
129The Journal of the Southern African Institute of Mining and Metallurgy	 VOLUME 125	 MARCH 2025

Plasma soup for the pyrometallurgist’s 
soul
by Q.G. Reynolds1,2, B. Bowman3, M.W. Erwee4, I.J. Geldenhuys2,5, 
C. Sandrock6, G.A. Venter7, B.S. Xakalashe1, J. Zietsman8,9

Abstract
Understanding the behaviour of plasma arcs is an important part of the design and operation 
of direct current electric arc furnace smelting processes, which are used in the industrial 
production of many metallurgical commodities. In recent years numerical and computational 
modelling techniques have begun to illuminate the complexity of arc behaviour and how it 
is deeply connected to the thermodynamic and physical properties of the arc plasma. Plasma 
properties may be estimated from first principles using statistical mechanics methods, but 
this requires as input some knowledge of the composition of the gas phase that occurs over the 
process during smelting. In this paper the authors describe a workflow using thermochemistry 
software to predict the expected gas phase composition through a given process, followed by 
plasma property calculations using an open-source software tool that has been in development 
for several years. This tool, 'minplascalc' has been in development for several years and is also 
described in detail here. The workflow is then applied to the calculation of plasma properties of 
interest for a variety of historical and current pyrometallurgical processes, and the results are 
compared. The plasma property data are published in an open-access database for general use.
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Introduction 
Over the past five decades Mintek has conducted extensive applied research into a wide range of 
pyrometallurgical processes using direct current (DC) electric arc furnace technology. Many of these 
processes have been successfully developed through to large pilot-plant or industrial scales and include 
commodities such as ferrochromium, ferronickel, high-titania slag, zinc, magnesium, cobalt, and 
platinum group metals (Barcza, 1986; Jones, Curr, 2006).

As shown in Figure 1, DC arc furnaces consist of a cylindrical refractory-lined vessel, which is used 
to contain the molten process products, which are typically immiscible slag (metal oxide) and alloy 
phases at temperatures in excess of 1400°C. Raw material, fluxes, and reductants are introduced through 
feedports in the furnace roof, with the feed rate carefully controlled to match the power input in order 
to maintain an open bath surface. The furnace is usually operated in semi-batch mode, with continuous 
feed and periodic removal of products by tapping. Power is supplied to the unit from a transformer and 
rectifier combination – one or more graphite electrodes enter through the roof of the vessel, and the 
electrical circuit is completed either through a hearth anode in the base of the furnace or, less commonly, 
between anode and cathode electrodes.

The plasma arc, which gives the furnace its name bridges the gap between the tip of the electrode and 
the molten bath surface (see Figure 2). The arc acts as the engine room of the furnace, driving intense 
transfer of thermal and mechanical energy to the metallurgical process. Understanding and managing 
the arc is an important aspect in the successful running of any DC arc furnace plant (Geldenhuys, 2017). 

Arcs are formed from process gases in the freeboard, which have been heated to the point that they 
decompose into a mixture of molecules, atoms, charged ions, and electrons – a plasma. This 'plasma 
soup' renders the arc electrically conductive, and powerful coupling between the electric, magnetic, 
thermal, and momentum fields shapes the arc into a high temperature, high velocity jet, which can reach 
tens of thousands of Kelvin and travel at kilometres per second (Bowman, Krüger, 2009). 

Like any good soup, changing the ingredients can have an effect on the properties of the final 
result, ranging from subtle to strong; likewise, the composition of the freeboard gases over different 
metallurgical processes influences the electrical and thermal behaviour of the resulting arc.

Experimental studies on plasma arcs in situ are very challenging due to the extreme conditions 
inside operating furnaces. Due to this, the development of mathematical and numerical models of arc 
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behaviour has been an important aspect of research in this area 
for many years, and measurements must often be supplemented 
with such models to improve the understanding of arc behaviour 
and generate useful insight. Models fall into a range of categories 
from lumped parameter steady-state or dynamic approaches such 
as Bowman’s empirical models for DC and Cassie-Mayr models 
for AC, through to more complex 1D dynamic formulations 
such as channel arc models, and finally up to 2D and 3D spatial 
magnetohydrodynamic models, which directly simulate the 
electromagnetic, temperature, and velocity fields from the 
fundamental governing equations. The pros and cons of different 
models are well documented in (Bowman, Krüger, 2009) and 
(Haraldsson et al., 2021). 

All arc modelling requires input information about the 
thermodynamic, transport, and radiation properties of the plasma 
material for the problem in question. These are sometimes simply 
bulk-averaged values of properties like electrical conductivity, but 
particularly in more sophisticated models detailed knowledge of 
the dependence of properties on plasma temperature and pressure 
is also needed. Direct measurement of plasma properties is again 
extremely difficult even in controlled laboratory conditions, but it is 
possible to calculate them from first principles using methods from 
branches of physics such as statistical mechanics. These calculations 
are very complex and tedious, and their implementation is non-
trivial. Results of some such calculations have previously been 
published for materials such as pure noble gases, simple gases 
such as pure hydrogen, and selected binary mixtures such as Ar-
H2 and CO2-Cu (Boulos et al., 1994; Yang et al., 2016). However, 
typical pyrometallurgical process gases may contain a variety of 
hydrogen, oxygen, carbon, and sulphur compounds combined 
with many metallic elements, and data for such complex mixtures 
are not readily available in open literature. This, combined with 

the difficulty of implementing first-principles plasma property 
calculations, has led to many previous authors, including those 
of this paper (Reynolds, 2018; Reynolds et al., 2010), to develop 
detailed arc models, which rely on highly oversimplified or 
approximated plasma property data from literature sources; the 
question arises of whether the results obtained in such work 
translate to the real industrial operations that such modelling is 
intended to represent. Recent work by (Makgoale et al., 2021) 
has comprehensively highlighted the sensitivity of arc models to 
approximations and simplifications, including material properties.

In this paper, a full methodology for calculating plasma 
properties from first principles for arbitrary mixtures is presented 
together with an open source software implementation developed 
for the Python programming language. The plasma property 
calculator is combined in a workflow together with traditional 
thermochemical process calculation tools, and applied to a number 
of Mintek DC arc furnace projects to demonstrate how process-
specific plasma property data sets can be generated for use in 
further modelling.

Theory and methods – plasma calculations
Plasma property calculations are generally part of broader 
workflows, which connect metallurgical process information 
to practical aspects of DC furnace operation such as thermal 
performance and electrical behaviour. A typical example is shown 
in Figure 3. 

The first step involves calculations using thermochemistry 
calculation tools such as FactSage (Bale et al., 2016) to obtain 
the composition of the gas phase in the furnace freeboard as a 
function of process parameters. This is followed by plasma property 
calculations as described in this paper to determine the behaviour 
of this gas at conditions inside the arc. Finally, this property 
information can be passed on to models of the arc to predict its 
behaviour for furnace design and operation purposes. In this paper 
the focus is primarily on the second step, for which the methods 
described here have been developed. The calculations are then 
demonstrated by application to a variety of DC arc furnace smelting 
processes.

