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The power of computational thermochemistry in high-temperature
process design and optimization: Part 1 - Unit operations
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A B S T R A C T
Industrial process modeling is increasingly accessible through computational chemistry packages.
Computational Thermochemistry (CT) is particularly convenient for exploring the behavior of high-
temperature processes (e.g., pyrometallurgical unit operations such as calciners, roasters, smelters,
converters, and electric arc furnaces) since their operating conditions are mostly dictated by lo-
cal/global thermodynamic phase equilibria. Under these high-temperature conditions, energy barriers
are small and do not limit the kinetics of many chemical reactions. In this context, engineers-in-training
must take full advantage of CT to explore and understand current unit operations in high-temperature
manufacturing technologies. This work illustrates the strength of computational thermochemistry for
high-temperature modeling through four case studies, i.e., 1. a carbo-reduction process, 2. a glass
production/recycling furnace, 3. an aluminothermic reactor for the production of a ferro-niobium
alloy, and 4. a titanium purification unit. Moreover, the relevance of key fundamental thermodynamic
concepts is discussed through the modeling of these unit operations. All the thermodynamic simula-
tions presented in this work were performed using FactSage, a metallurgy-specialized thermochemical
package widely employed in both academia and industry.

1. Introduction
The next generation of metallurgical, materials, chem-

ical and mechanical engineering students will face many
challenges to limit the footprint of our industrial activities
on earth in years to come [1, 2, 3, 4, 5, 6]. As an example,
they will need to improve the sustainability of most primary
and secondary industrial processes. For instance, the in-
creasing availability of electrical work obtained from renew-
able energy sources provides interesting opportunities for
the development of cleaner and greener pyro-metallurgical
processes [7]. The primary smelting of iron via molten oxide
electrolysis is a perfect example of such a potential paradigm
shift in the production of commodity metals [8, 9]. The
substitution of methane by green hydrogen (produced via
water electrolysis [10, 11, 12]) is another path that scientists
are exploring to limit CO2 emissions. Moreover, hydrogen is
seen by many as a clean energy vector (for melting furnaces
or transport applications) as well as a clean reducing agent to
be used for the production of metals such as iron (via Direct
Reduction Iron [DRI] technologies) [13].

Process design has traditionally been tackled from mul-
tiple angles:

1. It can be approached from an experimental perspec-
tive via time-consuming and expensive trial and error
lab-scale tests (ex.: development of a carbo-reduction
method of manganese nodules [14]);
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2. It can be inspired by existing processes which are then
improved by replacing inefficient units or by adding
new operation units (ex.: the addition of a combustor
to the MIDREX process to improve both the heat
transfer to the reducing gas as well as the efficiency
of the process [15]);

3. Critical units of a process can be designed from
scratch by precisely simulating their behavior using
fluid mechanics and heat transfer simulation packages
which often require the definition of boundary con-
ditions (e.g., selection of an optimal impeller for the
mixing of solid-liquid mixtures [16]).

New design approaches based on machine learning and
artificial intelligence are also being integrated in recent
years into the development of new processes. Such methods
require a large volume of data to train, which is often a
major limitation, especially for low technology readiness
level processes [17, 18, 19, 20].

Another powerful tool based on fundamental laws of
physics and often overlooked is available for engineers, i.e.
computational thermochemistry. Classical thermodynamics
should always be at the heart of any process design be-
cause 1) it allows the identification of operating conditions
under which targeted chemical reactions are energetically
favorable; 2) it predicts both desirable and parasitic reac-
tions required to define mass balances; 3) it provides the
thermodynamic properties required to establish energy bal-
ances; 4) it defines the complex phase assemblage which
is established in a multi-component system under specific
constraints (which is of prime importance when selecting
vessel materials in contact with the reactive systems). It
also provides key ingredients in the description of reaction
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The power of computational thermochemistry in high-temperature process design and optimization: Part 1

kinetics since chemical potentials are the driving force for
diffusion. Also, the activity (also called affinity) of a phase
defines the energetic driving force for its formation. Chemi-
cal potentials can be imposed when performing equilibrium
calculations (instead of mass balances) to track the phase
assemblage as a function of their temporal evolution. The
kinetic modeling challenge is then to describe the temporal
evolution of these chemical potentials. The use of high-
temperature processes and highly reactive systems tipically
increase the risk of undesired and uncontrolled reactions,
including fire hazards and explosions. These numerous chal-
lenges render a trial-and-error approach virtually unfeasible
for most high-temperature pyrometallurgical processes.

Consequently, computational thermochemistry should
be a critical discipline at the heart of the academic cur-
riculum of engineers. It is particularly useful for high-
temperature applications (where local/global equilibrium
states can be reached as thermally activated processes are
favored) [21] and for systems that are more difficult to
probe and instrumentalize (such as high-temperature pyro-
metallurgical reactors). Herein, the modeling of such high-
temperature technologies is illustrated through individual
unit operations (Part 1). Other examples of effective appli-
cations of CT for advanced process modeling techniques
include: (i) interlinked local equilibria in flow charts or
transformation units [22, 23], and (ii) the linkage between lo-
calized equilibria and computational fluid dynamics (CFD)
simulations [24, 25, 26]. Future research endeavors will
investigate advanced process modeling (Part 2) aiming to
reproduce multiple unit operation junctions (process flow
charts).

This work (Part 1) aims to explore different computa-
tional thermochemistry simulations performed via the Fact-
Sage software [27] linked to the design of pyro-metallurgical
unit operations (specifically under the assumption of closed
system behavior). These examples (which can be simply set
up and run from the software interface) demonstrate how
the feed chemistry of raw materials and the final product
specifications can be accounted for during a process design
via computational thermochemistry. The optimum operating
conditions defined in our simulations are then compared
with available data from the literature to confirm their ac-
curacy.

2. FactSage: A computational
thermochemistry package for process
design
In a nutshell, computational thermochemistry consists of

building mathematical functions that describe the Gibbs free
energy of each phase that may form in a system. These func-
tions are called thermodynamic models and are tailored for
each phase. The parameterization of each Gibbs free energy
function using available experimental and numerical data
(also called the CALPHAD approach) enables the evaluation

of a system’s phase assemblage under specific imposed equi-
librium conditions. The fundamentals of the CALPHAD ap-
proach and the principles of Gibbs free energy minimization
(phase assemblage determination) can be found in the work
of Pelton [28], Saunders & Miodownik [29], Lukas et al.[30]
and Harvey et al. [31]. Computational thermodynamic pack-
ages such as FactSage integrate all these ingredients so that
a user can predict the equilibrium state for a wide range
of complex chemical systems containing metals and alloys,
oxides, salts and more [32].

