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Abstract

The aluminum sector contributes significantly to greenhouse gas emissions, making its
decarbonization a vital aspect of the global shift towards a low-carbon future. This paper
investigates the challenges and opportunities in decarbonizing the aluminum industry and delves
into various strategies and solutions for achieving this goal.

The paper starts with a thorough analysis of greenhouse gas emissions from the aluminum
industry. It continues to discuss the primary factors and obstacles affecting decarbonization,
including policy frameworks, market incentives, technological advancements, consumer demand,
and social acceptance. The paper then examines an array of solutions and strategies for
decarbonizing the industry, encompassing the increased use of renewable energy, implementation
of carbon capture and storage, improvement of scrap collection and recycling, development of
low-carbon products and standards, and promotion of collaboration throughout the value chain.

In conclusion, the paper asserts that realizing a low-carbon aluminum industry needs an all-
encompassing and coordinated effort from various stakeholders, such as governments, industry
leaders, investors, and consumers. The successful decarbonization of the sector will rely on the
collective ability of these stakeholders to adopt recent technologies, practices, and business
models prioritizing sustainability and emissions reduction.

By directly confronting the challenges and opportunities related to decarbonization, the aluminum
industry can contribute to the global battle against climate change while ensuring its long-term
competitiveness and growth.

Keywords: Decarbonization, Aluminum industry, Sustainable growth, Greenhouse gas
emissions.

1. Introduction

The aluminum industry serves as a foundation of the global economy, significantly affecting
various sectors such as transportation, construction, packaging, and electronics. Its unique
properties, including lightweight, strength, and recyclability, make aluminum an essential
material in today's world. However, with the global community pushing towards clean energy and
low-carbon economies, the aluminum industry must confront its considerable greenhouse gas
(GHG) emissions. These emissions primarily stem from energy-intensive processes such as
alumina refining, aluminum smelting, and recycling. Decarbonizing the aluminum industry is not
only vital for mitigating climate change impacts but also imperative for ensuring the industry's
long-term competitiveness and sustainable growth.

This paper delves into the intricacies of the aluminum industry's decarbonization by examining
the current state of GHG emissions, their sources, and their effects on the environment and the
industry's future growth. Moreover, it presents an analysis of the main drivers and barriers to
emissions reduction, encompassing policy frameworks, market incentives, technological
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innovations, consumer demand, and social acceptance. The paper's primary aim is to explore
potential solutions and strategies for decarbonizing the aluminum industry, assess their feasibility,
effectiveness, and trade-offs, and offer insights and recommendations for industry stakeholders
and policymakers.

By thoroughly investigating the challenges and opportunities related to the aluminum industry's
decarbonization, this paper aims to contribute to the expanding body of knowledge on sustainable
industrial practices and the worldwide pursuit of a low-carbon future.

2. Current Status and Trends

The aluminum industry has seen significant growth in recent years, fueled by a rising global
demand for aluminum products, especially in emerging economies. Consequently, greenhouse
gas (GHG) emissions from the industry have increased, making the aluminum sector a notable
contributor to global carbon emissions. To devise effective decarbonization strategies, it is crucial
to assess the status and trends of GHG emissions within the industry, with a focus on regional
disparities and process-specific variations.

The emissions intensity and energy efficiency of aluminum production differ considerably
between regions, primarily due to variations in energy sources and production technologies.
China, the world's largest aluminum producer, has a higher emissions intensity than the US and
the EU, mainly because of its dependence on coal-fired power plants. Conversely, countries with
abundant hydropower resources, such as Canada and Norway, show lower emissions intensity in
their aluminum production. These regional discrepancies emphasize the need to customize
decarbonization strategies to the unique energy landscapes and production methods of different
nations.

The aluminum industry's greenhouse gas (GHG) emissions vary depending on the region and the
production process and involves three main processes: alumina refining, aluminum smelting, and
recycled aluminum production. Alumina refining and aluminum smelting are the primary
production methods that use bauxite ore as the raw material. Recycled aluminum production, or
secondary production, uses scrap aluminum as the input.