Thermal plasmas of the sort found in the arcs of DC furnaces 
are often assumed to be in local thermodynamic equilibrium 
(LTE), meaning that the heavy particles such as ions and atoms 
are in thermal equilibrium with the much lighter electrons, and a 
single unique temperature can be assigned to all species (Boulos 
et al., 1994). A major advantage of the LTE approximation is that 
all thermophysical properties of a mixture of an arbitrary number 
of plasma species can be expressed as (complicated) functions 
of temperature, pressure, and initial composition only – the 
equilibrium composition is itself a function of these variables 
since it is uniquely determined by the state parameters and mass 
conservation, and the properties are in turn determined by the 
equilibrium composition.

Plasma composition
Given temperature, pressure, and a set of species present in a plasma 
(and some information about the elemental composition of the 
mixture if more than one element is present), the number density 
of each species at thermodynamic equilibrium can be calculated 
using the principle of Gibbs free energy minimisation (Boulos et 

Figure 1—(l) Schematic of a typical DC arc furnace, (r) photograph of a  
5.6 MVA pilot furnace ©Mintek 2007

Figure 2—(l) Photograph of DC plasma arc in air at 2 kA and 20 cm arc 
length ©Mintek 2015, (r) computational multiphysics model of a DC arc at  
1 kA and 10 cm length (Reynolds, 2018)

Figure 3—Modelling workflow for arc furnace applications
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al., 1994). This is an important intermediate step in calculating the 
thermophysical properties and may also be useful in, its own right, 
if one is interested in the relative proportions of different species in 
complex plasmas. To start, recall the definition of Gibbs free energy:

	 [1]

Where G is the Gibbs free energy of a system, G0 is a reference value 
depending only on temperature and pressure, μi is the chemical 
potential of species i, and Ni is the absolute number of particles 
of species i present. In statistical mechanics, μi in J per particle is 
represented as:

	 [2]

Where T is absolute temperature, kB is the Boltzmann constant, Q 
is a statistical quantity called the partition function in m-3, V is the 
volume of the system, and is a reference energy in J per particle 
of the species relative to its constituent uncharged atoms. For 
uncharged monatomic species and electrons = 0, for uncharged 
polyatomic species it is the negative of the dissociation energy, and 
for charged species it is of the species with one fewer charge 
number. 

Consider, for example, a simple plasma system for hydrogen 
containing species H2, H, H+, and e-. In this case =  = 0,  = –
De,H2→2H, and + = is Ie,H where De,H2→2H is the dissociation energy 
of the diatomic hydrogen molecule, and Ie,H is the ionisation energy 
of the hydrogen atom.

It is possible to substitute volume out of the equations by using 
the ideal gas law:

	 [3]

Where P is the specified pressure of the system. A system at 
equilibrium is characterised by a minimum stationary point in G, 
giving an independent equation for each species i, which simplifies 
to:

	 [4]

This set of equations must be solved subject to constraints 
supplied by the conservation of mass of each element present:

	 [5]

Where νij is the stoichiometric coefficient representing the number 
of atoms of element j present in species i, and is the (fixed) total 
number of atoms of element j present in the system, specified by the 
initial composition. Together with this, one additional constraint is 
supplied by the requirement for electroneutrality of the plasma:

	 [6]

Where zi is the charge number of species i. The set of Equations in 4, 
5, and 6 are solved using an iterative Lagrange multiplier approach 
to obtain the set of Ni, and hence number density ni = Ni/V, at LTE 
starting from an initial guess.

Partition functions
The partition function for a particular species is a description of 
the statistical properties of a collection of atoms or molecules of 
that species at thermodynamic equilibrium. Partition functions are 
normally presented as the sum of weighted state probabilities across 
the possible energy states of the system. In general, at moderate 

plasma temperatures up to a few 10⁴ K, a species’ total partition 
function can be written as the product of several unique partition 
functions arising from different quantum mechanical phenomena 
(assuming weak state coupling and no contribution from nuclear 
states):

	 [7]

Here, Qt is the translational partition function due to the 
species’ ability to move around in space, Qint is the internal partition 
function due to various energy states internal to the particles of 
the species, Qe is the electronic partition function due to different 
possible arrangements of the electronic structure of the species, Qv 
is the vibrational partition function due to the ability of the bonds 
in a polyatomic species to vibrate at different energy levels, and Qr 
is the rotational partition function due to a species’ ability to rotate 
around its center of mass at different energy levels. 

Four different types of species are distinguished here: 
monatomic for charged or uncharged single atoms, diatomic for 
charged or uncharged bonded pairs of atoms, polyatomic for 
charged or uncharged bonded groups of three or more atoms, and 
free electrons. The formulae used for the various partition functions 
for each type are shown in Table 1 (Boulos et al., 1994; Herzberg, 
1945; McQuarrie, 1973). Here mi and me are the mass of one particle 
of the species concerned, ℏ is the reduced Planck constant, gj and Ej 
are the quantum degeneracy and energy (in J) of electronic energy 
level j with j=0 being the ground state, σs is the symmetry constant 
of a molecular species, and ωe,j, Ar, Br, and Cr (all converted to J 
equivalent) are the vibrational, symmetry, and rotational constants, 
respectively, for a diatomic or polyatomic molecule.

In this study complete electronic energy level sets are 
implemented for single atoms and ions, but only the ground state 
level is considered for diatomic and polyatomic molecules. This 
is assumed to be a reasonable approximation, since these species 
are generally present only at low temperatures where electronic 
excitation is limited compared to vibrational and rotational states.

Ionisation energy lowering
The ionisation energy required to remove a single electron from a 
particle is a constant for that particular species when considered 
in isolation. However, in a mixture of different species and free 
electrons, the ionisation energy is lowered by a small amount 
due to local electrostatic shielding effects. This affects both the 
calculation of the partition functions (the summation of electronic 
state contributions for monatomic species ignores states with 
energies above the lowered ionisation energy) and the calculation of 
equilibrium plasma compositions (the equilibrium relationships are 
defined using the reference energy levels for each species, which in 
turn depend on the lowered ionisation energies). Ionisation energy 
lowering is a complex problem in plasma physics, but there exist 
many approximate methods for quantifying this effect using the 
theory of Debye-shielded potentials. Provided the same method is 
used for all species, the calculation errors generally remain small 
(Boulos et al., 1994). 

In the present work an approximate analytical solution is 
used (Stewart, Pyatt, 1966). In this method, the ionisation energy 
lowering for each charged species is calculated explicitly using:

	
[8]
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Here, δIe,i is the ionisation energy lowering of species i (in J), ai 
is the ion-sphere radius of species i, lD is the Debye sphere radius, z* 
is the effective charge number in a plasma consisting of a mixture of 
species of different charges, zj is the charge number of species j, nj is 
the number density (particles per cubic meter) of species j, and e is 
the elementary charge. 

It should be noted that the method of Griem has been used 
extensively for previous work in the field (Griem, 1964), and slight 
differences may exist compared to the method of Steward and Pyatt 
used here.

Thermodynamic properties
Given a plasma composition in terms of number densities ni, the 
mass density ρ, the enthalpy H, and the heat capacity CP can be 
calculated directly.

Plasma density
The plasma mass density is a straightforward calculation:

	 [9]

Where Mi is the molar mass of species i in kg/mol, and NA is 
Avogadro’s constant.

