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Executive Summary

The global aluminum and steel industries are foundational to modern infrastructure and clean
energy technologies, yet they remain among the most carbon-intensive sectors, collectively
contributing nearly a tenth of global greenhouse gas (GHG) emissions. This report combines
advanced data analytics with sector-specific decarbonization strategies to address the urgent
need for emissions reductions in these "hard-to-abate" industries. Leveraging Terralytiq’s SaaS
platform, the methodology integrates facility-level emissions data, regional energy profiles,
and supply chain dynamics to enable precise carbon accounting and actionable insights.

The analysis draws on facility-level production and emissions data from Climate TRACE, a
global initiative that employs satellite imagery, machine learning, and real-time monitoring to
track GHG emissions. Key processes—such as aluminum smelting, steelmaking, and raw
material extraction—are mapped across geographies, with a focus on regional disparities in
energy mixes, grid carbon intensity, and production practices. For example, China’s province-
specific electricity pricing and emissions factors are incorporated to avoid national averages
that obscure critical variations. Terralytiq’s dashboard aggregates this data, categorizing
emissions by source (energy, process, feedstock) and enabling users to model decarbonization

pathways through dynamic scenario testing.

Central to the analysis are two case studies: South32’s Hillside Aluminum smelter in South
Africa and ArcelorMittal’s Zenica Steel Plant in Bosnia and Herzegovina. For Hillside
Aluminum, a three-phase decarbonization roadmap is proposed, prioritizing renewable
electricity procurement, process-level innovations such as carbon capture and biofuel adoption,
and eventual deployment of breakthrough technologies like inert anodes and hydrogen-based
calcination. Similarly, the Zenica Steel Plant case emphasizes integrating renewable energy,
expanding secondary steel production, and retrofitting existing infrastructure with waste heat
recovery and carbon capture systems. Both examples highlight the necessity of balancing

immediate emissions reductions with long-term technological and infrastructural investments.



The report identifies critical barriers to decarbonization, including reliance on fossil-fueled
grids, high capital costs for emerging technologies, and regional disparities in energy
infrastructure. For instance, transitioning to renewable electricity in coal-dependent regions
faces logistical and financial hurdles, while commercial-scale adoption of hydrogen or inert
anodes remains contingent on technological maturity and cost competitiveness. Additionally,
the analysis stresses the importance of granular, region-specific data—such as dynamic
electricity pricing and emissions factors—to avoid oversimplified national averages that

obscure localized challenges.

Key recommendations include aligning corporate decarbonization goals with policy
frameworks, such as carbon pricing and renewable energy incentives, to incentivize low-carbon
transitions. Collaboration across sectors—including partnerships with utilities, governments,
and technology providers—is deemed essential to overcome systemic barriers. The report also
advocates for transparency in emissions reporting and the integration of circular economy
principles, such as scaling secondary aluminum and steel production, to reduce reliance on

primary, energy-intensive processes.

Ultimately, the findings underscore that achieving net-zero in heavy industries is not merely a
technological or financial challenge but a systemic one requiring coordinated action. By
leveraging platforms like Terralytiq to track progress, prioritize interventions, and engage
stakeholders, companies can navigate the complexities of decarbonization while maintaining
operational viability. The path forward demands ambition, accountability, and a commitment
to equitable transitions—particularly in regions where industrial activity intersects with
socioeconomic development and environmental justice. As global demand for aluminum and
steel continues to rise, this report serves as a call to transform these industries from climate

liabilities into pillars of a sustainable, low-carbon economy.
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Introduction

Governments worldwide are implementing laws and regulations requiring companies to
measure, manage, and disclose their emissions as part of global efforts to mitigate climate
change. The first step to manage emissions is to be able to measure them. Unlike Scope 1
(direct emissions from owned sources), and Scope 2 (indirect emissions from purchased
electricity), Scope 3 (indirect emissions from supply chains) are difficult to measure due to
data gaps, inconsistent reporting standards, and variations in production processes across
regions. This has been accredited to be more difficult for heavier industries or as they are
commonly known as “hard to abate” sectors. However, this is far from the truth. Technological
solutions exist which must be leverage through corporate commitment and public policy
(Evergreen Action, 2024). In this report, we are focusing on steel and aluminum — two of the
world’s most in demand materials (Mowbray, 2024). They play a critical role not only in the

infrastructure but also in emerging clean technologies.

Aluminum, iron, and steel are fundamental to modern society, serving as the backbone of
industries ranging from transportation and construction to consumer goods and energy
infrastructure. Additionally, aluminum is a key input for emerging technologies such as electric
vehicles and solar panels, making it imperative for energy transition (Marchan & White, 2023).
Similarly, the global demand for steel is expected to rise from 1,880 million tons (Mt) in 2020
to as much as 2,500 Mt by 2050 (Hasanbeigi, Bhadbhade, & Ghosh, 2022). The ever-strong
reliance on these materials underscores the importance of ensuring that their production aligns

with global climate goals.

Currently, the iron and steel industry accounts for approximately 7-9% of all industrial
greenhouse gas (GHG) emissions and consumes about 7% of the world’s total energy supply
(Kim & Park, 2022). Steelmaking is also the second-largest consumer of coal after electricity
generation, contributing substantially to global emissions (Sutton & Williams, 2023).
Similarly, aluminum production, though smaller in scale, is highly energy-intensive,
accounting for roughly 2% of global GHG emissions (around 1.1 billion tons of CO2 annually)

(van Heusden, Morrison, & Puleo, 2020). Notably, in 2019, the aluminum sector consumed



6% of all global coal-fired electricity—exceeding Europe’s total coal-fired power generation.
Furthermore, these industries contribute to social and environmental issues such as heavy metal
pollution, dust emissions, and the displacement of communities due to resource extraction. This

also shows the significant potential of decarbonization in this industry.

Efforts to decarbonize these industries have gained momentum in recent years. These are
driven by technological innovations and markets pressures. For aluminum, we find that only
one-third of the required emissions reductions by 2050 can come from technology innovation
within the industry. The other two thirds must come from a combination of factors such as
national policy, clean energy transition, deployment of state and federal investment and
research (Aluminum Association, 2024). Additionally, primary aluminum production - which
accounts for 90 percent of GHG emissions from aluminum production via smelting - has
remained unchanged since the 1800s (Reinsch & Benson, 2022). This can only be decarbonized
through electricity decarbonization, process emissions elimination, and heat decarbonization

(Kim, Kielty, & Wells, 2024).

Steelmaking processes have adopted some modern methods of production. Electric arc
furnaces (EAF) emit less at the point of production compared to blast furnaces or basic oxygen
furnaces (BF/BOF). However, they have their limitations on the grades of steel that can be
produced through them. Steel making is also gearing towards green hydrogen in direct
reduction of iron. Greening aluminum, iron and steel requires a large capacity of renewable

energy which also poses as a major barrier to industry.

For this master’s project, we have collaborated with Terralytiq, a SaaS platform focused on
reducing emissions of industrial supply chains to build a database for facilities under some of
the largest global companies in the Aluminum and Steel industries to estimate carbon emissions
for each individual supplier. The project has two deliverables — a) to populate and refine
Terralytiq’s dashboard with facility level data and b) case studies to demonstrate how the
dashboard can be used by suppliers to make strategic decisions about their decarbonization

plans to meet their climate commitments.



Industry Review

Given the iron and steel industry's significant contribution to global emissions and its
challenging path to decarbonization, accurately tracking and managing its carbon footprint is

crucial. Below are several existing models to monitor GHG emissions.
1. Life-cycle assessment (LCA)

The life cycle assessment (LCA) model is constructed for measuring the environmental
influence of an item from the extraction of natural material to disposal following the end of its
life. As an example for the aluminum industry, the International Aluminum Institute (IAI)
adopted this model to evaluate GHG emissions, enabling it to cover many stages of production

(Lian et al., 2025):

- Raw Material Extraction: Calculate associated emissions from mining operations and

land-use changes.

- Scope 1 & 2 Alumina Refining: calculating emissions from fuel usage and energy
consumption, identifying opportunities to improve energy efficiency, and adopting

alternative fuel and process optimizations to minimize greenhouse gases.

- Primary Aluminum Production Tracking (direct emissions from anode consumption

and indirect emissions from generation of electricity)

- Recycling: Evaluate emissions associated with the collection, sorting, re-melting, and
processing of recycled aluminum, which typically requires significantly less energy and

emits fewer greenhouse gases compared to primary production.
2. Greenhouse Gas Protocol's Iron and Steel Tool

This tool quantifies CO: emissions from the steel industry according to its major inputs and
outputs from production. This tool combines two methodologies, commonly referred to as a
material-based approach and a production-based approach. The former targets the concept of

input amounts of reducing agents, blast furnace additives, and carbonate fluxes; the latter



provides data on iron or steel production and carbonate fluxes. The tool also accounts for the
emissions from exporting carbon-containing byproducts. This tool can help steel companies
better monitor their emissions and make their greener efforts last to meet its climate change
target (Greenhouse Gas Protocol, 2025). It also holds a standardized reporting framework that
allows emissions to be aligned with international climate action initiatives and carbon reduction

targets (Greenhouse Gas Protocol, 2025).
3. Simulation Model

The models examine key variables, including energy use, raw material input, and reaction
dynamics, to offer a glimpse of potential pathways toward reduced emissions. For instance,
one such study titled “Modelling a new, low CO: emissions, hydrogen steelmaking process”
examines the viability of hydrogen as a clean source of energy for industrial steel production,
thereby reducing carbon footprint compared to conventional, carbon-based processes. In this
study, we consider how replacing coal or natural gas with hydrogen as reducing agents in the
production of iron can greatly reduce CO: emissions without compromising production
efficiency (Ahman et al., 2023). Process simulation models are used to optimize operations,
assess various decarbonization pathways, and provide data for industry-wide decarbonization
efforts. These models are critical for modeling low-carbon technology developments and
assisting in guiding industries through the low-carbon transition, such as in sectors like

aluminum and steel (Ahman et al., 2023).