The main FactSage interface used to perform the equilib-
rium calculations presented in this work (called the Equilib
module) is shown in Figure 1. The first step to perform
an equilibrium calculation is to select the adequate ther-
modynamic database. In FactSage, there are more than 25
specialized databases for the energetic description of oxides,
sulfides, carbides, molten salts, and alloys. The different
reactants and their respective quantities are then defined in
the interface. At this point, there is the option of defining
(or not) the initial state of each reactant. The evaluation of
the variations of state properties of the system (such as the
variation of enthalpy to perform energy balances) requires
the definition of the initial conditions, while the analysis of
the phase assemblage which occurs in the system does not
require them.

The next steps are to select the potential phases that
may form in the system and define the imposed equilibrium
conditions for the calculations. It is possible to define a
phase as dormant. In this case, the dormant phase does not
appear in the phase assemblage, but its activity is evaluated.
This strategy is used when one wants to explore meta-stable
phase equilibria or to evaluate the energetic driving force for
the formation of a specific phase. Finally, the equilibrium
calculation is performed using the SOLGASMIX algorithm
[33, 34, 35, 36], and the results can be analyzed and pre-
sented as figures.

3. Design of high-temperature
pyro-metallurgical unit operations using
computational thermochemistry
Metals and alloys are used in almost all technologies

surrounding us: i.e., in buildings, cars, airplanes, bikes,
household appliances, electronics, sports equipment, and
many others [37], because of their stunning specific mechan-
ical and physical properties. Unfortunately, most of these
metals are not available in their native state in the earth’s
crust and are generally oxidized and chemically bonded to
oxygen (oxide), sulfur (sulfide), phosphorus (phosphides),
or other complex anions (carbonate, sulfate, etc.). In py-
rometallurgy, these valuable minerals embedded in a wide
variety of ores (which also contain unwanted gangue) are
the traditional raw materials used in the primary production
of metals. Those minerals are refined at high temperatures in
different pyro-metallurgical processes, often in the presence
of liquid phases, to extract the desired metals or other
intermediate compounds that may require further refining
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Figure 1: Equilib module main screens (example for the carbo-reduction of roasted nickel concentrate): 1) Ribbon tabs; 2)
reactants’ specification panel; 3) Compound species panel; 4) Solution phases section; 5) Operating/equilibrium conditions panel.
A graphical representation of the roasted nickel concentrate reduction is provided on the left side for the reactants section (a)
and for the operating/equilibrium conditions section (b). The inputs provided in this figure were used to generate the simulation
results of section 3.1.1.

[38]. Nowadays, engineers and scientists also need to ac-
count for high volumes of scrap and obsolete technological
equipment which contain high levels of valuable metals.
The scrap can be almost fully compatible with traditional
primary processes (such as iron) or may need dedicated sec-
ondary processing technologies (such as for aluminum with
re-melting furnaces) to obtain the desired metal. Refining
challenges also often occur when dealing with scrap, such
as the unwanted presence of copper in iron scrap, which is
challenging to remove [39, 40, 41, 42, 43, 44, 45, 46]

There are many unit operations in pyrometallurgy. Roast-
ing is often used to transform sulfide minerals difficult to
process, such as sphalerite (ZnS) into an oxide compound
for which the valuable metal is easier to extract, e.g., ZnO,
which can be dissolved in an acidic solution and then elec-
trowinned to ultimately produce Zn [47]. Oxygen-enriched
air is typically injected into a rotary furnace to achieve this
task. Calcining is another frequent unit operation used to
prepare a concentrate for smelting operations. Carbonates
and hydrates are often calcined to remove CO2 and H2O
from their structures, resulting in the formation of oxides

[48]. Calcining requires energy as it is typically an endother-
mic reaction. Reduction and oxidation operations are almost
always integrated with pyro-metallurgical operations [49].
Reduction using carbon allows the elimination of oxygen
from the system while air (or O2-enriched air) injection
allows the oxidation of impurities, which are then transferred
to a slag phase or an exhaust gas. Apart from these two
cheap reactants (i.e., carbon and air), other chemicals used
as flux and precipitating agents can be added to purify and
refine metals. In this case, physical separation operations are
required; for instance, slag tapping [50] and liquid metal fil-
tration [51]. Finally, other unit operations such as distillation,
zone melting refining, electrowinning and electrorefining
can be added to pyrometallurgical processes to meet the final
specifications of the desired product.

In this context, computational thermochemistry can be
used to (1) define reducing conditions of complex oxide-
based concentrates, (2) solve overall mass and energy bal-
ances for a given feed by simultaneously considering all
possible reactions (both desired and parasitic reactions) that
may occur in a given pyrometallurgical unit operation, (3)
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evaluate partition coefficient of critical elements in the dif-
ferent phases which are in equilibrium, (4) quantify the vapor
pressure of volatile elements and more.
3.1. Case study #1: Carbo-reduction - going

beyond the Ellingham diagram
The first necessary condition in the design of a process is

to obtain favorable energetics for the main targeted reaction
to occur. This criterion is quantified by the variation of the
Gibbs free energy of this specific chemical reaction. Here
is an example of such a chemical reaction for the carbo-
reduction of hematite by coke:

2Fe2O3(𝑠) + 3C(𝑠) → 3CO2(𝑔) + 4Fe(𝑠) (1)
with

Δ𝐺(𝑇 , 𝑃 ) = Δ𝐺◦ + 𝑅𝑇 ⋅ 𝑙𝑛
⎡

⎢

⎢

⎣

𝑃 3
𝐶𝑂2

⋅ 𝑎4𝐹𝑒(𝑠)

𝑎2𝐹𝑒2𝑂3(𝑠)
⋅ 𝑎3𝐶(𝑠)

⎤

⎥

⎥

⎦

(2)

