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ABSTRACT

The aluminium industry is a notable emitter of CO, and a significant contributor to mineral scarcity. Alumina
extraction, typically conducted via the Bayer process, faces two main challenges: using fossil fuels and generating
bauxite residue. A recently proposed approach, the Pedersen process, aims to address these challenges by
removing the iron oxide content from the ore through an additional iron smelting step, thereby eliminating the
generation of bauxite residue. This study evaluates the material and energy performance of alumina and pig iron
co-production from bauxite using the principles of the Pedersen process. Different thermodynamic simulations of
a Pedersen process layout were carried out using Aspen Plus software, and key parameters were validated against
existing literature. Additionally, diverse CO» capture configurations based on calcium looping were assessed,
performing an energy optimization to achieve carbon-neutral and zero-residue alumina production.

Results indicate that the energy demand of the Pedersen process is notably higher than the average Bayer
process for bauxites with high aluminium/iron ratios, with an estimated energy consumption of 11.92 GJ per
tonne of products. However, low aluminium/iron ratios render better energy performances (10.15 GJ per tonne),
showing potential feasibility in terms of energy consumption. The integration of a calcium-looping plant led to
low energy penalties, thanks to the replacement of CaCOs3 in the Pedersen plant by adding purged CaO from the
calcium-looping plant. The energy penalties, estimated at a minimum of 1.10-2.79 GJ per tonne of CO; avoided,
show favourable results that could pave the way for a smarter use of resources and a decarbonized alumina
production.

1. Introduction

Gtonnes of CO; per year (International Aluminium Institute [IAI]).
Alumina (AlyO3) is the essential precursor for primary aluminium in-

The European Union Commission has set forth objectives to signifi-
cantly reduce greenhouse gas emissions and decouple economic growth
from resource use, with the ultimate goal of achieving carbon neutrality
by 2050 (The European Green Deal - European Commission). To
accomplish these objectives, it is crucial to explore innovative technol-
ogies and mitigation strategies within the industrial sector, which is
estimated to be responsible for approximately 24% of global COy
emissions (International Energy Agency 2020) and plays a significant
role in resource consumption (United Nations Environment Programme
2024). Aluminium is one of the most widely used metals, with its pri-
mary production process accounting for 2% of total global COy emis-
sions (Saevarsdottir et al., 2020), equivalent to approximately 1.1
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dustrial production. The growing demand for aluminium in recent years
has led to a significant increase in alumina production, which exceeded
140 million metric tonnes worldwide in 2023 (International
Aluminium).

Alumina extraction involves the digestion of the bauxite mineral in a
caustic solution, dissolving aluminium ions, which are later crystallized
to precipitate aluminium hydroxide, and subsequently calcined to pro-
duce alumina. The remaining caustic solution is then concentrated via
an evaporation step, and the liquid is recycled back to the digestion of
the rock. This overall process, known as the Bayer process, faces two
major drawbacks: the generation of bauxite residue and the high energy
requirements.

Received 18 June 2024; Received in revised form 14 August 2025; Accepted 14 August 2025

Available online 21 August 2025

1750-5836/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0004-8870-2345
https://orcid.org/0009-0004-8870-2345
https://orcid.org/0000-0002-6103-7136
https://orcid.org/0000-0002-6103-7136
https://orcid.org/0000-0001-7379-6159
https://orcid.org/0000-0001-7379-6159
mailto:luismi@unizar.es
www.sciencedirect.com/science/journal/17505836
https://www.elsevier.com/locate/ijggc
https://doi.org/10.1016/j.ijggc.2025.104453
https://doi.org/10.1016/j.ijggc.2025.104453
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2025.104453&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Saez-Guinoa et al.

The solid residues from the undissolved bauxite, commonly known
as red mud or bauxite residue, typically account for more than 50% of
the mineral input (Zhou et al., 2023). Bauxite residue is composed of
iron oxides, unreacted aluminium oxides, caustic liquor and minor im-
purities such as calcium, silicon and titanium oxides. The generation of
bauxite residues poses significant environmental impacts and health
risks due to their highly alkaline content (Evans, 2016). These residues,
usually disposed of in landfills near alumina refineries (Liu et al., 2009),
easily penetrate soil, farmland and lakes, causing soil salinization and
polluting surface water sources (Li et al., 2024). Therefore, the cumu-
lative generation of bauxite residue, estimated at 4.6 billion tons in 2018
(Kar et al., 2023), encourages the search for solutions that enable the
valorisation of this residue. Existing alternatives include the use of
bauxite residue in cement production (Salim et al., 2023), soil amelio-
ration (Holanda et al., 2020), and the recovery of alumina (Kar et al.,
2023), other metals (Pilla et al., 2024) and rare earth elements (Swain
et al., 2022). However, the alkalinity of the residue hampers its full
utilization, limiting its application to 2-3% of the current bauxite residue
produced (da C. Leite et al., 2022). Therefore, minimising or eliminating
bauxite residue generation is imperative to guarantee efficient resource
use and achieve circularity.

In parallel, efforts are also being directed toward reducing the energy
consumption of the process and the greenhouse gas emissions associated
with the use of fossil fuels. The demanding temperatures above 1100°C
for the calcination of aluminium hydroxide are the main energy
requirement of the alumina industry, followed by the thermal energy
necessary for the evaporation and digestion stages (Saez-Guinoa et al.,
2024). Altogether, alumina production was estimated to require around
10.2 GJ of thermal energy per tonne produced in 2022 (Metallurgical
Alumina Refining Energy Intensity - International Aluminium Institute).
Strategies for alumina refineries to reduce energy consumption are
primarily based on the direct electrification of low-temperature stages
such as digestion and evaporation (International Energy Agency 2023,
Alcoa to investigate low emissions alumina - Australian Renewable
Energy Agency (ARENA), Alcoa — Refinery of the Future). However, the
high temperatures and the elevated energy needed hinder a wider
implementation of direct electrification in the alumina industry. Alter-
natively, other strategies to minimize COy emissions, such as carbon
capture and storage technologies, are still under development in
alumina production, with no current industrial application. Nonethe-
less, some published works have studied its potential implementation. A
conventional amine-based carbon capture system was proposed to
minimize CO3 emissions from alumina production (Peppas et al., 2023),
showing the potential of a 65.3% reduction in direct COy emissions
across the entire aluminium production chain. A calcium-looping
configuration was also proposed and evaluated following the method-
ologies of Life Cycle Assessment and Life Cycle Costing (Saez-Guinoa
etal., 2024). The results of the study showed a 7% increase in the energy
consumption of an average alumina refinery while achieving the capture
of 95% of direct CO, emissions, drastically reducing the overall envi-
ronmental impacts and enhancing the economic performance thanks to
the avoidance of CO, emission taxes.

1.1. Pedersen process

The Pedersen process is a proposed alternative to avoid generating
bauxite residue (Pedersen, 1927).This process was applied industrially
in Norway from 1928 to 1969, when it was discontinued for economic
reasons (Georgala et al., 2023). However, the process has regained in-
terest from research groups and authors in recent years, both as a
method for primary alumina production from bauxite and for recovering
alumina from bauxite residue (Kar et al., 2023). The key feature of the
Pedersen process is the use of an electric arc furnace to remove the iron
present in bauxite by smelting-reduction before extracting alumina from
the rock. The reduced iron can be commercialized as pig iron, mini-
mizing bauxite residue during alumina production. Alumina is obtained
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by leaching of calcium-aluminate slags in a Nay;COj3 solution, followed
by the precipitation of aluminium hydroxide using CO, as feedstock. The
use of CaCO3 and CO-, leads to the generation of a residue known as grey
mud, a sludge containing CaCOs3 and other impurities present in bauxite,
such as silicon, titanium, aluminium and magnesium oxides. Despite the
generation of this residue, the Pedersen process offers a promising so-
lution regarding the problematic of bauxite residue management, as the
grey mud residue contains fewer caustic or highly alkaline components,
reducing its risk of soil and water contamination, making it a safer op-
tion for handling and long-term disposal (Dentoni et al., 2014). More-
over, grey mud typically has a more stable chemical composition than
bauxite residue, making it easier to handle, and potentially repurpose in
construction materials or soil amendments (Azof et al., 2020). As a
matter of fact, several authors refer to grey mud as a by-product rather
than waste, due to its many potential uses and benefits over bauxite
residue (Azof et al., 2020, Ma et al., 2022, Vafeias et al., 2018).