According to a report by Statista [1], the global GHG emissions of the aluminum sector in 2021
were estimated at 1 156 million tonnes of CO,. Of this total, 863 million tonnes (75%) came from
the electrolysis process, which is part of aluminum smelting. The refining process contributed
179 million tonnes (15%), while anode production, semis production, recycling, internal scrap
remelting, casting, and mining accounted for the remaining 114 million tonnes (10%).

Recycled aluminum production has a much lower carbon footprint than primary production. This
is because recycling aluminum requires much less energy than extracting it from bauxite ore.
According to a report by McKinsey & Company [2], recycling aluminum can save up to 95% of
the energy and GHG emissions compared to primary production. However, recycling rates vary
widely across regions and products, ranging from 10% for beverage cans in Africa to 90% for
automotive parts in Europe. Therefore, improving scrap collection and recycling efforts can help
reduce the industry’s overall emissions and increase its sustainability.

Comprehending the status and trends of GHG emissions in the aluminum industry is vital for
pinpointing opportunities for enhancement and developing targeted, effective decarbonization
strategies. By comparing the emissions profiles of various regions and production processes,
stakeholders can glean valuable insights into the most promising routes toward a low-carbon
aluminum industry.
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3. Drivers and Barriers

The decarbonization of the aluminum industry is influenced by a complex interplay of drivers and
barriers that shape the sector’s ability and willingness to reduce GHG emissions. Understanding
these factors is crucial for developing effective policies and strategies that promote sustainable
growth within the industry.

3.1 Drivers
3.1.1 Policy Frameworks

Governments play a critical role in driving the aluminum industry’s decarbonization through
policy instruments such as carbon pricing, emissions regulations, and targeted subsidies. By
implementing these policies, governments can foster a favorable environment for investments in
low-carbon technologies and processes, incentivizing industry players to reduce their emissions.

3.1.2 Market Incentives

Market-based mechanisms, like emissions trading schemes and voluntary carbon offset markets,
can encourage aluminum producers to adopt more sustainable practices by assigning a financial
value to emissions reductions. This can help level the playing field for low-carbon aluminum
products, making them more competitive in the market.

3.1.3 Technological Innovations

Breakthroughs in low-carbon technologies and production methods can significantly decrease the
emissions intensity of aluminum production. For instance, advancements in inert anode
technology and more efficient electrolysis processes have the potential to revolutionize the
aluminum smelting process and substantially reduce its emissions footprint.

3.1.4 Consumer Demand

The growing awareness of climate change and the need for sustainable products has led to
increased consumer demand for low-carbon aluminum. In this context, consumer refers to the
people or organizations that purchase or use aluminum products, such as cars, cans, buildings,
electronics, and other items made of aluminum. This trend can drive industry players to invest in
greener production processes to cater to environmentally conscious consumers and capture new
market opportunities.

3.2 Barriers

3.2.1 High Capital Costs

Implementing low-carbon technologies and processes often requires substantial upfront
investments, which may be challenging for some industry players, particularly small and medium-
sized enterprises. These financial constraints can hinder the widespread adoption of low-emission
production methods.

3.2.2 Limited Infrastructure

The aluminium industry is one of the most emission-intensive sectors in the world, accounting

for about 2 % of global greenhouse-gas emissions. To achieve an emissions pathway consistent
with 1.5 °C of global warming, the industry will need to slash emissions dramatically by 2050 [3].
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This requires a radical shift to low-carbon energy sources, such as renewable energy and nuclear
power. However, the availability of these sources depends on adequate infrastructure, which
varies significantly across regions. In regions where such infrastructure is lacking, especially in
Asia, aluminum producers may face difficulties accessing the necessary resources to reduce their
emissions.

