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Abstract: The steel industry is on its way towards more environmentally friendly steelmaking. To achieve 
the ambitious goals of significant CO2 emissions reduction, new processes, practices, sources of on-line 
data, and digitalization together with automation will be required. To address these issues, this paper 
discusses optical emission spectroscopy (OES) as an on-line data acquisition method for industrial electric 
arc furnaces and ladle furnaces. The current state of the OES as a measurement method in the steel industry 
together with prospects of new applications are presented with examples based on the authors’ prior 
research.  
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1. INTRODUCTION 

With the ever-increasing demand for high-quality and more 
environmentally friendly steel, the steel sector is facing an era 
where material and energy efficiency, carbon-lean or carbon-
free sources of energy, as well as the development of new 
practices and process control methods, are becoming more and 
more important. Currently, digitalization and automation of 
the steelmaking processes are actively being studied, 
validated, and implemented in the steel sector to address these 
issues (Branca, 2020; Colla, 2021). The solutions therein are 
expected to provide consistency, reliability, and data-based 
process prediction.  

An important requirement for successful digitalization is the 
availability of high-quality data from multitude of sources at 
the steel plant. In addition to the process data that is already 
available to the plant operator today, new innovative 
measurement methods and equipment are needed to address 
the unknown variables, among which usually are the time-
evolution of slag composition, unpredictable phenomena that 
occur inside the furnace, and the optimal instances to introduce 
additive or raw materials into the furnace, just to name a few. 
The availability and quality of the data are also key factors for 
an effective automation which would provide process 
analytics and suggestions on how the process should be 
continued. 

The availability and quality of the data might not be enough 
for automation if the data is not acquired in real-time and/or 
the data analysis takes too long.  The phenomena in a 
steelmaking furnace change rapidly, and thus the data might 
lose its value if it is not relevant any more when the automation 

process would occur. For this reason, measurement methods 
with on-line data acquisition capability will have an important 
role in developing robust automation.  

In this paper, optical emission spectroscopy (OES) is presented 
as an example of a measurement method that is capable of 

1. On-line data acquisition 

2. Withstanding the harsh measurement environment of 
industrial furnaces with equipment that has low 
maintenance requirements 

3. Fast computation times to obtain the analysis results 

Due to the nature of high-energy electric arcs in the electricity-
based steelmaking route, OES has been used at industrial 
electric arc furnaces (EAFs) (Aula, 2014; Aula, 2015; Pauna, 
2020a) and ladle furnaces (LFs) (Pauna, 2020b; Pauna, 2021). 
The electric arcs are optimal sources of light for the OES, since 
the light from the high-energy arc holds a vast amount of 
information on the arc’s properties, such as radiative heat 
transfer, plasma temperature, and electron density, together 
with the temporal slag composition. 

2. METHODS AND MATERIALS 

The measurements were conducted at the RWTH Aachen 
University, Germany. A pilot-scale EAF with 200 kg liquid 
steel capacity equipped with two graphite electrodes was used 
in the study. The furnace was first charged with steel scrap and 
slag formers, after which the batch was melted. Additive 
materials, such as CaO, Al2O3, and SiO2, were added to the 
melt by first turning off the arcs and then igniting the arcs after 
the addition. The purpose for choosing the pilot-scale EAF for 
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melt by first turning off the arcs and then igniting the arcs after 
the addition. The purpose for choosing the pilot-scale EAF for 
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1. INTRODUCTION 

With the ever-increasing demand for high-quality and more 
environmentally friendly steel, the steel sector is facing an era 
where material and energy efficiency, carbon-lean or carbon-
free sources of energy, as well as the development of new 
practices and process control methods, are becoming more and 
more important. Currently, digitalization and automation of 
the steelmaking processes are actively being studied, 
validated, and implemented in the steel sector to address these 
issues (Branca, 2020; Colla, 2021). The solutions therein are 
expected to provide consistency, reliability, and data-based 
process prediction.  

