0.61 was used in this 
study. The results of Equation (2) are used as rough estimates of the 
electron density. The emphasis is on assessing how the electron density 
changes with different electrode gaps and gas compositions rather than 
deriving exact values. 

When the LTE conditions do not hold for the plasma and the atmo-
sphere is optically thick, i.e. absorbs light effectively, the spectrum will 
be distorted to some extent due to the absorption of light by the atmo-
sphere. Absorption can also happen if e.g. an Ar atom near the core of 
the plasma emits a photon that is absorbed by another Ar atom near the 
edges of the plasma, a phenomenon called self-absorption (SA). SA is 
quite common in plasmas where the content of a constituent within the 
plasma is high, for example, Ar and H2 in this case. Generally, SA affects 
the most intensive emission lines, whereas low-intensity emission lines 
remain mostly unaffected. Thus, a low-intensity emission line that is not 
prone to SA was selected as a reference line for an SA compensation 
algorithm to study the effect of SA on plasma temperatures. 

First, the plasma temperature Tplasma was calculated with Equation 
(1) and that temperature was used as a starting point for the algorithm. 
Then, the intensity of the reference line was used to calculate the 
theoretical intensity of the other emission lines using the Tplasma. A new 
plasma temperature was calculated using these new line intensities. If 
coefficient of determination R2 > 0.95 was achieved for the Boltzmann 
plot, the Tplasma was taken as a corrected plasma temperature. If R2 was 
lower than 0.95 after 100 iterations, it was assumed that SA made the 
temperature analysis unreliable for that instance. These instances were 
disregarded in the temperature analysis. However, when the SA algo-
rithm converged, it provided temperatures that were on average 500 K 

lower than the original temperatures. This is an expected result since the 
SA decreases the intensity of those lines with the lowest excitation en-
ergies (Sun and Yu, 2009), which in turn results in lower plasma tem-
peratures when calculated with Equation (1). An example of Lorentzian 
fit to Hα line, Boltzmann plot, and flowchart for the algorithm is dis-
played in Fig. 3. The temperatures that have been presented in this 
article are those that were analyzed with the SA algorithm. 

4. Results and discussion 

Fig. 4 depicts example spectra and arc images from several experi-
ments with both 40 mm and 50 mm electrode gaps. All spectrum in-
tensities have been normalized to the same intensity value for better 
comparison because the high intensity of the Ar and Hα lines would 
otherwise make fainter lines unnoticeable. As can be seen from the arc 
images, the arc emits mainly bright white light when there is only argon 
in the gas mixture, whereas the arc’s color shifts to red when hydrogen is 
added to the mixture. Argon has a magnitude of emission lines from UV 
to near-infrared, and thus the integrated color emitted by argon appears 
white. On the other hand, hydrogen has only four intensive emission 
lines, the most intensive one being Hα followed by Hβ at 656 and 483 nm, 
respectively. The line at 656 nm makes the argon/H2 mixture glow red 
especially at the edges of the arc, whereas the center where the tem-
perature is higher emits white light due to argon. 

The instances in Fig. 4 have been selected to showcase different 
electrode gaps, gas mixtures, and spectral characteristics. For example, 
a) - d) with pure argon show very similar spectra with one another, 
where b) and d) have high Fe I emissions in the spectra which can be 
seen as a blue glow in the arc images. e), f), and h) show near-center arcs 
for Ar/H2 mixture. g), i), and j) showcase CaO optical emissions, clear 
melt at the bottom of the crucible, and high Fe I emissions, respectively. 
The molecular optical emissions from the CaO may originate from res-
idues of iron ore in the graphite electrode which were then introduced 
by the gas flow into the crucible. The time evolution of various steel and 
slag species will be addressed later in this article. 

Fig. 4 also shows a drastic change in the Ar I emission lines when H2 
is added to the gas flow. Fig. 4 a) - d) have very intensive Ar I lines 
between 670 and 900 nm, whereas their intensity drops significantly in 
e) - j) with the addition of H2. A similar decrease of Ar I lines with the 
addition of H2 has been reported by Mauer (2021) for low-pressure 
plasma, where they concluded that the addition of even a few percent 
hydrogen promotes recombination processes and that the loss of Ar I 
lines is partly attributed to recombination process. In these reactions, 
Ar+ + H2→ArH+ + H followed by ArH+ + e− →Ar + H∗ have a key role 
(* denotes an excited state). 

