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ARTICLE INFO ABSTRACT

Keywords: Aluminium industry stands out as a significant source of CO, emissions, due partially to the high energy demand
Alumina of the alumina extraction stage. Accordingly, this study explores the implementation of direct resistive heating of
Decarbonisation

mid-temperature processes in alumina production as an alternative to decrease CO; emissions. Additionally, two
different strategies are evaluated to decarbonize alumina industry: the generation of renewable electricity
Calcium looping through solar photovoltaic panels and the integration of a CO, capture plant based on calcium looping tech-
Techno-economics nology. This work comprehends the modelling and sizing of these plants and the assessment of their economic
Solar photovoltaic performance through the calculation of their Net Present Value and their respective payback periods. The
integration of both strategies into an alumina refinery model reveals that electrification of low and mid-
temperature processes yields a 15 % reduction in CO, direct emissions, whereas calcium looping demon-
strates the potential to capture 97 % of emissions with a 7 % energy penalty. Also, economic assessments indicate
substantial potential for improvement through in-site electricity generation via solar photovoltaic panels,
exhibiting a payback time of 4.5 years. Conversely, the feasibility of a calcium-looping plant is hindered by high
capital expenses, necessitating a longer payback period of 19-24 years. Sensitivity analyses underscore the
suitability of in-site renewable electricity generation, whereas carbon emission taxes emerge as crucial in
incentivizing carbon-neutral processes, with thresholds around 95-125 €/tonne of CO,. Despite potential de-
viations from real industrial settings, this study provides evidence for environmentally friendly strategies in
alumina production that demonstrate limited adverse effects on economic performance.

CO,, capture
Electrification

Abbreviations (continued)
\4 Voltage t Time period

CCS  Carbon capture and storage Neyeles Number of carbonation- Y Efficiency of PV panels Iy Initial capital investments
calcination cycles L Land occupation i Discount rate

CaL Calcium looping XN Carbonation conversion ratio Xave Average carbonation Vo Cashflow after taxes of base
of a single CaO particle conversion ratio of circulating cases

Ca0O  Calcium oxide ™ Percentage of CaO particles Ca0
gone through Neycles

NPV Net present value k Sorption decay constant

PV Solar photovoltaic X, Residual sorption activity

PSH Peak sun hours Fcacos  Molar flowrate of fresh CaCO3
entering the calciner

N Number of PV panels Fcao Molar flowrate of purged CaO 1. Introduction
leaving the calciner

E Electricity demand PB Payback time

The European Union has established as a priority to achieve carbon
neutrality by the year 2050. This ambitious objective needs the imple-
mentation of comprehensive decarbonisation strategies within the

A Amperage Vr Cashflow after taxes
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industrial sector, responsible of emitting approximately 24 % of CO5
global emissions [1]. Most of these industrial emissions originate from
the use of fossil fuels in processes characterized by elevated energy
consumption levels.

A significant industrial process in this regard is aluminium produc-
tion. Aluminium industry was estimated to be the source of emitting
nearly 270 million tonnes of direct CO; in 2022 [2], as a consequence of
its high energy utilization. The gross energy requirement of the whole
primary aluminium production chain is estimated at 210 + 10 GJ per
tonne of aluminium [3]. This energy consumption occurs mainly in two
different stages of aluminium production process: the extraction of
alumina from bauxite ore (Bayer process) and the smelting reduction of
alumina to produce aluminium (Hall-Héroult process) [4].

Alumina extraction is commonly carried out via Bayer process, in
which bauxite is digested in a NaOH solution to isolate the aluminium
content of the mineral. Then, aluminium hydroxide is precipitated and
subsequently calcined at high temperatures (>1,000 °C) to obtain
smelter grade alumina. Afterwards, alumina is reduced in a smelting
plant using carbon anodes and electricity via Hall-Héroult process. Pure
aluminium is obtained, which is finally casted in-site to produce
aluminium ingots. A simplified flowsheet of the primary aluminium
production route is shown in Fig. 1.

Thermal energy demand of Bayer process, necessary for the digestion
of the ore and the hydroxide calcination, is estimated on world average
at 10,225 MJ per tonne of alumina [5], though composition and quality
of bauxite can induce remarkable differences on this value [6].
Considering that nearly 2 tonnes of alumina are needed for the pro-
duction of 1 tonne of aluminium, energy intensity of alumina production
is approximately 20,450 MJ per tonne of aluminium. Moreover, elec-
tricity demand of Hall-Héroult process is estimated at 50,770 MJ per
tonne of aluminium [7]. Hence, primary aluminium production stands
out as a high energy-intensive metal [8]. Thus, efforts must be made to
decarbonize this industry and minimize their CO5 emissions.