An important requirement for successful digitalization is the 
availability of high-quality data from multitude of sources at 
the steel plant. In addition to the process data that is already 
available to the plant operator today, new innovative 
measurement methods and equipment are needed to address 
the unknown variables, among which usually are the time-
evolution of slag composition, unpredictable phenomena that 
occur inside the furnace, and the optimal instances to introduce 
additive or raw materials into the furnace, just to name a few. 
The availability and quality of the data are also key factors for 
an effective automation which would provide process 
analytics and suggestions on how the process should be 
continued. 

The availability and quality of the data might not be enough 
for automation if the data is not acquired in real-time and/or 
the data analysis takes too long.  The phenomena in a 
steelmaking furnace change rapidly, and thus the data might 
lose its value if it is not relevant any more when the automation 

process would occur. For this reason, measurement methods 
with on-line data acquisition capability will have an important 
role in developing robust automation.  

In this paper, optical emission spectroscopy (OES) is presented 
as an example of a measurement method that is capable of 

1. On-line data acquisition 

2. Withstanding the harsh measurement environment of 
industrial furnaces with equipment that has low 
maintenance requirements 

3. Fast computation times to obtain the analysis results 

Due to the nature of high-energy electric arcs in the electricity-
based steelmaking route, OES has been used at industrial 
electric arc furnaces (EAFs) (Aula, 2014; Aula, 2015; Pauna, 
2020a) and ladle furnaces (LFs) (Pauna, 2020b; Pauna, 2021). 
The electric arcs are optimal sources of light for the OES, since 
the light from the high-energy arc holds a vast amount of 
information on the arc’s properties, such as radiative heat 
transfer, plasma temperature, and electron density, together 
with the temporal slag composition. 

2. METHODS AND MATERIALS 

The measurements were conducted at the RWTH Aachen 
University, Germany. A pilot-scale EAF with 200 kg liquid 
steel capacity equipped with two graphite electrodes was used 
in the study. The furnace was first charged with steel scrap and 
slag formers, after which the batch was melted. Additive 
materials, such as CaO, Al2O3, and SiO2, were added to the 
melt by first turning off the arcs and then igniting the arcs after 
the addition. The purpose for choosing the pilot-scale EAF for 
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the steelmaking processes are actively being studied, 
validated, and implemented in the steel sector to address these 
issues (Branca, 2020; Colla, 2021). The solutions therein are 
expected to provide consistency, reliability, and data-based 
process prediction.  

An important requirement for successful digitalization is the 
availability of high-quality data from multitude of sources at 
the steel plant. In addition to the process data that is already 
available to the plant operator today, new innovative 
measurement methods and equipment are needed to address 
the unknown variables, among which usually are the time-
evolution of slag composition, unpredictable phenomena that 
occur inside the furnace, and the optimal instances to introduce 
additive or raw materials into the furnace, just to name a few. 
The availability and quality of the data are also key factors for 
an effective automation which would provide process 
analytics and suggestions on how the process should be 
continued. 

The availability and quality of the data might not be enough 
for automation if the data is not acquired in real-time and/or 
the data analysis takes too long.  The phenomena in a 
steelmaking furnace change rapidly, and thus the data might 
lose its value if it is not relevant any more when the automation 

process would occur. For this reason, measurement methods 
with on-line data acquisition capability will have an important 
role in developing robust automation.  

In this paper, optical emission spectroscopy (OES) is presented 
as an example of a measurement method that is capable of 

1. On-line data acquisition 

2. Withstanding the harsh measurement environment of 
industrial furnaces with equipment that has low 
maintenance requirements 

3. Fast computation times to obtain the analysis results 

Due to the nature of high-energy electric arcs in the electricity-
based steelmaking route, OES has been used at industrial 
electric arc furnaces (EAFs) (Aula, 2014; Aula, 2015; Pauna, 
2020a) and ladle furnaces (LFs) (Pauna, 2020b; Pauna, 2021). 
The electric arcs are optimal sources of light for the OES, since 
the light from the high-energy arc holds a vast amount of 
information on the arc’s properties, such as radiative heat 
transfer, plasma temperature, and electron density, together 
with the temporal slag composition. 