Fig. 5 a) and b) display the relation between the voltage and the arc 
length when the arc is directly at the center of the crucible, i.e. when the 

Table 4 
Optical emission lines used for plasma temperature analysis.  

Line λmn (nm) Amn (s− 1) Ez
m (eV) gm Notation 

Ar I 415.859 1.40E+06 14.53 5 – 
Ar I 420.067 9.70E+05 14.50 7 – 
Ar I 696.543 6.40E+06 13.33 3 – 
Ar I 706.722 3.80E+06 13.30 5 – 
Ar I 714.704 6.30E+05 13.28 3 – 
Ar I 727.294 1.83E+06 13.33 3 – 
H I 434.047 2.53E+06 13.05 50 γ 
H I 486.135 8.42E+06 12.75 32 β 
H I 656.279 4.41E+07 12.09 18 α  

Fig. 3. a) Lorentz fit to Hα line and Boltzmann plot for calculation of plasma temperature with Equation (1), and b) flowchart of the SA algorithm.  
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Fig. 4. Example spectra and arc images from various instances with a) – d) 100% Ar (PL1), e) 60% Ar and 40% H2 (PL1), and f) – j) 60% Ar and 40% H2 (PL2). The 
spectrum intensities have been capped at 10 000 a.u. and normalized for better readability of the weaker emission lines and easier comparison. The arc extinguished 
during E8, and the arc images and spectra after the arc was reignited are marked with E81. 

Fig. 5. Minimum voltage when the arc is in the center of the crucible as a function of electrode gap for a) E1-E4 and b) E5-E8 together with mean emission line 
intensities for c) E1-E4, d) E5-E6, and e) E7-E8, and electron density, Ar and H plasma temperatures for f) E1-E4, g) E5-E6, and h) E7-E8. The error bars in c) – h) 
indicate the standard deviation for each species. 
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arc length equals the electrode gap, for E1-E4 and E5-E8, respectively. 
The best fit to the data was deduced to be a simple power function of the 
form Voltage = A× lBarc, where A and B are constants. Fig. 5 c) – h) show 
the mean values for various emission lines, plasma temperature, and 
electron density deduced from the spectra for E1-E4 (PL1), E5-E6 (PL1), 
and E7-E8 (PL2). The error bars in the c) – h) illustrate the standard 
deviation throughout the experiment in question. The emission lines in 
the c) are quite uniform since all the emission line intensities increase 
with the increasing electrode gap. Ar plasma temperature increases until 
a drop towards 6 cm gap, and the electron density decreases with 
increasing electrode gap. Decreasing electron density, and thus also 
decreasing FWHM of the H emission line, is expected since the arc’s 
volume also increases as its length increases. The trends of Ar/H2 mix-
tures of Fig. 5 d) are like those in c), but some intensities drop in e) with 
a higher power level. Furthermore, the electron density increases with 
the same electrode gap when the power level is higher. 

The plasma temperatures derived with Ar and H emission lines do 
not show clear trends in Fig. 5 f) – h) with respect to the changing 
electrode gap. One of the reasons for this is that the arc wanders around 
the crucible, resulting in the erratic temporal evolution of the plasma 
parameters. Additionally, the higher the electrode gap, the more the arc 
moves to the outer areas of the crucible. The temporal variations of the 
plasma temperatures due to arc movement, and thus also varying length 
of the arc, have a significant effect on the mean values. However, the 
electron densities and FWHM of the H emission line decrease with 
increasing electrode gap. 

Even though the gas flow consisted of pure Ar in E1-E4, H I emission 
lines are clearly seen in the spectra. Fig. 6 shows the relationship 

between Hα, O I, and C I between different experiments. There is a clear 
increasing trend for all these components with respect to each other in 
E1-E6, whereas this relation holds only between O I and C I for E7 and 
E8. When there is no H2 in the gas flow, the source of hydrogen optical 
emissions is most probably the residual water vapor in the atmosphere. 
Similar trends between H, C, and O optical emissions could mean a 
common origin, i.e. the residuals and air in the furnace. As can be seen 
from Fig. 6 d) – i), the correlation between H and O together with O and 
C deteriorates as H2 is added to the mix and the power level is increased, 
whereas O I and C I correlation prevails. 