Numerous studies confirm that the utilization of renewable elec-
tricity in the Hall-Héroult process is essential for minimizing environ-
mental impacts and attaining carbon-neutral aluminium production
[9-11]. However, it does not exist a unique clear pathway to decar-
bonize alumina industry and mitigate CO, emissions from Bayer process
stage. Efforts are focused on valorisation or avoidance of bauxite resi-
dues (known as redmuds because of its iron composition) via iron
smelting prior to caustic digestion [12], via a two-stage digestion [13], a
reductive digestion [14] or a calcification-carbonation method [15]. The
smart management of tailings of bauxite residues results crucial to
control its environmental impacts [16]. However, most of these ap-
proaches do not solve the problem of carbon emissions, but increase
energy consumption and lack economic viability [17].

Other strategies under development to decarbonize industrial sector
include the substitution of fossil fuels with biomass-based fuels [18], the
electrification of the industry through green hydrogen combustion or
direct resistive heating [19] and the implementation of carbon capture
and storage (CCS) technologies [20]. In reference to alumina industry,
companies are currently testing the large-scale viability of some of these
technologies. Worsley Alumina Pty Ltd tested the feasibility of using
biomass by adding 30 % load of waste from pine logging in a multi-fuel
boiler [21], resulting in the abatement of approximately 5.75 kt of
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equivalent CO, emissions. Norsk Hydro ASA completed successfully the
industrial-scale production of recycled aluminium with the use of green
hydrogen in substitution of natural gas combustion [22]. Rio Tinto
Group and Sumitomo Corporation are also planning the construction of
a hydrogen plant to test its utilization during alumina calcination pro-
cess, which is expected to be in operation in 2025 [23].

With regards to direct electrification, Alcoa Corporation is also
testing the use of direct resistive heating in alumina production facil-
ities, aiming to achieve carbon neutrality. The electric calcination is
being piloted at Pinjarra refinery [24] whereas research on
low-temperature digestion and evaporation processes is being devel-
oped through Mechanical Vapour Recompression [25]. Hydro Alunorte
SA installed also in 2022 a 60 MW electric boiler to reduce coal-fired
power demand of its alumina refinery [2]. Aughinish Alumina Ltd is
also facing the development of high-pressure electric boilers to replace
gas-fired boilers, with the aim of reducing by 10 % their CO, emissions
[26]. The elevated amounts of energy required for alumina refinement
plants hamper a wider implementation of direct electrification.

CCS strategies are currently an efficient alternative to reduce the
effects of CO; emitted in power plants [27] or in other significant CO5
emitter industries [28]. However, CCS technologies are yet under
development in aluminium industry. Aluminium Dunkerque and Norsk
Hydro ASA have both announced that they are exploring options to use
CCS technologies for minimizing aluminium smelting emissions [2].
However, no industrial projects are currently found regarding alumina
production. In literature research, a study proposed a conventional
amine-based carbon capture system for COy emissions from alumina
refinement [29]. Results indicated that a 65.29 % reduction of direct
CO; emissions was achieved with respect to conventional aluminium
ingot production. Another study proposed the integration of a
calcium-looping (Cal) plant to capture and store CO2 emissions from
alumina production [30]. Results showed a 7 % penalty of energy con-
sumption for the avoidance of 95 % of CO> emissions, resulting an
efficient alternative that couples both environmental and economic
aspects.

Cal is a promising technology in CCS systems because of its rela-
tively low energy penalty in highly integrated systems [31]. CaL system
consists of putting the flue gases containing CO through a
carbonation-calcination cycle. Calcium oxide (CaO) is used as a sorbent,
producing calcium carbonate, which is later decomposed in a calciner. A
basic flowsheet of a CaL configuration is shown in Fig. 2. Among other
limitations of this technology, such as the need of generating oxygen for
the oxy-fuel combustion in the calciner, a main drawback is the sorption
capacity decay that CaO suffers with each cycle of carbonation and
calcination [32]. To overcome this and get a suitable conversion of the
carbonation reaction, a fraction of CaO must be purged and fresh CaCO3
must be introduced in the loop [33]. The use of CaO in bauxite digestion
can involve a synergy between CaL and alumina industry, using purged
CaO as desilication agent in Bayer process.

Considering all previous studies mentioned above and the current
state of the art, this work aims to assess the techno-economic feasibility
of an alumina refinery that achieves carbon neutrality and zero CO,
emissions. For this purpose, two different technologies are proposed in
the study: (i) the implementation of solar photovoltaic panels for the
electrification of low and mid-temperature stages of Bayer process, and

Thermal Electric

Energy ectricity
Bauxite Bauxite Alumina Al,0, Aluminium Al Ingot Al ingots
Mining Extraction Smelting Casting

Fig. 1. Most common industrial route of aluminium production.
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Fig. 2. Simplified flowsheet of a calcium looping plant.

(ii) the modelling of a calcium-looping plant to capture and store post-
combusted CO, from the calcination stage. The simulation and optimi-
zation of different integration proposals is presented and techno-
economic assessments are discussed based on Net Present Value (NPV)
and payback time estimations.

