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A B S T R A C T

Studies seeking to thoroughly couple the environmental and economic performances of a process or product are 
becoming more prominent as the needs for decarbonisation grow. This study explores the use of Life Cycle 
Assessment (LCA) and Life Cycle Costing (LCC) in the alumina extraction industry. Models for various thermal 
energy supply methods and CO2 mitigation strategies were developed to obtain an inventory for analysis and the 
environmental impacts and life-cycle costs of the supply chain were evaluated. Finally, economic and ecological 
results were integrated using eco-efficiency indices and a sensitivity analysis of the most significant variables 
detected was conducted. The research indicated that the integration of a calcium-looping plant to capture post- 
combusted CO2 could reduce 55.5% of the CO2 equivalent emissions, while also obtaining a better economic 
performance due to the CO2 avoided taxes. However, other environmental indicators had slightly more signif
icant impacts because of the additional use of natural gas. The potential use of green hydrogen instead of natural 
gas could enable a 70.0% reduction in CO2 equivalent emissions, as well as a reduction in all other environmental 
indicators studied, except for water consumption. However, transitioning to green hydrogen production could 
incur higher costs. This study introduced an eco-efficiency ratio index, indicating that CO2 capture and storage 
proved to be the most eco-efficient scenario, regardless of economic fluctuations in CO2 emission taxes. The 
substitution of natural gas with green hydrogen also emerged as a viable eco-efficient solution, provided elec
tricity prices remain below 0.045€/kWh.

1. Introduction

Aluminium is one of the most demanded metals, with 67 million 
tonnes produced worldwide in 2021 (International Aluminium, 2022). 
Nevertheless, the elevated energy demand of its production was 
responsible for emitting around 275 million tonnes of direct CO2 in that 
same year, which represents about 3% of the direct industrial emissions 
in the world (IEA, 2022). 98% of primary aluminium is produced from 
bauxite mineral (Schwarz, 2004). Bauxite is treated in an alumina re
finery, where it is converted into Al2O3 through the Bayer Process. 
Subsequently, alumina is smelted following the Hall-Héroult process to 
obtain aluminium, which is finally cast to produce aluminium ingots. 
The cumulative energy demand of this whole process was estimated at 
210 ± 10 MJ/kg of aluminium (Cushman-Roisin and Cremonini, 2021). 
This considerable energy demand comes mainly from two different 
stages of the aluminium production chain: approximately one-third 
comes from the thermal energy required to calcine the alumina during 
the Bayer process and the other two-thirds represent the electricity 

necessary to melt it during the Hall-Héroult process (International 
Aluminium Institute, 2023; Farjana et al., 2019).

Many studies agree that using renewable electricity during the Hall- 
Héroult process is the key to minimising environmental impacts and 
achieving carbon-neutral aluminium production. This deduction has 
been achieved either by studying the carbon footprint of the process 
(Saevarsdottir et al., 2020), analysing global carbon transfers and 
emission trades (Yi et al., 2022), or using emission factor methods 
(Wang et al., 2023). The proposed solutions involving thermal energy 
usage and waste production from alumina extraction are more diverse: 
Alternatives to the Bayer process, including the Pedersen process (Ma 
et al., 2022), where iron is first smelted and alumina subsequently 
extracted from the resultant slags, and coal fly ash acid digestion (Valeev 
et al., 2022; Yu et al., 2023), have been explored alongside enhance
ments and modifications related to the Bayer process (Suss et al., 2010; 
ZHOU et al., 2022). Unfortunately, most of these methods are hampered 
by the lack of economic viability (Zhou et al., 2023). Therefore, efforts 
are being made to find economical and environmentally suitable 
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solutions to this problem.
Concerns regarding Global Warming (GW) and Climate Change are 

continually increasing and appearing in the foreground of political and 
social agendas. The European Union Commission aims to drastically 
reduce its greenhouse gas emissions using a long-term strategy to 
become carbon neutral by 2050 (European Commission, 2018). Thus, 
new technologies and/or alternative energy sources must be explored in 
industries such as aluminium production to achieve this objective.

Many proposed solutions have focused on secondary aluminium re
covery. The production of aluminium from mixed scraps, for instance, 
can emit approximately 95% fewer kilograms of CO2 equivalent than 
traditional aluminium from bauxite ore (Adhikari et al., 2022). How
ever, the extraction of alumina from aluminium dross can entail a 32.5% 
reduction in CO2 equivalent emissions compared to extraction from 
bauxite (Zhu et al., 2020). However, only a few publications have 
focused on studies of primary alumina production, even though the 
projected aluminium demand forces the production of primary 
aluminium (European AluminiumCRU Group, 2020).

Therefore, it is of interest to conduct a primary alumina study that 
combines the economic and environmental aspects of alumina produc
tion. Life Cycle Costing (LCC) and Life Cycle Assessment (LCA) are two 
essential tools that separately evaluate the environmental and economic 
impacts of a product or system throughout its life cycle. (Ashby, 2024; 
Muralikrishna and Manickam, 2017). Although LCA is a well-stablished 
and standardised methodology (ISO, 2006a, 2006b), there are multiple 
guidelines and standards for performing an LCC study (Swarr et al., 
2011; Toniolo et al., 2020), which usually differ in the scope of the study 
and the externalities considered. Hence, studies that perform combined 
LCA and LCC analyses present numerous differences in their method
ologies and treatments of the results. In a review of multiple LCA and 
LCC combined studies (Miah et al., 2017), up to six different types of 
studies involving LCA and LCC were identified, and a hybridised 
framework that combined all of them to integrate both frameworks was 
presented.

Integrating environmental and economic studies is not exclusive of 
LCA and LCC studies. The World Business Council of Sustainable 
Development introduced the concept of eco-efficiency in the early 
1990s. This term measures both economic and environmental perfor
mances, usually as a ratio between the created value and the environ
mental impact of a system (Čuček et al., 2015). Although the term has 
gained popularity over the years, methodologies and parameters have 
not been well established or defined (Koskela and Vehmas, 2012). Many 
different indicators exist for studying the eco-efficiency of a process 
depending on the goals and variables of each analysis (Peças et al., 
2019). The definitions of the eco-efficiency ratio can vary from specific 
indicators (e.g. items sold, volume production, or employees, versus raw 
material exploitation, waste production, or land area used for the pro
duction) to global indicators such as LCA and LCC studies.