A simplified flowsheet of the process is shown in Fig. 1, in which
bauxite is initially dehydrated with CaCOg3 to allow the formation of
calcium-aluminate slags during the reduction of iron in an electric arc
furnace. Subsequently, the slag is pulverized to ease its digestion in
NayCOs3 solution, where aluminium is dissolved and precipitated cal-
cium carbonate is obtained. Finally, gaseous CO; is sparged into the
solution containing aluminium ions, triggering the regeneration of
NayCOs3 and the precipitation of aluminium hydroxide, which is later
calcined to produce alumina.

Several authors have conducted different experiments over the last
decade at laboratory scale to demonstrate the feasibility of alumina and
pig iron co-production from bauxite, to gain a deeper understanding of
the process fundamentals. The removal of up to 99.9% of iron ore con-
tent from low-grade bauxites using coke was demonstrated by Azof et al.
(Azof et al., 2018), for which three different trials using 1-1.5 kg of
bauxite were performed, also achieving partial separation of silicon and
titanium. Safarian and Kolbeinsen (Safarian & Kolbeinsen, 2016) also
completed iron removal in a smaller-scale experiment with commercial
bauxite, indicating that more than 10% of the silicon dioxide contained
in the ore was reduced together with iron. Sellaeg et al. (Sellaeg et al.,
2017) also completed the removal of iron in three different tests,
showing relevant differences in the phases of the calcium-aluminate
slags produced depending on the lime addition. Although positive re-
sults regarding iron separation are achieved in the works reported in
literature, their procedures show some mismatches with respect to the
published data of the former industrial process (Miller and Irgens,
2013). Most of the experimental procedures perform the dehydration of
bauxite and then mix it with commercial calcium oxide due to the low
scale of the experiments conducted (usually in the range of 100-1,000
grams of bauxite), whereas the original industrial process co-processed
both materials (bauxite and limestone) for cost savings. Additional ex-
periments in larger or semi-industrial scales should confirm the tech-
nical viability of the process and bring it closer to commercialization.
Lazou et al. (Lazou et al., 2020) carried out the smelting reduction of 100
grams of bauxite using hydrogen at different temperatures to minimize
carbon emissions at this stage. Although iron reduction was feasible at
lower temperatures, the substantial hydrogen demand required for its
implementation may hinder the substitution of coke with hydrogen.

For downstream stages of the Pedersen process, Georgala et al.
(Georgala et al., 2023) studied the aluminium digestion after iron
removal using calcium-aluminate slags to extract alumina in a 0.6 L
vessel containing NasCOs solution. The obtained recovery rate of
aluminium after digestion was greater than 85% in all the experiments,
attaining 95% recovery rates when using a 20% excess of slag at 95°C.
Experimental tests within the ENSUREAL H2020 project (Konlechner
et al., 2021) also obtained recovery rates of around 80% of aluminium
after NapCO3 digestion, whereas the efficiency of the subsequent pre-
cipitation reached over 99%. The leachability of the slag after iron
removal is the limiting step of the process, presenting a wide range of
results depending on the digestion conditions and the initial phases of
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Fig. 1. Simplified flowsheet of Pedersen process for the co-production of alumina and pig iron from bauxite.

the calcium-aluminate slags (Azof et al., 2020).

Contrary to experimental studies, technical and environmental as-
sessments of the global Pedersen process are scarcely found in the
literature. Ma et al. compared both the Pedersen and Bayer processes
(Ma et al., 2022), concluding that although the former has a higher
energy demand, environmental impacts depend mainly on the carbon
intensity of the energy used and the composition of the initial bauxite.
Notably, no source of CO2 feedstock has been provided in any of the
available literature to date. Practical challenges from iron reduction and
slag digestion restrict the focus on technical studies that analyse the CO5
emissions and carbon supply system of the overall process.

1.2. Calcium looping

CO, capture technologies have gained significant interest due to
their contribution to mitigating global warming. Among these technol-
ogies, calcium looping technology, also known as carbonate looping, has
been on the focus of researchers for over 20 years (Greco-Coppi et al.,
2025) since it was initially proposed by Shimizu et al. (Shimizu et al.,
1999). Calcium looping (CaL) is one of the most promising alternatives
of post-combustion carbon capture due to its relatively low energy
penalty, estimated at 6-8 efficiency points in power plants (Romeo et al.,
2008, Haran et al., 2023) and 2-5 GJ per tonne of COy avoided in
energy-intensive processes (Perejon et al., 2016, Ortiz et al., 2016), or
even lower in highly integrated systems (Romeo et al., 2011).

CaL technology involves passing CO5-rich combustion gases from a
system through a carbonation-calcination cycle. Calcium oxide (CaO) is
used as a sorbent to capture CO», forming calcium carbonate (CaCOs) in
a carbonation unit. This CaCOs is later decomposed in a calciner, and
CaO is recycled back to the carbonation unit. CaL systems have been
successfully tested in pilot plants of up to 1.7 MWy, achieving CO,
capture rates over 90% (Strohle et al., 2020). Despite not achieving
industrial application yet, they are gaining increasing attention thanks
to their non-toxic technology, and the integration flexibility with
existing combustion systems (Zhang et al., 2024).

One of the drawbacks of this technology is the gradual decline in the
sorption capacity of CaO with each cycle of carbonation and calcination
(Grasa & Abanades, 2006). To address this issue and maintain an

efficient carbonation performance, a fraction of CaO must be purged,
and fresh CaCO3 must be introduced into the loop. Studies indicate that
low purge rates of CaO help minimize operational costs of the CalL sys-
tem, although this necessitates a greater amount of sorbent to be
circulating within the loop (Romeo et al., 2009). Another feature of CaL
technology is the necessity of generating pure oxygen for the
oxy-combustion of CaCOs in the calciner. As a result, CO, and water are
the only gaseous products of the calcination, which facilitates efficient
CO; capture. A basic process flowsheet of a CaL configuration is shown
in Fig. 2.

Numerous studies have analysed the possibilities of integrating CaL
technology into different carbon-intensive industries, such as steel-
making (Perpinan et al., 2023), glassmaking (Baron et al., 2023), the
cement industry (Liu et al., 2023), and waste-to-energy plants (Haaf
et al., 2020). The use of CaCOg3 to form calcium-aluminate slags in the
Pedersen process makes calcium looping a very interesting alternative to
minimize CO, emissions and developing a self-sufficient plant, using
purged CaO for the production of slags and captured CO; as feedstock
for the precipitation of aluminium hydroxide.

1.3. Objectives

Considering all previous studies mentioned above and the current
state of the art, this work aims to establish, for the first time, the global
material and energy balances of the Pedersen process for different
bauxites throughout process simulation, with the goal of evaluating the
potential advantages of this technology over the conventional produc-
tion of alumina via the Bayer process. The co-production of smelter-
grade alumina and pig iron from bauxite is evaluated based on ther-
modynamics and data from published experimental studies. For that
purpose, three different compositions of bauxite ore are considered, and
material and energy performances are studied in each case.

Additionally, this work introduces as a novel contribution the inte-
gration of a calcium-looping plant into a prospective Pedersen plant.
Under the same simulation environment, the aim is to analyse the en-
ergy penalty for providing a source of CO, and CaO necessary for the
process and avoiding fossil fuel-derived CO, emissions. This penalty is
quantified for each kind of bauxite ore, and potential advantages and
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Fig. 2. Simplified flowsheet of a calcium looping plant.

disadvantages of the integration are further discussed. Various operating
parameters of the calcium-looping system, such as the CaO purge rate
and the circulation ratio, are also examined to determine the optimal
configuration.