2. Materials and methods

The study comprehends the modelling of an alumina refinery and
different alternatives of decarbonisation, that include the production of
necessary renewable electricity through solar photovoltaic panels (PV)
and the implementation of a CaL plant to capture post-combusted CO,.
For comparison purposes, the external purchase of grid electricity is
considered in base cases (S100, S200 and S400), in which PV and/or CaL
are not implemented. Different levels of electrification temperatures are
also proposed in the work to analyse the changes in energy requirements
of the complete system. The different case studies considered in the work
are shown in Table 1. For each of the three different electrification levels
that are studied, four different layouts are proposed: (i) the base case of a
single alumina production plant, (ii) the addition of a PV plant to
generate renewable electricity, (iii) the integration of a CaL plant to
capture CO, from fossil fuels utilization, and (iv) the integration of both
PV and CaL plants. A detailed flowsheet of the modelling of the system is
shown in Fig. 3. The alumina production plant comprehends the main
stages of Bayer process. Accordingly, the PV installation generates
electricity to be used in digestion and evaporation stages of alumina
production, as well as to pre-heat the aluminium hydroxide before its
calcination in S200 and S400 scenarios. CaL configuration receives the

Table 1
Proposed scenarios of the study.

Case Electrification Solar Photovoltaic Calcium-looping
Study Temperature (°C) System Plant
$100 100 - -
S$100-PV 100 v -
$100-CaL 100 - v
$100-PV- 100 v v
CaL
$200 200 - -
$200-PV 200 v -
$200-CaL 200 - v
S$200-PV- 200 v v
CaL
$400 400 - -
S400-PV 400 v -
$400-CaL 400 - v
S4-PV- 400 v v
CaL

flue gases from aluminium hydroxide calciner at the carbonation unit,
and subsequently calcines the produced CaCOs in an oxy-fuel combus-
tion. When both PV and CaL are implemented, solar-based electricity is
also used in an air separation unit to produce oxygen for the oxy-fuel
combustion.

2.1. Simulation and optimization of alumina production

The simulation of a plant processing 1.5 million tonnes of bauxite per
year was carried out incorporating the chemical reactions and energy
balances across the diverse stages of the process to produce smelter
grade alumina. The bauxite used in the study is characterized as gibbsite
with a composition of 63.85%wt Al(OH)s3, 24.38%wt Fe03, 5.29%wt
Si0,, 3.84 % TiO, and 2.64%wt CaO [34].

The first stage of the process is the milling of bauxite to adequate its
particle size for industrial processing. Afterwards, digestion of bauxite in
NaOH solution occurs at 140 °C and 3 bar. CaO is also added to remove
silica and avoid its dissolution into the liquor. The primary reaction that
takes place in the digestors is shown in Reaction (1) [35].

AI(OH)3 (s) + NaOH (aq) — Al(OH); (aq) + Na* (aq) AH? = 26.4 kJ/mol
Al(OH)3 €h)

Subsequently, a filtration stage is needed to separate solid and liquid
phases. Solid phase, termed as bauxite residue, is composed by undis-
solved iron and titanium oxides, as well as calcium-silicate oxides.
Bauxite residue is removed from the liquid and disposed in landfills after
treatment [36], but bauxite residue management is out of scope in this
study. Otherwise, the remaining liquid containing aluminium ions is
sent to precipitator tanks, where the reverse reaction, shown in Reaction
(2), occurs at 70 °C to precipitate pure aluminium hydroxide.

AI(OH); (aq) + Na™ (aq) — AI(OH); (s) + NaOH (aq) @

After washing the solid, aluminium hydroxide is calcined at 1,100 °C
in a natural gas-fired furnace with 5 % stoichiometric excess of air. The
main chemical reactions that happen in the calciner are shown in Re-
action (3) and Reaction (4). Combustion heat of Reaction (4) elevates
the temperature of AI(OH)3 and provides the necessary thermal energy
for Reaction (3) to occur completely.

CH4 (g) + 205 (g) — 2H,0 (g) + CO, () AH? = —802.0 MJ/mol CH4(3)

2A1(OH);3 (s) — Al,05 (s) + 3H,0 (g) AH? = 185.2 kJ/mol Al(OH)s [37]
“4)

In case studies S100, solid aluminium hydroxides enter directly the
calciner from the precipitator tanks at 70 °C, whereas in S200 and S400
case studies, solids are pre-heated through resistive electric heating up
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Fig. 3. Process flow diagram of the complete system.

to 200 and 400 °C respectively, decreasing the need of natural gas at the
calciner. The remaining caustic liquor after precipitation is sent to an
evaporator at 100 °C to re-concentrate NaOH and reuse it in the diges-
tion stage. The complete list of technical assumptions and conditions
considered are detailed in Table 2.