In the metal industry, performing both LCA and LCC has been proven 
to have many benefits in supply chains (Rebitzer, 2002), facilitating 
decision-making for process design comparisons and strategies. For 
instance, a recent comparison between two different hydrometallurgical 
routes to produce copper was carried out (Yang et al., 2022), high
lighting the decompensation between environmental and economic 
development. In particular, regarding alumina industry, a life cycle 
environmental and economic assessment was performed (Zhu et al., 
2020) comparing alumina recovery from secondary aluminium dross 
and alumina production through the Bayer process, concluding that 
both economic and environmental indicators were lower when recov
ering alumina from secondary aluminium dross.

However, these studies lack a deep integration of both LCA and LCC 
analyses, with practically two parallel analyses. Among the integrated 
studies, an LCA and LCC analysis of aluminium production was imple
mented (Luthin et al., 2021), with the goal of identifying dependencies 
between environmental and economic performance while focusing on 
the comparison between primary and secondary aluminium. Win-win 

situations, such as using domestic bauxite or renewable electricity, 
were detected in different scenarios that lacked an analysis of thermal 
energy consumption and its sources. Another environmental and eco
nomic assessment focused on aluminium production (Zhu et al., 2022) 
included a sensitivity analysis of different Bayer process configurations 
and electricity mixes for aluminium smelting. It was concluded that the 
Bayer process-hydropower-based method entailed the most significant 
reduction in environmental impacts and performed the best in achieving 
economic benefits. However, thermal energy usage has not been stud
ied, despite being the variable with the most significant environmental 
impact from alumina refinement (Nunez and Jones, 2016).

Among the studies that analysed thermal energy consumption and 
explored pathways for decarbonisation (Peppas et al., 2023), carried out 
an LCA study of aluminium production, assessing the impacts of using an 
aqueous amine solvent to capture and store post-combustion carbon 
dioxide. The production of green hydrogen and its use instead of fossil 
fuels have also been studied, resulting in a scenario with the most 
negligible environmental impact. However, the economic implications 
were beyond the scope of this study. CO2 absorption using amines is a 
well-implemented technology for mitigating CO2 emissions, although it 
carries an important energy penalty (Anekwe et al., 2023). Other 
decarbonisation strategies, such as a calcium-looping plant, allow for 
more efficient energy recovery despite its implementation still being at a 
lower level (International Energy Agency, 2020).

Accordingly, the main goal of this study was to perform a combined 
LCA and LCC study, which included a sensitivity analysis of different 
thermal energy suppliers and possible carbon mitigation strategies. For 
this purpose, a study of primary alumina production through Bayer 
process is proposed, given its relevance and the significant usage of 
thermal energy. The analysis included the base-case scenario, in which 
natural gas is burned to meet energy demands, and three additional 
cases: the integration of a CO2 capture plant using calcium looping and 
its later CO2 storage and the substitution of natural gas by H2 produced 
through electrolysis, with renewable and grid electricity. To achieve a 
complete integration of both the LCA and LCC studies, the hybrid 
framework guidelines found in the literature (Miah et al., 2017) were 
followed, and the environmental sustainability and economic benefits of 
the different proposed scenarios were displayed using eco-efficiency 
performance indices.

2. Materials and methods

The work consists of four different stages, as shown in Fig. 1, and is 
aligned with the principles of ISO 14040 and ISO 14044. The first stage 
defined the goals and scope of the study. This includes the system 
boundaries of both LCA and LCC analyses, the designation of the func
tional unit and the selection of the LCC perspective. The second stage is 
the analysis, which includes data gathering for the life cycle inventory. 
The third represents the calculation of LCC costs and the environmental 
impact assessment of the LCA. Finally, the last stage consists of the 
integration of the results of both analyses, the calculation of the eco- 
efficiency indices for every scenario, and the representation and inter
pretation of the results.

2.1. Goal and scope definition

The goal of this study is to conduct an integrated cost and environ
mental analysis of alumina production following the Bayer process, 
including renewable energy for H2 usage or carbon capture. Thermal 
energy is the primary input of the process; thus, four alternative sce
narios were studied to analyse the consequences of using different en
ergy sources. The baseline case (S0) used the combustion of natural gas 
as the energy source, which is the most common practice in European 
alumina refineries. In the next one (S1), the possibility of integrating a 
CO2 capture plant using Calcium Looping is discussed. Finally, for the 
two remaining scenarios, hydrogen produced in an electrolyser was used 
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as the energy source. Renewable electricity (S2) and the average Euro
pean electricity mix (S3) were used for H2 production. A summary of all 
four alternatives analysed in the study is shown in Table 1.

System boundaries were selected by applying a cradle-to-gate study 
from mineral extraction to alumina production. The main inputs and 
outputs are shown in Fig. 2. The system includes the extraction of 
bauxite rock and its transportation from the mine, which is assumed to 
be located in Guinea, to an alumina refinery in Europe. Bauxite pre
treatment consisting mainly of grinding and desilicating the rock are 
performed. Subsequently, digestion occurs in NaOH liquor. Undissolved 
solids, known as red mud, are separated by filtration and disposed of in a 
landfill, whereas aluminium ions are precipitated in the form of 
aluminium hydroxide. Most of the NaOH liquor is recovered via evap
oration, and the hydroxides are calcined to obtain smelter grade 
alumina.

A CO2 capture plant was included in S1 to capture CO2 from the flue 
gases generated during the aluminium hydroxide calcination stage. To 
accomplish this, gases containing mainly nitrogen, carbon dioxide, 
steam and oxygen are fed into a carbonator reactor, where CO2 reacts 
with CaO to yield CaCO3, and clean gases with minimal carbon dioxide 
content leave the system. CaCO3 is then calcined in oxy-fuel combustion 

with natural gas, producing steam that is separated by condensation and 
pure CO2. Most of the CaO is recycled into the carbonator, although 
some must be purged because of deactivation and replaced with fresh 
CaCO3 (Abanades, 2002; Mastin et al., 2011). The main disadvantages of 
this technology are the use of additional natural gas to meet the calci
nation temperatures, the necessity of pure oxygen for oxy-combustion, 
and the unavoidable purging of the solid sorbent.