Plasma enthalpy
Calculation of the plasma enthalpy at a particular temperature, 
pressure, and species composition is performed using the statistical 
mechanics definition of internal energy:

	 [10]

Where U is the internal energy in J for a single particle of a 
particular species, Qj are the various kinds of partition functions 
making up Qtot for the species, and β = 1/kB T. Formulae for U of 
various plasma species are thus readily produced using the partition 
function expressions given earlier. Once the internal energy is 
known, enthalpy can be calculated from its definition:

	 [11]

When multiple species are present, the relative reference energy 
for each species must also be included. Application of the ideal gas 
law to the pV term then gives:

                                                                     [12]
Where Hi is the enthalpy of species i in J per particle. Summing 

over all component species of a plasma and dividing by the density 
then gives the specific enthalpy of the mixture in J/kg:

	 [13]

It is important to note that the values obtained may be relative 
to an arbitrary non-zero value in general, and caution should be 
exercised when comparing enthalpy calculations for different 
mixtures.

Heat capacity
Direct calculation of CP given an arbitrary plasma composition is 
possible if some knowledge of the reaction paths between species 
is also supplied. Although any set of consistent reaction paths will 
give the same result at equilibrium, choosing one actual set of paths 
from the many possible options implies that it represents reality, 
and this is certainly open to some debate. It is therefore simpler to 
avoid the need for any such choices by calculating heat capacity 
using a numerical derivative of the mixture enthalpy around the 
temperature of interest:

	 [14]

Transport properties
Transport properties of plasmas are calculated using Chapman-
Enskog theory developed from the principles of statistical 
mechanics. This is well described in (Chapman, Cowling, 1990; 
Devoto, 1966).

Collision integrals
For the calculation of transport properties of a mixture of particles 
in a dilute phase such as gas or plasma as a function of temperature 
and pressure, information is needed about both the composition 
of the mixture in terms of the species present, and the nature 
of collisions between pairs of particles. The former is obtained 
from free energy minimisation procedures described in the 
aforementioned, and the latter is described using quantities called 
collision integrals. Collision integrals are calculated as the effective 
geometric cross section between a given pair of particles, which is in 
general dependent on the physical nature of each particle as well as 
their closing velocity. 

Table 1
Partition function expressions
Partition function Monatomics Diatomics Polyatomics Electrons

Qt, 1/m3

Qe, dim’less g0 g0 2

Qv, dim’less 1 1

Qr, dim’less 1 1
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The collision integral in terms of integer moments l and s is 
derived from the gas-kinetic cross section σij (χ,g) by two successive 
integrations as follows (Chapman, Cowling, 1990):

	 [15]

	 [16]

Where χ is the collision deflection angle, g is the closing velocity, 
and:  

	 [17]

Where mr is the reduced mass of the colliding pair, and mi are the 
particle masses. In general, collision integrals depend in complex 
ways on the interaction potential between the colliding pair, which 
may have both classical and quantum mechanical components. 
As they are often difficult to calculate efficiently in closed forms, 
this has led to the development of many approximate or empirical 
expressions for various types of collisions. In the present work we 
distinguish different collision-pair types as shown in Table 2.

Elastic collision integrals Θnn/in for collisions between neutral 
heavy species or neutrals and ions are calculated using the empirical 
formulae of Laricchiuta et al. (2007). These were obtained by fitting 
to classical trajectory models using an extended and generalised 
Lennard-Jones type potential. The Laricchiuta expressions have the 
advantage of depending on only a few fundamental properties of 
the colliding species: their polarisability, the effective number of 
electrons contributing to polarisation, and the charge number in the 
case of neutral-ion collisions. 

	 [18]

In these expressions rLJ and єLJ are parameters related to the 
Lennard-Jones potential used and are defined in terms of the 
colliding species' polarisabilities, effective electrons, and charge 
if applicable. Ai are polynomials in a parameter called 'softness', 
which is determined from the species' polarisabilities. A full 
description of the model including tabulations of the polynomial 
coefficients for (l,s) in the range 1 to 4 is available in (Laricchiuta et 
al., 2007).

The inelastic resonant charge transfer integral Θtr is only used 
for collisions between first ions and neutrals of the same species. It 
is obtained from approximate quantum mechanical calculations of 
an electron moving in the potential between two identical nuclei 
(Devoto, 1967; Rapp, Francis, 1962; Smirnov, 1971):

	 [19]

R is the universal gas constant, M is the molar mass of the 
species, and Ie is its first ionisation energy in eV.

For collisions between charged particles, the collision integral 
Θc is calculated from classical trajectories of charges moving in a 
Coulombic potential. This is found to depend on a quantity called 
the Coulomb logarithm, In Λ Approximate empirical expressions 
are available for In Λfor three important classes of collisions: 
electron-electron, electron-ion, and ion-ion. For the temperature 
ranges of interest in thermal plasma calculations, and assuming LTE 
conditions, these are (Richardson, 2019:

	 [20]

	 [21]

	 [22]

The appropriate expression for l Λ is then used to calculate the 
overall collision integral for charged particles (Devoto, 1967), where 
γ is the Euler gamma constant:

	 [23]

Calculation of the electron-neutral collision integral Θe from 
first principles is an extremely complex process and requires 
detailed knowledge of quantum mechanical properties of the target 
species. The complexity also increases rapidly as the atomic mass 
of the target increases and multiple excited states become relevant. 
For the present work a simple empirical formulation was developed 
instead, which can be fitted to experimental or theoretical data to 
obtain an estimate of the collision integral for the neutral species of 
interest:

	 [24]

In cases where insufficient data is available, a very crude hard 
sphere cross section approximation can be made by specifying only 
D1 and setting the remaining Di to zero. In all other cases, the Di are 
fitted to momentum cross section curves obtained from literature 
sources. Performing the second collision integral integration step 
from Equation 16 then yields:

	 [25]

Table 2
Collision integrals for interaction between different particles

Neutral Ion Electron

Neutral

Ion

Electron
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In the Chapman-Enskog formulation, the solutions to the 
Boltzmann transport equation are found to depend on quantities 
called bracket integrals. The bracket integrals are expanded using 
associated Laguerre polynomials, approximated to a specified 
number of terms indicated by integers m and p (Chapman, 
Cowling, 1990). This produces expressions, which are functions of 
the particle masses, concentrations, and collision integrals. These 
expressions are then combined in a matrix representing the set of 
binary collisions between all species in the plasma at a given level 
of approximation. For example, the matrix entries for the lowest 
approximation level are given by:

	 [26]

Where δij is the Kronecker delta. Full q matrix entry expressions 
for m and p from 0 to 3 are available in the appendices of Devoto 
(1966). Different expressions are used depending on whether the 
property being calculated is related to mass or momentum transport 
– in the present work Devoto’s convention is adopted and they are 
indicated as and , respectively.

Mass and thermal diffusion coefficients
Although not generally of direct interest in equilibrium calculations 
where diffusion kinetics do not play a role, the binary and thermal 
diffusion coefficients are an important intermediate calculation step 
for other properties of interest. As per Devoto (1966) we have:

	 [27]

	 [28]

Where the a and c values are calculated by solution of the linear 
systems:

	 [29]

	 [30]

The indices i, j, h, and k range over the number of species 
present in the plasma and indices m and p range from 0 to M̀ , the 
maximum q-matrix approximation level.