As an example of the time evolution of various parameters during an 
experiment, Fig. 7 shows the time evolution of several emission lines, 
plasma diagnostics, and electrical data of the furnace together with 
exhaust gas content for Ar and H2. As can be seen from the figure, Ar I 
emissions stay at a relatively constant value, whereas hydrogen lines 
gradually decrease as the experiment proceeds. On the other hand, O I 
increases towards the end of the experiment, and Na I and K I emissions 
peak frequently during the experiment. C I intensities stay at a near- 
constant values. Ar I plasma temperature fluctuates between 4000 and 
8000 K, with several gaps indicating poor plasma diagnostics conditions. 
The gaps arise because the self-absorption algorithm does not converge, 
suggesting that these instances have higher self-absorption of argon 
lines. H I plasma temperature, on the other hand, is between 3000 and 
4000 K, with a slightly declining trend towards the end of the 
experiment. 

To compare the time evolution of optical emission lines in different 
experiments, Fig. 8 showcases the temporal evolution and intensity of H 
I, Ar I, O I, C I, and Na I by comparing a) E2 and E7, and b) E3 and E8. E2 

Fig. 6. Relations between Hα, O I, and C I for a) - c) E1-E4, d) - f) E5-E6, and g) - i) E7-E8. The E5 and E8 have been split to two instances differentiated by subscript. 
Arc extinguished during these experiments, and E51 and E81 are the datapoints after the arc was reignited. 
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and E7 have the same electrode gap of 40 mm, whereas the electrode gap 
is 50 mm for the E3 and E8. E2 and E3 have pure argon in the gas 
mixture, and E7 and E8 have nearly 40% hydrogen in the mixture. 
Generally, the Ar lines dominate the spectra with 100% argon, but Hα 
line intensity tops everything in the spectra when H2 content is 40%. O I 
and C I are quite similar between different gas mixtures, but the average 
Na I emission line intensities increase significantly once H2 is present in 
the gas. 

Even though the crucible of the furnace is made of steel, remnants of 
common slag components, such as calcium, magnesium, and manganese 
were present in the spectra in addition to iron and chromium. Like 
Figs. 8 and 9 shows the time evolution of Fe I, Ca II, Mg I, Cr I, and Mn I 
emission line intensities for a) E2 and E7, and b) E3 and E8. A closer look 
at the iron emission line intensities reveals that the optical emissions 
from iron atoms are present in most of the spectra when there is only 
argon in the gas mixture (E2 and E3), whereas they are seldom present in 
the case of Ar/H2 mixture except at the end of E8. The same applies to Cr 
I lines, although they are more frequently seen than iron lines. This can 
be partly explained by the cooling of the plasma when hydrogen is added 
(Mauer, 2021), which can affect the evaporation of species into the 
plasma from the crucible. 

In comparison, Mg I is frequently seen in the spectra with PL2 (E7 
and E8). The arc frequently wanders towards the furnace walls, and thus 
the Mg I could also originate from the refractory lining. Calcium emis-
sion lines are present in all the experiments, indicating that there is a 
minor amount of residue slag or impurities within the furnace. The Mn I 
emission intensities, on the other hand, are much higher in Fig. 9 b) with 
a 50 mm electrode gap than a) with a 40 mm gap. Looking at Figs. 8 b) 

and Fig. 9 b), most of the emission lines’ intensities rapidly increase near 
the end of E8. The instance before this increase corresponds to the 
spectrum and image of Fig. 4 h), and after the increase Fig. 4 i) and j). 
The difference lies in the status of the steel crucible, as the surface of it 
has clearly melted in Fig. 4 i) and j) in comparison to mostly solid state of 
h). 

Towards the end of E8, the arc becomes more stable but does not 
reside at the center of the furnace. Fig. 10 shows that, at the end of E8, 
the arc hit the crucible wall and melted it. Also, the refractory was 
slightly melted near this location. The partial meltdown of the crucible 
and refractory lining, with an MgO content of 97%, can be seen in the 
time evolution of the emission lines in Fig. 9 b) where there is a sharp 
increase in the emission line intensities towards the end of E8. This kind 
of information on the meltdown of the crucible or refractory lining could 
prove to be vital in e.g. bigger furnaces where there is no clear view or 
safe place for a camera to see into the furnace. 