However, the methods mentioned above still have their problems, including incomplete supply
chain coverage, lack of granularity in emission tracking, and lack of regional differentiation in
energy and carbon accounting. In comparison, the platform that Terralytiq has built is

addressing those gaps, as detailed in Table 1.

Gaps in the current models How Terralytiq’s Platform Can Help

Incomplete supply chain coverage. Most Expanding emissions accounting to include
models primarily focus on direct emissions the entire supply chain. The calculation in the

(Scope 1) from manufacturing but overlook platform is from raw material extraction



emissions from raw material extraction,

transportation, and supplier operations
(Scope 2 & 3). For example, the IAI’s
aluminum  sector model does not
comprehensively integrate emissions from

mining and transport of bauxite and iron ore.

Lack of granularity in emission tracking. The
traditional LCA model lacks granularity in
emission tracking. This limits visibility into
individual facility emissions, making it
difficult to pinpoint high-emitting plants and

track progress effectively.

Lack of regional differentiation on grid
emissions. Traditional models often rely on
national average electricity grid emissions,
which can be misleading—especially in
countries like China, where energy mix and
carbon

intensity vary significantly by

province.

(bauxite and iron ore) to the final aluminum
and steel products. The platform also helps to
categorize emissions into different sources
(process, energy, feedstock-related) to
provide a full lifecycle view of emissions

across all stages.

Introducing province-specific  electricity
pricing and emissions data for China, using
dynamic time-of-use (TOU) tariffs and
seasonal variations. This approach ensures
that emissions calculations reflect actual
electricity sources used in each region,
providing a more precise and actionable
dataset.

Tracking emissions at the supplier and
facility level. Facility-level data from
Climate TRACE on specific emissions helps
reduction

users identify  high-impact

opportunities more easily.

Table 1. Limitations of current models and how Terralytiq bridees the gap

In conclusion, by addressing these critical limitations, Terralytiq’s methodology provides a far

more detailed, real-time, and comprehensive approach to GHG emissions tracking for the

aluminum and steel industries. This improves data accuracy and enables more precise and

tailored carbon reduction strategies for companies, investors, and policymakers. In the next

section, the methodology will be further addressed.



Methodology

I. Feeding facility level data into the dashboard
Having comprehensive and clean data is crucial for the construction of Terralytiq’s dashboard,
making it a major and necessary component of this project. The raw data being utilized is
sourced from Climate Trace (https://climatetrace.org/), an initiative dedicated to tracking
global greenhouse gas (GHG) emissions using advanced technologies. Climate Trace integrates
satellite imagery, remote sensing data, machine learning, and other data sources to monitor
emissions in real time. This collaborative effort involves multiple organizations and experts in
technology, climate science, and policy. Its primary goal is to provide accurate, up-to-date
emissions data to inform climate action, enabling governments, companies, and individuals to

make decisions based on reliable information.

Climate Trace offers a wide range of data across various industries and types of greenhouse
gas emissions. For this study, the data focuses on the production and emissions of aluminum
and steel, as well as the associated raw materials mining. Since the project began in 2024, the
2023 (for manufacturing) and 2022 (for mining) annual data have been extracted. Terralytiq

has provided a template specifying the required information for the dashboard, which includes

the following fields:
Field Name Description

Component.Name The name of the component of the final
product.

Component.Id A unique ID representing the component.

Tier.1.Supplier.Short.Name A short name identifying the supplier who
owns the facility.

Tier.1.Supplier.Facility.Name The name of the facility manufacturing the
component.

Unit.Weight.kg.per.SKU. The weight of one unit of the product in
kilograms.

Annual.quantity.SKUs.per.year. The annual production quantity of the facility
in units.

Unit.Price.USD.per.SKU. The market price of one unit of the product.

Material The material used in production.

10



Tier.1.Supplier.Region The geographic location of the facility.

Activity.Confidence A measure of confidence in the accuracy of
the production data.

Year The year of the data.

Gas The greenhouse gas of interest.

Percent.Interest The percentage of ownership the supplier has
in the facility.

Multiple.Suppliers Indicates whether a facility has more than
one supplier.

Tier.1.Supplier.ID A unique ID representing a single supplier.

Province Applicable only for facilities located in
China.

Table 2. Field Names in the Dashboard

Climate Trace organizes its data into three main files: Production Data, Ownership Data, and
Confidence Data, all linked by a unique identifier called Source ID, which represents each
facility. The Production Data includes details such as the facility’s location (country),
operational timeframes (start time, end time, temporal granularity), greenhouse gas emissions
(types of gases and their emissions in metric tons), production capacity (in metric tons and
capacity factor), and actual production output (in metric tons). Key transformations include
extracting Annual.quantity.SKUs.per.year. directly from the production data and setting
Unit.Weight.kg.per.SKU. to 1000 (since the original data is in metric tons, and 1 metric ton
equals 1000 kg). The greenhouse gas of interest is consistently CO2e_100yr, representing the

100-year global warming potential of CO: equivalent.

The Ownership Data provides information about facility ownership and location, including
the facility name (Source_Name), country code (Iso3_Country), geographic coordinates, the
ultimate parent supplier (Ultimate Parent Name), and the percentage of ownership
(Percent_Interest Parent). For facilities with multiple suppliers, the top two suppliers’ names
are combined, and a Multiple Suppliers column is marked as Yes. The Percent Interest
column reflects the ownership percentage of the top suppliers. Additionally, for facilities in

China, the sub administrative region (Province) is manually added. The Confidence Data file

11



indicates the reliability of Climate Trace’s data, with columns for confidence levels in capacity,
capacity factor, activity, and CO2 emissions. The Activity Confidence metric is extracted

directly from this file.

During integration, the three files are combined based on the Source ID, and the data is
categorized into four material components: Aluminum, Steel, Iron Ore, and Bauxite. Additional
columns, such as Tier.1.Supplier.ID (automatically generated during cleaning) and
Unit.Price.USD.per.SKU (derived from external data), are included. For the unit price, we
used $/Metric ton as the unit and performed an online search for open databases, the result is
shown in Appendix A. One thing to notice is that for the unit price of steel in many of the
regions, the daily price during a period is found so the average is taken to calculate the unit
price. The final dataset focuses on key columns like Source ID, facility and supplier names,
country, province (for Chinese facilities), multiple supplier flags, ownership percentages,
annual production quantities, unit weights, CO2 emissions, activity confidence, and geographic

coordinates. All data was cleaned and wranggled in R and Excel.

Terralytiq’s dashboard leverages user inputs to create actionable decarbonization pathways.
Terralytiq offers a predefined list of value chains, which consist of multiple production
processes known as blocks. These blocks are sequenced to produce a material, product, service,
or asset that a user’s company may purchase, own, operate, or otherwise consider part of their
enterprise footprint. Clients can select the most relevant value chain for their business and

operations.

12
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Figure 1: Project Workflow and Methodology
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II. Understanding the Value Chain

Each block within a value chain is defined by a specific name (denoting the production process
that occurs within the block) and a method (indicating the combination of energies, feedstocks,
and technologies utilized). These blocks process inputs using the technoeconomic models from
the Climate Tech Library to generate detailed outputs. Inputs may include variables like volume

and cost of feedstocks and energy, as well as technology costs.

The parameters for each block specify the block’s name, the types of feedstock, energy, and
technology used. The outputs from each block include the product produced, the associated
costs, emissions, and the Technology Readiness Level (TRL). Furthermore, costs and
emissions are categorized to provide a detailed breakdown. Costs are divided into Levelized
Cost of Production (LCOP), capital expenditures (Capex), and operational expenditures (Opex).
Emissions are categorized by their sources: energy consumption, process reactions, and
feedstock contributions. For the purpose of this project, the selected value chains are steel and

aluminum.

III.  Integrating Regional level Data

As one of the world’s largest producers of steel and aluminum, China exhibits significant
provincial variations in energy profiles, making it imperative to avoid oversimplified national
averages for electricity prices and emission factors. To enable precise cost and environmental
impact analyses, a province-specific dataset is constructed, incorporating dynamic time-of-use
(TOU) tariffs and seasonal pricing differences as mandated by the State Grid Corporation of
China. For each province, seasonal data—including the duration of the season (in months),
daily hours allocated to pricing tiers (Critical Peak, Peak, Off-Peak, Valley, and Deep Valley),
and their corresponding rates—are compiled. The daily average price for a season is derived
by summing the product of hourly rates and their durations, dividing by 24 hours, and applying
a weighted average. This daily value is then scaled by the number of months in the season to
calculate its seasonal contribution. Finally, the annual average electricity price (RMB/kWh) is

determined by aggregating all seasonal contributions and normalizing the total over 12 months.

14



This granular approach ensures accuracy in cost estimation and carbon accounting, reflecting
the interplay of regional energy policies, seasonal demand fluctuations, and industrial

operations.

Building upon the detailed methodology outlined in the previous section, we now apply the
dashboard to analyze real-world data through two case studies. By leveraging the structured
dataset from Climate Trace and integrating insights from Terralytiq’s platform, we analyze the
emissions profiles of major aluminum and steel suppliers. It not only demonstrates the
effectiveness of our approach in tracking Scope 3 emissions but also evaluates the impact of
various decarbonization strategies. The following section delves into key findings, supplier-
specific emissions assessments, and potential pathways for reducing the carbon footprint

within the industry.