Plasma viscosity
As per Devoto (1966), viscosity μ of a plasma mixture is given by:

	 [31]

Where values for b are obtained from the solution of the linear 
system:

	 [32]

Plasma electrical conductivity
Although conduction by ions does contribute to the overall 
electrical conductivity σ of a plasma mixture, the effect is generally 
very small due to the large mass difference between electrons and 

ionic species and can be neglected. Using this approximation, we 
have per Devoto (1966):

	 [33]

Where n is the total number density of the plasma in particles per 
m3, and Dej are the binary diffusion coefficients of electrons relative 
to the heavy species.

Plasma thermal conductivity
The effective heat flux in equilibrium plasmas is a combination of 
several terms describing molecular transport, thermal diffusion, 
and chemical reaction. These can be rearranged in a variety of ways 
depending on the application, but one of the forms given in Devoto 
(1966) is particularly useful:

	 [34]

If we consider an equilibrium system at constant pressure and 
with no external forces, we have:

	 [35]

Where xj are the mole fractions of the species present in the plasma. 
By substituting Equation 35 into 34, the total thermal conductivity 
κ can be expressed as the pre-multiplication factor to ∇T in the heat 
flux expression:

	 [36]

The molecular thermal conductivity κ' is determined using the a 
values obtained from Equation 30:

	 [37]

As in the case of the plasma heat capacity it is possible to 
develop analytical expressions for the term if some assumptions 
are made about reaction pathways, but as before this can be avoided 
simply by evaluating the derivative numerically at the temperature 
of interest:

	 [38]

Radiation properties
Thermal radiation in plasmas is an extensive topic of study 
on its own and covers a broad range of phenomena including 
line emission and absorption, continuum radiation, quantum 
mechanical effects, and many others. These are well documented 
in references such as (Boulos et al., 1994). Calculation of radiation 
behaviour becomes highly complex when absorption effects are 
considered – in the present work these effects are not explored, and 
only an estimate of the total emission coefficient is calculated. It 
should be noted that particularly in the case of metallic atoms and 
ions, line broadening and the associated absorption effects can be 
very strong indeed and the results here should therefore be taken as 
indicative of relative behaviour only. 
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For certain analyses, radiation emission can be combined 
with thermal conductivity to produce a lumped effective thermal 
conductivity κeff. This is a useful approximation for simple analytical 
calculations in optically thick plasmas where reabsorption of 
emitted radiation is high, and a rigorous treatment of the radiation 
transport is not practical. In such cases, κeff values including 
radiation diffusion terms can be orders of magnitude higher than 
the true thermal conductivity (Howell et al., 2020).

Total radiation emission coefficient
To a good first approximation in the temperature ranges of interest 
to thermal plasma applications, the total emission from a plasma 
mixture can be assumed to be purely line radiation from transitions 
between excited states in the constituent species. This can be 
calculated simply by integrating over wavelengths between 0 and 
∞ for each line in the emission spectrum for each species and 
summing the results. As per Boulos et al. (1994), the formula for 
atomic species is:

	 [39]

Line wavelengths λj,L, state degeneracies gj,L, transition 
probabilities , and energy levels Ej,L are readily available for most 
elements in atomic spectroscopy databases. 

Similar expressions can be developed for molecular species, but 
these are neglected here as they are only present at very low plasma 
temperatures where the total emission is relatively small, and some 
inaccuracy can be tolerated. The emission spectrum for molecules 
is also predominantly from rotational and vibrational modes, and 
these generally have much smaller values than those of the 
electronic emission lines of atoms and ions.

Software implementation
The plasma properties calculations described in the aforementioned 
have been implemented in an open source software package for 
the Python programming language, 'minplascalc'. The package 
uses a flexible object-oriented representation of plasma species 
and mixtures to perform a range of LTE calculations on arbitrary 
mixtures, assuming data for the constituents are available. 
Direct calculation of plasma properties is implemented using 
high-level functions, improving repeatability and providing a 
simple and straightforward user experience. The code is under 
active development, and along with documentation and usage 
instructions, is available online (Reynolds, Sandrock, 2024).

Results and discussion
In this section we present new results from thermochemical 
modelling and plasma property calculations for a range of DC arc 
furnace smelting processes, all of which were tested to large pilot 
plant scale at Mintek during the period from 1970 to 2020. 

In each case the procedure was to first calculate the equilibrium 
gas composition over the process using FactSage software, and 
then pass the elemental gas composition into the minplascalc 

software to calculate the thermophysical properties of the plasma 
at arc temperatures. The FactSage calculations are performed 
at a range of different slag temperatures between the typical 
operating temperature for the process and the effective vaporisation 
temperature (the lowest temperature at which all process material 
is in the gas phase). This reflects the possibility of very large 
temperature gradients in the slag bath in the vicinity of the arc 
attachment zone in DC furnaces (Barcza et al., 1990). 

Thermochemical simulations were done using FactSage 8.3. In 
all simulations, the FactPS database was used to represent selected 
pure solid species, while the gas phase was modelled with the 
gaseous ions option enabled. For the slag phase in all simulations, 
the FTOxid database was used. For the ferrochromium, ilmenite, 
and ferronickel processes the SGTE alloy solution database was 
employed, while for the Conroast, Enviroplas, and Mintek Thermal 
Magnesium processes, the metallic and/or matte solutions were 
approximated using the FTmisc database. 

Species data for plasma property calculations in minplascalc was 
obtained from various sources as listed in Table 3 and Table 4: 

(a) �NIST Atomic Spectra Database (Kramida and Ralchenko, 
1999).

(b) NIST CCCBDB (Johnson, 2022).
(c) �New ab initio calculations conducted for the present work 

(see further description in the following).
(d) LXCat (Carbone et al., 2021).
(e) �Estimated using empirical polarisation potentials 

(Laricchiuta et al., 2007).
Additional information was also sourced from NIST Chemistry 

Webbook (Linstrom, 1997).
Data flagged as (c) were obtained from computations using 

density functional theory employing the PBE0 hybrid exchange 
functional (Adamo, Barone, 1999) and the aug-cc-pVTZ basis sets 
(Balabanov, Peterson, 2005; Hill, Peterson, 2017; Kendall et al., 1992; 
Prascher et al., 2011; Woon, Dunning, 1993). Pseudopotentials 
comprising aug-cc-pVTZ-PP basis functions (Peterson, 2003) for 
valence electrons and the associated relativistic small-core Stuttgart/
Cologne pseudopotential functions (Metz et al., 2000) were used to 
describe the elements Sn and Pb. Basis sets and pseudopotentials 
not available by default in the software were obtained from online 
databases (Feller, 1996; Pritchard et al., 2019; Schuchardt et al., 
2007). All computations were performed using Gaussian 16 (Frisch 
et al., 2016).

Static polarisabilities were calculated analytically using the 
Kohn-Sham equivalent of the Coupled Perturbed Hartee-Fock 
equations. Adiabatic ionisation energies Ie were calculated at 0 K 
from electronic energies of the neutral (Eneutral) and cationic (Ecation) 
form of each plasma species, corrected for zero-point energy (ZPE), 
as Ie = Ecation – Eneutral.

Dissociation energies at 0 K were likewise calculated from the 
difference in the ZPE-corrected energies of the constituent atoms 
and the parent molecule, each in their lowest energy spin states. 