2. METHODS AND MATERIALS 

The measurements were conducted at the RWTH Aachen 
University, Germany. A pilot-scale EAF with 200 kg liquid 
steel capacity equipped with two graphite electrodes was used 
in the study. The furnace was first charged with steel scrap and 
slag formers, after which the batch was melted. Additive 
materials, such as CaO, Al2O3, and SiO2, were added to the 
melt by first turning off the arcs and then igniting the arcs after 
the addition. The purpose for choosing the pilot-scale EAF for 
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this paper was to validate the spectrum data with single-lens 
reflex camera images of the arc and the molten bath, which are 
near impossible to be recorded with such a delicate device at 
an industrial furnace.  

A Czerny-Turner Avaspec-ULS2048 spectrometer that covers 
496.655 - 1000.000 nm was used in the study. The 
spectrometer and the camera were attached to the furnace roof 
and looked into the furnace through an opening on the roof. 
Hence, both the camera and the spectrometer contain data from 
the molten bath and the electric arc. A camera image depicting 
the view into the furnace is presented in Figure 1. Four spectra 
and one image were taken per second. Schematic illustration 
of the furnace can be found elsewhere (Pauna, 2019). 

3. THEORETICAL 

3.1 Spectrum analytics 

The high-energy electric arc forms plasma, where material 
decomposes into atoms and molecules. At the high 
temperatures of the arcs, atoms and molecules radiate at 
wavelengths that are unique to each element and molecule. 
Once measured with an OES spectrometer, the light emitted 
from the arc is diffused into a spectrum of light with respect to 
the wavelength. The atomic optical emissions form distinct 
emission lines to the spectrum at the central wavelength of the 
emitted photons, whereas molecular optical emissions form 
broader bands that consist of several emission lines. The 
elements and molecules can be identified from the OES spectra 
based on these emission peaks that are unique for each particle. 
Optical emissions from atoms are denoted with an element 
symbol and a Roman numeral describing the ionization degree, 
where I = neutral, II = singly ionized, III = doubly ionized, etc.  

The intensity of an emision line is the wavelength-integrated 
area that the emision line encloses. The optical emission lines 
have been fitted with Lorentzian functions 
 

𝐹𝐹(𝑥𝑥) = 𝐴𝐴
𝜋𝜋

1
2 𝐵𝐵

(𝑥𝑥 − 𝐶𝐶)2 + (1
2 𝐵𝐵)

2 ,                                           (1) 

 
where A is related to the height of the emission line, B is the 
full-width at half maximum (FWHM), and C is the central 
wavelength of the emission line.  

In addition to the atomic and molecular optical emissions, the 
spectra contain the thermal radiation that originates mainly 
from the molten bath. The heat radiation can be observed when 
the arc is on or off. This thermal radiation can be approximated 
with Planck’s law 
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where I is the intensity that depends on wavelength 𝜆𝜆 and 
temperature 𝑇𝑇, h is the Planck constant, c is the speed of light, 
and kb is the Boltzmann constant. 

3.2 Plasma diagnostics 

The electric arc can be characterized with plasma diagnostics 
based on the OES spectra. The relative intensities of the optical 
emissions from an element change at different plasma 
temperatures, and thus the plasma temperature can be derived 
using the emission line intensities. In this paper, Boltzmann 
plot has been used for the plasma temperature, which reads  
 