2. Material and methods

Three different scenarios of a Pedersen process plant were developed
using Aspen Plus V12.1 software. The plants were sized for a capacity to
treat nearly 1.5 million tonnes of bauxite per year and three different
bauxites with diverse Al/Fe ratios were included in the analysis. The
compositions of each bauxite employed in the study are shown in
Table 1. Three compositions of bauxite with different aluminium con-
tent were proposed with the aim of evaluating low-grade and high-grade
bauxites, adapting their composition to match with the average values of
aluminium content found in bauxite (Hudson et al., 2012). To ensure the
similarity with industrial bauxite, the selected compositions were cho-
sen within ranges reported for metallurgical-grade bauxites (>45 %
weight Al:0s), meeting standard industrial specifications (Bogatyrev &
Zhukov, 2009). Compositions ranges typical of major global deposits,
such as the Mediterranean bauxites (Al2Os ~45-55 %, SiO2 ~2-10 %,
Fe20s ~15-23 %) and African ores (with Al-Os approximately 44-61 %,
Fe203 1.6-34 %, SiO2 0.4-10.8 %), were used to guide the selection
(Zainudeen et al., 2023, Banerjee et al., 2023), thereby ensuring that the
simulation cases are representative of industrial feedstocks. Following
this, three additional scenarios of a CaL system were also developed for
each bauxite to treat the corresponding combustion gases of the plants
and different energy and material optimizations were implemented for
each case.

2.1. Pedersen process plant

The Pedersen plant models comprehend the production of pig iron,
grey mud and alumina from bauxite, using natural gas as the fuel to
obtain the required thermal energy. Natural gas combustion is selected

Table 1
Different compositions (in mass fractions) of bauxite used in the study (Hudson
et al., 2012, Zainudeen et al., 2023).

Bauxite Al(OH)3 (% Fe;03 (% Si0, (% TiO, (%
wt) wt) wt) wt)

Baux5.4 87.8 8.0 2.7 1.5
(Ratio Al/
Fe=5.4)

Baux2.5 80.1 15.7 2.7 1.5
(Ratio Al/
Fe=2.5)

Baux1.5 72.4 23.4 2.7 1.5
(Ratio Al/

Fe=1.5)

as the thermal energy source given the majority of European alumina
refineries that employ this fuel (European Aluminium Association). The
composition of natural gas is assumed as 100% methane to easy the
modelling of the reactions. Limestone (CaCO3) is used along with
bauxite for its proper leaching in Na;COs3 solution. Carbon anodes are
also used to produce pig iron, and a pure stream of CO, is assumed to
precipitate aluminium hydroxide. A detailed flowsheet of the plant, with
its designed system of heat exchangers, is shown in Fig. 3.

Firstly, bauxite particle size is mildly reduced in a crusher to make it
suitable for industrial processing. The modelling of the particle size
reduction is carried out assuming a normal distribution of the particle
size of the initial ore of 5 mm and a standard deviation of 1 mm. The
electricity demand of the milling is estimated following Bond’s Law of
size reduction (Bond, 1961) considering the maximum particle size of
the ore as 750 pm (Konigsberger, 2008).

After the grinding, bauxite is heated together with limestone at
900°C to dehydrate the rock before the smelting-reduction step. This
stage is modelled using an RGibbs reactor in Aspen Plus, which assumes
thermodynamic equilibrium based on Gibbs free energy minimization.
This assumption is justified due to the high operating temperature and
the long residence time expected in real applications. In practice, this
thermal treatment could be carried out in a rotary kiln, which is widely
used in cement and lime industries for solid—gas contact at high tem-
peratures (Kaczynska et al., 2021). Bubbling fluidized bed (BFB) re-
actors, although not commonly used in current industrial lime or cement
production (JRC Reference Reports 2013), have also been proposed for
integrating indirectly heated CaL systems into such processes (Hanak
et al., 2015). However, BFBs face upscaling challenges compared to
circulating fluidized beds (CFBs), which offer better gas-solid contact
and scalability. Accordingly, most CaL studies favour the use of CFBs or
entrained-flow reactors for both the carbonator and the calciner stages.

A 12/7 molar ratio of Ca/Al is assumed to estimate the amount of
limestone needed in the dehydration of bauxite, considering that
12Ca0-7Al1,03 slag formation is preferred for the leaching stage (Ma
et al., 2022). The combustion of natural gas is also modelled within the
same RGibbs reactor, under the assumption of complete combustion
with excess air, as in practice, this reaction would occur in an integrated
combustion chamber within the calcination system (Kaczynska et al.,
2021). Thus, the chemical reactions occurring at this stage are shown in
Reactions (1)-(3), in which the thermodynamic equilibriums are
calculated assuming no kinetics restrictions.

CHy4 (g) + 203 (g) — 2H,0 (g) + CO4 (g) AH? = -802.0 MJ/mol CHy4(1)
2AI(OH)3 (s) — AlyO3 (s) + 3H0 (g) AHY = 185.2 kJ/mol CHy  (2)
CaCOs3 (s) — CaO (s) + COz (g) AH? = 178.0 kJ/mol CaO 3)

As shown in Fig. 3, residual heat from the flue gases released from
Reactions (1)-(3) is exploited to preheat initial bauxite and limestone.
Solids, otherwise, are sent to an electric arc furnace, in which electricity
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Fig. 3. Detailed flowsheet of the Pedersen process plant simulation.

and carbon anodes (modelled as 100% carbon) are consumed to smelt
the iron content of bauxite. Silicon content is also partially reduced at
1500°C (Safarian & Kolbeinsen, 2016). Formation of mayenite phase
(12Ca0-7Al1203) is also assumed to occur primarily (Georgala et al.,
2023). The reactions that happen in this stage are shown in Reactions
(4)-(6). Due to the lack of data regarding the kinetics of this stage, the
high-temperature smelting step is simulated using RStoic reactors, with
conversion values obtained from experimental data (Keplinger et al.,
2018) and constrained so as not to exceed the thermodynamic equilib-
rium limits. Although kinetics are not modelled explicitly, this
assumption provides a reasonable approximation for mass and energy
balances, as they are based on the conversion rates observed in the ex-
periments from literature. The industrial reactor corresponding to this
stage is an Electric Arc Furnace, which is widely used for reduction re-
actions and alloy production at similar temperatures (Conejo, 2024).

Fe,03 (s) + 2C (s) — 2Fe (s) 4+ CO5 (g) + CO (g) 4
3Si0, (s) + 4C (s) — 3Si (s) + 2CO3 (g) + 2CO (g) (5)
12Ca0 (s) + 7Al303 (s) — 12Ca0-7Al,03 (s) (6)

The smelted iron, containing silicon and traces of carbon, is cast on-
site for its commercialization. On the other hand, the mayenite solid
phase is put through a pulveriser to reduce its particle size before
digestion on NapCOs solution. The cooling down of the solid phase must
be carried out at a controlled rate to enable the formation of the desired
slag phase (Azof et al., 2018). A small fraction of heat residues from the
slag is exploited to preheat the air necessary during the dehydration of
bauxite. The mixture of CO and CO; released during the reduction of
iron and silicon is trapped and sent to the aluminium hydroxide calciner

to maximize the energy recovery. After pulverization of mayenite, the
main reaction assumed to occur at the digestion stage is shown in Re-
action (7).

12Ca0-7Al1,053 (s) + 12NaCOs3 (s) + 33H20 (1) - 12CaCOs (s) + 14NaAl
(OH)4 (aq) + 10NaOH (aq) 7

The digestion step is simulated using an RStoic reactor, with reaction
extents based on literature experiments (Georgala et al., 2023). This was
selected as the most appropriate assumption to carry out the modelling,
as the process operates at relatively low temperature (around 100°C)
and is limited by solubility and reaction kinetics. In a real plant, diges-
tion would likely be carried out in stirred tank reactors (STRs) operating
in batch or semi-batch mode, as commonly found in hydrometallurgical
and Bayer-type leaching processes (Banvolgyi & Haneman, 2022).

After the leaching unit, grey mud sludge is filtrated and separated for
its disposal or commercialization, and aqueous NaAl(OH)4 is carried to a
precipitator where an excess flow of pure CO; is fed. The input of CO is
estimated as the amount of CO, necessary to supersaturate the solution,
ensuring the complete precipitation of aluminium hydroxide (AI(OH)3).
The precipitation reactions are again modelled using RStoic reactors,
where conversion is defined by stoichiometry and the assumed CO:
input. These reactions are simulated under equilibrium assumptions,
although the kinetics of nucleation and growth govern the product
formation. Thus, the yield of this stage could be overestimated,
depending on the size and time residence of the precipitation stage in
real operation. Industrially, this stage would take place in agitated
precipitation tanks, similar to those used in Bayer process operations
(Banvolgyi & Haneman, 2022). Both reactions of AI(OH)3 precipitation
and NayCOj3 regeneration that take place at this stage are shown in
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Reaction (8) and Reaction (9).
2NaAl(OH)4 (aq) + CO2 (g) — NaxCOs (s) + 2A1(OH)3 (s) + H20 (D(8)
2NaOH (aq) + CO3 (g) — NayCOs3 (s) + H20 (1) (©)]

Al(OH)s is filtrated and washed, and residual heat from flue gases
leaving the bauxite dehydration is used to dry AI(OH)3 before entering
the calciner to produce smelter grade alumina. The remaining liquid
after the digestion contains a Na;CO3 aqueous solution saturated with
COs. Hence, a distillation column is proposed to extract CO5 from the
solution and recycle it back to the precipitator. Similarly, Na;CO3 con-
centration is adjusted with fresh solution and reused in the digestion
unit.