2.2. Solar photovoltaic system

After the simulation and optimization of the alumina production
plant, a photovoltaic plant was dimensioned to obtain the electricity
demand of the process in each case. The essential parameters for this
dimensioning include the specifications of the solar panels, the total
annual electrical energy output projected from these panels and the peak
solar hour applicable to the location where the photovoltaic installation

The considered solar panels are standard panels for industrial
application (Jinko Tiger Pro HC 144cel) of 550W maximum power with
a voltage of 40.9V and an amperage of 13.45A. Another parameter
related to solar panels is the efficiency of the panel, whose losses related
to temperature, wiring, dirt, inverter, shading, coupling, transformer,
and auxiliary losses are estimated at 17 %. Degradation of PV panels
over time is included as constant, as elevated temperatures are the main
responsible for that degradation [38]. Hence, an efficiency of 83 % is
considered for each panel [39].

Another important factor to be considered in the sizing of the
photovoltaic installation is the location of the installation, as, depending
on the location, the monthly solar irradiation values will vary. Solar
irradiation takes into account the angle of the sun’s rays, their impact on
the Earth, as well as the orientation of the panels, shadows, and the
climate of the region. The location considered in the simulation is a

is sited.

Table 2

Technical assumptions and operating conditions considered in alumina refinery

model.

Unit Process

Parameter

Value

Crushing

Digestion

Filtration

Precipitation

Evaporation
Calcination

Heat Exchangers
System

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

Reaction (1) extent
NaOH input

CaO input

Solid removal
Liquid/Solid ratio
Temperature
Pressure

Reaction (2) extent
Temperature
Temperature
Pressure

Air input

Reaction (3) extent
Reaction (4) extent
Minimal temperature
interval

D50 =50 mm; 6 = 1 mm
<250 pm

11 kWh/tonne

0.85

140 °C

3 bar

97 % [55]

50 kg/tonne Al,O3 [56]
18 kg/tonne Al,03 [56]
100 %

0.18

70°C

1 bar

99 %

100 °C

1100 °C

1 bar

5 % stoichiometric
excess

100 %

100 %

30°C

region with an average Mediterranean climate, considering the several
alumina plants located in the south of Europe. The number of peak sun
hours (PSH) was estimated at 2400 h per year. PSH is the number of
hours that solar irradiation reaches 1000W/rn2, and it was calculated on
a monthly basis using solar irradiation data from PVGIS databases from
the European Commission Joint Research Center [40]. The number of
necessary solar panels and the land occupation for the PV system were
calculated using Equation (1) and Equation (2) respectively.

E

N= Vs,

@

in which N is the number of standard solar photovoltaic panels, E is the
electricity demand of the plant in MWh per year, A is the amperage and
V is the voltage of the selected panels, PSH is the number of peak sun
hours per year and y is the efficiency of the solar panel, set at 0.83.

L=1.02-10%.E 2

in which L is the land occupation measured in hm?. Equation (2) was
developed by analysing the land occupation of real PV plants located in
eastern Spain as function of their net electricity production [41].

The use of batteries to store energy during solar hours on a daily basis
is included on the purchased PV panels. However, lithium-ion batteries
to store surplus electricity during summer months are not considered,
because of the high economic costs that could be incurred. The variation
of electricity production of the PV system assumed per month was
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calculated proportionally to correction factors [42] commonly used to
estimate solar irradiation in PV installations. These correction factors
vary depending on the latitude of the location and the inclination angle
of the panels [43]. A latitude of 41° N was assumed and an inclination
angle of 35° was selected as the optimal. Accordingly, the deviation of
monthly electricity production estimated for the location of the plant is
shown in Fig. 4 with respect to the electricity demand of the process.
Required electricity in lesser production months is assumed to be pur-
chased externally, whereas electricity surpluses are assumed to be sold
at half the price of the purchase cost.

2.3. Calcium-looping configuration

Calcium looping was selected as the proposed technology to capture
post-combustion CO,, aiming for the integration of the additional power
that CaL generates [44]. The use of CaO as necessary precursor, which is
largely available and relatively cheap [45], was also decisive for the
choice of this study. The modelling of a CaL plant and its integration into
the alumina refinery was performed using Aspen Plus V12.1 software
[46]. The layout of the plant is shown in Fig. 3. The basis of the inte-
gration include the energy optimization of the processes and the use of
purged CaO in the digestion stage of the alumina production process.

Combustion gases from aluminium hydroxide calcination of alumina
refinery are sent to a carbonation unit to remove CO and isolate it for its
use or storage. At the carbonator, calcium oxide traps COy at 650 °C
according to Reaction (5).

CaO (s) + CO; (g) — CaCOs (s) AH? = —178.0 kJ/mol CaO 5)

Sensible heat from COs-free gases is exploited in low-temperature
processes of alumina production to decrease the electricity demand of
the plant. Besides, the mixture of calcium carbonate and unreacted
calcium oxide is heated up to 900 °C in an oxy-fuel calciner, where
calcium carbonate decomposes following the reverse of Reaction (5). A
heat exchanger is proposed to preheat the air input of the alumina
calciner using heat residues of CO, and vapour stream at 900 °C. Thus,
thermal energy demand of the alumina plant decreases, which has a
synergistic effect on the size of the CaL plant.