𝑙𝑙𝑙𝑙 ( 𝜀𝜀𝑧𝑧𝜆𝜆𝑚𝑚𝑚𝑚
𝑔𝑔𝑚𝑚𝐴𝐴𝑚𝑚𝑚𝑚

) = − 1
𝑘𝑘𝑇𝑇 𝐸𝐸𝑚𝑚𝑧𝑧 + 𝑙𝑙𝑙𝑙 ( ℎ𝑐𝑐𝑁𝑁𝑧𝑧

4𝜋𝜋𝑈𝑈𝑧𝑧(𝑇𝑇)),                       (3) 

 
where 𝜀𝜀𝑧𝑧 is the emissivity, 𝑧𝑧 is the ionization degree, 𝜆𝜆𝑚𝑚𝑚𝑚 is 
the wavelength of the emission between the upper energy state 
𝑚𝑚 and the lower energy state 𝑙𝑙, 𝑔𝑔𝑚𝑚 is the degeneracy of the 
upper energy state, 𝐴𝐴𝑚𝑚𝑚𝑚 is the transition probability, 𝑘𝑘 is the 
Boltzmann constant, 𝑇𝑇 is the plasma temperature, 𝐸𝐸𝑚𝑚

𝑧𝑧  is the 
energy of the upper energy state, ℎ is the Planck's constant, 𝑐𝑐 
is the speed of light, 𝑁𝑁𝑧𝑧 is the number density, and 𝑈𝑈𝑧𝑧(𝑇𝑇) is 
the partition function. 𝜀𝜀𝑧𝑧 is proportional to the intensity of the 
emission line in local thermodynamic equilibrium (LTE) and 
an optically thin atmosphere (Aragón, 2008).  

4. RESULTS AND DISCUSSION 

Time-evolution of the spectra and images for 0 s, 60 s, 300 s, 
and 800 s after arc ignition are displayed in Figure 2. The view 
in Figure 2 a) is blocked by solid additive materials that have 
been added on top of the molten bath. The spectrum shows 
only the thermal radiation emanating from the bath surface. In 
b), the arc has been ignited and some of the solid material has 
melted. Alkali emissions from Na I and K I are observed 
around 588 and 770 nm, respectively, in addition to several 
optical emission lines from slag components. In c), a 
significant proportion of the solid material is molten, the arc 
can be clearly seen, and the intensities of the atomic emission 

Figure 1. Camera image of the operational furnace 
displaying the view of the spectrometer and the camera 
into the furnace. 
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lines have increased. In d), the solid material is completely 
molten and the atomic optical emissions are even more intense.  

In this chapter, the prospects of OES for industrial automation 
are discussed based on the authors’ prior experience using 
OES in industrial furnaces. Some OES-based solutions for 
industrial furnace monitoring are already in use today, and 
several applications are under ideation and development.  

4.1 Scrap melting monitoring and burner optimization 

To optimize power usage and charging of additional material 
into the furnace, the melt stage of the charge material needs to 
be evaluated. Usually, the melt stage of the charge material is 
not exactly known, and the melt stage is evaluated based on 
e.g. the sound emanating from the furnace or the operator’s 
experience. A prominent application of OES is to monitor the 
melting of the charge material. At the beginning of the heat, 
the solid charge material blocks the view to the arc. Hence, no 
arc emissions or molten bath thermal radiation are observed 
until the charge starts to melt. Once the intensity of the light 
from the bath and/or arcs increases to a predefined threshold, 
OES data can be used to optimize and even automate the usage 
of burners and timing of the second charge basket. This 
technique is already used in industrial furnaces by Luxmet Ltd 
(Luxmet, 2021). 

4.2 On-line slag composition analysis 

Slag composition plays an important role in the steelmaking 
since it’s essentially used to adjust the composition of the steel 
by accumulating impurities from the steel into the slag. 
However, even the modern EAF and LF practices lack in situ 
real-time slag composition analysis and the slag composition 
is usually approximated based on the initial slag formers, 
amount of additive material, and modeling.   