Finally, dry AI(OH)s is calcined at 1100°C, for which natural gas is
used again as fuel. The reactions that take place are the same as Reaction
(1) and Reaction (2), obtaining smelter grade alumina as the product of
the process. Alumina is dried with pre-combusted air. Likewise, thermal
energy from flue gases of this stage are exploited to preheat the hy-
droxides and at the distillation unit of the CO2-H20 phase.

The main technical assumptions considered for the global imple-
mentation of the Pedersen process plant are listed on Table 2. The results
of the three models, including the mass flows, compositions and tem-

peratures of each stream, are also detailed in Appendix A.

Table 2

Technical assumptions and operating conditions considered for the imple-

mentation of the Pedersen plant.

Unit Process

Parameter

Value

Crushing

Bauxite

Dehydration

Electric Arc Furnace

Pulverization

Digestion

Precipitation

Distillation

Calcination

Heat Exchangers
System

Initial particle size
Required particle size
Bond Work Index
Mechanical Efficiency
Temperature

Reaction (1) extent
Reaction (2) extent
Reaction (3) extent
Air input
CaCO3/Al,03 molar
ratio

Temperature
Electrical efficiency
Reaction (4) extent
Reaction (5) extent

Reaction (6) extent
Coke anode
consumption
Required particle size
Bond Work Index
Mechanical Efficiency
Temperature
Reaction (7) extent
Na,CO3 concentration
Solid/Liquid mass ratio
Temperature

CO, consumption

Reaction (8) extent
Reaction (9) extent
Number of stages
Top temperature
Bottom temperature
Feed stage
Temperature

Air input

Reactions extent
Minimum temperature
interval

D50= 5 mm; 6=1 mm
<750 pm

11 kWh/tonne (Bond, 1961)
0.85

900°C (Ma et al., 2022)

Gibbs energy minimization
Gibbs energy minimization
Gibbs energy minimization
5% stoichiometric excess
12/7 (Ma et al., 2022)

1550°C (Keplinger et al., 2018)
0.72 (Keplinger et al., 2018)
99.5% (Azof et al., 2018)
10.6% (Safarian and
Kolbeinsen, 2016)

98.0% (Ma et al., 2022)
Stoichiometric

<160 pm

11 kWh/tonne (Bond, 1961)
0.85

70°C

94% (Georgala et al., 2023)
75 g/L (Georgala et al., 2023)
0.08 (Georgala et al., 2023)
50°C (Sidrak, 2001)

Until reaching CO,, saturation in
lig. phase

Gibbs energy minimization
Gibbs energy minimization

6

25°C

90°C

4

1100°C (Sidrak, 2001)

5% stoichiometric excess
Gibbs energy minimization
30°C
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2.2. Integration of the calcium-looping plant

CaL technology is proposed to capture the CO, contained in the flue
gases that leave the bauxite dehydration unit and the calcination of
aluminium hydroxide. The implementation of the CaL. models were also
performed using Aspen Plus V12.1 software, following the same
configuration that was shown in Fig. 2. Many scientific studies have
already developed and analysed CalL systems using Aspen Plus software,
focusing on carbon capture efficiency, energy penalties, and process
optimization. The methodology usually is based on the use of the built-in
fluidized bed models from Aspen Plus (Hejazi & Grace, 2020), the use of
stoichiometric reactors (RStoic) (Jiang et al., 2024) or the use of Gibbs
free energy minimization reactors (RGibbs) (He et al., 2025).

In this work, carbonation is simulated with an RStoic reactor using a
well-validated deactivation model, neglecting explicit treatment of ki-
netic limitations, diffusional resistance, and non-ideal solid—gas contact.
The models developed in this work consisted mainly of the simulation of
a carbonation reactor (in which CO; contained in the gases reacts with
CaO to produce CaCO3) using an RStoic unit, and an oxy-fuel calciner (in
which COs is released from CaCOs) using an RGibbs unit. The RStoic
model allows to fix the value of the conversion of a pre-defined set of
chemical reactions. In contrast, the Gibbs reactor allows to estimate the
thermodynamic equilibrium of a mixture of components by minimizing
the Gibbs energy of the system. These units are useful to estimate the
thermal energy demands and the thermodynamic limits of a system.
However, since the model does not account for kinetic limitations such
as surface reaction resistance, intraparticle diffusion, and imperfect
gas-solid contact, the simulated carbonation conversion could result
higher than what would be observed in practical fluidized bed reactors.

For a more realistic representation, several published models incor-
porate solid-gas kinetic and diffusion effects—predominantly based on
two-zone fluidization models of Kunii-Levenspiel (K-L), combined with
shrinking-core or random-pore reaction kinetics. For example, Sattari
et al. (Sattari et al., 2021) proposed a fluidized bed carbonator model
using Kunii-Levenspiel theory that captures bed hydrodynamics, su-
perficial gas velocity, solids fractions in bubble/emulsion regions, and
sorbent decay over cycles; predictions aligned with pilot-scale experi-
ments. Similarly, Abanades et al. (Abanades et al., 2004) employed
two-zone K-L mass balances coupled with kinetic and gas-transfer
limitations to predict real capture efficiencies in circulating fluidized
beds. Yao et al. (Yao et al., 2017) also developed a two-phase model
combining CSTR (emulsion) and PFR (bubble) zones incorporating a
random-pore kinetic model to account for surface and diffusion-con-
trolled carbonation rates under elevated pressures.

Hence, our current model, which neglects these kinetic and diffusion
resistances, could result slightly optimistic in terms of predicted
carbonation conversion and CO: capture efficiency, compared to models
that account for limited sorbent accessibility, transport resistances, or
imperfect mixing. Nevertheless, this simplified approach serves to
bound the thermodynamic potential of the system. To further analyse
the economic implications of the system, the modelling of a fluidised bed
reactor should be implemented, in order to account for additional non-
ideal conditions (such as mass transfer limitations) while allowing the
real sizing of the equipment (Porrazzo et al., 2014). Implementation of
such more advanced models (e.g. Kunii-Levenspiel two-zone K-L model
plus random-pore kinetics or shrinking-core kinetics) remains subject
for future work.

The conversion of CaO in the carbonator was calculated according to
the methodology indicated in previous works (Saez-Guinoa et al., 2024),
which is based on the conversion of one single particle of CaO and the
estimation of the average number of cycles that CaO suffers, as proposed
initially by Grasa and Abanades (Grasa and Abanades, 2006). This
estimation method consists of a series of semi-empirical equations,
which were developed by carrying out laboratory-scale experiments on a
thermogravimetric  analyzer designed for long multicycle
carbonation-calcination tests. Results with different type of limestones
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indicated that the capture capacity of the sorbent suffers a strong decay
during the first 20 carbonation-calcination cycles, but then it tends to
stabilize, showing a residual activity of 0.075-0.08 after 500 cycles
(Grasa and Abanades, 2006). This semi-empirical method has been
widely used and adapted by practitioners thanks to its accuracy and
relatively low level of complexity (Amorim et al., 2025, Shafiabadi et al.,
2025, Hejazi & Montagnaro, 2024, Romano, 2012, Greco-Coppi et al.,
2025). More recently, this method was successfully validated in pilot
tests in a 300kWhy, plant, fitting the model with reasonable accuracy
with the empirical degrees of carbonation (Greco-Coppi et al., 2025).

The conversion of CaO is very influenced by the physical properties
of the sorbent used. Hence, the characteristics of the limestone selected
for this study were retrieved from Pascual et al. (Pascual et al., 2021).
The study of a different sorbent or an alternative calculation method of
the sorbent deactivation remain as a future task to check its influence in
overall results.