Reaction 1 will proceed to the right if the variation of
its Gibbs free energy, i.e., Δ𝐺 defined in eq.2, is negative.
The evaluation of this thermodynamic criterion requires the
knowledge of the standard Gibbs free energy of this reaction
(Δ𝐺◦) as well as the definition of the activity 𝑎𝑖 of each
reactant and product. Moreover, it is often assumed in pyro-
metallurgy that gaseous species form an ideal gas solution. In
this case, their fugacity can be approximated by their partial
pressure 𝑃𝑖.When dealing with standard conditions, well-known
graphical tools such as Ellingham diagrams [52] can be
used to rapidly identify favorable conditions for carbo-
reduction (i.e., eq. 1), roasting or calcining operations. An
example of such a diagram is presented in Figure A.1. This
diagram is essentially the plot of the Gibbs free energy of
the formation of a series of oxides (i.e., the thermodynamic
driving force that predicts if a reaction can occur) as a
function of temperature on a 1 mol basis of O2:

4
𝜈
𝑀(𝑠, 𝑙, 𝑔) + 𝑂2(𝑔) →

4
𝜈
𝑀𝑂 𝜈

2
(𝑠, 𝑙, 𝑔); Δ𝐺◦ (3)

AssumingΔ𝐶𝑃 ≈ 0 for reaction 3, the following approx-
imation is obtained:

Δ𝐺◦
𝑖 (𝑇 , 1atm) ≈ Δ𝐻◦

𝑖 − 𝑇Δ𝑆◦
𝑖 = 𝛼𝑖 + 𝛽𝑖𝑇 (4)

The extrapolated intercept of each curve at 0K corre-
sponds to the value of Δ𝐻◦

𝑖 while the slope 𝛽𝑖 defines
Δ𝑆◦

𝑖 . A negative value for Δ𝐻◦
𝑖 indicates that the oxidation

reactions that lead to the formation of these oxides are all
exothermic. Oxides at the top of the diagram are the least
thermodynamically stable, while those at the bottom have
the highest affinity to oxygen and are highly stable. Slope
changes of these curves are due to phase transformations of
either reactants or products. It is important to mention that
the linear approximation of Δ𝐺◦

𝑖 (eq. 4) represents a limita-
tion for practical applications, as it does not fully capture the

temperature dependence of thermodynamic properties. Con-
trary to that, CT packages are equipped with meticulously
calibrated temperature-dependent heat-capacity data. Hence
CT allows for a reliable description of state properties, which
is particularly valuable for achieving accurate mass and
energy balances.

As seen in Figure A.1, most slopes associated with the
formation of oxides are positive as the entropy of condensed
phases (liquid and solid) is smaller than that of gaseous
species [53], which leads to negative entropy of formation. A
careful analysis of the Ellingham diagram for oxides shows
the two exceptions to this slope trend, the formation of CO2and CO. For CO2, the slope is practically a horizontal line
since the entropy contributions are mainly affected by the
gas phase (in this case, 1 mol of gas of reactants produces 1
mol of gas). For CO, the number of moles of gas produced is
larger than the number of moles of gas in the reactants, which
results in a positive entropy of formation (or equivalently
negative slope in the Ellingham diagram). Because of this
attribute, carbon is a key reactant for the reduction of many
metal oxides (which is called carbo-reduction). It is also
a relatively cheap reactant (in the coke form [54]) and
releases a substantial amount of energy when oxidized. This
release of energy can be advantageously collected to heat the
system.

By using the diagram Ellingham (Figure A.1), it is
theoretically possible to define the temperature above which
each metal oxide can be reduced by carbon under standard
conditions. This temperature is defined by the intercept
between the Gibbs free energy of formation of a given
oxide and the one of CO(g) (or equivalently CO2). It is also
possible to evaluate the oxygen partial pressure 𝑃𝑂2

required
to reduce an oxide at a given temperature under non-standard
conditions. To do so, a straight line that starts at the 𝑂 point
on the 0K y-axis is plotted. This line intercepts the Gibbs free
energy of the oxide at the targeted temperature. The required
𝑃𝑂2

for this reduction is obtained by extending the straight
line up to the 𝑙𝑜𝑔10(𝑃𝑂2

) scale on the right-hand side of the
diagram. The use of the Ellingham diagram as a graphical
tool to define real-life operating conditions for the reduction
of metal oxides is limited for the following reasons: (1) it
assumes that reactants and products are pure compounds (no
solid or liquid solutions are considered), (2) it assumes that
reactants and products are in equilibrium, and (3) it does not
report all the other possible chemical reactions that can occur
in the system. Thermodynamic simulations of the carbo-
reduction of complex oxides systems performed using the
FactSage software (which allows the description of many
solid and liquid oxide and metallic solutions) circumvent all
these limitations.
3.1.1. Carbo-reduction of roasted nickel sulfide ores

The ferronickel production through the roasting and
carbo-reduction of nickel sulfide ores will be used in this
section to demonstrate the strength of the computational
thermochemistry approach to simulate this process. Fer-
ronickel, containing 19-38%(wt.) Ni, is mainly dedicated
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Table 1
The elemental composition of the nickel concentrate obtained
from the mineralogy of the sulfide concentrate and the oxide
composition of the roasted nickel concentrate.

Concentrate Calcine
Component Composition Component Composition

wt. % wt. %
Ni 17.39 Fe2O3 45.60
Cu 0.20 NiO 23.93
Fe 31.70 MgO 11.54
S 15.82 SiO2 11.50

Mg 6.44 CoO 3.79
Si 4.81 FeO 3.06
Al 0.07 Cr2O3 0.42
Cr 0.26 Al2O3 0.15
Co 2.76

to the production of stainless and heat-resistant steels [55].
In 2005, ferronickel produced from laterite ores accounted
for 30% of worldwide primary nickel production [56]. Its
production usually involves two steps: (1) calcination of
laterite ores in a rotary kiln and (2) calcine smelting in an
electric furnace [55, 57, 58]. Nickel sulfide ores are typically
converted into matte and are thus usually not used to produce
ferronickel [57, 58].

When dealing with low-sulfur-and-copper-bearing Ni
sulfide concentrates, the ferronickel route can also be a
viable option. Typically, Ni sulfide concentrate has the fol-
lowing composition (wt.): 10% Ni, 2% Cu, 40% Fe, and 30%
S [59]. The low-grade Ni concentrate that was considered
in this section contains about 17% Ni, 0.2% Cu, 30% Fe
and 16% S, as shown in Table 1. This composition was
estimated by converting the mineral composition of the
sulfide concentrate into an elemental composition.