Finally, CaO is recycled back to the carbonation unit. However, to
avoid the decay of sorption capacity of CaO, a purge of a small fraction
of sorbent must be executed after the oxy-fuel combustion. This stream is
used at the digestors of the alumina plant, assuming purged CaO is valid
for the desilication of the ore prior to its digestion.

To develop the CaL. model in Aspen Plus, a stoichiometric reactor was
simulated as the carbonator, in which conversion of CaO was calculated
using its number of carbonation/calcination cycles as a reference.
Moreover, a calciner was also modelled as a free Gibbs energy minimi-
zation reactor. Average conversion of CaO sorbent at the carbonation
unit was calculated according to Equation (3) [47].

25%

== Continuous Electricity Demand - \/ariable Electricity Production

15%

5%

5% Jan Feb ar ay n Jul Aug Sep Oct Wc
-5%

-15%

Relative difference of PV
production and electricity demand

-25%

Fig. 4. Monthly deviation between constant electricity demand of alumina
production and assumed electricity production of PV system.
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Nceycles=«
Xave = N 'XN (3)

Neycles=1

in which X, represents the average conversion of circulating CaO
sorbent and Ny is the number of cycles of each CaO particle. Xy
represents the conversion of one single particle of CaO and ry is the
percentage of CaO particles that have gone through N¢yes number of
cycles.

The conversion of one single particle of circulating CaO can be
calculated as presented in Equation (4) [32].

1

Xn=—F""7T"7
N I-LX, + k'Ncycles

+ X, ()]

in which the parameter k is a sorption decay constant dependent on the
type of sorbent and X; is the residual activity of the sorbent. For this
study, values of k = 0.52 and X, = 0.075 were assumed [32].

The percentage of CaO particles that have suffered Nyes number of
carbonation-calcination cycles, ry, can be estimated as shown in
Equation (5) [47].

Feacos

Fcao
ry=——-%° _
N Neyctes )
Feacos
<1 + Feao >

in which Fguco3 and Feqo are the molar flowrates of fresh calcium car-
bonate that enters the calciner and the recycled calcium oxide that en-
ters the carbonator respectively.

Configurations with low purges of sorbent and high CaO/CO; ratios
on the carbonation unit are preferred to minimize the energy con-
sumption and optimize economic costs, as long as CO, capture is effi-
cient enough [33]. To calculate molar flowrates of fresh limestone and
recycled CaO, two parameters were considered. First, the purge ratio of
CaO sorbent was fixed at 2.5 %, i.e. 97.5 % of sorbent was recycled back
to the carbonator. Moreover, molar ratio of CaO/CO; entering the
carbonation unit varied around 4.5-5.5 depending on the scenario,
ensuring the capture of at least 96 % of initial CO, emitted.

Main technical assumptions and operating conditions of the CaL
plant modelled are listed on Table 3.

2.4. Economic assessment

Economic performance of the different models were evaluated using
the Net Present Value (NPV) calculation, considering an existing
alumina production plant. Payback time (PB) was also estimated for
scenarios in which capital expenditures on PV and CaL plants were
necessary. NPV and PB were calculated as shown in Equation 6 [48] and
Equation 7 [48] respectively.

n
V
NPV=3 "l ©)
= (1+1)
Table 3
Technical assumptions and operating conditions considered for CaL model.
Unit Process Parameter Value
Carbonation Temperature 650 °C
Ca0O/CO,, ratio 4.5-5.5
CaO purge ratio 25 %
Reaction (5) extent Equation 4
Calcination Temperature 900 °C

Stoichiometric
Free Gibbs energy
minimization
Energy Consumption 813.6 MJ/t O, [57]
Minimal temperature 30°C

interval

Oxygen input
Calcination extent

Air Separation Unit
Heat Exchangers
System




J. Saez-Guinoa et al.

Iy

PB=— "
Vi — Vo

)

where V7 represents the cash flows after taxes of each period ¢, I rep-
resents the initial capital investments, n is the total number of periods
considered and i represents the discount rate. To calculate payback time
of the investment in each case, net profits of PV and CaL integrations are
considered. Hence, V) represents the cash flow after taxes of each base
case (S100, S200 and S400).

The period of time considered for the calculation of NPV was set at
25 years, comprehending the cash flows periods of 1 year each. The
discount rate was set at 0.08, considering the weighted average cost of
capital of aluminium companies [22]. The complete list of economic
considerations assumed to calculate the annual cash flows are summa-
rized on Table 4. Current CO, emission taxes of 85€ per tonne were
considered [49], as well as a grid electricity cost of 0.076 €/kWh [50].
Nevertheless, sensitivity analysis were performed to assess the conse-
quences of market fluctuations of these parameters.