The modelling of the carbonation was developed by considering the
number of cycles of carbonation-calcination (N) of a limestone (CaCO3)
particle as a reference. As the sorption capacity of the solid decays after
each cycle, a typical limestone sorption capacity was used in the cal-
culations (Grasa & Abanades, 2006). Equation 1 shows the conversion of
one particle of CaO (Xy) in the carbonator as a function of its number of
cycles N. In this equation, k is the conversion decay constant, set as 0.52,
and X, is the residual activity of CaO particles after an infinite number of
cycles, which was assumed as 0.075 (Grasa & Abanades, 2006) for the
limestone selected in this work.

L
L +kN

1-X,

XN = Xr (10)

Thus, the average conversion achieved by the solid CaO particles
(Xaye) is calculated as the product of their distribution of the number of
cycles (ry) and the conversion of each particle, Xy. The calculation of the
average conversion (Xgy.) of the CaO particles is shown in Equation 2, in
which ry represents the percentage number of CaO particles that have
passed through a certain number of cycles N.

Xave = rv-Xn an

N=co

N=1

To calculate the variable ry, the molar flowrates of CaO entering the
carbonator (Fgqp) and CaCOs entering the oxy-calciner (Fyp) were used,
as shown in Equation 3.

Fo

y = ——ee o (12)
<1 + )
CaO

Two key parameters need to be defined to estimate the conversion of
CaO at the carbonator, and hence, the efficiency of the COy capture
system: the molar ratio of CaO/CO- entering the carbonator, known as
the carbonation ratio (R), and the percentage of CaO that is replaced by
fresh CaCO3 after the oxy-fuel calcination, known as the purge ratio (f,)
(Rodriguez et al., 2008). High carbonation and purge ratios increase the
efficiency of the carbon capture. To minimize economic costs, configu-
rations with low purge ratios and high carbonation ratios are usually
preferred (Romeo et al., 2009), reducing the purchase cost of fresh
limestone. However, this study proposes to explore integrating a CaL
system in a process with an existing demand of fresh CaCOs. Therefore,
the integration of CaL configuration into the Pedersen plant can be based
on diverse linkages, aside from the flue gases entering the carbonation
unit. Purged CaO leaving the CaL system can be fed into the bauxite
dehydration unit by substituting initial CaCOs3. Thereby, CO, released
from the decomposition of CaCOj3 in that unit decreases, obtaining a
synergistic effect on the energy consumption needed to capture the CO,
of the whole system.

A temperature of 650°C was fixed in the carbonator reaction to allow
for a suitable CaO conversion. Thus, the carbonator was assumed to be
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cooled down to maintain its temperature, as it is necessary due to the
exothermicity of the reaction. Similarly, thermal heat of the material
streams (mainly the CaO sorbent and the flue gases from the Pedersen
process) was recovered to decrease their temperature. The recovered
heat was then exploited in different stages of the process, such as the
distillation and the drying of the Pedersen plant. Hence, the released
heat from the carbonation reaction serves to adjust the temperature of
the input flows, making the net duty of the carbonation equal to zero. In
contrast, the feed of natural gas (and a 5% stoichiometric excess of ox-
ygen) in the oxy-fuel calciner was calculated to achieve a temperature of
900°C for the reactants. Additionally, A 33% mass fraction of CO5
released during the oxy-fuel combustion was recirculated back to the
oxy-calciner in order to simulate the conditions of the oxy-fuel com-
bustion to real fluidised bed reactors (Guo et al., 2024). Thus, the
recirculation of CO, eases the temperature distribution and ensures a
correct fluidization velocity at the bed reactor, while diluting oxygen to
control the temperature of the combustion (Martinez et al., 2012). Main
operational conditions that were assumed for the CaL implementation
and integration are gathered in Table 3.

Different carbonation and purge ratios were analysed to find the
optimal integration based on the particularities of the Pedersen process.
Low and mid-purge ratios were evaluated, whereas the carbonation
ratios were the result of fixing the maximum amount of CO, emitted as
2% of the initial CO5 emissions of the Pedersen simulation. A third
additional case was implemented, in which the purge ratios were
maximized in order to cover the complete demand for calcium oxide
from the Pedersen plant for each of the bauxites considered in the study.
The 2% limit on the CO2 maximum emissions was set equally for all the
cases under study, in order to stablish fair comparisons between the
different case studies. A 98% reduction of the CO, emissions was set as
an achievable upper value in integrated systems (Romeo et al., 2011),
considering also the expected CO5 avoidance thanks to the recycling of
spent CaO in the bauxite dehydration unit. The values of the key pa-
rameters (purge and carbonation ratios) used for each case study are
gathered in Table 4, along with the obtained values for the efficiency of
the carbonation (Ec4rp) and the overall carbon capture efficiency (Ece)-
Ecarb is an indicator limited to the performance of the carbonation unit,
and it is calculated as the percentage of CO5 that is absorbed in the
carbonation unit with respect to the total amount of CO; entering the
carbonator. In contrast, E.. provides an indicator for the entire CaL
system, representing the fraction of CO, released (captured) in the
oxy-fuel calciner with respect to the total amount of CO;5 generated in
the process.

The detailed flowsheet of the integration of both systems is shown in
Fig. 4 for the cases in which purged CaO from the oxy-fuel calciner does
not cover the demand for calcium oxide at the bauxite dehydration unit.
In these cases, only the fraction of fresh limestone that enters the
dehydration unit is preheated using CO3 leaving the oxy-fuel calciner at
900°C, whereas spent CaO sorbent from the CaL unit is directly fed into
the dehydration unit at 650°C to minimize the energy consumption. The
heat exchangers system suffers several modifications, as the thermal
energy residues available in the dehydration unit decreased remarkably

Table 3
Operating conditions of CaL system.
Variable Units Value
Carbonator temperature °C 650 (Pascual et al., 2021)
Oxy-fuel calcination °C 900 (Pascual et al., 2021)
temperature
Oxygen feed 5% stoichiometric excess (Baron

et al., 2023)

Electricity consumption for kWh/tonne 225 (Strojny et al., 2023)
oxygen generation (o2}

Electricity consumption for CO, kWh/tonne 90 (Jackson & Brodal, 2019)
compression CO,

CO,, recirculation %wt 33 (Pascual et al., 2021)
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Table 4

Values of key parameters studied for the CaL integration.
Variable Baux5.4 Baux2.5 Baux1.5
Purge ratio Low Mid Max Low Mid Max Low Mid Max
Carbonation ratio (-) 5.05 1.84 1.55 5.04 1.84 1.60 5.05 1.85 1.68
Purge ratio (%) 2.6 33.3 55.2 2.6 33.3 50.0 2.6 33.3 44.2
Ecarb (%) 94.79 94.12 92.24 94.57 94.01 92.88 94.21 93.87 92.79
Ecc (%) 97.25 96.88 96.33 97.27 96.72 96.45 97.26 96.92 96.79

CaO

CO:-free gases

| ¢ » Alumina
] H ¥

Electric arc furnace
] Limestone
v Digestion Filtration ~ Precigitation
DF— e
Pulverization —x— o CO; to @
T Dryer storage | ‘J
N2,COs Grey mud CO:
solution | L
Mixer €O, Condenser
Mixer

<

Distillation

Fig. 4. Detailed flowsheet of the CaL and Pedersen plant integration for low and mid purge ratios.

thanks to the recirculation of spent CaO sorbent. Additionally, the
combustion gases from the Pedersen plant are now only partially cooled
down below 650°C to meet the required temperature of the carbonator.
Therefore, the new heat residues available from the clean gases without
CO4 leaving the carbonation unit of the CaL plant need to be exploited to
separate CO, and NayCOs solution at the distillation unit, which was
carried out solely with the thermal energy from the combustion gases in
the previous single Pedersen configurations.

The resulting layout of the integration of a CaL system that purges
enough CaO to meet completely the demand of the bauxite dehydration
unit is displayed in Fig. 5. In these cases, no heat exchanger is needed for
the CaCOj3 entering the dehydratrion unit. Therefore, the CO, stream
leaving the oxy-fuel calciner at 900°C is exploited to preheat the flow of
fresh limestone entering the same unit, as the energy requirements of
this mass flow have increased since the entire demand for CaCO3 enters
the oxy-fuel calciner. In contrast, clean gases leaving the carbonator are
now used to preheat bauxite as much as possible. No fresh limestone is
needed at the dehydration unit since calcined CaO reaches the demand
for the formation of 12Ca0-7Al,0s3.