For S2 and S3, different sources of thermal energy were investigated. 
Among the suitable alternatives for achieving decarbonisation, 
hydrogen combustion for the production of heat has emerged as a 
promising option for high-temperature processes (Saint-Just and Ete
mad, 2016), even though its technological readiness level (TRL) is low 
(International Energy Agency, 2019). The use of hydrogen for 
high-temperature heating carries no CO2 or NOx emissions, making it 
appropriate for carbon-neutral applications as long as green hydrogen is 
used. The production of green hydrogen, even though it represents only 
0.1% of current hydrogen production, stands at a high TRL and is rapidly 
increasing, with an expected global capacity growth from 2 GW in 2023 
to 175 GW by the end of the decade (International Energy Agency, 
2023). Therefore, an electrolyser that converts water into H2 and O2 was 
included and implemented as a source of thermal energy for scenarios S2 
and S3.

Regarding the LCC definition and methodology, an investor 
perspective was adopted. Thus, a financial life cycle costing was per
formed, in which some binding externalities of the alumina industry, 
such as the costs of the red mud disposal or CO2 emissions were also 
taken into consideration.

The functional unit of the study was decided to be time-referenced so 
that no discrepancies between the LCA and LCC were observed during 
the analysis, aiming to ease data gathering. One year of continuous 
production at an alumina refinery was selected as the basis for this 
study. The primary material and energy consumptions, waste, emissions 
and economic costs were based on this functional unit.

2.2. System analysis

The system analysis was divided into two parts: first, the data 
gathering used for the evaluation of both LCA and LCC and then the 
assumptions and boundaries considered to calculate economic costs 
using the Life Cycle Inventory collected.

2.2.1. Life cycle inventory
The primary energy and material consumptions were gathered after 

carrying out a thermodynamic simulation of the process using Aspen 
Plus V12.1 software (Aspen Process Economic Analyzer). Secondary 
data, such as electricity consumption and chemicals (NaOH, CaO) were 
retrieved from European Aluminium reports (European Aluminium As
sociation, 2018). To perform the Bayer process modelling, a plant with 
the capacity to treat nearly 1.5 million tonnes of bauxite per year was 
considered. The composition of the bauxite was fixed, in %wt, as: 57.6% 
AlO(OH), 28.6% Fe2O3, 6.2% SiO2, 4.5 TiO2 and 3.1% CaO. The 
digestion of the rock was carried out at 280 ◦C and 3 atm, and the yield 
of the aluminium dissolution in the liquor was set at 97% (Donaldson, 
2008; Donoghue et al., 2014). Afterwards, a liquid separation and a 
subsequent filtration were performed to recover as much liquor as 
possible. The undissolved rock, with a water content of 16.8%wt, was 
subjected to different washing steps before being ready for disposal. The 
liquid containing aluminium ions was cooled down to 80 ◦C and at
mospheric pressure before entering the crystallizer, where Al(OH)3 
precipitates. Finally, a natural gas combustor with 5% excess air was 
modelled to calcine the hydroxides and obtain smelter-grade alumina. 
The rest of the liquor was then heated up to 105 ◦C to increase its OH−

concentration, and the water evaporated was recirculated into the pre
cipitation stage (Ruys, 2019).

The sole energy input of the plant in cases S0 and S1 is natural gas. Its 
direct combustion heats the solid Al(OH)3 to 1200 ◦C, and heat residues 

Fig. 1. Methodology followed during the study. Stages and actions.

Table 1 
Summary and designed names for each scenario.

Scenario Thermal Energy Supply CO2 Mitigation/Prevention Strategy

S0 Natural Gas –
S1 Natural Gas CO2 Capture Plant and Storage
S2 H2 H2 production using renewable electricity
S3 H2 H2 production using grid electricity
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from hot flue gases and alumina are exploited during flash evaporation 
and preheating at the digestion step, respectively. For scenarios S2 and 
S3, hydrogen combustion was modelled to calcine Al(OH)3, and the 
remaining energy requirements (to preheat and evaporate the liquor) 
were included as electrical requirements.

For scenario S1, in which a CO2 capture plant was added, a ther
modynamic simulation of a carbonator-calcinator cycle was imple
mented. To this end, the flue gases from S0 were sent to a calcium 
looping plant, where CO2 was removed from the flue gases for use or 
storage. Calcium looping technology is made up of two main reactions: 
during the first one, carbonation, CaO is fed to the flue gases so that solid 
calcium carbonate can be produced at 650 ◦C; in the second one, 
calcination, natural gas is burned with pure oxygen while CaCO3 de
composes at 900 ◦C, producing CaO that is recirculated back to 
carbonation, and CO2. One of the drawbacks of this configuration is the 
sorption capacity decay of CaO in each cycle of carbonation and calci
nation (Grasa and Abanades, 2006). To overcome this and obtain a 
suitable conversion of the carbonation reaction, a fraction of CaO must 
be purged, and fresh CaCO3 must be introduced into the loop (Romeo 
et al., 2009).

The modelling of the carbon capture plant was modelled by 
considering the number of cycles of carbonation-calcination (N) of a 
limestone (CaO) particle as a reference. As the sorption capacity of the 
solid decays after each cycle, a typical limestone sorption capacity was 
used. Equation (1) shows the conversion of one particle of CaO (XN) in 
the carbonator as a function of the number of cycles N. 

XN =
1

1
1-Xr

+ k⋅N
+ Xr (1) 

In this equation, k is the conversion decay constant, set as 0.52, and 
Xr is the residual activity of CaO particles, fixed as 0.075 (Grasa and 
Abanades, 2006) for the limestone used in this study. The average 
conversion achieved by the solid (Xave) is the product of its number of 
cycles distribution (rN) and particle conversions XN, as shown in Equa
tion (2) (Rodriguez et al., 2008). 