Purchase equipment costs of the PV system were calculated assuming
a cost of 170€ per standard solar photovoltaic panel [51]. Purchase
equipment costs of CaL plant are primarily made up of carbonation,
oxy-fuel calcination and air separation units. Purchase equipment costs
of these units were calculated as a function of their thermal energy
output, thermal energy input and mass flow of oxygen produced
respectively, as shown in Table 5. A factor of 3.60 was added to CaL units
to estimate total direct costs of the CaL plant (auxiliary equipment,
installation, electrical systems, piping, service facilities, building ...)
[52]. Another factor of 1.26 and 1.44 was used to estimate indirect costs
(construction expenses, legal expenses, contingencies ...) related to PV
and CaL systems respectively [52]. The summary of the methodology
followed to estimate capital expenditures of both PV and CaL plants is
shown in Table 5. Equations for the estimation of CaL plant were
retrieved from Horizon 2020 CEMCAP project [53] and a 1.37 factor
was added, based on the Chemical Engineering Plant Cost Index, to
update costs to 2024 prices.

3. Results and discussion
3.1. Energy performance

Results of alumina refinery simulations indicate that 0.40 tonnes of
smelter grade alumina are produced per tonne of processed bauxite,
whereas approximately 0.51 tonnes of bauxite residue are discarded per
tonne of bauxite. Hence, 1.26 tonnes of bauxite residue are produced per
tonne of alumina. This results are merely a consequence of the

Table 4
Conditions considered in the economic assessment.
Value Reference

Capital expenses
Planned lifetime, n (years) 25
Discount rate, i 0.08
Effective tax rate (%) 35.00
Material Inputs
Bauxite cost (€/tonne) 20 [36]
CaO cost (€/tonne) 60
NaOH cost (€/tonne) 345
CaCOj; cost (€/tonne) 20 [58]
Water cost (€/tonne) 0.10
Energy Inputs
Natural Gas cost (€/kWh) 0.041 [59]
Grid electricity cost (€/kWh) 0.076 [50]
Outputs
Bauxite residue disposal cost (€/tonne) 9.13 [36]
CO,, emission taxes (€/tonne) 85.00 [49]
Wastewater spill cost (€/tonne) 0.20
CO,, storage cost (€/tonne) 7.00 [60]
Alumina revenue (€/tonne) 365 [36]

Results in Engineering 23 (2024) 102456

Table 5
Estimation of capital expenditures of PV and CaL systems.
Equation Ref.
PV System
Purchased Equipment Cost (PEC) 1.70-10~* N (number of panels) [51]
M€)
Total Capital Cost (M€) 1.26-PEC [52]
CalL System
Air Sep Unit Purchased Cost (ASU)  1.37-8.817-(02 mass flow [kg/s1)*® [53]
(M€)
Carbonator Purchased Cost (CPC;) 1.37-(Thermal Output [MW,]-0.217 [53]
(M€) + 3.83)
Calciner Purchased Cost (CPCy) 1.37-0.193-(Thermal Input [53]
(M€) IMW])*%
Total Capital Cost (M€) 1.44-ASU + 4.04-(CPC; + CPCy) [52]

composition of bauxite assumed. Alumina refinement is estimated to
produce around 1-1.5 tonnes of bauxite residue per tonne of alumina
produced, depending on the composition and quality of bauxite [54],
which agrees with the results of this model. Effects of bauxite compo-
sition are also observable on energy requirement levels. Generally, en-
ergy demand of alumina production process is in the range of
8500-11800 MJ per tonne of alumina produced [6]. In this study, en-
ergy consumption of single alumina plant varies mildly around
10714-10765 MJ per tonne of alumina, depending on the electrification
scenario, which validates the model and the initial assumptions
assumed.

Global energy demands of the different cases of this study are listed
in Table 6. Results indicate that direct electrification has a slight impact
on global energy consumption. Electrifying first stage of hydroxide
calcination up to 400 °C reduces only 0.5 % the energy use of the base
alumina plant, from 2.990 MWh to 2.976 MWh per tonne of alumina.
However, this small change can result into a good mitigation strategy for
CO emissions, since gas-based thermal energy consumption decreases
over 15 %, from 2.546 MWhy, to 2.159 MWhy, per tonne of alumina.
Estimated CO; direct and indirect emissions are shown in Fig. 5 for each
of the scenarios analysed. Indirect emissions from grid electricity gen-
eration were calculated using an emission factor of 275 kg of CO; eq. per
MWh. As shown in Fig. 5, electrification at 400 °C can induce a 15.2 %
reduction of direct CO, emissions, from 504.2 to 427.6 kg CO3.¢q per
tonne of alumina. Additionally, if renewable electricity generation is
implemented, CO, equivalent emissions can be reduced nearly 30 %,
from 626.4 to 437.0 kg of CO2.q per tonne of alumina produced.
Therefore, it can be of interest to propose the electrification and pro-
duction of renewable electricity within alumina industry.

In regards to the integration of a CaL plant into an alumina refinery,
results show an energy penalty of 6-7% for capturing 97 % of CO»
emissions, increasing the energy demand from 2.976 to 2.990 MWh to
3.146-3.172 MWh per tonne of alumina produced. The existence of low-
temperature processes during alumina production, like ore digestion

Table 6
Electricity (MWh,) and natural gas (MWhy,) consumption in each scenario per
tonne of alumina produced.