Finally, in both integrations, CO; leaving the oxy-fuel calcination is
separated from water by water condensation. CO5 stream is then used as
feedstock at the AI(OH)3 precipitation stage, minimizing the amount of
CO4, to be compressed and sent to storage or other purposes. The results
of the models of the three purge ratios evaluated for each type of

bauxite, including the mass flows, compositions and temperatures of
each stream, can be found in Appendix B.

3. Results and discussion
3.1. Single Pedersen plant: materials and energy performance

Results regarding raw materials consumption and outputs produc-
tion from Pedersen plant simulation are summarized in Table 5 for each
of the three bauxites described in this work. The results show that the
demand for CaCOs in the Pedersen process increases proportionally to
the alumina content of the ore. So does the amount of CO; directly
emitted during the process because of the increased energy demand to
produce alumina and the higher amount of CO; released from using
CaCOs. Although production volumes of alumina depend strongly on
bauxite initial composition (Ruys, 2019), the results of the Pedersen
process show the potential valorisation of iron content, minimizing
bauxite residue production. The Bayer process is estimated to produce
around 0.4-0.7 tonnes of bauxite residue per tonne of bauxite (Evans,
2016), whereas the Pedersen process avoids those residues, presenting a
production volume of 0.427-0.518 tonnes of alumina and 0.059-0.172
tonnes of pig iron per tonne of bauxite treated.

Compositions of the three main outputs of the process are also shown
in Table 6. No relevant differences were found among the different



J. Saez-Guinoa et al.

International Journal of Greenhouse Gas Control 146 (2025) 104453

CaO Gy By
‘ CO:-free gases

Electric arc furnace

Digestion Filtration

b

Precipjtation

Splitter

» Alumina

Oxy-calcination

Carbonator

Z

Limestone ——»

Pulverization . CO; to
3 Dryer storage
N2,CO; Grey mud
solution L
Mixer Condenser

Distillation

Fig. 5. Detailed flowsheet of the CaL and Pedersen plant integration for maximum purge ratios.

Table 5
Mass flowrates of inputs and outputs per tonne of processed bauxite.

Mass flows (tonnes/tonne of bauxite) Baux5.4 Baux2.5 Baux1.5
Inputs
Bauxite 1.000 1.000 1.000
Natural Gas 0.119 0.105 0.092
CaCOg3 0.966 0.881 0.796
Coke 0.015 0.030 0.044
NayCO3 0.205 0.180 0.160
Water 0.840 0.756 0.691
CO, 0.392 0.358 0.325
Outputs
Alumina 0.518 0.473 0.427
Pig Iron 0.059 0.116 0.172
Grey Mud 1.489 1.349 1.218
CO; (emitted to air) 0.807 0.771 0.741
Table 6
Weight compositions of three main outputs from Pedersen process.
Compounds (mass fractions) Baux5.4 Baux2.5 Baux1.5
Alumina
Al,03 0.999 0.998 0.998
NazO <0.001 <0.001 <0.001
Si0, <0.001 <0.001 <0.001
Pig Iron
Fe 0.939 0.943 0.945
C 0.040 0.045 0.048
Si 0.021 0.012 0.007
Grey Mud
CaCOg3 0.621 0.611 0.599
Water 0.204 0.205 0.205
NayCO3 0.099 0.102 0.105
12Ca0-7A1,03 0.046 0.045 0.044
Si0, 0.016 0.017 0.020
TiO, 0.009 0.008 0.008

cases. Slight traces of sodium oxide and silicon dioxide could be found in
alumina, according to the assumptions made during the study. However,
these traces do not jeopardize the quality of alumina, as smelter grade

alumina usually requires a purity of more than 98.5% (Yang et al.,
2020), and the results found in the study show a purity of 99.8%.
Similarly, carbon content in pig iron remains around 4-5%wt, making it
suitable for its use in the steelmaking industry (Perpinan et al., 2023).
Furthermore, as indicated by previous studies analysing the composition
of grey mud (Vafeias et al., 2018), the composition of grey mud obtained
in the study shows no iron content and lower alkalinity than bauxite
residue, making it a safer option for long-term disposal and being a
promising candidate for valorisation to be used as a raw material in the
cement industry or as a soil additive (Azof et al., 2020).

Regarding energy demand, the net energy consumption of the
different units of the models are shown in Table 7. Results show that
energy consumption is around 13.28-14.25 GJ per tonne of alumina
produced. These figures are slightly lower than the actual estimations of
the former industrial Pedersen plant, which needed around 14.40 GJ to
produce 1 tonne of alumina (Miller & Irgens, 2013). The difference can
be explained because of the calcination temperature of the industrial
plant (1250°C), which was set higher than strictly required. Thus, flue
gas with an adequate concentration of CO, was obtained to be used at
the precipitation stage (Miller & Irgens, 2013). Nonetheless, the results

Table 7
Results of energy consumptions at the diverse stages of Pedersen process.
Baux5.4 Baux2.5 Baux1.5

Thermal Energy (GJ/tonne of Al,O3 produced)
Bauxite Dehydration 7.754 7.965 8.055
Digestion - - -
Precipitation - - -
Distillation* - - -
Calcination 4.354 3.702 3.307
Electrical Energy (kWh/tonne Al,O3 produced)
Crushing 6.387 6.938 7.501
Electric Arc Furnace 304.173  518.894 779.440
Pulverization 15.013 15.013 15.013
Thermal Energy Consumption (GJ/tonne Al,03)  12.108 11.667 11.362
Electricity Consumption (kWh/tonne Al;O3) 325.573 540.845 801.954
Total Energy (GJ/tonne Al;03) 13.280 13.615 14.249

* Distillation requires 2690-2750 MJ/tonne, but energy requirement is
recovered from residual heat, hence, no net consumption occurs.
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of this work show that energy consumption surpasses, in all cases, the
average consumption of the Bayer process, which is estimated at 10.22
GJ/tonne. The higher energy demand of the Pedersen process is ex-
pected because of the addition of CaCO3 throughout the process and the
valorisation of the iron content of the ore. Considering that, on a world
average, 1.22 tonnes of bauxite residue are generated per tonne of
alumina, an estimation of the energy penalty for avoiding bauxite res-
idue can be calculated as the subtraction of energy consumption from
Pedersen plant minus average Bayer plants. Thus, it is obtained a spe-
cific primary energy cost of 2.51-3.30 GJ per tonne of bauxite residue
avoided. The minor value range results similar to energy penalties for
bauxite residue valorization, estimated at 2.40 GJ per tonne of bauxie
residue valorized for cement industry (Di Mare & Ouellet-Plamondon,
2023). Nevertheless, economic analysis should confirm the viability of
this route and the amelioration of this penalty.

Therefore, focusing on alumina production, it is shown that the
Pedersen process could solve the bauxite residue generation but not
alleviate the problematic high energy consumption that Bayer process
plants present. However, some differences must be highlighted, such as
the fact that alumina is not the only product of the Pedersen plant.
Considering pig iron as a product with a similar marketability as
alumina, net energy consumptions of the Pedersen process stand at
11.92,10.93 and 10.15 GJ per tonne of products, for bauxites with Al/Fe
ratios of 5.4, 2.5 and 1.5 respectively. Another alternative to present the
results is considering the average energy demand of pig iron production,
which is estimated at 17 GJ/tonne (Harvey, 2024). Therefore, a ‘virtual’
industry that achieves the production rates of alumina and pig iron
shown in Table 5 for Baux5.4, Baux2.5 and Baux1.5 would require
12.16, 14.38 and 17.07 GJ per tonne of alumina respectively. Fig. 6 il-
lustrates the energy performance as a function of the Al/Fe ratios of the
ore, considering both references: the average energy consumption of a
Bayer plant and the energy consumption that would be required for a
‘virtual plant’ to produce the same amounts of alumina and pig iron
following conventional Bayer and blast furnace processes. Thus, as it is
shown in Fig. 6, the Pedersen process can effectively compete with the
Bayer process regarding energy requirements when using bauxites with
a low Al/Fe content ratio, whereas the Bayer process performs better for
bauxites with a higher alumina content.