In addition to atomic optical emissions from the Ca I and Ca II, also 
molecular optical emissions from CaO were detected in the spectra. 
Fig. 11 showcases such a spectrum from E7, together with the four most 
intensive H I lines, a few Ca I and Ar lines, two Na I lines, and a Li I line. 
Instead of sharp emission lines, the optical emissions from a molecule 
form broad emission bands. As demonstrated by Bol’shakov et al. 
(Bol’shakov et al., 2017) in a laser induced breakdown spectroscopy 
study, CaO has two bands near 560 and 625 nm. Similar band structure 
can be seen in the spectrum of Fig. 11. Clear detection of common slag 
components in Figs. 8 and 9 is a promising result when considering the 
prospects of on-line slag composition analysis for the HPSR process once 
the iron ore is reduced in the furnace. 

Fig. 7. E7’s time evolution for a) Hα, Hβ, and Ar I intensities, b) O I, C I, Na I, and K I intensities, c) H I and Ar I plasma temperatures, d) estimate of Ne using Hα 
FWHM, e) voltage, current, and power, and f) H2 and Ar content in the exhaust-gas. 
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Arc stability is an important factor in the HPSR so that the energy and 
hydrogen delivered to the iron ore are optimized. However, on a pilot or 
industrial scale, there usually is not a view into the furnace to see 
whether the arc resides near the center. One route to study the arc’s 
position and properties would be to use OES in conjunction with the 
furnace data to provide information on the arc’s position. In this study, it 
was observed that the voltage tends to increase with increasing arc 
length in E5-E8 with 40% H2 in the gas flow. The electrode gap was kept 
constant in an experiment, and thus the increase in arc length is caused 
by the arc wandering away from the central position towards the furnace 
walls. In addition to this, the FWHM value of the Hβ line was generally 
widest when the arc was near the central position, decreasing as the arc 
length increased. This behavior has been illustrated in Fig. 12 for E5-E7. 
The blue vertical lines show the sum of blue pixel brightness exceeding 
250 at the camera’s 0 to 255 scale at the center of the crucible. The blue 
pixels get to 250 and above only when the center of the arc is in the view, 
and thus it may be used as an indicator of whether the arc is at the 
central position. The dotted lines correspond either to the voltage values 
or the FWHM of the Hβ line. As can be seen from the graphs, the voltage 

values are the lowest, and the FWHM values are the highest when the arc 
is in the center. This can clearly be seen especially in Fig. 12 c) in E7, 
which has a higher power level than a) and b). 

The electrode gap and current were kept constant during each 
experiment, and the arc’s movement on the surface of the crucible 
caused changes to the voltage and the power. The lower the voltage is, 
the shorter the arc length is and the closer the arc is to the central po-
sition. Changes in the FWHM values, on the other hand, are related to 
changes in the electron density. A longer arc encapsulates a larger vol-
ume than a short arc and since the FWHM increases by electrons 
colliding with the particles in the plasma, a longer arc length and 
consequently lower electron density bring down the FWHM. 

The background that is seen in the spectra is not thermal radiation 
from the hot surface of the crucible, since the spectrum background 
disappears immediately when the arc is switched off, i.e. the spec-
trometer that looks into the furnace horizontally does not see the surface 
of the crucible. In addition, the background does not fit well with 
Planck’s law, and thus it probably does not originate from heat radia-
tion. The background radiation could originate from molecular optical 
emissions, which usually consist of many emission lines that may be very 

Fig. 8. Time evolution of H I, Ar I, O I, C I, and Na I from start to end of a) E2 
and E7, b) E3 and E8. Each element has been normalized with respect to 
maximum intensity of a) E2 or E7 and b) E3 or E8. The time has been 
normalized for better comparison so that 0 and 1 correspond to the start and the 
end of experiment, respectively. An off-set has been applied to each emission 
line to improve the readability. 

Fig. 9. Time evolution of Fe I, Ca II, Mg I, Cr I, and Mn I from start to end of a) 
E2 and E7, b) E3 and E8. Each slag species has been normalized with respect to 
maximum intensity of a) E2 or E7 and b) E3 or E8. The time has been 
normalized for better comparison so that 0 and 1 correspond to the start and the 
end of experiment, respectively. An off-set has been applied to each emission 
line to improve the readability. 
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broad and overlap with one another, or from larger particles. 
Fig. 13 shows how the background radiation behaves during the 

trials and how it relates to the central position of the arc. The intensity of 
the background radiation can be seen in Fig. 1 a), d), e), f), g), and i) as a 
broader intensity distribution on top of which the emission lines reside. 
In Fig. 13, a higher background is observed usually when the arc is close 
to or at the center of the crucible. However, there are few exceptions, as 
can be seen e.g. in Fig. 13 d) around 20 s, e) around 100 s, f) where the 
arc stays at the center only for short time, g) around 0 and 30 s, and h) 
during several occasions in E8. 