Analysis

I. Overview of the Data

Total Production of Aluminum(# SKUs)

China 3467000
Middle East & North Africa 585480
India 246251
Canada 242705
Russia 213622
Australia 133920

Germany 104822
Brazil 85669
United States of America 83296
France 81803

Rest 463200

0 500000 1000000 1500000 2000000 2500000 3000000 3500000 4000000

Figure 2: Distribution of global total Aluminum production 2023.
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Figure 3: Aluminum SKU quantity distribution by country/Region.

In 2023, the global total production of aluminum reached 322,257,898 metric tons (SKU).
China dominated global production, accounting for approximately 47% of the total output. The
Middle East and North Africa collectively emerged as the second-largest producer, contributing

significantly to the global supply.
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Figure 8: Distribution of global total Steel production in 2023
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Figure 9: Steel production SKU quantity distribution by country/Region.

In 2023, global steel production reached 322,257,898 metric tons. Like aluminum, China
dominated steel production, accounting for 47% of the total output. Japan and the United States

followed as the next largest producers.

18



Sum of Emissions of Aluminum Production (kgCO2e per year)

China

Middle East & North Africa

India

Russia

Australia

Canada

Germany

South Africa

Malaysia

United States of America

Rest

Figure 10: Distribution of CO2 Emission by Aluminum production in 2023
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Sum of Emissions of Bauxite Mining (kgCO2e per year)
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Figure 11: Distribution of CO2 Emission by Bauxite Mining in 2022




Sum of Emissions of Iron Ore Mining(kgCO2e per year)

Australia
Brazil
Russia
United States of America
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China
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Latin America
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Global
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Figure 12: Distribution of CO2 Emission by Iron Ore Mining in 2022
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Figure 13: Distribution of CO2 Emission by Steel production in 2023.
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The total CO: emissions associated with the production of aluminum and steel align closely

with the production data, with the top producers also being the top emitters. In 2023, the

combined emissions from the aluminum and steel sectors amounted to 1.1653 x 102 kgCO-

(1.1653 trillion kilograms of CO:). This highlights the significant environmental impact of

these industries, driven largely by the major producing regions.
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Average of Carbon Intensity (kgCO2e per kg of Aluminum)
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Figure 14: Distribution of CO2 Emission Factor by Aluminum production in 2023
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Average of Carbon Intensity (kgCO2e per kg of Bauxite)
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Fioure 15: Distribution of CO2 Emission Factor by Bauxite Mining in 2023
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Figure 16: Distribution of CO2 Emission Factor by Iron Ore Mining in 2023
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Figure 17: Distribution of CO2 Emission Factor by Steel production in 2023

For steel production, regions like Bosnia and Herzegovina and parts of Asia exhibit higher
carbon intensity, while Europe and North America show lower emissions, reflecting more

sustainable practices. In bauxite mining, India and Indonesia stand out with higher carbon
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intensity, whereas Australia and Europe demonstrate more efficient, lower-emission operations.
Iron ore mining follows a similar trend, with Eastern Europe and Africa showing higher
emissions compared to more sustainable practices in Canada and Brazil. Aluminum production,
the most carbon-intensive process among the four, highlights stark contrasts: regions like South
Africa and India have high emissions, while Norway and Iceland, leveraging renewable energy,

achieve remarkably low carbon intensity.

Case Study: Decarbonization Strategy for
Hillside Aluminum (South32)

1. Overview of Hillside Aluminum

i. Background

Hillside Aluminum is a premier aluminum smelter located in Richards Bay, South Africa,
operated by South32, a global mining and metals company (South32, n.d.). As the largest
aluminum smelter in the Southern Hemisphere, it produces high-quality primary aluminum for
both domestic and export markets (South32, n.d.). It depends heavily on the power provided
by Eskom, South Africa’s publicly owned utility. In July 2021, the National Energy Regulator
of South Africa approved a long-term energy supply agreement between Eskom and Hillside
Aluminium, allowing the smelter to secure its electricity until 2031. Underway is this ten-year
power purchase agreement, which ensures cost certainty, with pricing aligned to South Africa’s
long-term tariff policy (Mining Review, 2021). With an annual electricity consumption of about
1,205 MW, Hillside Aluminium, which represents 5% of Eskom's electricity demand, is a
critical customer who helps sustain grid stability in emergency situations (The Writer’s Room,

2023).

Due to its substantial energy requirements, Hillside Aluminum is actively engaged in
discussions about power supply constraints and sustainability initiatives, including potential

renewable energy integration (South32, 2025). The facility plays a crucial role in South Africa's
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aluminum industry, significantly contributing to the local economy and employment (South32,

2025).

ii. South32’s Decarbonization Initiatives

South32, the parent company of Hillside Aluminum, has committed to (South32, 2024):

Reduce operational greenhouse gas (GHG) emissions by 50% by 2035

Aims for net-zero operational emissions by 2050.

The following list highlights the key initiatives from South32's sustainability development

report 2024 (South32, 2024).

1.

Renewable Energy Transition: South32 is trying its best to substitute fossil-fuel-
derived electricity with renewable energy through long-term Power Purchase
Agreements (PPAs). Mozal Aluminum, for example, has committed to renewing its

hydropower contract beyond FY26, lowering the use of carbon-based electricity.

Fuel Switching & Electrification: Shifting to lower-carbon energy by investigating
alternatives like hydrogen-based calcination, electrification of large industrial
processes, and fuel switching of coal-based power with renewable energy and natural
gas where possible. Worsley Alumina refinery, for instance, is evaluating electrification

and other steam generation options, which can potentially reduce emissions greatly.

Circular Economy & Recycling: Increasing secondary aluminum production to
reduce dependency on number one smelting, which is tremendously electricity
intensive. This shift aligns with South32’s broader purpose of growing performance in

the aluminum value chain.

Process Optimization & Technological Innovation: Investing in advanced smelting
technologies such as AP3XLE, which enhances energy efficiency and lowers electricity
consumption. At Hillside Aluminum, the ongoing deployment of AP3XLE is expected

to abate approximately 150,000 to 200,000 tonnes of CO: annually, contributing to a
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1.2% to 1.7% reduction in the smelter’s total emissions.

5. Waste Heat Recovery & Energy Efficiency Improvements: Enforcing tasks that
seize and reuse waste warmth to optimize electricity use. As an example, at Worsley
Alumina, feasibility studies are underway to explore thermal power garage solutions

and advanced commercial warmth usage, in addition to reducing carbon footprints.

6. Grid Decarbonization & Partnership Engagement: Since a substantial part of
Hillside Aluminum's emissions stem from electricity purchased from South Africa’s
coal-dominant Eskom grid, South32 is exploring options for integrating nuclear
electricity attributes and renewable power procurement from unbiased energy

producers (IPPs).

Through these strategic initiatives, South32 continues to work toward a low-carbon future,
aligning its business operations with global climate goals while ensuring energy security and
economic viability for its key assets. However, achieving these ambitious decarbonization
targets requires a data-driven approach that balances emission reductions with operational

feasibility and cost-effectiveness.

Using Terralytiq's dashboard, we conducted a feasibility assessment to refine South32's
decarbonization strategy, integrating operational data with energy transition scenarios. This
analysis measures how adding renewable energy, using electricity, and improving processes
can create a focused and affordable plan to reduce emissions while keeping operations and

finances stable.

iii. Case Study Focus & Decision

The Terralytiq dashboard provides various information on each supplier, including annual
emissions, emissions factors, and annual production. This case study’s focus is the site with the
highest relative carbon emission intensity in the aluminum and steel industry, not the absolute
value. Thus, the emissions factor is the key decision value since it provides how many

kilograms of CO:ze per aluminum produced.
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Based on the dashboard, Hillside Aluminum has the highest original emissions factor, 12.60

kg COze/kg aluminum, and is selected for the case for the aluminum industry.

Category Glidepaths > All sites combined

All sites combined A Custom Assumptions + Add New Component |0} Vi
Components Components Warnings Errors Q =

Component Quantity Weight Material Emissions Factor ¥ Emissions Tier 1 Supplier Tier 1 Geography

18653638 58,462 1,000 Aluminum 12.60 [ 736,480,721 tCOze  Hillside Aluminium South Africa

18653584 26,844 1,000 Aluminum 11.84 (] 317,795,630 tCO,e  National Aluminium India

18653585 23,286 1,000 Aluminum 11.84 [7 275,673,858 1CO,e  Hindustan Aluminium India

18653586 12,419 1,000 Aluminum 1184 [ 147,023,690 tCO,e  Hindustan Aluminium India

18653587 111,580 1,000 Aluminum 11.84 [ 1,320,952,032 tCOze  Vedanta India

18653588 26,520 1,000 Aluminum 11.84 [ 313,959,920 tCO,e  Vedanta India

18653589 23,286 1,000 Aluminum 11.84 [/ 275,673,858 tCO,e  Hindustan Aluminium India

18653590 22,316 1,000 Aluminum 11.84 [7 264,190,407 tCO,e  Hindustan Aluminium India

18653494 15,755 1,000 Aluminum 1149 (7 180,994,234 tCOze  Rio Tinto Australia

18653495 41,030 1,000 Aluminum 11.49 (1 471,354,707 tCO,e  Boyne Smelters Australia

18653496 27,900 1,000 Aluminum 1149 [7 320,516,606 t1CO,e  Alcoa Australia

Showing 1-15 of 1099 rows 1 of 74 Pages ¢ >

Figure 18. Hillside Aluminum as the supplier with the highest emissions factor

However, the emissions factor shown in this figure is calculated by the original setting, in
which the locations of all the production processes are based on the location of the site, and all
methodology is set to be “Conventional" without further adjustment based on more research
with the current situation. In the next step, the emissions factor will be recalculated by the
dashboard based on the location and production methodology of each process to have the most

accurate data before any assumptions and cost-benefit analysis are made.