Another significant difference is the type of energy requirements of
both processes. Around 8.83-20.26% of the energy demand of the Ped-
ersen process is electrical, whereas nearly 100% of the energy demand of
the Bayer process is thermal energy. This difference is more remarkable
as the Al/Fe ratio of the ore decreases, showing a good potential for
minimization of CO5 emissions in locations where renewable electricity
is available. For illustration purposes, CO2 emissions of the process were
calculated for each of the three bauxites studied. To estimate the CO5
emissions associated with electricity generation, an emission factor of
250 g of CO4 per kWh, was used, similar to the average CO; intensity of

20
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European markets (European Environment Agency 2023). Estimations
of CO, emissions and their sources are displayed in Fig. 7. Based on these
assumptions, results indicate that CO, emission intensity decreases as
the Al/Fe ratio increases, with values between 1.76 tonnes of CO5 (when
bauxite Al/Fe ratio is 5.4) and 2.81 tonnes of CO5 per tonne of products
(for bauxites with 1.5 Al/Fe ratio). However, if CO5 derived from elec-
tricity consumption is near zero thanks to the use of renewable elec-
tricity, CO2 emissions result more similar, with estimations around
0.81-0.96 tonnes of COy per tonne of products. By removing
electricity-derived CO, emissions, and given that CO, feedstock nearly
equals CO2 coming from using CaCOs, the combustion of natural gas
becomes the leading emitter of CO,. This contributor is close to constant,
since it depends strongly on the amount of alumina that is calcined.
Hence, the main difference in CO, emissions lies in the amount of coke
used at the electric arc furnace. Therefore, it is shown that renewable
electricity could become a relevant pathway for reducing environmental
impacts due to alumina production. However, renewable electricity
should be matched with other strategies to achieve a fully decarbonized
industry.

3.2. Integration of calcium-looping plant to Pedersen plant

The efficiency of the proposed Cal system was fixed at 98%, un-
derstood as the percentage of CO4 avoided over the initial CO, directly
emitted with each of the three bauxite ores proposed. This efficiency is
achievable thanks to the synergy effect between the CaO used in the
Pedersen process and the CaO sorbent used in the CO5 capture, which
reduces drastically the CO; circulating in the system to be captured with
respect to the single Pedersen process using CaCOs as feedstock. This
synergistic effect can be also found in other industries that make use of
calcium carbonate, such as the cement industry, in which CO, capture
efficiencies of up to 95% have been achieved in 200 kWhy, pilot plant
tests (Hornberger et al., 2017). The real efficiency obtained by the in-
tegrated layout, understood as the percentage of CO, captured over the
amount of CO entering the CaL system, is detailed in Table 4, showing
values in the range of 92.2-94.8%. The obtained CO; capture extent falls
within the range of the CO; capture efficiencies found in experimental
pilot plants (Arias et al., 2024, Haaf et al., 2020), which usually vary
between 85-95% depending on the residence time or the load of sorbent.

Consumption of primary raw materials (bauxite, NapsCOs, coke,
water...) and production rates of alumina, pig iron and grey mud were
not affected by the implementation of a COy capture plant, as the
chemistry of the process and the modelling assumptions shown in
Table 2 were not modified. The overall demand for CaCO3; was also
unchanged, though its use as a sorbent to capture CO; entailed changes
on the energy demand of the Pedersen plant. New disaggregated flow-
rates of CaCO3 and natural gas of the integrated plants are gathered in
Table 8, which shows also the amounts of CO; captured and CO, emitted

Energy Consumption (GJ/tonne Al,0;)

OX

X

X Obtained energy consumption of
Pedersen model

©Energy consumption of "virtual" Bayer +
blast furnace processes

X Average Energy Consumption of Bayer
process

1 2 3 4 5
Al/Fe ratio in bauxite

Fig. 6. Results of energy consumption as a function of Al/Fe ratio of the ore.
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Table 8

New mass flows of natural gas, limestone injection, CO, captured and CO, emitted for each case study of the CaL integration.
Variable (tonnes/tonne bauxite) Baux5.4 Baux2.5 Baux1.5
Purge ratio Low Mid Max Low Mid Max Low Mid Max
CaCOs in bauxite dehydration unit 0.761 0.220 - 0.690 0.173 - 0.617 0.119 -
CaCOs3 in oxy-fuel calcination unit 0.205 0.746 0.966 0.191 0.708 0.881 0.179 0.677 0.796
Natural Gas in bauxite dehydration unit (GJ/tonne baux) 2.746 2.130 1.336 2.490 1.671 1.284 2.213 1.403 1.207
Natural Gas in hydroxide calcination unit (GJ/tonne baux) 1.397 1.414 1.449 1.345 1.351 1.353 1.237 1.249 1.251
Natural Gas in oxy-fuel calcination unit (GJ/tonne baux) 4.247 3.634 3.103 4.094 3.226 2.995 3.961 3.115 2.963
CO;, Captured for storage 0.531 0.465 0.394 0.534 0.442 0.408 0.532 0.441 0.422
CO,, directly emitted 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.014 0.014

to the atmosphere after the CaL integration. The proportion of fresh
limestone injected at the bauxite dehydration unit varied as a function of
the purge ratio at the oxy-fuel calcination of the CaL plant, also trig-
gering a decrease in energy demands of the dehydration and the amount
of CO, emitted at that unit. Hence, it is shown that higher ratios of CaO
purge at the CaL plant induced significant reductions of energy demand
both at the bauxite dehydration unit and the oxy-fuel calcination,

drastically reducing the energy penalty of CO, capture. On the other
hand, the energy demand of the hydroxide calcination unit remained
unchanged with the diverse CaO purge ratios, since this energy input
relies primarily on the amount of alumina produced. As a consequence
of the overall energy decrease, the amount of CO, captured also de-
creases for higher CaO purge ratios, simplifying the downstream pro-
cessing or storage of the carbon dioxide.

Table 9

Energy consumption and energy penalty of CaL integrations.
Variable Baux5.4 Baux2.5 Baux1.5
Purge ratio Low Mid Max Low Mid Max Low Mid Max
Total Energy Consumption (GJ/tonne products) 16.99 14.14 12.73 16.46 13.24 12.18 15.85 12.50 11.98
Energy Penalty (%) 42.52 18.61 6.68 50.41 20.87 11.17 55.96 22.98 17.76
SPECCA (GJ/tonne CO, avoided) 7.38 3.26 1.10 8.25 3.48 1.89 8.57 3.56 2.79
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Global energy consumptions of the different proposed integrations
are gathered in Table 9, along with the energy penalty of CO, capture of
each configuration. This energy penalty is calculated using two different
methods: as a percentage of energy demand increase with respect to
single Pedersen process, and as the specific primary energy consumption
per tonne of COy emissions avoided (SPECCA). The SPECCA values are
calculated as shown in Equation 4, in which Qg;car+ped and Qg peq are
the thermal energy demands of the integrated CaL+Pedersen plant and
the single Pedersen process respectively. As shown in the expression, the
required electricity to generate oxygen for the oxy-fuel combustion (Epz)
and the electricity demand for CO, compression (Egpz) are also
accounted, multiplied by the primary energy factor of the average Eu-
ropean electricity grid (PEFgy), which converts the final electricity use
into primary energy consumption, and equalled 1.9 in 2023 (European
Commission 2022). The CO5 avoided is estimated as the difference be-
tween the CO, emitted initially by the single Pedersen model (mcoz;ped)
and the amount of CO, emitted after the CaL integration (mcoz;car+ped)-
The indirect emissions from electricity generation are also accounted
(Mmco2;car;el), considering the average emission factor of the EU in 2023.
For illustration purposes, estimations of total energy consumptions and
SPECCA indices are plotted as a function of the CaO purge ratios in Fig. 8
and Fig. 9 respectively.

Qncar+ped T (Eo, + Eco,) PEFEy — Qunpeq

Mco,ped - Mco,;CaL+Ped — Mco,;CaLiel

SPECCA = 13)

Values of global energy consumptions show again that bauxites with
low Al/Fe ratios are less energy-intensive per unit of product, whereas
bauxites with a higher content of aluminium require more energy to be
processed following the Pedersen route. However, implementing a CaL
plant in different scenarios evidences two insights: the energy penalty of
CO4, capture becomes less for low Al/Fe ratios, and the use of high ratios
of CaO purge entails a remarkable advantage.