Xave =
∑N=∾

N=1
rN⋅XN (2) 

The variable rN represents the percentage of CaO particles after a 
certain number of cycles and is calculated using the molar flow rate of 
CaO entering the carbonator (FCaO) and the molar flow rate of CaCO3 
entering the calciner (F0). The calculation of the variable rN is shown 
using Equation (3). 

rN =

F0
FCaO

(

1 + F0
FCaO

)N (3) 

Thus, to achieve an admissible carbon capture efficiency (>90%) and 
minimise economic costs from energy and CaCO3 consumption, a FCaO/ 
F0 ratio of 5.5 was selected, and a purge of 2% of the CaO was effectu
ated on the calciner (Romeo et al., 2009).

Residual heats from “clean” gases after the carbonation reaction (at 
650 ◦C) and from CO2 and steam produced on the calcination (at 900 ◦C) 
were integrated into the Bayer process plant. Heat was used to supply 
energy during bauxite digestion. Thus, fossil fuel consumption by the 
Bayer plant decreased, and the raw output of CO2 to be captured was 
reduced accordingly.

For scenarios S2 and S3, an alkaline electrolyser with an efficiency of 
0.65 (Ozturk and Dincer, 2021) was also modelled. Gaseous H2 was then 
utilized as fuel instead of natural gas, with the remaining energy re
quirements (which were unmet due to the significant reduction in 
combustion gases) being met directly by electricity, attributed to its 
suitability for relatively low temperatures (around 100-105 ◦C). The 
combustion of H2 to obtain thermal energy was assumed to be complete 
and carried out with 5% air excess. To overcome heat transfer limita
tions of hydrogen combustion, a 3% penalty of energy demand was 
assumed with regards to natural gas scenarios (Demuynck et al., 2010).

The final foreground inventory of this study is presented in Table 2. 
Regarding other data to complete the Life Cycle Inventory, the elec
tricity mix used for scenarios S0, S1 and S3 is shown in Table 3. In 

Fig. 2. System of the study. Boundaries and scope of each scenario.
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contrast, the electricity mix for S2 based on renewable electricity is 
shown in Table 4. The CO2 emissions and impact of CO2 storage for 
scenario S1 were obtained from (Peppas et al., 2023). All data were 
collected mainly from the EcoInvent 3.7 database integrated in SimaPro 
software (“ecoinvent v3.7 – ecoinvent,” 2020), using the Cut-Off Allo
cation option. In addition, the ELCD databases were used when no other 
data were found.

The inventory displayed in Table 2 shows that 10,877 MJ of energy 
are required per tonne of alumina produced in the base case of S0. En
ergy consumption is in agreement with the average industrial data 
provided by International Aluminium, which in 2019 accounted for 
10,316 MJ for European refineries and 10,456 MJ for alumina refineries 
worldwide (International Aluminium, 2022). The slight difference in 
energy consumption may be due to the fact that this model is based on 
boehmite bauxite, while actual bauxite is usually a mix of gibbsite and 
boehmite mineral forms (Sáez-Guinoa et al., 2024). Considering that the 
energy consumption of primary aluminium production is approximately 
74,900 MJ per tonne (International Aluminium, 2022), the alumina 
production stage is estimated to represent 29% of that energy (assuming 
that 2 kg of alumina is necessary for the production of 1 kg on 
aluminium ingot).

After the integration of the CO2 capture plant, energy consumption 
of S1 stands at 11,547 MJ per tonne of alumina produced. This is one of 
the most essential features of the calcium looping technology and its 
implementation in the alumina industry. The high energy recovery of 

the capture plant could allow its integration with less than a 7% increase 
in energy consumption. Accordingly, the specific energy consumption 
amounts to 1.45 MJ per kg of CO2 avoided.

The energy consumption of cases S2 and S3 is approximately 16,318 
MJ per tonne of alumina, mainly because of the inefficiency of the 
electrolyser required to produce green hydrogen, which was set to 65%. 
In these cases, the specific energy consumption per kilogram of CO2 
avoided increased up to 8.51 MJ per kilogram of CO2.

Across all four cases, producing one tonne of alumina required 2.17 
tonnes of bauxite. The bauxite consumption can differ significantly 
owing to its variable composition. The average consumption by Euro
pean refineries stands at 2.35 tonnes of bauxite per tonne of alumina 
(International Aluminium, 2022). However, water consumption 
increased for S2 and S3 from 3.18 m3 to 3.69 m3 per tonne of alumina 
produced, due to water electrolysis for H2 production. Other relevant 
raw materials are limestone (CaCO3) and pure oxygen for the CO2 
capture plant of S1, in which 0.11 tonnes of CaCO3 and 0.24 tonnes of 
oxygen are needed per tonne of alumina.

2.2.2. Life cycle cost
Following the guidelines of the integrated life cycle cost and envi

ronmental assessment, the cost analysis of each case was implemented 
from an investor point of view, with the aim of carrying out a conven
tional financial Life Cycle Costing (fLCC) (Dyson, 2024). fLCC was 
divided into two different parts, according to the type of costs incurred: 
(i) the capital investment necessary for the construction and installation 
of the refinery plant, and (ii) the operational costs of producing alumina 
throughout a year. The operational costs were divided in three different 
categories: the costs of raw materials, the costs of energy and the costs of 
disposal/emission/management of the residues.

The initial capital investment was calculated following the meth
odology presented by Peters et al. (2003). The leading equipment was 
identified, sorted and sized based on the expressed data. The purchase 
costs were retrieved from the cost functions presented by Peters et al. 
(2003). These cost functions are exclusive to each type of equipment and 
depend primarily on the required capacity and construction material. 
Next, the obtained costs were updated using the chemical engineering 
plant cost index (CEPCI) from January 2023. For other equipment in 
which size or different specifications were not suitable, the Aspen Pro
cess Economic Analyzer (Aspen Tech, 2024) was used. In the case of 
scenario S1, the equipment costs of the carbonator, calciner and air 
separation unit were estimated as functions of the thermal energy 
output, thermal energy input and mass flow of oxygen, respectively (Lim 
et al., 2023). For scenarios S2 and S3, the capital costs were calculated as 
functions of the capacity required for the electrolyser to produce the 
necessary amount of H2 (Thema et al., 2019). Once total purchase 
equipment costs were calculated, a factor between 2.69 and 3.60 
depending on each case, was added to represent total direct costs 
(installation of equipment, electrical systems, piping, service facilities, 
buildings …) and another factor between 1.26 and 1.44 was used to 
estimate indirect costs (construction expenses, legal expenses, contin
gencies …) (Peters et al., 2003). A detailed list of the equipment 
included in the study and their disaggregated purchase, direct, and in
direct costs can be found on Appendix A of the Supplementary 
Information.