Ferronickel production from this concentrate can be
carried out in two stages: first, the concentrate is industrially
roasted at ∼700 ◦C [58] in a fluidized bed roaster to oxidize
the Ni/Fe-rich sulfide ore, culminating in a complex oxide
mixture (Table 1). The resulting calcine is then treated
through a carbo-reduction process at a temperature of about
1550-1650 ◦C [60] in an electric furnace (Figure 1). This
operation reduces nickel and iron oxides and generates a
ferronickel alloy containing more than 50% Ni. Most im-
purities (i.e., Co, Si, P, S) are transferred to the slag for
disposal. To simplify the calculations, smelting simulations
of this section were performed under isothermal conditions
at 1650 ◦C. Electric furnaces used in industrial processes
often operate at constant pressure, hence a fixed pressure of
1 am was considered for this simulation.

The chemical composition of the calcine used in the
carbo-reduction simulations is presented in Table 1. The
thermodynamic simulations of the carbo-reduction consist
of injecting an ⟨𝐴⟩ amount (in grams) of carbon into this
calcine feed (using a 100-gram of calcine basis, as shown
in Figure 1). The use of ⟨𝐴⟩ parameter in this simulation
allows to delve deeper into the extraction mechanism by
approximating the reduction stages to the equilibrium at

different C additions. This assumption entails that all C is
presumed to react fully with the ore, with the exception of
cases involving an excess of C where it might appear as a
stoichiometric compound in the final phase assemblage. This
approximation enables to mimic the non-iso-compositional
behavior of the feedstock (oxide-based phases) and the de-
sired product (metallic alloy) across the reduction stages,
i.e., the evolution of the oxide from the raw materials (solid
and liquid phases at high-T) and that of the metal of interest
(potentially as a molten metal phase at high-T) can be moni-
tored. The overall system was considered iso-compositional
given the low volatility of Fe and Ni in the alloy of interest.
The databases selected for this simulation are FToxid (for the
oxide-based solutions), FactPS (for the gas phase and stoi-
chiometric compounds), and FSstel (which is an optimized
database for the steel industry). For the given calcine compo-
sition (Table 1), multiple solid oxide phases are relevant for
the smelting modeling, including the monoxide and spinel.
At high temperatures, the slag phase for the molten oxide
and the molten metal phase should be considered as well.
In some cases, additional components appear depending
on their thermal stability, such as intermetallics, disorder
phases, carbides, etc. Beginner and intermediate FactSage
users are encouraged to select all the models available for
their systems of interest. On the other side, expert users can
optimize their phase selection to speed up the calculations.
For the equi file of this example (Supplementary Material),
all gaseous species, solid compounds and solution phases
were included.

At an operating temperature of 1650 ◦C and a pressure
of 1 atm, the phase assemblage that occurs as a function
of carbon addition is presented in Figure 2(a). At the early
stage of the carbo-reduction process (i.e., between 0 and 1
g of carbon), no liquid metal is produced. Therefore, the
carbon is preferentially used to reduce Fe2O3 to FeO, which
are both found in the slag and monoxide phases. A Fe3O4-
FeNi2O4 spinel also forms in a narrow range of carbon
addition and is reduced very quickly. At 1.5 g of carbon, the
liquid metal phase appears, and carbon starts reducing NiO,
CoO and FeO to their metallic state, which transfer to the
liquid metal solution as shown in Figure 2(a)-(b). Virtually
all silicon and magnesium will remain in the slag in the form
of oxides (Figure 2c). By analyzing the metal composition
in Figure 2(b), it is possible to predict how much carbon
is required to reach the targeted ferronickel quality (55-60
wt.% Ni) i.e., between 7.5 to 8 g of carbon per 100 g of
calcine. This carbon addition maximizes the transfer of Ni
from the slag (Figure 2c) to the ferronickel alloy (Figure 2b).
The unconsumed Fe, Si and Mg from the feedstock remain
in the slag phase (Figure 2c at 8 g of C/100 g of calcine).
When adding less than 2.6 g of carbon, a Fe2O3-FeO-NiO
monoxide will form, which can be fluxed by adding about
2.5g of SiO2/100 g of feed (Figure 3). The addition of
SiO2 as a flux agent is a common strategy employed in
pyrometallurgy to promote slag formation. Apart from their
high melting points, ferronickel slags in electric furnaces are
known for their strong acid character, which is detrimental
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Figure 2: Calculations results for the carbo-reduction of the
roasted nickel sulfide concentrate: (a) amount (in g) of
equilibrium phases generated as a function of carbon addition
(in g); (b) elemental composition (wt.%) of the liquid metal.
Shaded gray represents the zone where the liquid phase is not
stable; (c) oxide species (wt.%) in the slag phase.

to the furnace lifespan [61]. To control corrosion, lining ma-
terials such as magnesia are effectively used for ferronickel
production [61]. Therefore, the global mass balance from CT
simulations may differ from real operations as a result of the
slag/refractory interactions.
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Figure 3: Evolution of the phase assemblage as a function of
SiO2 additions into 100 of calcine at 1650◦C.

3.2. Case study #2: Energy and mass balances for
glass production and recycling

Soda-lime glasses are widely employed for packaging
applications [62]. Glass containers are typically manufac-
tured using natural gas melting furnaces, followed by a
press-blow forming process [63]. The latter involves blowing
molten glass within molds to create bottles or other specific-
shaped glass packages. A typical soda-lime glass composi-
tion is presented in Table 2. Conventional reactants to pro-
duce this material are mainly silica and carbonates (Table 2).
Alkali and alkaline-earth oxides are commonly introduced
in the batch as carbonates, such as soda ash (Na2CO3),
potash (K2CO3), and limestone (CaCO3). Double-carbonate
minerals, e.g., dolomite ([1-x]CaCO3 ⋅ xMgCO3), can also
be employed in glass production. In order to increase the
chemical resistance, alumina (Al2O3) is commonly added
as an intermediate oxide. It can be added as pure alumina
or alumina hydrate (Al2O3 ⋅ 3H2O); therefore, no CO2 is
released [64].

Upon heating, some carbonates are thermally decom-
posed to form oxides and release CO2. In their pure state,
anhydrous alkali Na2CO3 and K2CO3 carbonates are stable
at high temperatures and have melting points of 851°C and
891°C, respectively [66]. For Na2CO3, its decomposition
is only noticeable above the melting point [67]. Yet, it is
possible to thermally decompose those carbonates (releas-
ing CO2) at lower temperature when they are combined
with other glass ingredients (silica-rich mixture as shown
in Table 2). For this example, the feedstock is entered as
individual reactants into FactSage (equi files in Supple-
mentary Material), according to the mass balance of Table
2. By activating the "Initial conditions" option (bottom-
right option of the main Equilib module Figure 3.1.1a),
FactSage will automatically indicate the stable allotropes for
the specified conditions. This option enables the calculation
of state property changes. Herein, the enthalpy change is
particularly useful to estimate the energy demands for the
glass furnace. The molten glass of interest consists of a
liquid oxide solution; therefore, it can be described with
the slag phase solution model. Multiple solid oxides-based
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Table 2
Chemical composition of a typical soda-lime glass (left side) and the direct CO2 emissions associated with reactants to produce
1 kg of soda-lime-silica glass (right side).