To overcome the lack of on-line data regarding the slag 
composition, OES has been studied as an on-line slag 
composition analysis method. Figure 3 a) – c) shows the time-
evolution of the atomic emission line ratios Cr/Mg, Fe/Mg, and 
Ca/Mg. Emission line ratios are typically more convenient to 
be used instead of raw emission line intensities due to 

fluctuating overall intensity of the spectra, which are caused 
mainly by erratic movement of the arc. The effect of 
fluctuating overall spectrum intensity can be removed by 
studying emission line ratios. The emission lines are from 
neutral atoms and their intensities have been determined with 
Equation (1).   

As can be seen from the Figure 3 a) – c), the temporal changes 
in the three emission line ratios are very different from one 
another. The Fe/Mg and Ca/Mg are relatively stable after 400 
s, whereas the Cr/Mg increases from 100 to 300 s after which 
it gradually decreases until 700 s. The optical emissions from 
the arc have been mostly attributed to the material from the 
slag (Aula, 2014; Aula, 2015; Pauna, 2019; Pauna, 2020a, b; 
Pauna, 2021), meaning that the line ratios give insight to the 
temporal evolution of the slag composition. Since the 
denominator of these ratios is the same, the changes in the 
Cr/Mg are more dependent on the Cr behavior than that of Mg, 
because the ratios in b) and c) stay relatively constant.   

In an industrial application, such emission line ratios could 
be used to assess the temporal evolution of the slag 
composition. Figure 3 displays four common slag 
components, but the OES spectra hold information also on 
Al, Si, Mn, F, alkali emissions, and more. In addition to 
atomic optical emissions, molecular optical emissions from 
e.g. CaF and CaO have been observed and analyzed in 
industrial ladle furnace spectra (Pauna, 2021). Since 
adjusting the slag composition during the melting process 
will result in high-quality, impurity-free steel, optimization 
of additive material content and amount would have a great 
benefit to the plant operator. With the OES data, this process 
could be brought to a new level of accuracy and further 
improved with automation based on the OES data.   

4.3 Temperature analysis 

In the furnace operation, the temperature of the molten bath 
usually has a target temperature range in order to optimize the 
melting process and reaction kinetics. The temperature of the 
molten bath is commonly analyzed with e.g. thermocouples. In 
addition to the atomic and molecular optical emissions, the 

Figure 2. Example OES spectra and images from a) 0 s, b) 60 s, c) 300 s, and d) 800 s. The view is blocked by solid 
additive material in a). Note that the spectrum intensity scale is not the same in a) – d). 



 H. Pauna  et al. / IFAC PapersOnLine 55-2 (2022) 78–83 81

lines have increased. In d), the solid material is completely 
molten and the atomic optical emissions are even more intense.  
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mainly by erratic movement of the arc. The effect of 
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another. The Fe/Mg and Ca/Mg are relatively stable after 400 
s, whereas the Cr/Mg increases from 100 to 300 s after which 
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the arc have been mostly attributed to the material from the 
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Pauna, 2021), meaning that the line ratios give insight to the 
temporal evolution of the slag composition. Since the 
denominator of these ratios is the same, the changes in the 
Cr/Mg are more dependent on the Cr behavior than that of Mg, 
because the ratios in b) and c) stay relatively constant.   

In an industrial application, such emission line ratios could 
be used to assess the temporal evolution of the slag 
composition. Figure 3 displays four common slag 
components, but the OES spectra hold information also on 
Al, Si, Mn, F, alkali emissions, and more. In addition to 
atomic optical emissions, molecular optical emissions from 
e.g. CaF and CaO have been observed and analyzed in 
industrial ladle furnace spectra (Pauna, 2021). Since 
adjusting the slag composition during the melting process 
will result in high-quality, impurity-free steel, optimization 
of additive material content and amount would have a great 
benefit to the plant operator. With the OES data, this process 
could be brought to a new level of accuracy and further 
improved with automation based on the OES data.   