Bauxite Mining Digestion Calcination
Bauxite Aluminum Hydroxide Alumina
South Africa v South Africa v South Africa v
Conventional Conventional ~ Conventional v
Aluminum Smelting
Primary Aluminum
Af v r
e
Anode Production Conventional v
(Aluminum, Carbon) Aluminum Casting om
Carbon Anodes ot :
South Africa v South Africa v Global v
Conventional v Recycling (Aluminum Conventional v

Scrap)
Secondary Aluminum

South Africa v

Conventional
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Fioure 19. Original Value Chain Map for Hillside Aluminum

II. Re-Calculation of Hillside Aluminum’s Emissions Factor

We assume that all of Hillside Aluminum's key processes are in South Africa based on the

original breakdown.

After checking the sustainability report, we confirmed the location of each section.

Bauxite Mining, Digestion, and Calcination: Those are processes that commonly
occur at the alumina refinery stage. According to South32’s website (South 32, n.d.),
the company owns 86% of Worsley Alumina in Western Australia. Bauxite is mined
near the town of Boddington, 130 kilometers southeast of Perth. It is transported via an
overland conveyor to the alumina refinery near Collie, where it is processed into
alumina powder. This powder is then transported by rail to the Bunbury port and
subsequently shipped to smelters worldwide, including South32’s Hillside and Mozal

aluminum smelters in Southern Africa.

Aluminum Smelting: Hillside Aluminum is shown to be the handiest primary

aluminum smelter in South Africa (South 32, n.d.).

Recycling (Aluminum Scrap): The record does not now explicitly verify a recycling
facility for Hillside Aluminum in South Africa, but secondary aluminum production is

frequently co-positioned with smelting facilities (Hulamin, 2017).

Aluminum Casting: This manner is a part of the Hillside Aluminum operations in

South Africa (South 32, n.d.).

Based on the information above, the locations of bauxite mining, digestion, and calcination

are adjusted from South Africa to Australia in the new value map below, with other processes

unchanged.
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Fioure 20. Value Chain Map after Adjustments for Locations

After changing the location of bauxite mining, digestion, and calcination, the emission factor

changed from 12.60 kg CO2e/kg aluminum to 13.22 kg CO-e/kg.

Emissions Factor changed from 12.60 kgCO,e / 1 kg to 13.22 kgCO,e / 1kg

Figure 21: Updated Emission Factor of Hillside in the Dashboard

II1. Proposed 3-Phase Decarbonization Plans

Based on the decarbonization initiatives mentioned in South32’s report, three decarbonization

plans are proposed in three scenarios in different stages:

— Phase 1 (1-3 years): Secure green electricity first before making industrial process
changes.

— Phase 2 (4-7 years): Implement CCUS, efficiency upgrades, and biofuel switching to
start lowering process emissions.

— Phase 3 (8-10 years): Deploy inert anodes (or extend CCUS if necessary), hydrogen

calcination, and full digestion electrification to achieve net-zero emissions.

i. Phase I: Green Electricity First (1-3 Years)

a. Decarbonization Plan

Key Action: Transition smelting and recycling to green electricity through long-term PPAs,
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reducing Hillside’s Scope 2 emissions.

Process

Aluminum
Smelting

Anode
Production

Calcination

Digestion

Recycling

Current
Method

Conventional

Conventional

Conventional

Conventional

Conventional

Low-Carbon Alternative

Green Electricity

No Change

No Change

No Change

Green Electricity

Rationale

Most impactful transition in
early years, eliminates grid-
related emissions

Focusing on energy first,
process changes come in
later phases

Still reliant on fossil fuels,
addressed in later phases

Electrification happens later
to prevent excessive power
demand

Lower energy demand
makes early transition
feasible

Table 3: Decarbonization Plan of Hillside (Phase I)

At this time, the emission factor changed from the original 13.22 kgCO2e/kg to 5.52 kgCO.e/kg.

Emissions Factor changed from 13.22 kgCOye / 1kg to 5.52 kgCO4e / 1 kg

Process Type of Aluminum Smelting changed from Conventional to Green Electricity

Electricity - Green: Ppa was added at 49.53804437 MJ / kg of Ingots provided by Terralytiq from
Argonne GREET
Electricity - Grid: Industrial was removed

Process Type of Recycling (Aluminum Scrap) changed from Conventional to Green Electricity

Electricity - Green: Ppa was added at 2.476902218 MJ / kg of Ingots provided by Terralytiq from
Mission Possible Partnership (MPP)
Electricity - Grid: Industrial was removed

Figure 21: Updated Emission Factor of Hillside in the Dashboard (Phase 1)
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b. How It’s Aligned with South32’s Decarbonization Plan

e South32 Initiative Alignment:

o

Grid Decarbonization & Renewable Energy Transition: Hillside Aluminum’s
emissions are largely due to reliance on coal-based power from Eskom, so
securing green electricity through the power purchase agreements (PPAs) is the

fastest way to cut emissions.

Process Optimization & Technological Innovation: Hillside is already
deploying AP3XLE smelting technology to improve energy efficiency, which
complements our focus on using cleaner electricity before modifying industrial

Processes.

e How Our Plan Aligns:

o

o

We prioritize shifting smelting and recycling to green electricity first, which
directly supports South32’s renewable energy transition strategy and grid

decarbonization efforts.

This reduces Hillside’s dependence on fossil-fuel electricity from Eskom while
leveraging existing infrastructure, aligning with Hillside’s effort to secure stable

low-carbon energy at a viable economic scale.

No major process changes have been introduced yet, ensuring that the transition

is cost-effective and doesn’t disrupt operations.

While Phase 1 prioritizes a transition to green electricity through long-term PPAs, this pathway

is contingent on Eskom’s ability to procure and deliver clean energy—an outcome that remains

uncertain given the utility’s current reliance on coal and structural constraints. However, from

the standpoint of emissions reduction, the least disruptive and most effective option for early-

stage decarbonization is still the substitution of renewable electricity. Therefore, Phase 1 should

be seen as a strategic opportunity, whose implementation feasibility depends on broader

progress in grid reform and independent power procurement in South Africa.

ii. Phase II: Process-Level Decarbonization (4-7 Years)
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a. Decarbonization Plan

Key Action: CCUS deployment in smelting and calcination, biofuel adoption in anode

production, and energy efficiency improvements in digestion.

Process Current Low-Carbon Rationale
Method Alternative
Aluminum Green No Change Already addressed in Phase 1
Smelting Electricity
Biofuel

Anode Conventional Cuts fossil fuel reliance without
Production major infrastructure changes
Calcination  Conventional CCUS Captures emissions before fuel

switching to hydrogen

Digestion Process (MVR - Improves efficiency while
Conventional  \fechanical Vapor preventing excessive energy
Recompression) demand
Recycling No Change Already addressed in Phase 1
Green
Electricity

Table 4. Decarbonization Plan of Hillside (Phase 1I)

At this time, the emission factor changed from 5.52 kgCO2e/kg to 4.23 kgCO2e/kg.
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Emissions Factor changed from 5.52 kgCOe / 1kg to 4.23 kgCO.e / 1 kg

w Details -

Figure 22: Updated Emission Factor of Hillside in the Dashboard (Phase 1)

b. How It’s Aligned with South32’s Decarbonization Plan

e South32 Initiative Alignment:
o Fuel Switching & Electrification: Hillside and South32 are exploring
alternative fuel options such as hydrogen-based calcination and biofuels,
which aligns with our plan to reduce fossil fuel use in anode production and

implement CCUS in calcination.

o Waste Heat Recovery & Energy Efficiency Improvements: The system
introduces Mechanical Vapor Recompression (MVR) for digestion, which
improves efficiency before full electrification, supporting South32’s energy

efficiency focus.

e How Our Plan Aligns:

o We implement Carbon Capture, Utilization, and Storage (CCUS) in aluminum
smelting and calcination to reduce process-related CO: emissions while
maintaining operational stability. This initiative directly supports South32’s
fuel-switching strategy and aligns with Hillside’s work on alternative steam
generation methods at Worsley Alumina.

o Anode production shifts to biofuels, reducing reliance on fossil fuels without
requiring a full transition to electricity, which supports South32’s exploration
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of lower-carbon fuels.
o Mechanical Vapor Recompression (MVR) is introduced for digestion,
enhancing energy efficiency before shifting to full electrification in Phase 3.

iii. Phase III: Full Industrial Decarbonization (8-10 Years)
a. Decarbonization Plan

Key Action: Deploy inert anodes in smelting, transition calcination to hydrogen, and fully

electrify digestion.

Process Current Method Low-Carbon RELBIE

Alternative

Green Electricity
Aluminum Green Electricity - Process (Inert If inert anodes are ready, full

Smelting Anodes) process emissions are expected
to be eliminated.