Component Composition Reactants Amount Emissions CO2
Extraction Decomposition

(wt. %) (kg) (kg CO2) (kg CO2)
SiO2 73.6 Silica (sand) 0.7360 0.02439𝑎 -
Na2O 16.0 Na2CO3 0.2736 0.31342𝑎 0.1136
CaO 5.2 CaCO3 0.0928 0.00772𝑎∗ 0.0408
MgO 3.6 MgCO3 0.0753 0.00626𝑎∗ 0.0393
Al2O3 1.0 Al2O3 0.0100 0.01414𝑎 -
K2O 0.6 K2CO3 0.0070 0.00027𝑎 0.0022

Total CO2 - 0.3662 0.1959

𝑎Estimations obtained using the IMPACT 2002+ method with the Cutoff system model, employing the Ecoinvent 3.9.1 database [65].
*CO2 emissions from CaCO3 and MgCO3 were obtained from dolomite production in Ecoinvent 3.9.1 database.

and carbonate-based compounds/solutions appear during the
multi-phase assemblage evolution upon heating; however, it
is rather easier to infer the thermal decomposition through
the CO2 emissions in the gas phase. In the same manner as
in case study #1 (Section 3.1.1), it is recommended to select
all the compounds and phases. Simulations were performed
between 25 and 1600 ºC. Glass furnace units do not require
drastic vacuum conditions; therefore, calculations were per-
formed under isobaric conditions at 1 atm. Mandal et al.
[68] studied the volatility of glass components varying the
melting time from 30 min to 3 h; they reported the B2O3as the most volatile species followed by K2O. The glass
composition requirements for this work do not include B2O3and only a small amount of K2O. Therefore, the overall
system was considered iso-compositional.

The evolution of CO2 release linked to the thermal
decomposition of carbonates mixed with silicon dioxide
(reactants in Table 2) is presented by the red line in Figure
4. It can be observed that all carbonates have thermally
decomposed after heating up to 300 ºC. The CO2 release at
this stage accounts for 0.1959 kg/kg of glass. This amount
perfectly matches the total CO2 emissions reported in Ta-
ble 2, which was obtained considering the individual de-
composition of carbonates using the following relationship:
Σ[𝑀(CO2)/𝑀(carbonate i) × (mass of carbonate i per kg of
glass)], where 𝑀 denotes the molar mass.

Once the thermal decomposition takes place (around
300 ºC in Figure 4), the mixture of oxides is melted and
heated up to 1600 ºC. According to Figure 4, oxides start
melting at around 620 ºC (green Slag phase #1 line). At 1600
ºC, the oxides are contained in a monophasic system; this
plot also ensures that 1kg of molten glass (Slag phase) is
produced at 1600 ºC considering the initial mass balance
of Table 2. Hence, at 1600 ºC all the feedstock has been
transformed. In terms of materials compatibility, alumina
is widely employed as a refractory material in the glass
industry due to its remarkable corrosion resistance [69]. As
indicated in Table 2, alumina is an essential component in
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Figure 4: Evolution of CO2 and slag phases (molten oxides) as
a function of temperature.

the desired composition of the final glass. Therefore, alu-
mina contamination may not be necessarily harmful during
the slag preparation, but it should be carefully monitored to
meet the desired product specifications.

The theoretical energy requirements (calculated using
the FactSage software and databases) to produce 1 kg of
such a primary glass from carbonates are presented in Ta-
ble 3. The overall energy balance for the production of
molten glass contains two main contributions: (1) the energy
requirement for thermal decomposition of the carbonates
(endothermic reactions), which is +0.635 MJ per kg of
produced glass. The exothermic reaction associated with the
mixing of the individual components from 25◦C to 300◦C
is also accounted for in this contribution. (2) the energy
requirement for heating and melting the oxide components,
which is +2.340 MJ per kg of glass in this example. Ac-
cording to the thermodynamic calculations, a total of +2.975
MJ is required to produce 1 kg of glass. For a furnace that
uses 50 % of cullets (i.e., crushed recycled glass), this energy
requirement drops to +2.627 MJ/kg since less energy is
required for the thermal decomposition of the carbonates
(heating and melting of recycled glass from 25ºC to 1600ºC
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Figure 5: Energy requirement (MJ/kg) for the production of common glass as of function the furnace capacity (tons/day) for
different furnace technologies [70]𝑎 with permission obtained from the publisher. The red dashed line stands for the simulation
results obtained in this work.

Table 3
Theoretical energy requirements for the production of 1kg
of primary glass at T𝑓𝑢𝑟𝑛𝑎𝑐𝑒=1600◦C. The combustion of the
Air/Natural gas mixture (ratio 10.1:1, respectively) produces
0.2755 kg of CO2/MJ of energy.

Contribution Energy Direct CO2 emissions
([Air]:[Natural gas]

(MJ per kg ratio of 10.11:1)
of glass) (kg)

Thermal +0.635 0.1750
decomposition
(25 to 300◦C)
Heating and +2.340 0.6447

melting
(300 to 1600◦C)

Total +2.975 0.8197

accounts for +2.280 MJ/kg of glass). This theoretical value
is to be compared with the compilation of actual operation
data presented in Figure 5. This figure shows that the thermal
inertia of larger furnaces lowers energy consumption. In
addition, the calculated theoretical energy requirements and
the thermal efficiency of a high-performance 300 tons-per-
day melting furnace (≈ +4.8 MJ per kg of glass) is about
54.7 %, which compares well with the furnace efficiencies
reported in the literature.

Another valuable piece of information that can be calcu-
lated from computational thermochemistry is the amount of
direct CO2 emissions released from the natural gas combus-
tion used to meet the energy requirements of the process.
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Figure 6: Adiabatic temperature (red line) and changes in
enthalpy (red line) as a function of the [Air]:[Natural gas] ratio
for combustion.