The aluminium industry has always been such a phenomenal energy consumer, that it can hardly
depend on the existing availability of green sources of electricity. Instead, it has often created this
availability and erected the necessary infrastructure by itself. For instance, many aluminum
producers have shifted their capacity to hydropower-rich regions or invested in green technologies
to improve efficiency. However, the inability to expand green electricity sources quickly enough
to meet the growing demand for aluminum is the single most key factor limiting the
decarbonization of aluminium production.

If the aluminium sector just “switches” to a green energy source without adding anything to the
total energy mix, this will raise green energy prices, and consequently “push” another sector (like
households) into brown energy. This would undermine the overall goal of reducing greenhouse-
gas emissions and creating a more sustainable economy. Therefore, the aluminium industry must
think of this in a pro-active fashion and see how it can expand green electricity generation by
itself as part of its business (and many aluminium companies do that). By doing so, the industry
can not only meet its own decarbonization targets, but also contribute to the global efforts to
combat climate change.

3.2.3 Social Acceptance

The adoption of new technologies and processes in the aluminum industry may meet resistance
from various stakeholders, including workers, local communities, and investors. Overcoming this
resistance is essential for the successful implementation of decarbonization measures.

By examining the drivers and barriers to decarbonization within the aluminum industry,
stakeholders can develop targeted strategies that capitalize on existing opportunities and address
the challenges faced by the sector. This comprehensive understanding of the factors shaping the
industry's emissions reduction efforts is key to designing effective policies and interventions that
promote sustainable growth in the aluminum sector.

4. CO; Emissions in the Aluminum Industry

Estimating the CO; intensity of the aluminum industry from bauxite mining to primary aluminum
smelting, including the contribution from anode consumption, requires a consideration of multiple
factors that can vary depending on the specific production processes and energy sources used.
Following is a rough estimate based on typical values.

The CO; intensity of the aluminum industry can be broken down into three main stages: bauxite
mining and alumina refining, anode production and consumption, and primary aluminum
smelting.

4.1 Bauxite Mining and Alumina Refining

This stage includes extracting bauxite ore and refining it into alumina (aluminum oxide) through
the Bayer process. The CO, emissions from this stage are relatively low compared to the other
stages, but they can still contribute around 1 to 2 tonnes of CO; per tonne of aluminum produced,
depending on factors like energy efficiency and the carbon intensity of the energy used in the
refining process.
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4.2 Anode Production and Consumption

Carbon anodes are used in the Hall-Héroult process to reduce alumina into aluminum. During this
process, the carbon anodes are consumed and produce CO; emissions as they react with oxygen.
This stage can contribute around 0.3 to 0.5 tonne of CO, per tonne of aluminum produced,
depending on factors such as anode quality and production efficiency. In addition, the production
of carbon anodes itself also emits CO», as it involves baking petroleum coke and coal tar pitch at
elevated temperatures [4]. According to a report by the U.S. Environmental Protection Agency
[5], the CO, emissions from onsite anode baking were estimated at 0.1 tonne per tonne of
aluminum produced in 2018. Therefore, the total CO, emissions from both anode production and
consumption can range from 0.4 to 0.6 tonne per tonne of aluminum produced. To reduce these
emissions, some aluminum producers are working to develop inert anodes that produce oxygen
instead of CO; during electrolysis [6].

4.3 Primary Aluminum Smelting

The primary aluminum smelting process, which uses the Hall-Héroult process, is energy-intensive
and requires a large amount of electricity. The CO, intensity of this stage depends largely on the
energy source used to generate electricity. For instance, if coal-fired power plants are used, the
CO; intensity can be as high as 6 to 8 tonnes of CO, per tonne of aluminum produced. When
combined-cycle natural gas power plants operating at 52.5 % efficiency are the primary energy
sources for aluminum smelting, the CO- intensity is lower than when using coal-fired power
plants but higher than when using hydropower. In this case, the CO, emissions from primary
aluminum smelting can range from 4 to 6 tonnes of CO; per tonne of aluminum produced. In
contrast, if hydropower or other low-carbon energy sources are used, the CO; intensity can be
significantly lower, in the range of 2 to 4 tonnes of CO; per tonne of aluminum produced.