Biofuel No Change
Anode Already optimized, no need for
Production further transition
Calcination CCUS Hydrogen Final transition removes fossil
fuels entirely
Digestion Process (MVR - Electrified - After efficiency gains,
Mechanical Vapor = Green Electricity digestion now runs on
Recompression) renewables
Recycling o No Change Already transitioned in
Green Electricity previous phases

Table 5: Decarbonization Plan of Hillside (Phase 111)

At this time, the emission factor changed from 4.23 kgCO2e/kg to 2.49 kgCO2e/kg.
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Emissions Factor changed from 4.23 kgCO5e / 1kg to 2.49 kgCO.e / 1kg

Figure 23: Updated Emission Factor of Hillside in the Dashboard (Phase I1])

b. How It’s Aligned with South32’s Decarbonization Plan

South32 Initiative Alignment:

o Fuel Switching & Hydrogen-Based Calcination: Our transition to hydrogen-

based calcination in Phase 3 aligns with South32’s efforts to replace fossil fuels

with hydrogen in high-temperature processes.

Process Innovation & Net-Zero Pathway: Our proposed shift to inert anodes in
smelting (or extending CCUS if needed) supports Hillside’s long-term goal of

achieving zero direct emissions in aluminum production.

How Our Plan Aligns:

o Inert anodes are used if they are practical, or CCUS is kept as a backup option,

making sure Hillside can achieve its long-term goals for reducing carbon

emissions in line with South32’s aim for net-zero.

Hydrogen-based calcination replaces CCUS, achieving full fuel

decarbonization, which supports South32’s hydrogen transition plans for
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Worsley Alumina and other sites.

o Digestion is fully electrified, running on green electricity, which finalizes

IV. Cost-Benefit Analysis

i. Overview

Initiative Selection

Process Block

Calcination

Digestion

Bauxite Mining

Aluminum Smelting

Aluminum Casting

Recycling (Aluminum Scrap)

Initiative

Switch fossil fuels to Biofuel

Install carbon capture

Switch grid electricity to Green Electricity

Switch grid electricity to Green Electricity, Switch fossil fuels to Biofuel
Switch fossil fuels to Hydrogen

Switch fossil fuels to Biofuel

Switch grid electricity to Green Electricity

Switch grid electricity to Green Electricity, Switch fossil fuels to Biofuel
Switch fossil fuels to Hydrogen

Process (Mvr)

Electrify equipment, Switch grid electricity to Green Electricity

Switch fossil fuels to Biofuel

Switch grid electricity to Green Electricity

Switch grid electricity to Green Electricity, Switch fossil fuels to Biofuel
Install carbon capture

Switch grid electricity to Green Electricity

Switch grid electricity to Green Electricity, Process (Inert Anodes)
Process (Inert Anodes)

Feedstock (Al Scrap To 30%)

Feedstock (Al Scrap To 50%)

Switch grid electricity to Green Electricity

Fioure 24.: Options in the Dashboard for Cost Analysis

Emissions Impact Estimate

-12,906,066.13 kgCOze
-37,651,408.23 kgCOze
-11,437,078.54 kgCOe
-24,343,144.67 kgCOe
-8,069,159.09 kgCOze
-34,416,176.35 kgCOze
-30,498,876.10 kgCOe
-64,915,052.45 kgCOse
-34,416,176.35 kgCOze

41,705,668.63 kgCOze

-64,915,052.45 kgCOe
-1,597,188.14 kgCOze
-153,643.35 kgCOze
-1,750,831.49 kgCOze
-65,243,592.00 kgCOze
-433,528,014.51 kgCOze
-541,098,094.51 kgCOze
-138,227,385.02 kgCOe
-83,167,487.41 kgCOze

-249,502,462.24 kgCOze

5,419,100.18 kgCOze

Cost Impact Estimate

2,277,281 US$
3,268,571 US$
1,093,332 US$
3,370,613 US$
5,235,090 US$
6,072,750 US$
2,915,551 US$
8,988,300 US$
17,645,927 US$

13,606,853 US$

15,748,066 USS
312,664 USS
14,688 USS
327,351 USS
15,101,744 USS
11,262,207 USS
11,262,207 USS
-4,685,395.67 USS
-7,327,266.35 US$

-21,981,799.05 USS

140,778 US$

Hillside’s transition to a completely decarbonized energy system.

Abatement Cost

177 $ftof CO,
87 $/tof CO;
96 $/tof CO;

139 $/tof CO,

649 $/tof CO;

177 $ftof CO;
96 $/tof CO,

139 $/tof CO,

513 $/tof CO;

327 $irof CO;

243 $/tof CO,
196 $/tof CO,
96 $/tof CO;
187 $/tof CO;
232 $/tof CO,
26 $/tof CO;
21 $ftof CO,
-34 $/tof CO,
-89 $/tof CO,

89 $/tof CO,

26 $ftof CO;

Q

Feasibility Score

Low

Low

Moderate

Moderate

Low

Low

Moderate

Moderate

Low

Low

Moderate

Low

Moderate

Moderate

Moderate

High

High

Moderate

Moderate

Moderate

High

The Terralytiq dashboard offers all the options listed above for testing the potential cost and

decarbonization effect. As noted, anode production data is not available within the Terralytiq

dashboard. Since anode-related emissions mainly come from carbon-based materials and this

process contributes less to total emissions, we leave out anode production from the cost-benefit

analysis.
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Figure 25: Limited Emissions Contribution from Anode Feedstock

i. Cost-Benefit Analysis of Phase I

Build our initiatives

Initiative Manager ..,

Emissions Impact \l/ 68 % Cost Impact N 20 Capital Investment
kg CO2e for 58.5M kg of Aluminum USD for 58.5M kg of Aluminum = Total Capital Investment in USD
750M C

5 = . 208 =

E 3 Expected:205664117015.2 USD

2 5 :

5 500M < 2006 ®)

I B casa =

& 2 : No major changes to capital equipment required.

@ o

E 250M 3 106 1

® S '

S a 1

S 8 1

£ 1

2025 2029 2033 2037 2041 2045 2049 2025 2029 2033 2037 2041 2045 2049
Initiatives 2

Supplier Facility Component Material Initiative G4 Year Emissions Impact Estimate Cost Impact Estimate
Hillside Aluminium Aluminum Smelting Aluminum Switch grid electricity to Green Electricity 2028 ~ -400,180,936.96 kg 841,000,568 USS/yr
Hillside Aluminium Recycling (Aluminum Scrap)  Aluminum Switch grid electricity to Green Electricity 2028 v -5,002,261.71 kgCOzelyr 10,512,508 USS$/yr
Showing 1-2 of 2 rows 1 of 1Pages &

Figure 26. Phase I Plan Cost, Emission and Feasibility Data




Phase I yields a substantial 68% reduction in total emissions for 58.5 million kg of aluminum,
cutting approximately 405 million kgCO-e annually. The associated cost impact is moderate
with a 20% increase over baseline, annual cost estimates of around $841 million for smelting
and $10.5 million for recycling. While the dashboard indicates no major capital equipment
changes are required at the facility level, this shift relies on significant external capital
investment to develop and deliver the renewable electricity infrastructure. Therefore, although
Hillside Aluminum may not bear direct capital costs in this phase, the decarbonization outcome

1s contingent on broader system-level investment.

ii. Cost-Benefit Analysis of Phase 11

Foer, P
l Er.ms’slon‘slvmpa‘c'l' —— \l/ 78 /{s Costllmpac‘t

JSD for 58.5M kg of Aluminum

Capital Investment

300G

: 3 f % 2006

= 100G

2025 2029 2033 2037 2041 2045 2049
Initiatives 2
Supplier Facility Component Material Initiative G4 Year Emissions Impact Estimate Cost Impact Estimate
Hillside Aluminium Digestion Aluminum Process (Mvr) 2032 v 39,486,454.34 kgCO,e 12,254,164,517
Hillside Aluminium  Calcination Aluminum Install carbon capture 2032 v -37,651,408.23 kg 1,827,926,226

Hillside Aluminium Aluminum Smelting Aluminum Switch grid electricity to Green Electricity 2028 ~ 400,180,936.96 kgt e 841,000,568

Hillside Aluminium Recycling (Aluminum Scrap)  Aluminum Switch grid electricity to Green Electricity 2028 v 5,002,261.71 k e 10,512,508

1 of 1Pages ¢

Figure 27. Phase Il Plan Cost, Emission and Feasibility Data

In Phase II, compared with the baseline, the emissions reduction rises to 78%, with
approximately 82 million kgCO:e reduction. However, the improvement comes with a
substantial jump in cost: digestion upgrades alone incur over $12.2 billion in annual costs, and
calcination’s CCUS implementation adds roughly $1.8 billion more. The overall cost impact
increases by 28% in comparison to the baseline, necessitating a concentrated $199 billion
capital investment in 2032. While the marginal emissions gains are lower than in Phase I, Phase
IT is essential for addressing emissions from high-heat industrial processes and preparing for

full electrification in the next phase.
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iii. Cost-Benefit Analysis of Phase II1

Emissions Impact 59/ Cost Impact
for 58.5M kg of Aluminur \1/8‘)’[‘ JSD for 58.5N

Capital Investment
kg CO2¢ t

M kg of Aluminu al Capital Investment

300G

e —— £ 2000

2028 2032 2036 2040
Initiatives Q

Supplier Facility Component Material Initiative G4 Year Emissions Impact Estimate Cost Impact Estimate

Hiliside Aluminium  Digestion Aluminum Switch grid electricity to Green Electricity 2040 14,894,770.26 k y 2,537,892,415
Hillside Aluminium Calcination Aluminum Switch fossil fuels to Hydrogen 2040 8,069,159.09 k y 3,440,600,406
Hillside Aluminium  Aluminum Smelting Aluminum Switch grid electricity to Green Electricity, Process (Inert Anodes) 2040 v -407,705,782.83 k 29,222,396,929

Hillside Aluminium Recycling (Aluminum Scrap)  Aluminum Switch grid electricity to Green Electricity 2028 v -5,002,261.71 k y 10,512,508

1 of 1 Pages

Fioure 28. Phase 11l Plan Cost, Emission and Feasibility Data

In Phase III, emissions are reduced by 85% in total, cutting 53 million kgCOze. Cost impact
increases by 23% compared to the baseline, with key components such as inert anodes costing
over $29 billion annually, the hydrogen transition for calcination being around $3.4 billion, and
digestion electrification being $2.5 billion. Although this phase has the highest per-ton cost of
avoided emissions and requires significant technological readiness, it is critical to achieving

net-zero emissions and aligning with South32’s long-term climate goals.