Figure 6 shows the evolution of the adiabatic flame tem-
perature (black line) and the evolution of the heat require-
ment/release upon combustion of natural gas at 1600◦C (red
line) as a function of the air molar fraction in the system. Air
was considered as a 78.084% N2, 20.946% O2 and 0.934%
CO2, while the natural gas stream is made up of 94.7%
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CH4, 4.2% C2H6, 0.2% C3H8 and 0.04% C4H10. According
to this figure, an optimal [Air]:[Natural gas] molar ratio
of 10.11:1 or 0.91 [Air]/([Air]+[Natural gas]) maximizes
the adiabatic temperature, as well as the heat release at
1600◦C. The identification of this optimal [Air]:[Natural
gas] combustion ratio and associated heat release ultimately
allows the quantification of the CO2 emissions as presented
in Table 3. These direct CO2 emissions can be combined
with the ones associated with the extraction of the raw
materials (obtained using the Ecoinvent database [65] in
OpenLCA) and to the thermal decomposition of carbonates
which are presented in Table 2. The system boundaries for
the quantification of CO2 emissions are presented by the
dashed line in Figure 7. The production of 1kg of glass
cullet is reported to emit 0.01437 kg of CO2 emissions
(estimated employing the IMPACT 2002+ method with the
Cutoff system model, using the Ecoinvent 3.9.1 database
[65]). This set of data allows the definition of the theoretical
CO2 emissions upon the production of 1 kg of glass which
can be expressed as follows:
𝑘𝑔 𝐶𝑂2 = (5)
(1 − 𝛼) ⋅ (0.3662 + 0.1959) + 𝛼 ⋅ 0.01437

+ (1
𝜂
) ⋅ (1 − 𝜉) ⋅ [0.8197 ⋅ (1 − 𝛼) + 0.6282 ⋅ 𝛼]

In this equation, 𝛼 is the weight fraction of cullets used
in the production of the glass, 𝜂 is the thermal efficiency
of the melting furnace and 𝜉 is the fraction of renewable
energy (which replaces natural gas) used to heat the furnace.
According to this equation, it is possible to reduce the direct
CO2 emissions by exclusively melting cullets (𝛼 = 1 in
Figure 8) and by fully replacing natural gas with green
hydrogen, for example as an alternative fuel in the furnace
(𝜉 = 1, purple line in Figure 8). Note that the CO2 emissions
linked to the production of natural gas or renewable energies
were not considered for this work (Figure 7).
3.3. Case study #3: Elemental partitioning in a

classical aluminothermic reactor to produce
niobium

The prediction of the partition coefficient of the various
elements constituting a given concentrate when operating
a pyro-metallurgical process is at the heart of an efficient
metal extraction strategy. It quantifies the efficiency of the
process to remove impurities from the desired metal. The
chemical specifications of the final product are defined by
its applications. As an example, ultrahigh-purity copper
(UHPC) requires a 99.999 wt.% purity when used for electri-
cal applications [71]. On the other hand, carbon and oxygen
concentrations (expressed in ppm by weight) in stainless
steel are tightly controlled to avoid carbide and oxide inclu-
sion formation during the elaboration process. This section
explores the partition coefficient of different elements during
the production of niobium, which is an important alloying
element in steel.

Niobium is a refractory metal with a significantly high
melting point of 2468◦C [72]. The steel industry consumes

about 85-90% of the total niobium output in the form
of iron-niobium master alloys (ferroniobium). It is highly
valued in steel for its anti-corrosion and strengthening
properties [73]. For instance, niobium-bearing high-strength
low-alloy (HSLA) steels are used in cars, pipelines and
heavy infrastructures [73]. Niobium is also used in the
production of (1) niobium-zirconium alloys for the nu-
clear industry (these alloys have a low neutron capture
cross-section) and (2) heat-resistant superalloys found in
gas turbine components (in which niobium is introduced
in the form of nickel-niobium or cobalt-niobium [73]).
The primary source of niobium is pyrochlore, a mineral
that appears in carbonatite complexes with the theoretical
formula (Ca,Na)2−𝑚Nb2O6(O,OH,F)1−𝑛𝑥H2O, where Na
and Ca can be replaced by Ba, Sr, rare earth elements or
radioactive elements [73]. More than 90% of the world’s
niobium production comes from the ore of the CBMM
mining company located in Araxá (Brazil) [74]. It contains
about 2.5% Nb2O5 as well as lead, rare earth (cerium and
lanthanum) and radioactive (thorium and uranium) impuri-
ties [75]. To eliminate impurities in the form of gangue, the
ore must undergo a series of processing stages. These stages
include various physical and chemical methods, which are
designed to separate the valuable components of the ore
from the gangue minerals. The following is an overview
of some typical processing stages that may be involved: (1)
crushing, (2) ball-mill grinding, (3) magnetic separation, (4)
desliming, and (5) froth flotation [76]. At this stage, the flota-
tion concentrate still contains high levels of phosphorous,
lead, and sulfur [76]. Those impurities can be removed via
leaching or carbo-reduction [77].

Leached concentrate mostly contains oxides and can
be reduced to metallic Nb via an aluminothermic process.
The normalized average composition of the CBMM leached
concentrate [76] used in our thermodynamic simulations
is provided in Table 4. For the sake of simplicity, water
and U3O8 (which are typically present in the concentrate
in trace amounts) are removed from the feed since they do
not significantly impact the results of our simulations. For
an aluminothermic process operating at 2400 ◦C, iron and
niobium from the concentrate are reduced and form a molten
metal solution.

As a result of this operation, a standard-grade ferronio-
bium (≈ 60% Nb) dedicated to steel industry applications
is produced. The impurities are mostly transferred to the
slag for their disposal. There exist different technologies
available to perform this high-temperature operation, such
as electric arc furnaces and batch aluminothermic reactors
[72]. The thermodynamic simulation of this process is based
on a batch aluminothermic reactor (as operated by CBMM
[76]). Firstly, each charge is mixed with aluminum powder,
lime and fluorspar (which act as fluxing agents) as well
as hematite (which is used to increase the iron content in
the final ferroniobium product). Additions of hematite also
provide heat to the reactor upon its reduction. This heat
release allows maintaining the high operating temperature
of the reactor, thus ensuring good slag-metal separation as
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Figure 7: System boundaries for the quantification of CO2 emissions (dashed lines) of 1kg-basis of glass produced.
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Figure 8: CO2 emissions as a function of recycled glass (cullets)
using different ratios of natural gas and renewable energies (𝜉)
for a furnace efficiency of 𝜂=0.5.

well as complete Nb reduction [72, 78]. This solid mixture
is then charged into a refractory-lined open steel vessel
mounted on a silica sand bed lined with fluorspar and lime
[76]. Magnesium turnings are used to ignite the exothermic
reaction.