Another measurement trial was conducted to study the origin of the 
background radiation. The H2 content was gradually increased from 
near 0% to about 40% in the gas flow by keeping the total gas flow at 5 l/ 
min. Fig. 14 illustrates this trial with information on the time evolution 

of the background radiation and Ar I 763 nm intensities, Ar and H 
plasma temperatures, electron density, the Ar and H2 content in the off- 
gas, and background radiation as a function of Ar I 763 nm emission line 
intensity. 

In Fig. 14, the arc stays out of view of the camera from 20 to 200 s 
and goes to the left-hand side of the view into the furnace between 200 
and 260 s. The view into the furnace in this experiment was like the arc 
images in Fig. 4. From 0 to 260 s, the intensities of Ar I and background 
intensity have almost a linear relation with one another, as can be seen 
from Fig. 14 e). When the relative amount of Ar/H2 in the gas flow 
changes and the arc is not at the center of the crucible, it seems that the 
background radiation and Ar I line intensities have similar time evolu-
tion. The background does not show this similar behavior with any other 
optical emission line in the spectra. However, between 260 and 325 s, 
the arc first jumps to the right-hand side of the furnace and then travels 
near to the center of the crucible. During this time, the Ar I intensity 
stays relatively stable even though Ar content in the gas flow decreases 
steadily, but the background radiation increases significantly. Thus, the 
Ar I excitation conditions stay relatively unchanged, but something 
changes in the background. One reason for this could be that the arc 
interacts more with gas flow from the hollow electrode when the arc 
goes near the arc center, thus increasing the radiation that is associated 
with the arc’s interaction with the gas flow. 

Based on Figs. 11 and 12, it seems that, at a constant Ar/H2 ratio in 
the flow, an increase in the background radiation is usually a sign that 
the arc is near the center of the crucible. Additionally, the Ar I intensity 
starts to decline once H2 is introduced to the gas flow and stays relatively 
constant above 23% H2 content. This is in line with the discussion to 
Fig. 4 and the significant drop in Ar I emission line intensities when 
hydrogen is added to the gas. 

Fig. 14 b) shows the plasma temperatures that have been derived 
with Equation (1) using Ar I and H I lines. In general, the Ar plasma 
temperature decreases as the Ar/H2 decreases in the gas flow. During 
200 and 333 s, when the arc starts to wander towards the center of the 
crucible, the Ar temperature fluctuates between 4500 and 10000 K and 
there are several occasions where self-absorption makes the plasma 
analysis unreliable. H I lines are also seen in the spectra without H2 in 
the gas flow, which could arise from hydrogen in the atmosphere or 
residue water that has been absorbed by the refractory in an earlier 
experiment. H temperature shows relatively high temperatures before 
H2 is introduced into the gas flow, i.e. during 0 and 60 s. This highly 
changing plasma temperature could well be caused by line fitting issues 
due to relatively low intensities of the Hβ and Hγ lines, which were used 
for the temperature analysis together with Hα line. However, even with 
the small amount of H2 that is added to the gas around 60 s, the H plasma 
temperature stabilizes and drastically decreases with a mean value of 
3610 K between 60 and 200 s. Between 200 and 333 s, the mean H 
temperature is 3460 K. 

The electron density, and consequently the FWHM of Hα line, do not 
show a clear trend with changing Ar and H2 content in the gas flow. 
However, the increase of the electron density between 160 and 190 s is 
not actually caused by an increase in the FWHM but by a distorted line 
profile of the Hα, where the intensity of the Hα is saturated. At around 
200 s when the arc starts to wander towards the center of the crucible, 
the electron density first drops around 200 s and then gradually in-
creases towards the end. This, in turn, is in line with the statement that 
electron density increases as the arc length decreases. Due to the 
changing the position of the arc during the experiment for Fig. 14, a 
clear dependence between e.g. gas flow composition and electron den-
sity cannot be deduced. Thus, it should be emphasized that the changes 
in the arc’s position on the crucible should be considered when 
comparing the values of Fig. 14 to one another. 