4.3 Temperature analysis 

In the furnace operation, the temperature of the molten bath 
usually has a target temperature range in order to optimize the 
melting process and reaction kinetics. The temperature of the 
molten bath is commonly analyzed with e.g. thermocouples. In 
addition to the atomic and molecular optical emissions, the 

Figure 2. Example OES spectra and images from a) 0 s, b) 60 s, c) 300 s, and d) 800 s. The view is blocked by solid 
additive material in a). Note that the spectrum intensity scale is not the same in a) – d). 

OES data holds information also on the thermal background 
radiation that emanates from hot surfaces, in this case the 
molten bath. 

Figure 3 d) and e) show the results of fitting Planck’s law in 
Equation (2) to the thermal radiation together with plasma 
temperature obtained using Equation (3), respectively. These 
two temperatures are related to the molten bath and arc 
temperature. As the additive material starts to melt, the molten 
bath temperature increases between 70 and 350 s. The voltage, 
current, and power increase during this time. After 350 s, the 
current is kept constant at 880 A, and both voltage and power 
decrease gradually, and so does the molten bath temperature. 
Hence, at a constant current, the voltage and power input has 
approximately a linear correlation with the molten bath 
temperature based on the OES data.  

The plasma temperature derived with four N I emission lines 
fluctuates between 2300 and 15000 K and has no clear 
temporal trend. One of the main reasons for high variance in 

the plasma temperature is the erratic movement of the arc on 
the molten bath surface, which affects the momentary visibility 
of the arc. At times, the whole arc is in the view-cone, whereas 
at another instance only the edge of the arc may be in the view-
cone. Arc’s temperature increases towards its center, and thus 
the visibility of the arc will have an effect also on the observed 
plasma temperature. It has been observed in earlier studies that 
plasma temperatures from different elements differ from one 
another (Pauna, 2019; Pauna, 2020a). This could mean that 
different elements are located at different parts of the plasma, 
resulting in differences between the plasma temperatures. 
Follow-up research based on this assumption is currently in the 
planning stage by the authors.   

4.4 Estimation of radiative heat transfer 

In EAFs and LFs, the main sources of energy are the electric 
arcs. In addition to the heat delivered to the charge material, 
part of the energy radiates from the arcs to the walls and roof 
of the furnace. This energy is lost to the system. Modeling of 
the radiative heat transfer can be used to evaluate the heat 

Figure 3. Examples of how OES could be used for on-line data acquisition and monitoring. a) Cr I / Mg I emission line 
ratio, b) Fe I / Mg I emission line ratio, c) Ca I / Mg I emission line ratio, d) Planck temperature with Equation (2), e) 
plasma temperature with Equation (3) for four N I emission lines, f) voltage, g) spectrum at the latest instance of graphs 
a) – f) with Planck’s law fit to the thermal radiation (in violet), and h) top-view image of the furnace. The solid bars in 
graphs a) – e) show the overall temporal trend of each variable over the last 1 minute, either declining (red) or increasing 
(green). The slope of the bar indicates the rate of change, i.e. the steeper the slope, the more drastic the change. 
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losses, but on-line in situ data is not available in wide scale. 
Since OES measures the radiation that is emitted from the 
electric arcs (and the molten bath), it has prospects to be used 
for on-line estimation method for the radiative heat transfer. 
The molten bath and plasma temperatures coupled with the 
intensity distribution of the radiation in Figure 3 d), e), and g), 
respectively, could be used for this purpose. In EAFs and LFs, 
excessive radiation from the arcs will damage the furnace wall 
and roof, and thus e.g. slag foaming is used in the EAFs to 
cover the arcs. In an industrial application, the OES data could 
be used to optimize the timing of foaming based on the 
estimate of the radiative heat transfer and OES information of 
the scrap meltdown.  

4.5 Other prominent applications 

Usage of OES is not limited to arc and molten bath studies. 
OES can be used to study any source of light, such as hot 
surfaces, burner flames, the effect of the atmosphere on the 
propagating light, etc. The versatility of OES makes it a 
prominent measurement method for industrial applications, 
where the equipment has to withstand the harsh environment 
and be capable of robust data acquisition. 