Table 3
Data sources for monatomic species
Species Energy levels Emission lines Polarisability Ionisation energy Electron cross section
Ar, Arz+ (a) (a) (b) (a) (d)
C, Cz+, Cu, Cuz+, H, H+, Mg, Mgz+, O, Oz+ (a) (a) (c) (a) (d)
Al, Alz+; Ca, Caz+; Co, Coz+; Cr, Crz+; Fe, Fez+; 
Mn, Mnz+; Ni, Niz+; Pb, Pbz+; S, Sz+; Si, Siz+; Ti, 
Tiz+; Zn, Znz+

(a) (a) (c) (a) (e)
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ZPE and fundamental vibrational frequencies were scaled by a 
factor of 0.962 to correct for anharmonicity and deficiencies in the 
level of theory (Johnson, 2022).

DC ferrochromium process
DC arc furnace smelting technology for the production of 
ferrochromium has been in industrial use for over forty years, with 
its first implementation dating back to 1984 (Barcza, 1986). This 
technology evolved to address the ‘fines problem’ encountered by 
South African ferrochrome producers, where the availability of 
traditional lumpy ore was diminishing, and the friable nature of 
the remaining ores led to the generation of high proportions of 
fines. DC smelting offered an efficient solution by processing these 
fine materials without the need for agglomeration. The process 
can be optimised for high efficiencies due to the high-intensity arc 
attachment zone in the open-arc furnace. Ferrochrome production 
occurs at very high temperatures, where chromite ore, along with 
fluxes such as lime and silica, reacts with a carbonaceous reducing 
agent. Slag modifiers are used to adjust the liquidus temperature 
and viscosity of the slag, ensuring optimal metal recovery. In a 
DC operation, maintaining a continuous balance of power and 
feed is crucial, with the arc attachment zone acting as the engine 
room where these elements are harmonised to meet the smelting 
objectives. The bulk chemistry of the slag and metal bath in the DC 
smelter is fairly uniform, enabling high metal conversion, while the 
configuration minimises metal entrainment in the slag, resulting in 
high metal recoveries. Because the power input in a DC arc smelting 
furnace is relatively independent of slag properties, it is possible to 
adjust the slag composition to optimally recover metal and produce 
a desired product, such as one with lower or higher silicon content. 
Over the years DC smelting for ferrochrome production has 
matured, with power ratings of installations increasing from 12 MW 
to 72 MW.

Thermochemical simulations in FactSage were based on the 
composition of South African MG ore (42.9% Cr2O3), for which the 
full composition can be found in (Geldenhuys, 2013). Anthracite 
with a dry fixed carbon content of 83.5%,  6.5% volatiles, 10% ash, 
and 2% moisture was assumed to be the reductant for the process; 
the detailed composition of the reductant ash can be found in the 

patent of Denton and Schoukens (1993). For these simulations the 
small amounts of Na, K, P, and V oxides in the ore and reductants 
were ignored. For 100 kg of ore, it was assumed that 13 kg of CaO, 
8.6 kg of SiO2, and 22 kg of anthracite reacts in the DC furnace at 
slag temperatures between 2023 K and the vaporisation temperature 
of 3590 K, with a simulated step size of 25 K. The choice of fluxing 
was guided by slag composition targets from Geldenhuys (2013). 
Volatiles were approximated as CH4. In FactSage, the option 
to calculate all transitions was also enabled; this aids in finding 
appropriate points where phase transitions such as boiling take 
place.

For calculation of the plasma properties the minplascalc species 
set included Al, C, Ca, Cr, Fe, H, Mg, O, Si, Ti, Al+, C+, Ca+, Cr+, 
Fe+, H+, Mg+, O+, Si+, Ti+, Al2+, C2+, Ca2+, Cr2+, Fe2+, Mg2+, O2+, 
Si2+, Ti2+, Al3+, C3+, Ca3+, Cr3+, Fe3+, Mg3+, O3+, Si3+, Ti3+, SiO, 
FeO, MgO, CaO, CrO, AlO, CO2, H2O, CO, O2, OH, and H2. For a 
selection of slag temperatures over the range shown in Figure 4, the 
calculations were run between 2000 K and 30000 K at a pressure of 
one atmosphere. The results are given in Figure 5, with properties of 
pure CO plasma as a reference.

In ferrochromium smelting there is a clear distinction in plasma 
properties generated by gas formed by slag at temperatures Ts > 2400 
K, and those for Ts < 2400 K. This is because very few of the metallic 
species apart from magnesium evaporate below this temperature, 
and the plasma gas is mainly carbon monoxide with some hydrogen 
from moisture and volatiles in the feed. The properties in this 
range are quite close to those of pure CO, with the exception of the 
radiation emission coefficient and electrical conductivity – these 
both show significant deviations at plasma temperatures of 3000 K 
to 7000 K, which are important for arc behaviour. This is likely due 
to the presence of trace amounts of magnesium in the gas phase 
even at relatively low process slag temperatures.

DC ilmenite process
Ilmenite is smelted to produce TiO2-containing titania slag, 
primarily for pigment production (Pistorius, 2008). In South Africa, 
ilmenite from beach sands is a prime example of deposits not 
amenable to direct processing due to their high iron content. The 
smelting process acts as a concentration step at high temperatures 

Table 4
Data sources for diatomic and polyatomic species
Species Vibration and rotation constants Polarisability Electron cross section
CO, CO2, H2O, O2, SO2 (c) (c) (d)
AlO, CaO, CrO, FeO, MgO, NiO, OH, PbO, SO, SiO, TiO (c) (c) (e)
H2 (b) (b) (d)
SiS (b) (b) (e)

Figure 4—(l) Thermochemical calculation of elemental composition of the gas phase during DC ferrochromium smelting, (r) example plasma species composition 
calculation at Ts = 2806 K with Fe and Cr species highlighted
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whereby iron is rejected through carbothermic reduction, yielding 
an economically valuable by-product, while the stable titania oxide 
is concentrated in the slag. Initially developed from ironmaking 
processes, the smelting of titaniferous feedstocks saw significant 
advancement in the 1950s with the commissioning of large 
electric furnaces at Sorel in Canada, designed to smelt low-grade 
titaniferous deposits in Quebec into titania-rich slag. The high 
electrical conductivity of titania slags and the need for precise slag 
composition control make conventional submerged-arc technology 
unsuitable, as carbon-based electrodes would come into direct 
contact with the melt. This high conductivity also limits heat 
generation through resistance, leading to the adoption of open-
arc mode for large-scale smelting of titania-rich slags. The Sorel 
process was replicated in South Africa at Richards Bay Minerals in 
the mid-1970s for processing beach sand concentrate in six-in-line 
rectangular AC furnaces. 

The application of DC smelting for ilmenite emerged in the 
mid-1990s as an alternative to the Sorel and Richards Bay furnace 
technologies. Led by Mintek and the Anglo American Corporation, 
DC technology was first implemented at Namakwa Sands on the 
West Coast of South Africa. These DC smelters, despite their smaller 
furnace capacities compared to the larger six-in-line furnaces, are 
economically viable and offer a flexible alternative to mega-scale 
furnace technology, enabling new producers to enter the slag market 
and providing operations with the flexibility that multiple smaller 
units offer. The metallurgical process is technologically agnostic, 
but with a single electrode and DC power, the control of the open-
arc operation is arguably simpler in the DC units compared to the 
larger six-in-line furnaces. Unlike ferrochrome production, the 
selection of DC technology for ilmenite smelting is not driven by 
substantial process benefits, but the DC furnace offers a smaller 
footprint and greater operational flexibility. This has made it an 
attractive alternative, especially in South Africa, where four such 
furnaces operate with power ratings ranging from about 25 MW to 
35 MW (Geldenhuys et al., 2021).