Table 5 shows the reactant amounts that were used in
the isothermal (T = 2400 ◦C) equilibrium simulation of the
aluminothermic process for a 100 g-basis of Nb concentrate.
For this simulation, niobium oxides (NbO, NbO2, Nb2O5)
were merged into the slag phase (available in the FToxid
database of FactSage) as an ideal solution since they are
not yet fully integrated into the slag thermodynamic model.
Sulfur was merged into the FTlite liquid metal as an ideal

Table 4
Average original and normalized compositions of the uranium-
thorium-and-water-free niobium leached concentrate from
CBMM [76]

Component CBMM composition Normalized composition
wt. % wt. %

Nb2O5 62 71.32
Fe2O3 5 5.75
SiO2 0.3 0.35
BaO 2 2.30
CaO 17.5 20.13

P 0.08 0.09
S 0.03 0.03

Pb 0.03 0.03

Table 5
Original and normalized (100g-basis of Nb-concentrate)
amounts of reactants fed into the aluminothermic processing
of CBMM leached concentrate at 2400◦C [76]

Component CBMM amount Normalized amount
(kg) (g)

Niobium concentrate 18 000 100
Fe2O3 4000 22.22

Al 6000 33.33
CaF2 750 4.17
CaO 500 2.78

solution since Fe-S and Nb-S interactions are not fully
integrated yet in this metallic liquid solution. The databases
selected for this simulation are FToxid, FactPS and FTlite.
For the given temperature, oxides and metals are likely to
be found mainly in the molten state, thus the slag and liquid
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Table 6
Partition coefficients and recoveries in metal from CBMM and FactSage aluminothermic reduction of CBMM niobium leached
concentrate at 2400◦C

Element Nb Fe P S Si Al Pb Ca Ba
Partition coefficient 0.37 0.00 0.00 2041.17 0.04 14.40 0.00 92734.93 667001.70

in FactSage (slag/metal)
Recovery in CBMM metal (%) 93.06 97.89 76.39 81.48 653.64 0.92 40.74 0.00 0.00

Recovery in FactSage metal (%) 72.99 99.58 99.73 0.05 96.21 6.46 57.91 0.00 0.00

metal solution model are essential for this simulation. Over-
all, all gas species, compounds and solutions were included
in this example (refer to equi files in Supplementary Ma-
terial). The adoption of isothermal and isobaric conditions
as simplifications for modeling pyrometallurgical units is
accepted in the literature [79], herein these approximations
were considered for a system operating at 2400 ºC and 1 atm.
For the sake of simplicity, the system was also treated as iso-
compositional.

The equilibrium calculation provided the partitioning
coefficient between the slag and the liquid metal for each
element (reported in Table 6). In this case, the partitioning
coefficient is referred to as the amount of each element
remaining in the slag over the amount found in the metal.
It can be seen that S, Al, Ca and Ba will mostly remain
in the slag, while Nb, Fe, P, Si and Pb will preferentially
be transferred to the metal. According to this equilibrium
calculation, 58 g of liquid metal are generated per 100 g
of leached concentrated under these operating conditions.
In comparison, CBMM reports collecting about 11 000
kg of ferroniobium per 18 000 kg of leached concentrate
[76], which is equivalent to 61 g of metal per 100 g of
leached concentrate. The comparison between unnormalized
recovery in the metal from FactSage and CBMM is provided
in Table 6. Recovery in metal was estimated for each element
by dividing the amount collected in the metal by the amount
found in the feed. According to this table, a reasonably
good agreement is found except for sulfur and silicon. The
silicon recovery in CBMM metal is much greater than 100%,
indicating probable contamination from the lined silica sand
bed upon which the feed is resting in the aluminothermic re-
actor [76]. As for sulfur, discrepancies are probably artifacts
from the small amount found initially in the feed (0.03 wt%
[76]). Note that the CBMM alloy’s grade was reported as
66 wt% of Nb by [76]. In contrast, the FactSage simulation
results suggest an Nb concentration of 62 wt% (red sphere in
Figure 9) under the simulated conditions (i.e., using the mass
balance from Tables 4 and 5). Figure 9 indicates that the
amount of Fe2O3 must be reduced from 22.22 (red sphere)
to 18.5 (black diamond symbol) g/100 g of niobium-leached
concentrate to achieve a grade of 66%.
3.4. Case study #4: Titanium purification

In pyrometallurgical process operations, it is a common
practice to add reactive chemicals (C, O2, Cl2, etc.) into a
stream of concentrate/smelt containing impurities to facil-
itate the extraction of a specific metal or alloy of interest.
This method explicitly relies on the chemical affinity of these
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Figure 9: Effect of Fe2O3 additions/100 g of niobium-leached
concentrate on the Nb concentration in the metallic liquid
phase. The red sphere and black diamond symbols represent
the theoretical Fe2O3 addition which is required to reach 62
and 66 %(wt.) of Nb in the liquid metallic solution respec-
tively per 100g-basis of Nb-concentrate using the normalized
composition presented in Table 5.

reactants with specific components of the feed materials and
their ability to react with impurities (or with the valuable
metals) to generate new phases having distinct physicochem-
ical properties (such as high volatility, low melting point,
low density, low viscosity, etc.). This facilitates the physical
separation and purification processes. Another strategy that
does not involve the direct addition of reactive chemicals into
a melt is by modifying the fugacity of the species that need to
be separated, i.e. by controlling their volatilization/transfer
into a gas phase. In the case of the distillation of a liquid
solution, it is possible to lower the total pressure of the
system to promote the transfer of the most volatile species
into a gas phase or to use an inert gas to act as a carrier vector
for these volatile species.

To explore the distillation process in more detail, we
study here the distillation of Ti sponges produced during
the reduction process of TiCl4 with Mg [80], where liquid
MgCl2 and Mg in excess may remain in the pores. Specifi-
cally, the production of Ti sponges in the Kroll process starts
from: (i) the carbo-chlorination of titanium ores to produce
TiCl4, followed by (ii) the reduction of TiCl4 with Mg(l)
producing solid Ti and MgCl2(l) [81].