For example, OES has the potential to be used in burner flame 
characterization and optimization. Similar to arcs, flames 
contain information on the flame composition, impurities, 
temperature, and radiative heat transfer. This information 
could be used to optimize the current natural gas burner’s 
properties with the OES characterization to increase the 
efficiency of the burners. In the future, where hydrogen will be 
introduced to the burner gas, OES would still be a feasible 
method to characterize hydrogen gas mixtures or pure 
hydrogen flames. This topic is under planning by the authors. 

In an intelligent system, OES could act as an on-line source of 
data for process automation. The computation times of the 
OES data can be adjusted by analyzing only the most relevant 
optical emission lines together with thermal radiation and 
intensity distribution. With the on-line data, OES would allow 
to inspect the time-evolution of various parameters and 
reacting to those changes in real-time. This data also could also 
enable long-term inspection of the gradual change of OES 
parameters and assess how the process changes over a long 
period of time. With machine learning, the data could be used 
to derive trends, correlations, and predictions of near-future 
events based on the on-line OES data.  

4.6 Requirements and limitations for OES in industrial 
applications 

When planning on using OES in industrial application, several 
aspects have to be considered. First of all, a clear path to the 
source of light will significantly increase the reliability of the 
OES data, since e.g. reflections of light cause interpretation 
issues and disturbances to the spectra. Secondly, OES data 
needs to be calibrated for each application. This means that the 
OES data cannot be used as-is to assess e.g. slag composition, 
but the data has to be calibrated with for example XRF slag 
compositions. Once a calibration curve has been established, 
the slag composition can be evaluated. Thirdly, even though 
OES data can be acquired and analyzed on-line, the erratic 
behavior of plasmas and flames can make the temporal 

evolution of the data quite fluctuating and hard to read. Thus, 
limiting factors for the usability of OES can be 

1. Poor view into the source of light 

2. No calibration/reference data 

3. Too many unknown phenomena occurring 
simultaneously in the process 

4. Atmosphere interacts too much with the light that 
propagates through it from the light source to the OES 
device 

Several studies have been done in pilot-scale and industrial 
furnaces in order to overcome the obstacles related to the usage 
of OES. Arc characterization has provided information on the 
behavior of the arc during EAF process (Pauna, 2019), 
whereas industrial EAF and LF studies have shed light on how 
the slag composition analysis, radiative heat transfer, and 
changes in the spectra could be monitored and accounted for 
on-line in the industrial processes (Pauna, 2020a, b; Pauna, 
2022).  

4.7 Integration of OES to process automation  

As has been established, OES can be used for on-line data 
acquisition, which would be an asset for automation of 
processes such as charging of new material baskets, using 
burners to provide additional energy, and adjusting slag 
composition on-line, just to name a few. With process and 
method development, OES could be used as a part of an 
intelligent system working on data provided by soft-sensors. 
As an on-line data provider, OES shows prospects in detecting 
e.g. abnormal arc behavior, changes in molten bath 
temperature, and impurities that accumulate to the slag. As an 
example, dissolution of furnace lining, which commonly 
consists of large quantities of magnesium, to the molten bath 
could be detected with the changes in the optical emissions 
from magnesium. The detection and counteracts towards this 
kind of non-desirable behavior could be automated based on 
the OES data by adjusting the basicity and viscosity of the slag.  

OES has many advantages for the process automation of EAF 
and LF. Measuring light directly from the electric arcs means 
that no sample preparation is required. This also means that 
OES in EAF and LF doesn’t require external 
excitation/ionization source, such as laser. In comparison, 
laser-induced breakdown spectroscopy that can be used for 
e.g. slag composition analysis requires the laser beams to be 
shot at the target in order to form the laser-induced plasma. In 
ongoing industrial processes, this can lead for example to laser 
focusing problems. Due to the relatively simple equipment and 
straightforward usage, OES in EAFs and LFs shows promise 
for significant improvement in the on-line data acquisition and 
process control. 