V. Feasibility & Barriers to Implementation

Implementing the proposed three-phase decarbonization roadmap for Hillside Aluminum
offers significant emissions reduction potential but also faces critical barriers in terms of
electricity sourcing, capital requirements, technology readiness, and policy uncertainty. This
section identifies key challenges and assesses the feasibility of each phase in the context of

South Africa’s energy system and South32’s operational realities.

i. Feasibility of Procuring Renewable Electricity

While Phase 1 relies on securing renewable electricity through PPAs, Hillside’s ability to

implement this shift is constrained by factors beyond its operational control. Eskom retains a
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central role in South Africa’s power procurement and grid operation, and although recent
regulatory changes allow private generation over 100 MW without a license, actual integration

of renewable electricity into industrial baseload remains complex (South32, 2024).

South32 has initiated a Request for Information (RFI) with independent power producers in
FY2024 to explore alternative procurement pathways. The process confirmed the availability
of cost-competitive renewable options but also revealed key infrastructure challenges. Much
of South Africa’s renewable generation capacity is located far from Richards Bay, and grid

congestion in those area limits connection potential (South32, 2024).

Additionally, Hillside’s continuous and high-volume electricity demand introduces risks
related to variability and reliability. Current renewable offerings do not provide firm capacity,
and South Africa’s national grid lacks widespread storage or backup infrastructure to smooth
intermittent supply. Although South32 is working with the government and Eskom to explore
blended tariff models that combine renewable inputs with reliable baseload supply, these

mechanisms remain under development and have yet to be tested at Hillside’s scale (South32,

2024).
ii. Feasibility of Later-Phase Technologies and Mitigation Strategies

Phases 2 and 3 involve adopting more advanced technologies, including CCUS, electrified
digestion, and inert anode smelting. These solutions offer long-term emissions reduction
potential but face substantial economic and technological barriers. Some relevant
technologies—particularly inert anodes and hydrogen integration—remain at early
demonstration stages globally and have not been deployed at commercial scale in aluminum
operations (CarbonChain, 2021). Without targeted subsidies or carbon pricing, these options
are unlikely to meet internal investment thresholds given current market conditions (South32,

2024).

To improve feasibility, Hillside can continue to develop off-grid or wheeled renewable PPAs
where transmission capacity allows, using recent regulatory flexibility as a basis. For later

phases, South32 may pursue blended financing opportunities through South Africa’s Just
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Energy Transition Partnership or similar international climate funds. Engaging in cross-sector
technology coalitions could also help build institutional support, spread investment risk, and

speed up access to maturing solutions.

Case Study: Zenica Steel Plant, Arcelor
Mittal

1. Overview of Arcelor Mittal

Arcelor Mittal is one of the largest global producers in the iron and steel industry with an annual
production of 42 million metric tons of iron ore and 55.6 million metric tons of crude steel in
2023 (ArcelorMittal, 2023). Terralytiq’s dashboard has data on 17 iron ore mines and 34 steel
plants. As a major market player, they also steer several decarbonization efforts primarily on
research and design, commercializing technologies and ambitious climate commitments. On
similar lines, the company has also launched a recycled and renewably produced steel XCarb
made with 100% renewable energy and using a minimum of 75% recycled steel (ABB, 2024).
XCarb is therefore a leader in low emissions steel with a carbon intensity of only 0.3 kg CO2

per kg of steel produced.

Owing to these large initiatives, its earlier climate commitment of reaching net zero by 2050
and its geographic spread, Arcelor Mittal has positioned itself at the forefront of the
decarbonization of the steel industry. However, independent groups have investigated into the

group’s activities to hold them accountable.

The group’s carbon footprint is huge - 114.3 MtCO2e reported for the year 2023 (scope 1 and
2, without joint ventures). That estimate excludes emissions in India and emissions from coal
mining. ArcelorMittal's annual self-reported carbon footprint is comparable to that of the entire
country of Belgium, a 11.7m capita, highly developed European country (SteelWatch, 2024).
Primary steel production has always been a carbon intensive process with the average carbon
intensity of 2.2 kg of CO2e per kg steel produced for a blast furnace and basic oxygen furnace
(BF-BOF) and 1.4 kg of CO2e per keg steel for a direct iron reduction and electric arc furnace
(DR-EAF) (Basirat & Nicholas, 2022).
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In comparison to this, we see that several facilities under Arcelor Mittal are over these averages
(see figure 29). This is despite the company’s portfolio including BF/BOF, EAF and hybrid
facilities (see figure 30). On average, we see that under Arcelor Mittal, BF-BOF plants have a
carbon intensity of 2.26 and EAF plants have a carbon intensity of 1.31 (see table 6). It is
important to note that these figures are high level estimates as they are calculated on the default
settings for steel production of the dashboard. Each facility’s emission factor will change

depending on the specific technologies deployed and the products being produced there.

Row Labels Average of Emissions Average of Carbon Intensity
(kgCO2e per year) (kgCO2e per kg of material)
BF/BOF 1,254,547.03 2.26
EAF 255,224.90 1.31

Table 6. Average Emissions Intensity Across EAF and BF/BOF plants under Arcelor Mittals
operation.
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Average Carbon Intensity of Steel Plants under Arcelor
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Distribution of Blast, Electric Arc Furnaces under Arcelor Mittal
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Fioure 30: Distribution of Blast and Electric Arc Furnaces under Arcelor Mittal

II. Current Status of Zenica Steel Plant

For this case study, we will be focusing on Zenica Steel Plant, Bosnia & Herzegovina which is
the dirtiest facility operating under Arcelor Mittal. In 2017, Zenica in Bosnia was suffering
from some of the world’s highest levels of air pollution. A Guardian investigation found that
the Zenica steel plant was functioning without permits and had failed to meet the region’s
environmental standards and rules (Geoghegan & Ahmetasevic, 2017). The plant has an annual
capacity of 950,000 tons of steel through a hybrid process. The emission profile for this facility

as shown by the dashboard is shown in figures 31 and 32.
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Figure 31 Distribution of Current Emission Sources

Iron Ore Mining

Sinter Plant

Iron Furnace (Sinter)
Recycling (Steel Scrap)
Steel Furnace

Steel Refining Station
Steel Casting Mill

Rod And Bar Mill

Coke Oven

Total

100M 200M 300M 400M 500M 600M 700M

o

kg CO2e for 210M kg of Steel (Rod And Bar)

@ Scopel @® Scope2 @ Scope3

Highcharts.com

Figure 32 Distribution of Scope 1, 2 and 3 Emissions in Current Value Chain
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Terralytiq's analytical dashboard offers a nuanced approach to mapping industrial value chains,
accommodating the inherent complexity of the iron and steel industry. Given the sector's
diverse processes, methodologies, and product variations, the dashboard enables granular
selection of components that accurately represent a facility's specific operational landscape.
For the ArcelorMittal Zenica facility, the component "Steel (Bars and Rods)" was strategically
selected to align with the facility's operational profile, with all mapped components designated

as "internal facilities" located within Bosnia and Herzegovina (ArcelorMittal, 2024).

A significant operational change occurred in 2024 when ArcelorMittal Zenica decommissioned
its on-site coke production facility (SteelOrbis, 2024). Consequently, the plant now procures
coke from external sources, introducing supply chain complexity. Given the lack of
transparency regarding the specific coke suppliers, it is reasonable to assume that there could

be multiple suppliers across different countries.

Internal Facility.

Rocycting (Stoel Scrap)

Conventional

Fioure 33: Zenica Steel Plant’s Value Chain on Terralytiq'’s Dashboard

The final emissions factor after making these changes for the facility are 3.04 kgCO2e/kg of

steel which is only slightly lower than the default emissions factor.
There are few decarbonization initiatives that Zenica’s facility has taken. These include -

e Installing an industrial-scale hybrid filtration technology in its sinter plant
(ArcelorMittal, 2020). This technology is helpful in cutting dust emissions from the

sinter machine to maintain these emissions within the standards set by the European
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Union.

Entering a joint venture with the City of Zenica to generate greener electricity to the
city of Zenica by using the steel plant’s coke oven gas and blast furnace waste gasses
which were earlier flared (ArcelorMittal, 2020). The company has claimed that this has

allowed them to avoid the use of 150,000 tonnes of coal a year, reduce SO2 emissions

from the power plant by 80% and reducing Zenica’s CO2 emissions by 18%.

These initiatives have not been included within the current value chain due to two reasons — a)

the dashboard calculates, and our project is focused on greenhouse gas emissions and no other

waste and dust emissions and b) there were no third-party verifications for Arcelor Mittal’s

claims on the carbon reduction claims through the joint venture.

III.  Assumptions and Constraints

To ensure that the decarbonization steps proposed in this case study are feasible, it is important

to understand the regional context, financial and technical constraints that Zenica is facing.

Some key assumptions and constraints for the next steps are listed below.