For FactSage simulation of the ilmenite process the composition 
of the ore and anthracite as per the patent of Denton and Schoukens 

(1993) was used, excluding the small amounts of V, Na, K, and 
P oxides that were used as inputs to the simulation. Test series 
C in the patent was chosen as an example case, normalised to 
100 kg of ore and 13.9 kg anthracite. This process is considered 
fluxless. Simulations were done from 1873 K to the vaporisation 
temperature of 3659 K in this case, with the same step size as for 
other simulations.

For calculation of the plasma properties the minplascalc species 
set included Al, C, Ca, Cr, Fe, H, Mg, Mn, O, Si, Ti, Al+, C+, Ca+, 
Cr+, Fe+, H+, Mg+, Mn+, O+, Si+, Ti+, Al2+, C2+, Ca2+, Cr2+, Fe2+, 
Mg2+, Mn2+, O2+, Si2+, Ti2+, Al3+, C3+, Ca3+, Cr3+, Fe3+, Mg3+, Mn3+, 
O3+, Si3+, Ti3+, SiO, FeO, AlO, TiO, CO2, H2O, CO, O2, OH, and 
H2. For a selection of slag temperatures over the range shown in 
Figure 6, the calculations were run between 2000 K and 30000 K at 
a pressure of one atmosphere. The results are given in Figure 7, with 
properties of pure CO plasma as a reference.

In ilmenite smelting the process gas composition at low slag 
temperatures is again close to pure carbon monoxide, with some 
added hydrogen from contaminants in the feed material. The 
plasma properties are very similar to those of pure CO up to Ts ≈ 
2300 K, after which they deviate significantly as metallic species 
begin to evaporate in significant quantities. It is interesting to note 
the appearance of multiple peaks in the plasma CP and κ curves as 
Ts increases – this is likely due to the introduction of Ti species into 
the gas at high slag temperatures. 

DC ferronickel process
Laterites and other oxidised nickel ores constitute a significant 
portion of global nickel reserves and typically require calcining 
prior to smelting, which generates calcine consisting of fine particles 
as the ores decompose during calcining. Smelting nickel laterite ores 
to produce ferronickel involves a trade-off between recovery and 
grade. A carbonaceous reductant is added to calcined laterite ore to 
reduce both iron and nickel. By selectively reducing iron, the slag 
and alloy composition can be adjusted to optimise nickel recovery 
while minimising excessive iron reduction. Increased reduction 
enhances nickel recovery but can dilute the nickel grade with iron. 

Figure 5—Thermophysical properties of plasmas generated from process gas in DC ferrochromium smelting
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The degree of reduction and the nickel-to-iron ratio of the feed 
material determine the alloy product grade and generally the trade-
off considers, nickel recovery, slag properties (especially for low 
Fe ores), the mass of the metal product, and the grade. A notable 
feature of ferronickel smelting is the high slag-to-metal ratio, which 
means that a significant portion of the smelting energy is used to 
generate the nickel-depleted slag. 

In the early 1990s, a DC smelting route for producing unrefined 
ferronickel from nickel-containing laterite was developed at Mintek 
(Lagendijk, Jones, 1997). In this process, lateritic material, along 
with a carbonaceous reducing agent, is fed into the central region of 
the molten bath in a cylindrical DC arc furnace. The high-intensity 
arc attachment zone in the DC furnace allows for processing nickel 
laterites with a wide compositional range, making high-intensity 
processing of fines a key feature of this technology. The DC arc 
efficiently attracts fines into the smelting zone, where high-intensity 
smelting is maintained through power-to-feed balance. 

Traditional ferronickel smelting in rectangular furnaces also 
evolved to use arc smelting but with what is described as a shielded 
arc operation. These operations manage feed cavity formation 
around the electrodes using multiple feed zones and experience. The 
shift to high-voltage operation was driven by the need to increase 
smelting intensity, which was limited in immersed mode (Matyas 
et al., 1993). The transition to open-arc (high-voltage) operation 
significantly enhanced smelting intensity for ferronickel smelters 

who opted for this type of operation. DC smelting represents a 
high-intensity version of current technology, offering an alternative 
flowsheet with direct smelting of hot, prereduced fine calcine. This 
approach reduces electrical energy requirements and offers a high 
intensity smelting unit. As is the case for ilmenite smelting, DC 
technology for ferronickel offers a high-intensity alternative to 
mega-scale six-in-line rectangular furnaces, but the metallurgical 
basis is the same. The single-electrode design of the DC furnace 
is mechanically less complex while providing intense processing 
capabilities with proven capacity to pull fines into the high intensity 
arc zone.

For the ferronickel case, FactSage simulations were performed 
based on information by Lagendijk and Jones (1997). The 
composition of the nickel laterite fines (1.96% NiO) and charcoal 
given in aforementioned paper was used as is. The feed used in 
simulations was 100 kg ore, with 5 kg of charcoal. The amount 
of charcoal was adjusted slightly from the paper to match the 
simulated composition of metal with that in the paper, which in this 
case, was 23.3% Ni, condition D5 from Lagendijk and Jones (1997). 
Simulations were run from 1873 K to the vaporisation temperature 
of 3646 K with the same step size as for other simulations.

For calculation of the plasma properties the minplascalc species 
set included Al, C, Ca, Cr, Fe, H, Mg, Mn, Ni, O, Si, Al+, C+, Ca+, 
Cr+, Fe+, H+, Mg+, Mn+, Ni+, O+, Si+, Al2+, C2+, Ca2+, Cr2+, Fe2+, 
Mg2+, Mn2+, Ni2+, O2+, Si2+, Al3+, C3+, Ca3+, Cr3+, Fe3+, Mg3+, Mn3+, 

Figure 7—Thermophysical properties of plasmas generated from process gas in DC ilmenite smelting

Figure 6—(l) Thermochemical calculation of elemental composition of the gas phase during DC ilmenite smelting, (r) example plasma species composition 
calculation at Ts = 2766 K with Fe and Ti species highlighted
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Ni3+, O3+, Si3+, SiO, NiO, FeO, MgO, CaO, CrO, AlO, CO2, H2O, 
CO, O2, OH, and H2. For a selection of slag temperatures over the 
range shown in Figure 8, the calculations were run between 2000 K 
and 30000 K at a pressure of one atmosphere. The results are given 
in Figure 9, with properties of pure CO plasma as a reference.

As another traditional carbothermic oxide smelting process, 
ferronickel shows somewhat similar behaviour to the previous two 
cases. For Ts < 2300 K the species present are again predominantly 
carbon, oxygen, and hydrogen, albeit in different ratios due to the 
higher moisture content of the feed material in this case. Due to the 
different ratios, the properties already deviate quite substantially 
from those of pure CO in this region. For slag temperatures above 
2300 K, a familiar pattern is seen where increasing evaporation 
of metallurgical atomic and molecular species results in drastic 
changes in the plasma properties, especially for important 
parameters like σ and εtot, which have a large influence on the 
electrical and thermal behaviour of the arc.