By analysing bauxite with a 5.4 Al/Fe ratio, it is shown that a 2.6%
purge ratio renders an energy penalty of 42.52% of the initial energy
consumption of the single Pedersen plant, and a SPECCA value of 7.38
GJ per tonne of CO5 avoided. While achieving the same efficiency of CO5
capture (98% of initial CO emitted), an upper purge ratio of 55.2%
drastically decreases the energy penalty of the same bauxite, to 6.68%
and 1.10 GJ per tonne of CO; avoided. This effect occurs in all three
bauxite compositions studied, although to a lesser extent as the Al/Fe
ratio becomes smaller. For instance, bauxite with a 1.5 Al/Fe ratio
presents an energy penalty of 55.96% and 8.57 GJ/tonne CO3 ayoided
when a low 2.6% purge ratio is carried out. These values are reduced at
most to 17.76% and 2.79 GJ/tonne when a maximum purge of 44.2% is
performed.

SPECCA indices obtained in this work, varying between a maximum
of 8.57 and a minimum of 1.10 GJ/tonne CO3 ayoided, fall within or above
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Fig. 9. SPECCA estimations as a function of CaO purge ratio.

the ranges reported in literature for CaL processes in other industrial
sectors. As an example, SPECCA values of 4.45-7.27 GJ/tonne CO,
avoided Were obtained by studying the application of CaL plants in com-
bined cycle power plants (Strojny et al., 2023) and values of 2.7-2.9
GJ/tonne CO3 ayvoided Were found when the integration of CalL plants in
steelmaking industry was proposed (Perpinan et al., 2023). More effi-
cient configurations using indirectly heated calcium looping have
demonstrated energy performance improvements and reduced pen-
alties, with SPECCA values as low as 1.7-2.1 GJ/tonne CO: avoided in
cement and lime applications (Ortiz et al., 2016) (Greco-Coppi et al.,
2023). These results place the highest purge configurations of this study
(1.10-2.79 GJ/tonne COz) within the competitive range of
state-of-the-art Cal. applications, while the low-purge configurations
(7.38-8.57 GJ/tonne COz) are relatively high by comparison, especially
at reduced CaO substitution levels. Cal integrations with low purge
ratios present a minor grade of substitution of CaCOs in the Pedersen
plant, and hence, higher SPECCA values are obtained. These values
result slightly higher than SPECCA indices from other CaL integrations.
However, when high purge ratios enable near-complete replacement of
CaCOs by purged CaO, SPECCA values in this study are lowered to levels
consistent with those obtained in optimized cement and lime CaL pro-
cesses, which report values in the range of 0.57-2.17 GJ/tonne CO:
avoided (Greco-Coppi et al., 2023) (Ferrario et al., 2023). The energy
penalty reduction associated with high-purge operation highlights the
potential of this configuration to approach or even outperform certain
conventional CO: capture benchmarks in terms of energy efficiency.

Overall, using high spent CaO purge ratios shows a better perfor-
mance than low purge ratios, mainly thanks to the use of CaCO3 during
the Pedersen process. When CaCOs3 was entirely replaced by CaO leaving
the CaL unit, the global energy consumptions varied among 11.85-12.60
GJ per tonne of products, depending on the composition of bauxite.
However, the energy penalty resulted too high to result viable when
lower CaO purge ratios were proposed, boosting the energy demand to
15.85-16.99 GJ per tonne of products. Even when using the maximum
purge ratios, and assuming that spent CaO is directly suitable for the
formation of calcium-aluminate slags, the primary energy demand re-
mains slightly higher than the estimated values of Bayer process plants
with CO; capture, which show an energy demand of 11.35-11.54 GJ per
tonne of alumina (Sdez-Guinoa et al., 2024). The additional advantage
of bauxite residue avoidance manifests the potential relevance of
combining these technologies for the decarbonisation and resource
circularity objectives.

4. Conclusion

Throughout this study, an alternative route to extract alumina from
bauxite was investigated, based on the principles of former industrial
Pedersen process. Three case studies were carried out with different
bauxites, varying the aluminium and iron content of the ores. The study
consisted on the implementation of material and energy simulations and
optimizations, using thermodynamic equilibriums and bibliographic
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references as a basis for that purpose. The main conclusions found as
results of the study are:

e The simulations resulted in the production of alumina and pig iron
meeting the composition specifications of commercial products, and
the generation of a grey mud containing over 60%wt of CaCOs.
Bauxite residues, occurring significantly in the standard industrial
Bayer process, were avoided in all cases, entailing remarkable
environmental benefits and better efficiencies in the use of resources.
The global energy consumption, however, was found to be more
intensive than Bayer process. This energy consumption, measured as
energy demand per tonne of products, decreased as the aluminium/
iron content ratio of the ore became smaller. Hence, bauxites with
low Al/Fe ratios present a feasible energy consumptions, estimated
between 10.15-10.93 GJ per tonne of products, whereas Bayer pro-
cess average consumption stands at 10.22 GJ per tonne of alumina.
The share of thermal and electric energy demand was also found to
vary remarkably depending on the Al/Fe ratio of the ore. Bauxites
with a low Al/Fe ratio presented a greater share of electricity de-
mand. Thus, CO2 emissions of the process were more sensitive to the
carbon intensity of the electricity market. Hence, the availability of
renewable electricity is a key aspect of the potential re-
implementation of the industrial Pedersen process.

Another significant characteristic of the Pedersen process is the use
of CaCOs; to produce an intermediate slag, based primarily on
12Ca0-7Al1,03. Higher Al/Fe ratios require higher amounts of CaCOs,
and, therefore, greater energy demands. The implementation of a CO5
capture plant based on calcium-looping technology was proposed
throughout this study to explore the potential advantages of integrating
of CaO-CaCOs. The main findings of this integration were:

e The substitution of CaCOs in the dehydration unit of the Pedersen
plant by the injection of purged CaO from the CaL plant was the main
factor affecting the performance of the CO; capture plant. Operating
with high CaO purge ratios led to major substitution grades of
CaCOgs, and, therefore, lesser energy penalties, improving the effi-
ciency of the overall system.

When using high CaO purge ratios, energy penalties were estimated
to vary between 1.10-2.79 GJ per tonne of CO5 avoided, obtaining
values that fall within a range similar to those of industries that
exploit the same CaCO3-CaO integration (0.57-2.17 GJ/tonne CO:2
avoided), or similar to processes that use a more efficient indirectly
heated calcium looping (1.7-2.1 GJ/tonne CO: avoided).

The energy penalty of implementing the COy capture resulted
smaller as the Al/Fe ratio of the ore increased, because of the higher
demand of CaCOs in those cases. However, overall energy demands
remained lower for low Al/Fe ratios. The energy consumption,
eliminating 98% of initial CO5 direct emissions, was estimated at
11.85 and 12.05 GJ per tonne of products for 1.5 and 2.5 Al/Fe ratios
respectively. These values were only slightly higher than estimated
energy consumptions of COy capture applied to Bayer process,
showing a good basis for the continuance of studies in this direction.

The conducted study can entail discrepancies from real plants, due to
the lack of industrial data and the technical assumptions that were
made, such as the suitability of spent CaO sorbent from the CaL plant as
feedstock, and the simplification of the kinetics and mechanisms of the
slag digestion. Nonetheless, the findings of this work can encourage the
search for innovative approaches to produce two critical raw materials
such as alumina and pig iron. Such advancements could be an effective
strategy for mitigating climate change impacts and addressing mineral
resource scarcity.

The use of bauxites with low alumina content, which are more
inefficient in the Bayer process, following alternative methods like the
route explored in this work can play a relevant part in the
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decarbonisation of the industry and the avoidance of hazardous waste
residues. In order to bring this technology closer to implementation,
further experimental research may be necessary, especially to deepen
the understanding of the digestibility of CaO-Al-Os slags. Studies
focusing on the chemical and physical behaviour of these slags will be
essential to identify the key parameters influencing their reactivity.
Additionally, large-scale experiments will be required to validate the
practical feasibility and scalability of the proposed process, ensuring its
performance under industrial conditions. Finally, the valorization of
spent CaO sorbent from CalL processes and its use as raw material for the
production of CaO-Al;O3 slags should be also regarded as a major
research focus to achieve the potential benefits of the coupling of both
technologies shown in this study.
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