Advantageously, there exists a miscibility gap between
Ti and Mg (Figure 10), which facilitates the separation
of Mg in excess encountered after the reduction of TiCl4.
Because of this characteristic behavior, a distillation process
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is adequate to purify Ti sponges before proceeding to the
crushing step [82].

Figure 10: Mg-Ti phase diagram from FactSage documenta-
tion (FTlite database).

Argon is widely used in pyrometallurgy in order to pre-
vent the oxidation of metallic melts and to perform degassing
operations [83, 84, 85, 86]. In this section, the effect of Ar
pressure on the distillation of Ti sponges contaminated with
MgCl2 is evaluated using equilibrium calculations. To do
so, a hypothetical case where 10g of MgCl2 are filling the
pores of a 90g-Ti sponge was considered. The databases
selected for this section are FactPS (for the gas and stoi-
chiometric compounds) and FTlite (a specialized database
for Al alloys, Mg alloys, and Ti alloys). This example can
be performed by selecting only the gas and pure solid/liquid
compounds, due to the immiscibility behavior of Mg and Ti
(Figure 10). Additionally, the excess of Mg guarantees that
all titanium-chloride species have been reduced to form the
Ti sponge; hence, the formation of a MgCl2-based solution
containing TiCl2 is avoided. Such a solution model has not
been critically assessed in FactSage databases yet. However,
simulations considering a TiCl2-MgCl2 ideal solution with
an excess of Mg indicate that the titanium is preferentially
transferred to the solid sponge rather than being incorporated
into the MgCl2-based solution. The distillation temperature
was set to 1273 K since the sponge is obtained in a magne-
siothermic reduction unit that operates at this temperature.
For the sake of simplicity, simulations were performed un-
der isothermal and iso-compositional conditions using the
Equilib module of FactSage. Figure 11 shows the vacuum
conditions (P𝑡𝑜𝑡) and the associated partial pressure of argon
(P𝐴𝑟/P𝑡𝑜𝑡) to achieve complete volatilization of liquid MgCl2.
From Figure 11, it is concluded that the vacuum conditions
for evaporating liquid MgCl2 are less severe as a higher
partial pressure of Ar is experienced in the system. By
contrast, a pressure lower than 0.03 atm (i.e. the MgCl2vapor pressure at this operating temperature) is required to
evaporate the liquid MgCl2 if Ar is not considered. Ar is an
inert gas which does not react with either Ti or MgCl2 in this

distillation unit operation. It simply modifies the equilibrium
conditions to facilitate the volatilization of MgCl2.
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Figure 11: Evolution of the molar fraction of Ar required to
completely evaporate MgCl2(l), as a function of the distillation
pressure in a unit operating at 1273 K.

Similarly to the investigation of MgCl2 removal, a series
of calculations were performed to study the removal of liquid
Mg that can potentially contaminate the Ti sponges. For
this scenario, an excess of 5 g of Mg (which Mg did not
react with TiCl4) was equilibrated with a 90g Ti-sponge in
different vacuum conditions. Simulation results for the liquid
Mg exposed to different system total pressures are presented
in Figure 12. The addition of Ar into the gas promotes
the volatilization of Mg. Note that the vacuum conditions
which are required for the removal of Mg are less severe
than those for MgCl2 because of the substantially higher
vapor pressure of Mg (0.43 atm). As such, the operating
conditions for the distillation of Ti sponges are dictated by
MgCl2 contamination. For this operation, corrosion may
arise from the potential reaction of Mg and MgCl2 with
the distillation vacuum system. According to Takeda et al.
[87], these vacuum vessels are made of steel. The 316 [88]
and 316L [89] stainless steels have proved good corrosion
resistance under MgCl2 environments.

4. Conclusion
To illustrate the strength of computational thermochem-

istry, high-temperature process simulations were carried out.
Simulations were performed using FactSage, a metallurgy-
specialized thermochemical package. Four case studies were
investigated to illustrate the importance of fundamental ther-
modynamic concepts for engineers-in-training. The exam-
ples explored were:

1. Carbo-reduction: This section illustrates the impor-
tance of Gibbs free energy and its implications leading
to the construction of the Ellingham diagram, which
is a traditional reference for the design of pyromet-
allurgical processes. Additionally, the limitations of
this traditional approach compared to CT packages
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Figure 12: Evolution of the molar fraction of Ar required to
completely evaporate Mg(l), as a function of the distillation
pressure in a unit operating at 1273 K.

were discussed (e.g., prediction of multi-phasic sys-
tem/secondary reactions). An example of the Fact-
Sage simulation capabilities is presented through the
carbo-reduction of roasted nickel sulfide ores, which
is devoted to the production of a ferronickel alloy.

2. Energy and mass balances for glass production and
recycling: A model to forecast the CO2 emissions
for glass production was proposed. It incorporates the
mass and energy balance results from CT calculations
and the raw materials footprint index from Life-Cycle
Assessment (LCA) databases. This model considers
the effect of glass recycling, as well as the efficiency
of the melting furnace. This approach can be extended
to other manufacturing processes to quantify carbon
emissions.

3. Aluminothermic reactor to produce niobium: This
example exhibits the implication of the partitioning
coefficients involving the equilibrium between sev-
eral liquid solutions. More precisely, those parameters
were calculated for the production of a ferroniobium
alloy considering the leached concentrate composition
reported by the CBMM mining company. Addition-
ally, the metal recovery estimations from the ther-
mochemical simulations were consistent with those
reported by CBMM, showing the reliability of using
CT packages for complex multi-phasic systems.

4. Titanium purification: In this section, the purifica-
tion of Ti-sponges obtained from carbo-chlorination
(Kroll process) was investigated. The effect of adding
Ar to the system to volatilize liquid impurities (MgCl2and Mg) is also exemplified. It was shown that the vac-
uum conditions are more severe for MgCl2 than Mg.
This example illustrates how engineers can benefit
from thermodynamic concepts (fugacity) to modulate
the volatilization of undesired species.

In conclusion, it is demonstrated that CT is a powerful
tool for high-temperature process design. Thus, engineers
can profit from this resource to understand the behavior of

matter, predict and prevent process failures, develop new
materials, optimize energy usage, and design cleaner trans-
formation processes. Remarkably, it was shown that CT can
be coupled to LCA to quantify the greenhouse gas emissions
to manufacture specific products. This approach is particu-
larly convenient for designing new operations or incorporat-
ing consistent theoretical-based data for non-existent process
flows in LCA packages.
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Figure A.1: Ellingham diagram.
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