All economic variables that affect the operational costs of the study 
(material inputs, energy inputs and treatment/disposal/emission costs 
of outputs) are summarised in Table 5. One critical factor is the eco
nomic cost of emitting CO2, which is usually unsteady because of market 
fluctuations. In this case, it was assumed to be fixed at 85€/tonne of CO2 
emitted, similar to clearing prices of auctions in January 2022 
(European Commission, 2023). Nonetheless, sensitivity analyses were 
performed to determine their importance. Similarly, two electricity 
prices were used during the study: electricity grid prices (for cases S0, S1 
and S3) were set at 0.076€/MWh, the average European prices in first 
semester of 2021 (European Commission; Directorate-General for 

Table 2 
Foreground life cycle inventory.

S0 S1 S2 S3

Inputs

Bauxite (tonne) 1.42⋅106 1.42⋅106 1.42⋅106 1.42⋅106

Natural Gas (MJ) 7.10⋅109 7.54⋅109 – –
Electricity (MWh) 9.21⋅104 9.21⋅104 2.96⋅106 2.96⋅106

NaOH (tonne) 3.63⋅104 3.63⋅104 3.63⋅104 3.63⋅104

CaO (tonne) 2.41⋅104 – 2.41⋅104 2.41⋅104

CaCO3 (tonne) – 7.10⋅104 – –
Water (m3) 2.08⋅106 2.08⋅106 2.41⋅106 2.41⋅106

Sea transport (t⋅km) 6.54⋅109 6.54⋅109 6.54⋅109 6.54⋅109

Outputs

Alumina (tonne) 6.53⋅105 6.53⋅105 6.53⋅105 6.53⋅105

Bauxite residue (tonne) 8.60⋅105 8.60⋅105 8.60⋅105 8.60⋅105

Wastewater (m3) 1.70⋅105 1.70⋅105 1.70⋅105 1.70⋅105

CaO (tonne) – 1.56⋅104 – –
CO2 emitted (tonne) 3.91⋅105 1.73⋅104 – –
CO2 stored (tonne) – 4.15⋅105 – –
Oxygen (tonne) – – 2.92⋅105 2.92⋅105

Table 3 
Disaggregated sources of electricity grid used in S0, S1 and 
S3.

Source Power Composition (%)

Nuclear 23.5%
Wind Energy 20.8%
Coal 18.1%
Hydropower 14.7%
Cogeneration 10.5%
Combined Cycle 9.0%
Solar Energy 3.4%

Table 4 
Disaggregated sources of electricity used in S2.

Source Power Composition (%)

Wind Energy 53.4%
Hydropower 37.8%
Solar Energy 8.8%
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Energy unit A4 Market Observatory for Energy, 2021), whereas 
renewable electricity for scenario S2 was estimated at 0.040€/MWh 
using actual power purchase agreements from renewable electricity 
production (European Commission, 2023). Other costs, such as 
manpower or contingencies were calculated as 18% of all operational 
costs, excluding CO2 emission costs.

2.3. System evaluation

To assess the environmental impacts of each alternative configura
tion, the ReCiPe 2016 midpoint (H) method was used after SimaPro 9.0 
was utilized to implement the Life Cycle Inventory. The ReCiPe meth
odology, selected because of its wide application, provides 18 midpoint 
indicator results. Among these, the primary focus was on GW, measured 
in kilograms of CO2 equivalents emitted, as it is mainly influenced by 
thermal energy consumption. Other important indicators considered in 
the study were Water Consumption (WAC) (m3), Land Use (LU) (m2 of 
crop eq.), Fossil Resource Scarcity (FRS) (kg of oil eq.), Terrestrial 
Acidification (TA) (kg of SO2 eq.) and Marine Eutrophication (ME) (kg of 
N eq.). The hierarchist perspective (H) was chosen as the impact 
assessment method due to its prevalence in scientific studies, with a time 
horizon of 100 years.

No normalisation or weighting among the different indicators was 
carried out, as they are not necessary steps according to ISO standards 
and can lead to potentially associated biases (Pizzol et al., 2017). 
Nonetheless, the impacts of different scenarios were normalised with 
reference to the most significant impact for each indicator to allow a fair 
comparison among configurations and complete integration of the 
analysis. Thus, normalisation was carried out among scenarios, but not 
among indicators, as is sometimes performed in LCA analysis.

For the life cycle cost calculations, capital investment costs of each 
process alternative were annualized using Equation (4), in which a 
capital recovery factor (CRF) is calculated. 

CRF=
i⋅(1 + i)n

(1 + i)n− 1 (4) 

where n is the planned lifetime and i is the interest rate. The planned 
lifetime was set at 25 years, and the interest rate was assumed to be 8% 
(Haaf et al., 2020). Capital expenditures were multiplied by this CRF 
factor to obtain the annualized capital costs. The planned lifetime of the 
water electrolysis plant was set at 15 years (International Renewable 
Energy Agency, 2020). Hence, the capital recovery factor varied 

between the different scenarios, penalizing the investment of shorter 
lifetime plants. Operational costs were also estimated on a yearly basis, 
considering a continuous inflation rate of 2.5% per year (Samitha 
Weerakoon et al., 2024). A conservative value of the annual inflation 
rate was selected to prevent the effect of incurring high capital costs 
from being diluted by high inflation rates over 25 years. Considering all 
the economic factors, the life cycle annualized costs (LCAC) used for the 
analysis were calculated as shown in Equation (5). 