Plant Energy S100 $200 S400
- CaL - CaL - CaL
Alumina Thermal 2.546 1.775 2.393 1.664 2.159 1.502
Refinery  Energy
PV/Grid 0.444 0.712 0,591 0.833 0.817 1.025
Electricity
CalL Plant Thermal - 0.615 - 0.597 - 0.563
Energy
PV/Grid - 0.070 - 0.068 - 0.064
Electricity
Total Energy 2990 3.172 2985 3162 2976 3.154

Consumption (MWh/
tonne Al,03)
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Fig. 5. Estimated CO, emissions from thermal energy and electricity con-
sumption for each case study of the analysis.

and evaporation, eases the energy recovery of the oxy-fuel combustion
unit, showing a low energy penalty of 0.364-0.401 MWh per tonne of
CO4 avoided. As shown in Table 6, the integration of a CaL plant allows
for a displacement in natural gas consumption, decreasing drastically
the thermal energy demand of alumina production at high temperature
levels. Overall fossil consumption remains similar, as heat surpluses are
exploited at the alumina calciner. Hence, CaL configuration performs as
a promising solution if mid-temperature electrification is possible and
renewable electricity is available. Fig. 5 shows the results of nearly zero
CO; emissions from combined PV and CaL plants, whereas single inte-
gration of CaL plant shows the energy displacement, achieving the
capture of fossil fuel emissions but increasing the emissions from elec-
tricity generation.

3.2. Economic performance

NPV calculations were performed considering a grid electricity cost
of 0.076 €/kWh,, a natural gas cost of 0.041 €/kWhy, and a carbon
emission tax of 85 € per tonne of CO5 emitted. According to these con-
ditions, NPV, annual cash flows after taxes, capital expenditures and
payback time of each investment are shown in Table 7. Additionally,
NPV and annual cash flow after taxes are also represented in Figs. 6 and
7 respectively. As shown in Table 7, base cases of an alumina production
plant of 1.5 million tonnes of bauxite per year are highly profitable,
which may hinder the implementation of new technologies. However,
the addition of a PV system appears to be an effective strategy, especially
if high electrification levels are implemented. With medium investments
(68.5-125.9 M€), NPV increases around 30-60 % with respect to the
base cases, with a payback time of the investment of 4.5 years. The main
disadvantage in this case is the land occupation for the integration of the

Table 7
NPV, annual cash flow, capital expenditures (CAPEX) and payback time of each
case study.

Case Study NPV Annual Cash Flow CAPEX Payback time
(M¢€) (M€) (M¢€) (years)
$100 299.06 28.02 - -
$100-PV 393.15 43.25 68.48 4.50
$100-CaL 213.09 34.96 160.13 23.05
$100-PV- 378.64 61.76 280.64 8.32
CaL
$200 285.61 26.76 - -
$200-PV 410.83 43.41 91.15 5.47
$200-CaL 198.66 33.24 156.11 24.09
$200-PV- 389.57 64.14 295.09 7.89
CaL
$400 264.83 24.81 - -
$400-PV 437.85 52.82 125.94 4.49
$400-CaL 199.11 32.71 150.08 18.99
S4-PV-CaL.  416.09 67.83 308.02 7.16

Results in Engineering 23 (2024) 102456

500

==—Base Scenario 472.64

410.83 416.09

389.57

400

w
1=}
1<)

Net Present Value (M€)
g

100

2
S & " &
& S N §
o N Q © oM <
& s J o S

Fig. 6. Net Present Value estimation for each case study.

75

== Base Scenario 67.833

61.76 64.138

52.815

[
o

43.245 43.407

34.962

33.235 32.712

28.016 26.756

N
a

24.809

Annual Cash Flow after taxes (M€)

& o & &
Y QY

>
& &P g &

& ¢ o & ¢ &

o N o\ N N N

& ES < & & &g B o

& &
B v ©

&

Fig. 7. Annual cash flow after taxes estimated for each case study.

PV system. For an alumina plant that treats 1.5 million tonnes of bauxite
per year, producing approximately 0.6 million tonnes of alumina, land
occupation is estimated at 270 hm? for 100 °C electrification tempera-
ture and 500 hm? when electrification temperature is 400 °C.

The integration of a CaL system is also challenging. Although the
reduction of CO, emissions entails an enhancement of cash flows in all
cases, the high capital expenses estimated for CaL technology (150-160
ME€) can be a drawback for its implementation. Estimated NPV of CaL
integration is 24-30 % reduced, whereas the calculated payback time
increases around 19-24 years. The integration of both PV and CaL plants
appears to be a safe strategy, since the reductions on electricity costs and
carbon taxes make cash flows double its profits. However, the capital
expenses of integrating both plants stand around 280-308 M€, with a
payback time of 7-8 years. Cost reductions of CaL capital expenditures
and/or more reliable cost estimations shall be crucial for CaL feasibility.