Country’s Electricity Generation: Bosnia and Herzegovina’s current generation mix
is fossil fuel dominated with a marginal amount of hydropower (Fichaux, Icheva, &
Jacob, 2023) . The renewable sector is in the initial stages of development in the country
and is being supported by international organisations such as IRENA. Biomass is the
most abundant source of energy and a significant potential for solar PV and wind energy

also exists in the region which are largely used to inform decarbonization steps.

Scrap! Availability: Increasing use of scrap and recycling is integral to steel production
to reduce its carbon footprint. Projections indicate that scrap use should rise by 40-50%
of steel production to meet climate targets (Organisation for Economic Co-operation

and Development, 2024). Moreover, ArcelorMittal has been active in securing scarp

! Steel scrap refers to discarded or leftover pieces of steel that are recycled and reused in the production of new

steel products. It can come from a variety of sources, such as construction debris, automotive parts,
manufacturing waste, and demolished structures, as well as from scrap generated during steel production

processes.
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supplies, particularly through buying out scrap metal recycling businesses in Poland,
Germany, and the Netherlands. Market trends also indicate that European players are
currently consuming most of the clean scrap produced in the region and would need to

expand their imports to other parts of the world (Arthur D. Little, 2024).

e Direct Reduced Iron in Electric Arc Furnace: ArcelorMittal’s Zenica plant is
integrated with a sinter plant® rather than a pellet plant which imposes limitations on
replacing the blast furnace with an Electric Arc Furnace and Direct Reduction of Iron
for ironmaking. This is primarily due to the quality requirements of iron ore for direct
reduction which are high iron (Fe) content (ideally > 67%) and low acid gangue (ideally
<2%) and phosphorous (ideally between 0.015% and 0.08%). However, data from Raw
Materials & Ironmaking Global Consulting indicate that for a representative group of
sinter feed ores in 2019, the Fe content has fallen to 61.9%, while average acid
gangue content increased to 7.08% and phosphorus content increased to 0.067%

(Barrington, 2022).

While we do not have the specifications of the sinter produced in Zenica, given these
averages, we assume that the plant cannot dispose the blast furnace technology to DRI

and must take other initiatives to reduce its carbon dependency.

e Cost of Hydrogen: The status of European electrolysis schemes results in hydrogen
production at €6-7/kg; however, Arcelor Mittal requires a price of €2/kg needed for cost-
effective low-carbon steel. Additionally, importing green hydrogen is unfeasible as
transporting cheaper hydrogen from Africa also costs an additional €1.50/kg (Parkes,
2024). The company has expressed that they will only use green hydrogen if their
furnaces remain price competitive in the market. This reflects that green hydrogen will

not be solution that Arcelor Mittal considers for decarbonization in the short term.

2 The iron ore must be broken down into finer pieces before it can be processed for steelmaking. This is either
done through sintering or palletization. Sinter is produced by heating fine iron ore particles with fluxes and
other materials to form a porous mass. Pellets, on the other hand, are made by rolling fine iron ore with binders

and then hardening them through firing.
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IV.  Two Phase Decarbonization Plan
Phase I — Steelmaking
a. Expansion of Secondary Steelmaking:

Electric arc furnaces are easier and cheaper to build when compared to basic oxygen
facilities. More importantly, they are more flexible and can be easily shut down or
started up to meet demand (The Editors of Encyclopaedia Britannica, 2025). To move
towards a lower carbon intensity, Zenica will need to increase its secondary steel

production.
b. Integration of Green Energy:

As per the electricity generation mix discussed in the earlier section, Zenica has two
options of integrating cleaner energy sources — switching to biofuel and building
onsite solar capacity. Terralytiq’s dashboard allows you to test how environmentally
effective and costly it can be to apply this switch to either of the four steelmaking
processes®. As per figure 31, we see that the rod and bar mill is the most energy
intensive step of steel making in Zenica, we apply “Green Electricity — Biofuel” as a

method there to target the high emitting source with the help of the region’s grid.

Similarly, onsite solar + storage is added to support steel casting mill as it is the least
energy intensive (figure 31). This is done keeping in mind the limitations of solar
technology which suffers from inconsistent production, low capacity factors and any

land constraints within the iron and steel plant.
c. Installing waste to heat recovery

Recovering large amounts of heat generated during steel production can help increase
efficiency, reduce fuel consumption and reduce carbon emissions. This is applied to
the basic oxygen furnace, firstly due to the immense heat that is released during that

process and secondly, considering that Arcelor Mittal already has a joint venture with

3 Zenica’s steelmaking processes include a Steel Furnace, a Steel Refining Station, a Steel Casting Mill and a
Rod and Bar Mill.
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the city of Zenica to recover some waste gases from this furnace and use it to produce

heat and electricity.

The updated emission intensity for Zenica after these changes is 2.58 kg CO2/kg of steel. See

below for the changes implemented in the dashboard

Emissions Factor changed from 3.04 kgCOe / 1kg to 2.58 kgCOze / 1 kg

Process Type of Steel Furnace changed from Conventional to Electrified - Process (Eaf) - Waste Heat
Recovery

Electricity - Grid: Industrial changed from 0.13 to 0.12 MJ / kg of Rod And Bar Steel
View Details >
Pig Iron: Material changed from 1.07 to 1.19 kg / kg of Rod And Bar Steel
View Details >
Additional Costs (Whr): Opex was added at 4.7124033 USD / kg of Rod And Bar Steel provided by
Terralytiq from Academic Literature Review
Labor (Dri-Eaf): Opex was added at 9.9 USD / kg of Rod And Bar Steel provided by Terralytiq from
Academic Literature Review
Steel Electric Arc Furnace (Eaf): Industrial was added at 0.109820092 kg CO2e / kg of Rod And Bar
Steel provided by Terralytiq from Argonne GREET
Steel Electric Arc Furnace (Eaf): Typical Size was added at 210 unit / kg of Rod And Bar Steel
provided by Terralytiq from Mission Possible Partnership (MPP)
Furnace Gas: Industrial was removed
Natural Gas: Industrial was removed
Thermal Coal: Industrial was removed
Lime: Material was removed
Labor (Bf-Bof): Opex was removed
Steel Basic Oxygen Furnace (Bof): Typical Size was removed

Process Type of Steel Casting Mill changed from Conventional to Onsite Solar

Electricity - Green: Onsite was added at 0.369 MJ / kg of Rod And Bar Steel provided by Terralytiq
from Argonne GREET, Ecoinvent V3.10

Internal Solar Panels (Steel Casting Mill): Typical Size was added at 65.96935222 unit / kg of Rod
And Bar Steel provided by Terralytiq from Academic Literature Review

Electricity - Grid: Industrial was removed

Process Type of Rod And Bar Mill changed from Conventional to Green Electricity - Biofuel

Biogas: Industrial was added at 2.275755792 MJ / kg of Rod And Bar Steel provided by Terralytiq
from Argonne GREET

Electricity - Green: Ppa was added at 1136295312 MJ / kg of Rod And Bar Steel provided by
Terralytiq from Argonne GREET

Electricity - Grid: Industrial was removed

Natural Gas: Industrial was removed

Figure 34 Updated Process Methods in the Dashboard and Their Impact on the Emissions

Factor (Phase 1)

53



Phase II — Iron making
a. Installing CCUS technologies

Smart Carbon plays out as a major pathway for decarbonizing in Arcelor Mittal’s sustainability

plans that essentially incorporates technologies such as CCS (Nicholas & Basirat, 2024).

This makes a very strong case for CCUS as a technology for heavy industries. Industrial scale
carbon capture is a well-established process that reduces the costs of decarbonizing. To
achieve net-zero emissions by 2050, the International Energy Agency (IEA) estimates that
carbon capture capacity needs to grow exponentially to 1,670 MtCO2 by 2030 and 7,600
MtCO2 by 2050 — further highlighting its popularity (Zurich Insurance, n.d.).

‘ Emissions Factor changed from 2.58 kgCOse / 1kg to 1.78 kgCOze / 1 kg

b. Electrifying Sinter Plant and Iron Ore Mining

‘ Emissions Factor changed from 1.78 kgCO,e / 1kg to 1.57 kgCOze / 1 kg

Fioure 35: Updated Process Methods in the Dashboard and Their Impact on the Emissions

Factor (Phase 1l)

The final reduction in carbon emissions from the plant after following this two-phase plan is

by 48.3%. Moreover, this comes at high costs which is discussed in the section below.

V. Financial Impacts of Decarbonization
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A key feature of the dashboard is the ability to understand what the investment per ton of carbon
emission abated would look like in the long term. This is important because infrastructure and
technological changes and their impacts play out in the long term while the up-front cost of
undertaking these changes takes place in the present. This can be seen in figure 36 which uses

an approximate timeline to map the different decarbonisation plans.