4.4 Secondary Aluminum Smelting

In contrast, secondary aluminum smelting involves smelting and refining recycled aluminum
scrap to produce new aluminum products. This process requires significantly less energy
compared to primary aluminum production. The energy consumption for secondary aluminum
smelting is around 5-10 % of the energy needed for primary aluminum smelting, leading to a
much lower CO; intensity. The CO, emissions from secondary aluminum smelting are estimated
to be around 0.3 to 0.6 tonne of CO, per tonne of aluminum produced.

4.5 Conclusion

The CO; intensity of the aluminum industry from bauxite mining to primary aluminum smelting,
including the contribution from anode consumption, can range from approximately 3.3 to 10.5
tonnes of CO; per tonne of aluminum produced, depending on factors such as energy efficiency,
carbon intensity of energy sources, and production processes. Keep in mind that these are rough
estimates, and actual values can vary based on regional and technological differences.

Secondary aluminum smelting has a lower CO, intensity compared to primary aluminum
smelting. Recycling aluminum can lead to substantial energy savings and emission reductions,
making it an essential strategy for reducing the overall environmental impact of the aluminum
industry. However, recycling aluminum also faces challenges and limitations. Aluminum is
already one of the most-recycled materials in the world, with a global recycling rate of about 60%.
This means that the “low-hanging fruit” of aluminum recycling may already be gone, and the
remaining aluminum that is not being recycled may be more difficult or costly to recapture. For
example, aluminum products, such as packaging or consumer electronics, have a short lifespan
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and a low collection rate. Other products, such as buildings or vehicles, have a long lifespan and
a high recycling rate, but they also require more processing and separation to recover the
aluminum. Therefore, the price of recycling aluminum will go up the more we recycle, following
the law of diminishing returns. This implies that recycling alone may not be sufficient to meet the
growing demand for low-carbon aluminum, and other strategies, such as improving primary
production efficiency and switching to renewable energy sources, may also be needed.

5.  Incentives to Reduce the Aluminum Industry Carbon Footprint

There are various incentives that can be implemented to encourage the aluminum industry to
reduce its carbon footprint. These incentives can help drive investments in low-carbon
technologies and processes, improve energy efficiency, and promote sustainable practices. Some
possible incentives include:

5.1 Carbon Pricing

By putting a price on carbon emissions, governments can create a financial incentive for
companies to reduce their greenhouse gas (GHG) emissions. This can be achieved through
mechanisms such as carbon taxes or cap-and-trade systems, which effectively assign a cost to
emissions and encourage companies to invest in low-carbon solutions.

5.2 Subsidies and Grants

Governments can provide subsidies, grants, or other financial incentives for the adoption of
energy-efficient technologies, low-carbon production processes, and research and development
in the field of low-emission aluminum production. These financial incentives can help reduce the
upfront costs and risks associated with implementing new technologies and processes.

5.3 Renewable Energy Incentives

Promoting the use of renewable energy sources, such as solar, wind, and hydropower, through tax
credits, feed-in tariffs, or other incentives can help aluminum producer’s transition to cleaner
energy sources, ultimately reducing their carbon footprint.

5.4 Green Public Procurement

Governments can create demand for low-carbon aluminum products by incorporating
sustainability criteria into their procurement policies. This can drive market demand for more
sustainable aluminum products, encouraging industry players to invest in greener production
processes.

5.5 Green Labeling and Certification Schemes

Establishing certification schemes or eco-labels for low-carbon aluminum products can help
consumers make informed choices, promoting demand for more sustainable products. This can
create market-driven incentives for aluminum producers to reduce their carbon footprint.

5.6 Industry Partnerships and Collaborations

Encouraging collaboration between aluminum producers, technology providers, and research

institutions can help ease the sharing of best practices, knowledge, and resources. This can
accelerate the adoption of low-carbon technologies and processes across the industry.
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5.7 International Cooperation and Agreements

International agreements and cooperation on climate goals, technology transfer, and emission
reduction targets can provide a framework for aligning incentives and promoting the
decarbonization of the aluminum industry on a global scale.

