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INTRODUCTION 

Steel is one of the most recycled materials in the world, 
and electric arc furnaces (EAFs) together with ladle 
furnaces (LFs) are the main units to process the 
recycled scrap metal [1]. As the customer steel 
recycling rate, furnace capacities, and the electricity-
based steelmaking overall are expected to increase, 
the real-time response of the analysis system becomes 
more and more important. One promising on-line 
measurement tool for EAFs and LFs that can withstand 
the furnace conditions is optical emission spectroscopy 
(OES). In this paper, the recent experimental OES 
research for EAFs and LFs is reviewed. The research 
includes a small-scale furnace (University of Oulu, 
Finland), a pilot-scale furnace (RWTH Aachen 
University, IOB, Germany), and industrial furnaces 
(Deutsche Edelstahlwerke, Germany). 
 

EXPERIMENTAL 

Schematic illustrations of the measurement setups for 
small-scale, pilot-scale, and industrial furnaces have 
been presented in Fig. 1.  The capacity of the pilot-
scale EAF was 200 kg of liquid steel. The capacities of 
the industrial EAFs were 120 and 140 t depending on 
the steel grade, whereas the capacity of the industrial 
LF was 140 t. The spectrometers were Czerny-Turner 
Avaspec-ULS2048 provided by Luxmet Oy. The 
spectrometers covered ultra-violet (UV), visible (VIS), 
and near-infrared (NIR) regions of the spectrum of light. 

 

THEORETICAL 

Plasma temperature and electron density are the 
fundamental parameters that describe the plasma. The 
plasma equations that have been used are 
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Fig. 1. Example view cones into the arc for a) 

laboratory, b) pilot-scale, c) industrial ladle furnace, and 

d) industrial electric arc furnace. The OES 

measurement head has been indicated with a gray bar 

and the view cone into the furnace with dashed lines. 

 

where Eq. (1) is the Saha-Boltzmann equation for 

electron density, Eq. (2) is the Boltzmann equation for 

plasma temperature, and Eq. (3) is the McWhirter 

criterion for the fulfilment of local thermodynamic 

equilibrium (LTE). Full description of these equations 

can be found elsewhere [2,3]. The electrons are the 

main particles that distribute the heat energy inside the 

plasma [4], and thus exceeding the McWhirter electron 

density criterion means also that the heat in the plasma 

is more uniformly distributed. 

 

RESULTS AND DISCUSSION 

Example spectra for pilot-scale furnace, industrial ladle 
furnace, and industrial electric arc furnace have been 
presented in Fig. 2. In comparison to the industrial 
spectra, finer details can be observed in the IOB 
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spectra. This is caused by several factors since e.g. the 
furnace atmosphere and heat radiation are not as 
extreme in the pilot-scale furnace as in industrial 
furnaces. The light, especially in the UV range, is 
effectively absorbed by the gases in the furnace 
atmosphere, and thus the harsh environment may lead 
to absorption of light. Weaker emission lines, on the 
other hand, might not be distinguishable if the emission 
lines are overwhelmed by the intensive heat radiation 
or other intensive emission lines. 
 
All of the spectra in Fig. 2 have many intensive 
emission lines from the atomic slag components and 
molecular sources. The atomic optical emissions 
originate mainly from Cr I, Fe I, Ca I, Ca II, Mg I, and 
Mn I with few lines also from Al I and Si I. The Roman 
numeral refers to the ionization degree of the atom (I = 
neutral, II = singly ionized). Atmospheric components, 
such as N I, C I, H I, and O I, are also observed together 
with K I, Na I, Li I, and Rb I. The most intensive 
molecular optical emission comes from cyanide (CN) 
with intensive emission bands at 355 and 385 nm [5]. 

The preliminary OES tests were conducted in the 
University of Oulu on a small-scale furnace by Mäkinen 

et al. [6] already in 2013. Afterwards, Aula et al. [7] 
identified emission lines of various components that are 
usually present in slags. They found several suitable 
lines for the evaluation of   CrxOy/FexOy and MnO/SiO2 
slag components. Another laboratory EAF was used for 
OES measurements at The Royal Institute of 
Technology (Sweden), where image analysis was 
combined with OES plasma analysis and used to study 
the foaming conditions [8]. 

The OES measurements in the pilot-scale EAF have 
included studies on the on-line analysis of Cr2O3 
content [9] and arc plasma characterization [10]. These 
studies have brought new insight into the on-line 
applicability of the OES and how the quality of the 
spectra can be evaluated with plasma diagnostics. An 
example of plasma diagnostics for a pilot-scale 
measurement is presented in Fig. 3. The electron 
density (Eq. (1)) is usually several magnitudes above 
the LTE criterion density (Eq. (3)). Plasma 
temperatures (Eq. (2)) that are derived from different 
atomic species, on the other hand, have been observed 
to deviate from one another and range from 4000 to 
12000 K. Differences in plasma temperature can be 
attributed to non-satisfactory LTE conditions [2]. 

Fig 2. Spectra from pilot-scale furnace (IOB), industrial electric arc furnace (EAF), and industrial ladle 
furnace (LF). The intensities have been normalized for comparison purposes. 



 

 

Fig. 3. Example plasma diagnostics in an IOB 
measurement. 

 

In the industrial EAF campaigns, the focus has been on 
the process condition characterization [11], monitoring 
of the slag surface conditions and furnace atmosphere 
[12], plasma analysis as a tool to evaluate the spectrum 
quality for slag composition analysis [13], and OES as 
a process monitoring tool [14]. The equipment 
withstands the EAF process conditions even if the 
measurement head is attached to the EAF roof. A 
recent study on the industrial LFs has focused on the 
slag composition analysis for CaF2, MgO, and MnO 
together with plasma diagnostics [15]. 

 

CONCLUSIONS AND FUTURE WORK 

OES has proven to be a valid option for the 
development of on-line method for slag composition 
analysis and process control in industrial EAFs and 
LFs. In addition to the on-line applicability of OES, the 
measurement equipment is simple, withstands the 
harsh process environment, and requires only minimal 
maintenance when installed properly. The data 
validation and quality control can be made with plasma 
diagnostics.  

The on-line slag composition analysis tool is probably 
the most prominent application of the OES in the EAFs 
and LFs, but the method has the potential to be used 
also to observe radiative heat transfer, molten bath 
surface temperature, process conditions, and melting 
of the charge material. Furthermore, OES can be used 
to study flames and practically any other sources of 
light, making e.g. burner studies with OES viable. 
Potential and promising OES research in the future, 
just to name a few, include the development of on-line 
process control for EAFs and LFs, flame studies, and 
coupling OES with models. 
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