LCAC=CCAPEX⋅CRF +
∑n=25

n=1
COPEX⋅

(1 + r)n− 1

n
(5) 

in which CCAPEX are the capital investment costs, CRF is the capital re
covery factor, COPEX is the sum of operational expenditures during one 
year, n is the number of years, and r is the inflation rate.

To calculate a suitable eco-efficiency index (EI), the added economic 
value created by the business activity was defined as the product system 
value (PSV), and it was estimated as the total possible revenues from 
marketable products of one year (RMP), minus the life cycle annualized 
costs. Thus, eco-efficiency indices were calculated according to Equation 
(6). 

EI=
PSV
GWi

=
RMP − LCAC

GWi
(6) 

in which GWi is the environmental impact of the Global Warming in
dicator obtained during the life cycle assessment. RMP were also 
calculated using a 2.5% annual inflation rate, as shown in Equation (7). 
Revenues of 365€/tonne of alumina (Qaidi et al., 2022) and also 
100€/tonne of oxygen (Parra and Patel, 2016) in scenarios S2 and S3 
were considered for the analysis. 

RMP=
∑n=25

n=1
FAl2O3⋅SAl2O3⋅

(1 + r)n− 1

n
+

∑n=25

n=1
FO2⋅SO2⋅

(1 + r)n− 1

n
(7) 

in which FAl2O3 and FO2 are the tonnes of alumina and oxygen produced 
respectively during one year of operation, and SAl2O3 and SO2 are the sale 
prices of alumina and oxygen in euros per tonne of product.

As observed in Equation (6), the Eco-efficiency index represents the 
ratio of the net economic profit (measured in € per year) versus the 
amount of CO2 emitted during the same time frame. Its objective is to 
show the scenarios that get an adequate ratio between profits and 
environmental impacts and detect if any option that shows economic 
viability involves too significant environmental consequences. Given the 
uncertainty of most of the economic variables, a sensitivity analysis was 
conducted to confirm the eco-efficiency results. Two major variables 
with significant fluctuations, as the price of electricity and the cost of 
CO2 allowances, were analysed in the range of 0–0.08€/kWh and 
0–150€/tonne of CO2 respectively, with the goal of evaluating their 
influence in the overall results and determining the potential breakeven 
points of market profitability and eco-efficiency.

3. Results and discussion

Table 6 shows the performance of each case for the six midpoint 
indicators assessed during the study period. Results of the base scenario 
indicate that 1.10 tonnes of CO2 equivalent are emitted per tonne of 

Table 5 
Economic variables used to calculate operational costs.

Cost Reference

Material Inputs

Bauxite (€/tonne) 20 Qaidi et al. (2022)
CaO (€/tonne) 60 Romeo et al. (2008)
NaOH (€/tonne) 345 “Caustic Soda Prices | Historical and Current | 

Intratec.us,” n.d.
CaCO3 (€/tonne) 20 Chirone et al. (2022)
Water (€/tonne) 0.10 Barón et al. (2023)

Energy Inputs

Natural Gas (€/kWh) 0.041 (Eurostat, 2022)
Grid electricity (€/kW 0.076 (European Commission, 2021)
Renewable electricity 

(€/kWh)
0.040 (European Commission, 2023)

Outputs

Bauxite residue disposal 
(€/tonne)

9.13 Qaidi et al. (2022)

CO2 emission rights 
(€/tonne)

85.00 European Commission (2023)

Wastewater (€/tonne) 0.20 Behnami et al. (2019)
CO2 storage (€/tonne) 7.00 Romano et al. (2013)

Table 6 
Environmental impacts results assessed for each scenario (per ton of Al2O3).

S0 S1 S2 S3

GW (tonne CO2 eq.) 1.10 0.49 0.33 1.86
WAC (m3) 5.68 5.70 6.01 9.21
LU (m2a crop eq.) 3.76 3.81 2.83 3.91
FRS (kg oil eq.) 387 393 80.5 465
TA (kg SO2 eq.) 3.79 3.78 3.34 13.0
ME (kg N eq.) 4.14⋅10− 3 4.20⋅10− 3 2.13⋅10− 3 1.91⋅10− 2
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alumina produced when natural gas is used as fuel and no CO2 mitiga
tion strategies are implemented. This value is aligned with those found 
in literature, which range from 0.99 (Sáez-Guinoa et al., 2024) to 1.23 
(Farjana et al., 2019) tonnes of CO2 per tonne of alumina when the 
selected fuel of the study is natural gas. If other fossil fuels are consid
ered, the GHG emissions indicator increases significantly, showing the 
dependence of the industry on the thermal energy supplies. An LCA 
estimated the GHG emissions at 1.33 tonnes per tonne of alumina when 
a mix of raw coal and natural gas was used (Peng et al., 2019). This 
indicator increased to 1.52 according to a study in which heavy fuel oil 
was used to produce alumina (Schmidt and Thrane, 2009) and to 1.65 
when the average European electricity was proposed as source of ther
mal energy (Ma et al., 2022). On the other hand, the results of the sce
nario S1 show that the implementation of a CO2 capture plant mitigates 
the GHG emissions, decreasing from 1.10 to 0.49 tonnes per tonne of 
alumina. Similarly to other studies, calcium-looping technology ach
ieves a significant reduction in CO2 emissions, but the other environ
mental indicators assessed increase slightly because of the increase in 
the energy consumption (Carbone et al., 2023).

The disaggregated contributions to CO2 total emissions for each 
scenario are shown in Fig. 3. As expected, natural gas combustion was 
the main contributor, contributing nearly 55% of equivalent CO2 
emissions of base case S0, followed by natural gas extraction (13%) and 
the use of chemicals (12%). Accordingly, the S1 emissions decreased in a 
similar proportion, as most of the post-combustion CO2 was captured 
and stored underground. The rest of the factors (bauxite extraction and 
transportation, use of chemicals and natural gas extraction) remained 
unchanged. The same reason explains the more significant decrease in 
S2 emissions. Avoiding the extraction, transport and combustion of 
natural gas minimises the CO2 equivalent emissions in scenario S2, in 
which renewable electricity production has a minimal impact. However, 
the substitution of natural gas for grid electricity does not compensate 
for the emissions, as the equivalent emissions due to electricity pro
duction are even higher than the use of natural gas to produce heat.