Implementing these incentives can help create a supportive environment for the aluminum
industry to invest in low-carbon technologies, processes, and practices. By fostering the adoption
of sustainable solutions, these incentives can contribute to reducing the carbon footprint of the
aluminum industry and promoting its long-term competitiveness and growth.

6. Can CCS Play a Role to Decarbonize the Aluminum Industry?

CCS stands for carbon capture and storage, a technology that can capture and store the carbon
dioxide (CO,) emissions from industrial processes such as aluminium production [1]. CCS can
play a role in reducing the carbon intensity of the aluminium industry by preventing the CO;
emissions from reaching the atmosphere and contributing to global warming. The aluminium
industry is responsible for about 3 % of the world’s direct industrial CO, emissions in 2021,
mainly from alumina refining and aluminium smelting, which rely on fossil fuels and electricity.
CCS can be applied to both these processes to capture the CO, emissions and transport them to a
suitable storage site, such as a geological formation or an underground reservoir [2, 3]. CCS can
also be used to capture the CO, emissions from recycled aluminium production, which is less
carbon-intensive than primary production but still requires energy and generates emissions. By
deploying CCS technology, the aluminium industry can reduce its direct CO, emissions and its
carbon footprint, while meeting the growing demand for aluminium products that are essential for
the energy transition [1]. However, CCS technology is still under development and faces
technical, economic, and regulatory challenges. It requires significant investment, infrastructure,
and policy support to be widely adopted and scaled up in the aluminium sector. Therefore, CCS
is not the only solution for decarbonizing aluminium production, but rather one of several options
that need to be pursued in parallel with others, such as increasing energy efficiency, switching to
renewable energy sources, increasing recycled aluminium production, and developing new low-
carbon technologies.

7. Conclusions and Recommendations

The decarbonization of the aluminum industry is essential for mitigating climate change impacts
and ensuring long-term competitiveness and sustainable growth. To achieve this, stakeholders
must collaborate and adopt a comprehensive, adaptive approach that addresses the unique
challenges and opportunities presented by the sector.

Key strategies to promote decarbonization include implementing policy incentives such as carbon
pricing, subsidies, and renewable energy incentives. These policies will encourage aluminum
producers to adopt more sustainable practices and reduce their emissions. Technological
innovations, like inert anode technology and more efficient electrolysis processes, should be
pursued through research and development, as they hold the potential to significantly reduce the
emissions footprint of aluminum production.

Enhancing scrap collection and recycling efforts can capitalize on the lower energy requirements
of secondary aluminum production, further reducing the industry's overall emissions.
Collaboration and partnerships within the industry and across the value chain are vital for sharing
best practices, knowledge, and resources that accelerate the adoption of low-carbon solutions.
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It is crucial to set up a robust monitoring and evaluation framework to track decarbonization
progress and adapt to emerging challenges and opportunities. Supporting the development of
necessary infrastructure for low-carbon energy sources will enable aluminum producers to access
cleaner energy options.

Education and awareness-raising campaigns, along with the development of green labeling and
certification schemes, can drive consumer demand for low-carbon aluminum products and help
the adoption of sustainable practices. Fostering a culture of transparency and accountability within
the aluminum industry will build trust among stakeholders and ease the successful
implementation of decarbonization measures.

Lastly, fostering a culture of transparency and accountability within the aluminum industry can
help build trust among stakeholders and help with the successful implementation of
decarbonization measures. Encouraging companies to show their carbon emissions, energy
consumption, and sustainability performance can promote benchmarking and best practice
sharing, ultimately driving the industry towards a more sustainable future.

In summary, achieving a low-carbon aluminum industry requires concerted efforts from all
stakeholders. By implementing comprehensive strategies, embracing technological innovations,
and fostering a culture of sustainability, the aluminum sector can play a significant role in
combating climate change and transitioning towards a low-carbon future, ensuring its long-term
competitiveness and sustainable growth.
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