5. Conclusions 

In this study, hydrogen plasma used for HPSR has been studied with 

Fig. 10. Image of the steel crucible and refractory after E8.  

Fig. 11. An example spectrum from E7 showing the hydrogen lines, few Ar I, 
Na I, Li I, and Ca I lines, and CaO molecular optical emissions. 
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optical emission spectroscopy, arc image analysis, and plasma di-
agnostics. The results show that OES can be used to obtain spectra from 
the HPSR plasma, paving the way for a more detailed OES analysis 
during iron ore reduction studies. The set of experiments shed light on 
how the arc behaves with respect to changing electrode gap and gas 
composition up to 40% H2. The time evolution of Ar I and H I together 
with optical emission lines from iron and common slag components 
varied significantly in different experiments. Together with the arc 
image analysis, OES data, and electrical data of the furnace, the position 
of the arc on the crucible could be determined by looking at the voltage, 
FWHM values of Hα line, and background radiation intensity. Near- 
center positioning of the arc is essential for optimized reduction, espe-
cially if the iron ore is fed into the furnace through a hollow electrode. 
Identification of common slag components from the spectra of this study 
also shows prospects for slag composition assessment during the HPSR 
process with the OES. Additionally, OES can be used to detect, e.g., if the 
crucible starts to melt, as described in the discussion related to experi-
ment 8. 

The experiments also showed that the gap between the electrode and 
the crucible together with the power level has to be selected so that the 
process is optimized. In the present work, the arc hit the crucible wall 
and melted it with a 50 mm gap and power level 2 toward the end of 
experiment 8. In this regard, a lower electrode gap could be used, as was 
done in experiment 7 with a 40 mm gap and power level 2. Usage of a 
higher power level might be necessary for an optimized reduction pro-
cess, and thus adjusting the electrode gap accordingly could prove to be 
necessary to reduce the movement of the arc. In Ar/H2 plasma, the 
estimated electron density dropped 26% when the electrode gap was 
increased from 3 to 4 cm with PL1, and 17% when the gap was increased 
from 4 to 5 cm with PL2. The ionization degree of the plasma has a key 
role in the reduction kinetics, and thus these parameters should be 
considered also from reaction kinetics point of view to optimize the 
HPSR process. 

When considering the HPSR as a whole, OES data can provide in-
formation on the composition of the plasma, the condition of the 
reduction, as well as the position of the plasma for optimized reduction 

Fig. 12. Sum of blue pixels at the center of the crucible together with the voltage and FWHM of Hβ line for a) E5, b) E6, and c) E7. The arc extinguished during E5 at 
the instance with the solid vertical line at 145 s. 

Fig. 13. Sum of blue pixels at the center of the crucible together with the background radiation intensity for a) E1, b) E2, and c) E3, d) E4, e) E5, f) E6, g) E7, and h) 
E8. The arc extinguished during E5 and E8 at the instance with the solid vertical line. 
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for iron ore that is fed into the furnace e.g. through an HGE. For the 
purposes of on-line process control, an OES data analysis algorithm 
deriving all the aforementioned parameters from the spectra would be 
beneficial in future studies to see how OES can be used to optimize the 
reducing conditions during iron ore reduction. Due to the easy-to-use 
equipment of OES and HPSR as an intensive source of light from the 
plasma, OES shows great promise in developing a better understanding 
of the HPSR and how the process can be optimized further. The limi-
tations of OES for HPSR process monitoring are mostly related to the 
visibility of the arc and whether or not a clear view into the furnace can 
be provided for the optical fiber. In this study, the spectra could be 
recorded even though the arc moved occasionally, but introducing e.g. 
fine iron ore for the reduction will most probably result in dust as well as 
water vapor in the atmosphere. Assessing how these species in the 
furnace atmosphere will absorb light and how their effect on the spectra 
can be mitigated will be a major topic for future studies. 

With the experimental procedures and methods that were 

established in this article, the next steps would be to use OES in 
conjunction with arc images to study the reduction of iron ore. Future 
work should include using OES to characterize and analyze the status of 
the HPSR with special emphasis on assessing how the reaction kinetics 
could be studied. Another interesting topic will be to study different flow 
rates for the input gas to analyze how the gas flow affects the intensity of 
the background radiation. 
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