One of the most noticeable results is the S3 scenario, which exceeds 
the performance of the other alternatives for any other indicator. 
However, the use of renewable energy for producing hydrogen results in 
a reduction in all indicators (except for water consumption) when 
compared to natural gas processes. While the addition of a CO2 capture 
plant and storage can result in a reduction of 55.4% CO2 equivalent 
emissions, the use of green hydrogen instead of natural gas can decrease 
that amount to 70.0%.

The results show that although CO2 capture and storage is a valid 
alternative to mitigate GW, as explained by the avoided CO2 emissions, 
the S1 results do not improve any other indicator with regard to the base 
S0 scenario, as opposed to the use of green hydrogen in S2. The increase 

in the use of natural gas of S1 impacted water consumption, land use, 
fossil resource scarcity and marine eutrophication, regardless of the 
post-combustion storage of CO2. Thus, it can be concluded that replacing 
natural gas with green hydrogen is a more effective solution for mini
mising the generic environmental impacts of alumina production.

Table 7 lists the economic performances obtained during the LCC 
analysis. As expected, capital costs of scenario S0 were the lowest. 
Building up a single alumina refining plant of this capacity (0.65 million 
tonnes per year) would cost around 205.65 M€. The addition of a 
calcium-looping plant implies a 75% increase in the initial expenditure, 
with 359.77 M€. However, the purchase of an electrolyser in S2 and S3 is 
a significant disadvantage of this technology, representing more capital 
expenses than the refinery itself. The calculated capacity of the elec
trolyser to meet the thermal energy demands of the alumina refinery 
amounts to 253 MW. Therefore, the estimated capital costs for the 
hydrogen plant reach 589.48 M€. Even though the global installed ca
pacity of water electrolysis plants is projected to be 170–365 GW by 
2030 (International Energy Agency, 2023), and hydrogen plants with 
capacities of hundreds of megawatts are projected in the medium term 
(RWE AG, 2024), the technical and infrastructure challenges, yet to be 
addressed, rule out the actual implementation of the technology in a 
scenario such as the one proposed in this study, in which 100% of the 
fossil fuel consumption is avoided. Despite this, the progressive 
improved efficiency of electrolysers and the potential reduction of 
capital costs in the near future make these type of analyses of interest to 
researchers and industry professionals.

However, operational costs show interesting results: the avoided 
taxes for emitting CO2 make S1 an alternative with minimal operational 
costs. Despite increasing natural gas consumption and the material ne
cessities of the CO2 capture plant, annual operational costs represent 
171.09 M€, while conventional alumina production represent 197.29 
M€ per year. A similar pattern is observed in studies found in literature. 
Strojny et al. studied the integration of calcium looping into a natural 
gas combined cycle power plant, resulting in economic profitability of 
the calcium-looping system from the 4th year assuming an avoided cost 
of 170€ per tonne of CO2 (Strojny et al., 2023). Barón et al. also studied 
the integration of calcium-looping technology into the glassmaking in
dustry. Results indicated the profitability of the technology assuming a 

Fig. 3. Results of Global Warming indicator assessed. Net CO2 equivalent emissions (left) and proportional contributions of most remarkable factors (right).

Table 7 
Costs obtained for each scenario.

S0 S1 S2 S3

Capital Costs, CCAPEX (M€) 205.65 359.77 589.48 589.48
Operational Costs, COPEX (M€/year) 197.29 171.09 200.05 322.30
Life Cycle Annualized Costs (M€/year) 311.35 287.72 346.42 524.70

J. Sáez-Guinoa et al.                                                                                                                                                                                                                           Journal of Cleaner Production 485 (2024) 144366 

7 



20 years life-time of the plant and carbon emission rights of more than 
200€ per tonne of CO2 (Barón et al., 2023). On the other hand, the 
significant influence of electricity prices on the operational costs of 
using green hydrogen is also observable in the different results for S2 
(with an electricity cost of 0.04€/MWh) and S3 (0.076€/MWh). While 
the operational costs of S2 are comparable to S0 and S1, standing at 
200.05 M€, operational costs of S3 come totally out of a viability range, 
being 322.30 M€ per year.

To provide better insight into the economic performances, the 
breakdown of the annual costs for each scenario is shown in Fig. 4. 
Annualising the initial disbursement costs reveals the limited impact of a 
mild increase in capital expenditure on the total costs and, thus, on the 
global performance of alumina production. Energy costs using either 
fossil fuels or electricity represent the main economic variables of the 
industry. For S0 and S1, the costs of natural gas are 37.4 and 40.5% 
respectively, whereas the electricity costs for S2 and S3 correspond to 
45.9 and 58.5% of the total life cycle costs, respectively.

The results of the six environmental indicators and the LCC results 
were normalised to the most prominent Figure (S3 for all cases), and its 
graphical representation is shown in Fig. 5. Scenario S2 has the most 
negligible environmental impact, especially for indicators such as GW, 
Land Use and Fossil Resource Scarcity. In other indicators, such as Water 
Consumption, Terrestrial Acidification or even LCC results, the differ
ences between S0, S1 and S2 were small, hampering a good comparison 
among them. Focusing only on the consequences of GW and the eco
nomic performance of each alternative, Fig. 6 shows the PSV results of 
the four different scenarios studied (Y-axis) represented in opposition to 
their respective CO2 equivalent emissions (X-axis). To facilitate visual 
comprehension, the image includes range limits of market profitability 
and environmental impact tolerability. The market profitability is fixed 
as the range of positive values of PSV variable. Admissible environ
mental impacts are more arduous and subjective. In this case, a 33% 
reduction in the Global Warming indicator with respect to base case S0 
was estimated as a tolerable performance. With these assumptions, the 
graphic shows how S3 configuration excessively surpasses both market 
and environmental limits because of the vast electricity costs and im
pacts associated with electricity production. Configurations S1 and S2 
remained inside the range limits in terms of both economic costs and 
global warming impact, indicating the advantages of the potential 
implementation of this technology.