ConRoast Platinum Group Metal (PGM) process
The ConRoast process is designed to significantly reduce or 
eliminate sulphur emissions from sulphide smelting by roasting 
sulphide-bearing ores prior to smelting (Jones, 2015). This process 
can be applied to various ores such as nickel sulphides and precious 
metal sulphides, and is particularly relevant in South Africa’s PGM 
industry where traditional matte smelting is commonly used.

In conventional PGM smelting, PGM-bearing sulphide 
concentrates are typically melted without the addition of a 
reductant. Base metal sulphides separate from gangue oxides and 
PGM concentrate in the matte phase, which is then tapped for 
further processing – this includes slow cooling, converting, and 
refining. The ConRoast process offers an alternative approach by 
roasting (oxidising) the concentrate before the reductive smelting 
step. The premise is to selectively reduce iron oxide and associated 
base metal oxides (such as nickel, copper, and cobalt) to the metallic 
state, and collecting the PGM in the iron-rich alloy. Due to their 
high affinity for iron, high recoveries can be achieved for PGM. In 
addition, by removing sulphur before the smelting and converting 
stages ConRoast effectively eliminates downstream sulphur 
emissions associated with traditional PGM smelting operations.

The iron alloy produced in the ConRoast process has a higher 
liquidus temperature than traditional matte. A major contributor 
to the higher slag liquidus in South African concentrates is the 
presence of UG2 concentrates, which result from dual production 
streams of chromite and PGM mining. UG2 concentrates are 
lower in sulphur and base metals and contain significant residual 
chromite, which raises the slag's liquidus temperature. Traditional 
matte smelters manage this 'chrome problem' by increasing the 
temperature and controlling the chrome content in the feed blend. 
In the reductive environment of the ConRoast process, chromium 
predominantly reports to the slag, effectively rejecting chrome 
during smelting without the adverse effects associated with matte 

Figure 8—(l) Thermochemical calculation of elemental composition of the gas phase during DC ferronickel smelting, (r) example plasma species composition 
calculation at Ts = 2734 K with Fe and Ni species highlighted

Figure 9—Thermophysical properties of plasmas generated from process gas in DC ferronickel smelting



Plasma soup for the pyrometallurgist’s soul

140 MARCH 2025 	 VOLUME 125	 The Journal of the Southern African Institute of Mining and Metallurgy

smelting. The mild reducing conditions required for high PGM 
and base metal recoveries do not lead to extensive chromium oxide 
reduction, ensuring that chrome remains in the slag phase.

By roasting the concentrate upfront, most of the sulphur 
emissions can be contained at a single point. This also allows for 
hot-feeding the furnace directly from the roaster, which reduces 
the electrical energy requirement. This process also increases the 
potential for using a higher ratio of oxide-rich ores in the blend, 
unlocking access to potentially lower cost feed stocks. DC furnace 
technology is the preferred embodiment for implementing the 
ConRoast process due to the ultra-fine nature of PGM ores, where 
dust losses have a significant economic impact due to the value of 
the precious metals content. The alloy smelting process provides a 
high-intensity, efficient smelting method to process PGM-bearing 
ores without the environmental and health impacts associated with 
sulphur emissions throughout the plant and addresses several of the 
typical challenges faced by the industry.

For FactSage simulation of the DC furnace reductive smelting 
step of the ConRoast process, it was assumed that 100 kg of roasted 
concentrate reacted with 5 kg of high-grade coke (99.5%C, 0.5% 
volatiles). The concentrate composition was based on the roasted 
concentrate analysis with 0.25% S as reported by Jones (2002). 
Simulations were run from 1923 K to the vaporisation temperature 
of 3716 K with the same step size as for other simulations.

For calculation of the plasma properties the minplascalc species 
set included Al, C, Ca, Co, Cr, Cu, Fe, H, Mg, Ni, O, S, Si, Al+, C+, 
Ca+, Co+, Cr+, Cu+, Fe+, H+, Mg+, O+, Ni+, S+, Si+, Al2+, C2+, Ca2+, 

Co2+, Cr2+, Cu2+, Fe2+, Mg2+, Ni2+, O2+, S2+, Si2+, Al3+, C3+, Ca3+, 
Co3+, Cr3+, Cu3+, Fe3+, Mg3+, O3+, Ni3+, S3+, Si3+, SiS, SiO, NiO, FeO, 
MgO, CaO, CrO, AlO, CO2, H2O, SO2, CO, O2, OH, SO, and H2. 
For a selection of slag temperatures over the range shown in Figure 
10, the calculations were run between 2000 K and 30000 K at a 
pressure of one atmosphere. The results are given in Figure 11, with 
properties of pure CO plasma as a reference.

Due to the presence of sulphur compounds in trace amounts, 
the ConRoast smelting process generates chemically complex gas 
phases and resulting plasmas. Despite this, a similar pattern to the 
previous three cases is observed as Ts increases, with properties 
initially tracking close to those of pure CO (with the exception 
of σ and εtot at low plasma temperatures – silicon evaporation 
contaminates these plasmas from relatively low slag temperatures 
and affects these two properties disproportionately). At Ts > 2500 
K multiple metallic species begin to evaporate, and this produces 
a large amount of nonlinearity in the heat capacity and thermal 
conductivity curves particularly.

Enviroplas zinc recovery process
The Enviroplas process is designed for the treatment of solid 
waste products from the metallurgical industry without requiring 
agglomeration before smelting (Abdel-latif, 2002). The process is 
based on the carbothermic reduction of selected metal oxides in 
these undesirable by-product materials (e.g., nickel, chrome, and 
zinc oxides). The smelting step occurs at high temperatures and 
with the preferred implementation using a DC arc furnace offers a 

Figure 10—(l) Thermochemical calculation of elemental composition of the gas phase during ConRoast DC PGM smelting, (r) example plasma species composition 
calculation at Ts = 2819 K with Fe species highlighted

Figure 11—Thermophysical properties of plasmas generated from process gas in ConRoast DC PGM smelting
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flexible solution across a wide range of problematic materials. The 
primary objectives of the process are to produce a non-hazardous 
disposable slag and, when processing undesirable by-products from 
stainless steel operations (e.g., AOD dust or similar), to recover 
chromium and nickel into a crude ferroalloy. Both the metal and 
slag are tapped from the furnace in liquid form. 

For materia ls with high zinc content, such as lead blast furnace 
slags and EAF dusts, the goal is to recover zinc in the furnace 
off-gas fume while ensuring low levels of zinc in the discard slag. 
Zinc-rich fume can either be combusted to produce solid ZnO or 
routed through a condenser to recover metallic zinc, and the slag 
can be conditioned to achieve the same basicity index as typical 
blast furnace slag, making it potentially suitable for use as a cement 
extender when granulated. Both process routes were successfully 
demonstrated at Mintek in the 1990s.

The DC arc furnace fuming stage for the Enviroplas zinc process 
was simulated in FactSage based on the parameters and composition 
for a premelter slag given in the patent for the process (Barcza et al., 
1996). It was assumed that 100 kg of premelter slag is fed to the DC 
furnace with 3 kg coke. The temperature range for simulations was 
1723 K to the vaporisation temperature of 3769 K.