5. CONCLUSIONS 

Optical emission spectroscopy is a prominent tool for on-line 
data acquisition and analysis for EAFs and LFs. In this paper, 
some of the application possibilities of OES have been 
discussed, with an emphasis on 
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losses, but on-line in situ data is not available in wide scale. 
Since OES measures the radiation that is emitted from the 
electric arcs (and the molten bath), it has prospects to be used 
for on-line estimation method for the radiative heat transfer. 
The molten bath and plasma temperatures coupled with the 
intensity distribution of the radiation in Figure 3 d), e), and g), 
respectively, could be used for this purpose. In EAFs and LFs, 
excessive radiation from the arcs will damage the furnace wall 
and roof, and thus e.g. slag foaming is used in the EAFs to 
cover the arcs. In an industrial application, the OES data could 
be used to optimize the timing of foaming based on the 
estimate of the radiative heat transfer and OES information of 
the scrap meltdown.  
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could be used to optimize the current natural gas burner’s 
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efficiency of the burners. In the future, where hydrogen will be 
introduced to the burner gas, OES would still be a feasible 
method to characterize hydrogen gas mixtures or pure 
hydrogen flames. This topic is under planning by the authors. 
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but the data has to be calibrated with for example XRF slag 
compositions. Once a calibration curve has been established, 
the slag composition can be evaluated. Thirdly, even though 
OES data can be acquired and analyzed on-line, the erratic 
behavior of plasmas and flames can make the temporal 
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changes in the spectra could be monitored and accounted for 
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intelligent system working on data provided by soft-sensors. 
As an on-line data provider, OES shows prospects in detecting 
e.g. abnormal arc behavior, changes in molten bath 
temperature, and impurities that accumulate to the slag. As an 
example, dissolution of furnace lining, which commonly 
consists of large quantities of magnesium, to the molten bath 
could be detected with the changes in the optical emissions 
from magnesium. The detection and counteracts towards this 
kind of non-desirable behavior could be automated based on 
the OES data by adjusting the basicity and viscosity of the slag.  

OES has many advantages for the process automation of EAF 
and LF. Measuring light directly from the electric arcs means 
that no sample preparation is required. This also means that 
OES in EAF and LF doesn’t require external 
excitation/ionization source, such as laser. In comparison, 
laser-induced breakdown spectroscopy that can be used for 
e.g. slag composition analysis requires the laser beams to be 
shot at the target in order to form the laser-induced plasma. In 
ongoing industrial processes, this can lead for example to laser 
focusing problems. Due to the relatively simple equipment and 
straightforward usage, OES in EAFs and LFs shows promise 
for significant improvement in the on-line data acquisition and 
process control. 

5. CONCLUSIONS 

Optical emission spectroscopy is a prominent tool for on-line 
data acquisition and analysis for EAFs and LFs. In this paper, 
some of the application possibilities of OES have been 
discussed, with an emphasis on 

 

1. Slag composition 

2. Molten bath and plasma temperature 

3. Radiative heat transfer 

4. Characterization of other sources of light; flames, hot 
surfaces, other plasmas, etc. 

An intelligent system for process control requires high-quality 
and robust on-line data, for which OES offers several 
solutions. OES has relatively simple measurement equipment 
that can be installed e.g. to the furnace roof or sometimes even 
outside the furnace. In normal plant operation, the equipment 
has proven not to require additional maintenance outside of the 
scheduled off-times of the steel plant.  

While the applicability of OES as a measurement method in 
industrial EAFs and LFs has been validated, there’s still a lot 
of research to be done and new applications to discover. More 
joint research with the steel plants is required to study further 
how OES could improve the process control and what has to 
be taken into account during the data analysis. Also, new 
applications, such as burner’s flame characterization and 
coupling radiative heat transfer data to models, is under 
planning by the authors.  
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