Regarding the electrification levels, increasing the target tempera-
ture of direct resistive heating benefits the economic performance of
scenarios in which PV system is implemented. NPV of 400 °C electrifi-
cation increases 9-11 % with respect to 100 °C electrification level.
However, scenarios in which grid electricity purchase is considered,
NPV falls 7-11 %. To detach the effects of electricity costs or carbon
emission rights in economic evaluations, sensitivity analysis were car-
ried out with three different grid electricity purchase prices (0.03, 0.09
and 0.15 €/kWh) and three different levels of carbon emissions taxes
(50, 100 and 150 €/tonne of CO3). Results of this sensitivity analysis are
shown in Fig. 8.

Fig. 8 shows that, for cheap electricity prices, base scenarios result in
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Fig. 8. Sensitivity analysis: variation of NPVs as a function of grid electricity prices and CO, emission taxes.

a better economic performance. However, as grid electricity cost in-
creases, NPVs of base cases suffer a strong decay, whereas PV imple-
mented systems remain practically unaffected by electricity costs
fluctuations. Implementation of PV system shows better economic per-
formance as long as grid electricity cost remain over 0.032 €/kWh. This
gives an idea of the significance that developing own electricity gener-
ation systems can have on alumina industry.

Similar thing happens with CO5 emission rights. For low carbon
taxes, the investment of a CaL plant is not profitable, as base and PV
cases show a greater economic performance. However, as carbon
emission taxes varies in the range of 95-125 €/tonne, Cal integration
becomes an interesting strategy in the search for better economic profit.
The integration of both PV and CaL systems in alumina industry shows
how NPVs remain nearly unchanged with variations of electricity costs
and carbon taxes, with values of 380-410 M€ depending on the elec-
trification level. This stands out as the most valuable scenario, as long as

the carbon emission rights remain above 95 €/tonne.

Differences among electrification temperature levels show the in-
terest of direct electrification of alumina industry. Economic perfor-
mance of 400 °C electrification is upgraded in most of the cases, because
of the reductions on energy consumption and the lesser CO, emissions.
However, implementation of renewable electricity generation systems is
recommended if direct electrification is pursued. Otherwise, depen-
dence on electricity market becomes very remarkable, which could lead
to worse economic results.

4. Conclusions

The production of alumina stands as an essential sector within raw
material industries. Hence, mitigation of carbon emissions and envi-
ronmental impacts of alumina production constitutes primary industrial
concerns. In this context, while various studies have proposed
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alternatives to reduce bauxite residue production or to valorise the
residues, there is a lack of investigations that rigorously assess the
thermal energy demands of Bayer process and potential strategies for
decarbonisation.

Accordingly, in this work two coupled strategies were assessed to
achieve carbon neutrality of alumina industry: electrification through
direct resistive heating and CO; capture via calcium-looping technology.
The modelling of an alumina refinery and the integration of both stra-
tegies showed that direct electrification of low and mid-temperature
processes has a very slight effect on energy consumption, decreasing
the energy demand a 0.5 %, from 2.990 MWh to 2.976 MWh per tonne of
alumina. However, direct electrification can effectively reduce 15 % CO5
direct emissions, estimated at 504.2 kg of CO, per tonne of alumina and
427.6 kg if electrification at 400 °C is implemented.

Inversely, calcium looping implementation can achieve the capture
of 97 % of CO; emissions with an energy penalty below 7 % of energy
consumption of an alumina production plant. In this case, the specific
primary energy consumption per tonne of CO, avoided amounted to
0.364-0.401 MWh, standing out as a promising alternative. Through
direct electrification at low temperatures, energy penalty of CO, capture
can become nearly 100 % electrical, not increasing the fossil fuel
depletion.

Economic performance of implementing a solar photovoltaic instal-
lation to self-supply electricity and a calcium-looping plant were also
evaluated to study the feasibility of the proposals. The calculation of the
net present values of the different case studies showed the good profit-
ability of current alumina production, but also a big room for
improvement with the installation of in-site electricity generation via
solar photovoltaic panels. Net present value of solar photovoltaic
implementation can increase 30-60 % depending on the electrification
level, with a low payback time of 4.5 years. However, the imple-
mentation of a calcium-looping plant is hindered by the high capital
expenses, showing a payback time of approximately 19-24 years.

The results of a sensitivity analysis concluded that in-site renewable
electricity generation is a suitable solution, provided that grid electricity
costs remain over 0.032 €/kWh. Carbon emission taxes can also play a
crucial role in alumina industry. Carbon rights around 95-120 €/tonne
of CO4 can make feasible the investment on a CO; capture plant, leading
to a process neutral in carbon emissions and economically profitable.

Despite potential deviations of this study from real industrial plants
and constraints regarding estimation of capital expenses, findings of this
work bring significant evidence about the options for environmentally
friendly strategies in alumina industry, with limited negative conse-
quences on the economic performance. Direct electrification and CO4
capture after combustion can lead the way towards a complete sus-
tainable alumina production, along with alternatives to avoid bauxite
residue production.
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