For calculation of the plasma properties the minplascalc species 
set included Al, C, Ca, Cu, Fe, H, Mg, O, Pb, Si, Zn, Al+, C+, Ca+, 
Cu+, Fe+, H+, Mg+, O+, Pb+, Si+, Zn+, Al2+, C2+, Ca2+, Cu2+, Fe2+, 
Mg2+, O2+, Pb2+, Si2+, Zn2+, Al3+, C3+, Ca3+, Cu3+, Fe3+, Mg3+, O3+, 
Pb3+, Si3+, Zn3+, SiO, FeO, MgO, CaO, AlO, PbO, CO2, H2O, CO, 
O2, OH, and H2. For a selection of slag temperatures over the range 

shown in Figure 12, the calculations were run between 2000 K and 
30,000 K at a pressure of one atmosphere. The results are given in 
Figure 13, with properties of pure CO plasma as a reference.

The Enviroplas process intentionally recovers the primary 
product, zinc, to the gas phase in the DC fuming furnace step. As 
a result of this, the plasma properties are considerably different 
to those of pure carbon monoxide across the entire range of 
Ts. In particular, the electrical conductivity is higher at plasma 
temperatures between 5000 and 12,000 K, and the radiation 
emission is stronger by up to four orders of magnitude in the same 
range. This is likely to have a large effect on arc behaviour and cause 
some aspects of the electrical and thermal operation of Enviroplas 
furnaces to be significantly different from traditional smelting 
processes.

Mintek Thermal Magnesium Process (MTMP)
The thermal production of magnesium at atmospheric pressure 
was first demonstrated in the late 1980s, with initial test work 
conducted in a DC arc furnace at a scale of 50 kVA to 100 kVA. This 
work paved the way for the development of the Mintek Thermal 
Magnesium Process (Abdel-latif, 2011). Mintek's use of a DC 
open-arc furnace to produce magnesium vapor allows for operation 
at temperatures of 1700°C or higher. These elevated temperatures 
provide a broader selection of slag compositions and feed materials. 
Operating at atmospheric pressure, instead of under a vacuum as 
required by conventional magnesium production processes, enables 
continuous or semi-continuous operation and the possibility of 
scaling up beyond the 10 MW batch units typical of traditional 

Figure 12—(l) Thermochemical calculation of elemental composition of the gas phase during Enviroplas DC zinc smelting, (r) example plasma species composition 
calculation at Ts = 2746 K with Zn species highlighted

Figure 13—Thermophysical properties of plasmas generated from process gas in Enviroplas DC zinc smelting
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methods. By avoiding the use of vacuum conditions, the MTMP 
reduces the risk of air leakage and the subsequent reoxidation of 
magnesium.

The process involves the smelting of calcined dolomite in the 
presence of ferrosilicon at atmospheric pressure. The MTMP is not 
limited by the electrical properties of the slag, allowing the furnace 
to operate at relatively high voltages. The volatilised magnesium is 
captured as liquid metal in a surface condenser unit, which allows 
for periodic tapping of crude magnesium. The ability to operate 
under atmospheric pressure facilitates continuous (or semi-
continuous) operation in large-scale facilities. The MTMP has been 
demonstrated on a 1 MW scale, producing high-purity magnesium 
metal in continuous operation with periodic online cleaning. The 
DC magnesium process is distinct in that the atmosphere of the 
sealed furnace is carefully controlled to minimise oxygen in the 
system. While the Enviroplas process, used for zinc fuming, also 
operates with metallic vapor, it does not require the same level 
of sealing and oxygen evacuation as is necessary for magnesium 
smelting.

The thermochemical simulations for the MTMP were carried 
out in FactSage based on compositions and parameters stated in 
the original process patent (Barcza, Schoukens, 1986). The feed 
consists of 77% calcined dolomite, 13% FeSi, and 10% Al2O3. 
Simulations were carried out assuming the pressure of 85 kPa stated 
in the patent, and the mole fraction of Ar gas was 0.5 at the normal 
operating temperature. Simulations were run from 1923 K to the 
vaporisation temperature of 3873 K with the same step size as for 
other simulations.

For calculation of the plasma properties the minplascalc species 
set included Al, Ar, C, Ca, Fe, Mg, O, Si, Al+, Ar+, C+, Ca+, Fe+, Mg+, 
O+, Si+, Al2+, Ar2+, C2+, Ca2+, Fe2+, Mg2+, O2+, Si2+, Al2+, Ar2+, C3+, 
Ca3+, Fe3+, Mg3+, O3+, Si3+, SiO, FeO, MgO, CaO, AlO, CO, and O2. 
For a selection of slag temperatures over the range shown in Figure 
14, the calculations were run between 2000 K and 30,000 K at a 
pressure of one atmosphere. The results are given in Figure 15, with 
properties of pure CO plasma as a reference.

As mentioned, the MTMP is a somewhat unique case. Similarly 
to Enviroplas, it recovers its primary product – magnesium – as 
a vapour in the gas phase. Unlike any of the preceding cases it 
uses a metallic reductant, which generates no additional gas from 
the reduction reactions, and argon is used as an inert carrier gas. 
The gas phase composition is therefore completely different to 
CO across the entire range of slag temperatures, and the resulting 
plasma properties show this clearly. There is also not much variation 
in the properties over the range of Ts, which is likely due to the 
dominating effect of magnesium, which is present in large fractions. 
Electrical conductivity between 3000 and 12,000 K is extremely 
high, as is the total emission coefficient. Arcs in MTMP furnaces 
are therefore likely to operate very differently indeed, compared to 
traditional carbothermic smelting processes.

Open-access data set
The raw data used to produce the graphs in the aforementioned 
is available online (Reynolds, 2024). This data set includes the 
elemental gas-phase compositions at different process slag 

Figure 14—(l) Thermochemical calculation of elemental composition of the gas phase during MTMP DC magnesium smelting, (r) example plasma species 
composition calculation at Ts = 2898 K with Mg species highlighted

Figure 15—Thermophysical properties of plasmas generated from process gas in MTMP DC magnesium smelting
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temperatures Ts calculated using FactSage 8.3, and plasma 
compositions and properties as a function of plasma temperature T 
calculated using minplascalc.

Conclusions
As the pyrometallurgy industry advances toward more sustainable 
processing, large step changes in the design and operation of 
established unit operations such as DC arc furnaces are expected. 
These may include variations such as novel ore pretreatment 
technologies, alternative reductants, energy recovery systems, and 
complex secondary raw materials such as urban and electronic 
wastes. In this context, digital modelling tools for rapid prototyping 
and optimisation will be critical to support effective and agile 
decision-making; plasma properties calculation methods and 
workflows such as those described here can potentially be of some 
value in this ecosystem.

A review of DC arc furnace projects conducted at Mintek 
over the past five decades has shown how plasma calculations can 
provide new ways to look at the thermal and electrical behaviour of 
processes, and by linking such calculations forward into arc models 
it is likely that even more case-specific insight can be gained in the 
future. The authors trust that these results have demonstrated that 
plasma soup truly can be good for the arc furnace pyrometallurgist’s 
soul.
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