The same data were used to calculate the eco-efficiency indices, 
which are suggested as a method for comparing profitability and sus
tainability simultaneously. Their results are given in Table 8. Scenario 
S1 was the most eco-efficient scenario. A negative value of S3 index 
indicates the impossibility of obtaining commercial profit from the 

Fig. 4. Results of life cycle annualized costs. Total costs (left) and proportional contributions of most remarkable factors (right).

Fig. 5. Representation of all normalised LCA indicators, together with 
LCC results.

Fig. 6. Representation of defined eco-efficiency index: GW Impact vs Product 
System Value.
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process. The positive value of the S2 index, on the other side, shows its 
potential profitability despite the high initial disbursement costs. The 
commercialisation of O2 produced during water electrolysis helps also to 
make the process viable and even more eco-efficient than the base case 
S0, which is penalised by its high CO2 emissions.

To check the influence of electricity prices and carbon emission taxes 
globally and verify the results, a sensitivity analysis was performed on 
these two variables. The results are presented as a 3D graph in Fig. 7a. To 
facilitate visual understanding, the front view of the X-axis (electricity 
prices) is also represented in Fig. 7b, showing the eco-efficiency indices 
for scenarios S0, S1 and S2 in the range of 0–150€/tonne of CO2 of 
taxable emissions. To facilitate comprehension, the S3 results are not 
included in the graph because its environmental impact was found to be 
out of a tolerable range and its economic performance overlapped with 
that of S2. In Figs. 7a and b, electricity significantly influenced the eco- 
efficiency of S2. If electricity prices remained below 0.036€/kWh, S2 
would represent the most eco-efficient process. However, if these prices 
increased to 0.045€/kWh, this configuration would no longer be prof
itable, and eco-efficiency would become negative. Another interesting 
conclusion is that case S1 always shows higher eco-efficiency than sce
nario S0, regardless of the penalty of the carbon taxes that are carried 
along. This does not mean that S1 would maintain better economic 
performance even if no CO2 emission taxes were implemented; however, 
from an environmental perspective, profitability would be higher, as 
more value would be created per tonne of CO2 emitted.

The overall results of the study show significant implications for the 
different stakeholders of the alumina industry. The sensitivity analysis 
indicates the favourable effects of the implementation of the emission 
rights system as a means of promoting decarbonisation. However, 
additional strategies are required by policymakers, such as tax in
centives for investment in low-carbon technologies or a strong support 
to researchers and innovation sectors. Governments must also develop a 
reliable energy policy that guarantees the availability of renewable en
ergies. The study indicates also the need for industrial practitioners to 

embrace innovation technologies, given the environmental and eco
nomic impact of the current state of the industry. Electrification and CO2 
capture technologies show the potential to reduce energy costs and in
crease competitiveness, despite the initial increase in costs because of 
the need of new technologies and infrastructure.

4. Conclusions

In this study, four different sources of thermal energy and CO2 
mitigation strategies were considered for modelling an alumina refinery 
plant. Subsequently, integrated LCA and LCC analyses were performed 
for each of the four cases. This study aimed to quantify the environ
mental impacts of each scenario, determine if those cases could meet the 
economic performance requirements to be implemented in the alumina 
industry in the future, and comparing them with the current alumina 
production process.

Following the ReCiPe evaluation method, the environmental impact 
of the base case of an alumina refinery using natural gas was estimated 
at 1.10 tonnes of CO2 per tonne of alumina produced. Results indicated 
that the integration of a calcium looping plant to capture and store post- 
combustion CO2 could decrease the equivalent CO2 emissions down to 
0.49 tonnes of CO2 per tonne of alumina. Replacing natural gas with 

Table 8 
Eco-efficiency indices of each scenario.

S0 S1 S2 S3

EI (€/tonne CO2 eq.) 31.46 109.94 84.72 − 72.32

Fig. 7a. Sensitivity analysis. Variation of eco-efficiency index (Z axis) according to changes on electricity price (Y axis) and CO2 emission taxes (X axis).

Fig. 7b. Sensitivity analysis. Front view: range variation of eco-efficiency index 
(Y-axis) according to changes on electricity price (X-axis).
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green hydrogen showed greater potential environmental benefits, 
reducing this indicator to 0.33. Regarding the economic performance 
from the LCC perspective, adding a CO2 capture plant resulted in lower 
economic costs than in the single refinery case. Despite the more sig
nificant initial investments, the life cycle annualized costs when inte
grating the carbon capture plant were estimated at 287.72 M€ per year. 
In comparison, the base case costs were 311.35 M€, explained by costs of 
CO2 emissions. Green hydrogen production instead of importing natural 
gas, however, implied higher costs, which were strongly affected by the 
electricity price and varied from 346.42 to 524.70 M€ per year.

To obtain a common overview of both economic and environmental 
performances, an eco-efficiency ratio index was defined and calculated 
for each case, showing the CO2 capture and storage as the most eco- 
efficient case, regardless of the fluctuation of the economic penalty of 
CO2 emissions. Substituting natural gas with green hydrogen was also a 
good eco-efficient solution as long as the electricity prices were kept 
under 0.045€/kWh.

Despite some limitations of the study, such as the purchase estima
tions, the modelling differences with a real industrial plant and the 
economic and technological unpredictability, these findings can serve as 
a valuable resource for various stakeholders in the aluminium industry 
seeking to enhance their production process in an environmentally 
friendly manner. This study emphasizes the necessity for industry pro
fessionals to adopt innovative technologies due to their environmental 
and economic significance. While electrification and CO2 capture tech
nologies may initially raise costs due to new infrastructure re
quirements, they have the potential to lower energy expenses and 
enhance competitiveness in the long run. Additionally, the decarbon
isation of the alumina industry must be accompanied by policymakers, 
who need to adopt additional measures, such as offering tax incentives 
for low-carbon technology investments and supporting research and 
innovation, especially to ensure access to renewable energy sources. 
Finally, this study underlines the importance of adequately integrating 
environmental and economic analyses to assess sustainability and 
highlights the implications of thermal energy consumption in the 
alumina industry.
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