Emissions Impact d/ 71 % Cost Impact Capital Investment
kg CO2e for 210M kg of Steel (Rod USD for 210M kg of Steel (Rod Total Capital Investment in USD
And Bar) And Bar)

S00M

B
&
H
]

8
=1 =
® G
USD in Capital Investment
@
=1
@

USD for 210M kg of Steel (Rod And
Bar)

.

o 2025 2029 2033 2037 2041 2045 2048
2029 2033 2037 2041 2045 2049 2025 2029 2033 2037 2041 2045 2049

Initiatives. Q

Supplier Facility Component Material Initiative G4 Year Emissions Impact Estimate Cost Impact Estimate
ArcelorMittal  Iron Ore Mining Steel (Rod And Bar) Switch fossil fuels to Biofuel 2032 v -15,482,106.65 kgCOse/y 1,270,904,019 USS/yr
ArcelorMittal  Sinter Plant Steel (Rod And Bar) Switch grid electricity to Green Electricity 2030 v -17,379,905.66 kgCO.e/yr 692,801,948 USS/yr
ArcelorMittal  Iron Furnace (Sinter) Steel (Rod And Bar) Install carbon capture 2036 v =151,428,061.13 kgCOze/yr 15,688,161,071 USS/yr
ArcelorMittal ~ Steel Furnace Steel (Rod And Bar) Electrify equipment, Process (Eaf) 2030 v -112,627,618.10 kgCOze/yr 43,087,270,440 USS/yr
ArcelorMittal  Steel Casting Mill Steel (Rod And Bar) Onsite Solar 2028 ~ -22,917,326.28 kgCOze/yr 571,978,742 USS/yr
ArcelorMittal  Rod And Bar Mill Steel (Rod And Bar) Switch grid electricity to Green Electricity, Switch fossil fuels to Biofuel 2027 v -101,221,145.74 kgCOze/yr 9,910,809,764 USS/yr

Showing 1-6 of 6 rows 1 of 1Pages < >

Figure 36 Impact on Emissions and Cost Over the Two-Phase Decarbonization Period

Another way to break this down, is to understand the distribution of the OPEX and CAPEX
costs over the two phases. Figures 37 and 38 depict the data exported from the dashboard that
helps understand how the different phases change the investment into (CAPEX) and operation

(OPEX) of these strategies.
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Figure 37: Change in Opex over Phase I and Phase Il Compared to the Current Value Chain
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Figure 38: Change in Capex over Phase I and Phase Il Compared to the Current Value Chain

We see that the while phase I largely focuses on steel making, it still increases costs for certain
iron making processes. That is because “electrifying” the steel furnace requires a higher grade
of iron as a raw material which essentially raises the cost of producing iron when compared to

the baseline processes for a blast furnace. This sheds light into how intertwined the two
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processes are and the difficulty of decarbonizing integrated steel plants.
VI Key Takeaways

While the Zenica Steel Plant can reduce its carbon emissions by relying on installing clean
energy sources and technological retrofits such as carbon capture and storage and waste to heat
recovery systems, the plant continues to emit caron dioxide to a certain degree because of the

company’s inability to use green hydrogen technology.

To make matters worse, Bosnia and Herzegovnia is among the top three most impacted
countries from EU’s Carbon Border Adjustment Mechanism (CBAM) which will price the
embedded carbon in products exported from B&H to other parts of Europe. In response to this,
the country has chosen to introduce an internal carbon price through the emissions trading

system by 2026 (Centar za politike i upravljanje, 2025).

This changing policy landscape along with the push for maximizing the potential for renewable
energy in this region will ultimately render green hydrogen to be more cost feasible for
domestic steel plants. Ultimately, the methods being adopted by companies are a response to

such external factors.

Conclusion

In conclusion, while aluminum and steel remain at the heart of global industrial growth, they
are currently not on track to achieve net-zero emissions by mid-century. This reinforces the
urgency to act now. Our project shows that although decarbonization technologies do exist, the
path forward requires data-driven planning, accountability, and an intentional shift in industry
behavior—especially from the largest global players. The challenge lies not just in the
technology or financial feasibility, but a lack of intent and ambition from the largest producers
in these sectors. Additionally, this must be combined with a favorable policy landscape that
promotes clean energy, awards clean industries and taxes carbon emissions. Such policies can

create an economic case for fighting climate change.
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By using platforms like Terralytiq to assess emissions and evaluate facility-level plans, we
can support more transparent, realistic, and just transitions, particularly in regions that are often

overlooked in global climate efforts.
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Appendix

Appendix A. Regional Unit Price of the Four Types of Materials

Regional Price ($/ton)
Type Middle East &|, _. . |Advanced Asia America CHINA & Sub-Saharan s 5 India & South |Russia &
North Africa Latin:America & Oceania North M%8 Greater Area |Africa Europe sia Paciiic Asia Central Asia
Raw Bauxite 61 67 70 59 81 65] 61 81 80.6 80
Iron Ore 118.71
Broduct i 2400.83 2893 2400.83
Steel $459.62 803.67 $459.62 | 706.33] $459.62
Recourses

1 https://www.chemanalyst.com/Pricing-data/bauxite-1471

4 https://www.focus-economics.com/commodities/base-metals/steel-usa/

5 https:/fred.stlouisfed.org/series/PIORECRUSDM

6 https://www.procurementresource.com/resource-center/aluminum-price-trends
7 https://www.theglobaleconomy.com/world/aluminum_prices/

8 https://businessanalytiq.com/procurementanalytics/index/bauxite-price-index/

9 https://www.dail
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Figure 4. Distribution of global total Bauxite mining quantity in 2022
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Fioure 5: Bauxite mining SKU quantity distribution by country/Region

In 2022, the total global bauxite production reached 256,851,556 metric tons. Australia was the
largest source of bauxite mining, accounting for 39% of global production. Sub-Saharan Africa

and Brazil followed as the next significant contributors to the global bauxite supply.
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Figure 6: Distribution of global total Iron ore mining quantity in 2022
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Figure 7: Iron Ore mining SKU quantity distribution by country/Region

In 2022, global iron ore production reached 2,588,624,662 metric tons. Australia, Brazil, and
Russia were the top three sources of iron ore mining. Specifically, Australia accounted for
approximately 42% of global mining activity, solidifying its position as the largest producer.

Brazil and Russia followed as significant contributors to the global iron ore supply.

62



References

ABB. (2024, October 21). ABB and ArcelorMittal partner to lower environmental impact of

power distribution systems. https://new.abb.com/news/detail/120261/abb-and-arcelormittal-

partner-to-lower-environmental-impact-of-power-distribution-systems

Agora Industry. (2024). Direct electrification of industrial process heat. https://www.agora-
industry.org/fileadmin/Projects/2023/2023-20_IND_Electrification Industrial Heat/A-
IND 329 04 Electrification Industrial Heat WEB.pdf

Aluminium, Alumina and Bauxite. (n.d.). Retrieved March 13, 2025, from

https://www.south32.net/what-we-do/our-commodities/aluminium-alumina-bauxite

Aluminum Association. (2024, May). Pathways to decarbonization: A North American

aluminum roadmap. https://www.aluminum.org/Decarb

ArcelorMittal. (2020, December 15). ArcelorMittal and the City of Zenica inaugurate
combined heat and power plant, cutting sulphur dioxide and dust emissions from ArcelorMittal

Zenica by 80%. https://corporate.arcelormittal.com/media/news-articles/arcelormittal-and-

the-city-of-zenica-inaugurate-combined-heat-and-power-plant-cutting-sulphur-dioxide-and-

dust-emissions-from-arcelormittal-zenica-by-80

ArcelorMittal. (2020, December 15). ArcelorMittal Zenica completes two major environmental

investments to cut dust emissions. https://corporate.arcelormittal.com/media/news-

articles/arcelormittal-zenica-completes-two-major-environmental-investments-to-cut-dust-

emissions

ArcelorMittal. (2023). Fact Book
2023. https://corporate.arcelormittal.com/media/shgb4sw5/arcelor-mittal-fact-book-2023.pdf

ArcelorMittal. (2024, January 25). ArcelorMittal Zenica. Wayback
Machine. https://web.archive.org/web/20240125041522/https://barsandrods.arcelormittal.co

m/mills/zenica

Arthur D. Little. (2024, October). Is steel scrap the new
gold? https://www.adlittle.com/en/insights/prism/steel-scrap-new-gold

Barrington, C. (2022, June). The iron ore challenge for direct reduction on road to carbon-

neutral steelmaking. Midrex Technologies, Inc. https://www.midrex.com/tech-article/the-iron-

63


https://new.abb.com/news/detail/120261/abb-and-arcelormittal-partner-to-lower-environmental-impact-of-power-distribution-systems
https://new.abb.com/news/detail/120261/abb-and-arcelormittal-partner-to-lower-environmental-impact-of-power-distribution-systems
https://www.agora-industry.org/fileadmin/Projects/2023/2023-20_IND_Electrification_Industrial_Heat/A-IND_329_04_Electrification_Industrial_Heat_WEB.pdf
https://www.agora-industry.org/fileadmin/Projects/2023/2023-20_IND_Electrification_Industrial_Heat/A-IND_329_04_Electrification_Industrial_Heat_WEB.pdf
https://www.agora-industry.org/fileadmin/Projects/2023/2023-20_IND_Electrification_Industrial_Heat/A-IND_329_04_Electrification_Industrial_Heat_WEB.pdf
https://www.south32.net/what-we-do/our-commodities/aluminium-alumina-bauxite
https://www.aluminum.org/Decarb
https://corporate.arcelormittal.com/media/news-articles/arcelormittal-and-the-city-of-zenica-inaugurate-combined-heat-and-power-plant-cutting-sulphur-dioxide-and-dust-emissions-from-arcelormittal-zenica-by-80
https://corporate.arcelormittal.com/media/news-articles/arcelormittal-and-the-city-of-zenica-inaugurate-combined-heat-and-power-plant-cutting-sulphur-dioxide-and-dust-emissions-from-arcelormittal-zenica-by-80
https://corporate.arcelormittal.com/media/news-articles/arcelormittal-and-the-city-of-zenica-inaugurate-combined-heat-and-power-plant-cutting-sulphur-dioxide-and-dust-emissions-from-arcelormittal-zenica-by-80
https://corporate.arcelormittal.com/media/news-articles/arcelormittal-zenica-completes-two-major-environmental-investments-to-cut-dust-emissions
https://corporate.arcelormittal.com/media/news-articles/arcelormittal-zenica-completes-two-major-environmental-investments-to-cut-dust-emissions
https://corporate.arcelormittal.com/media/news-articles/arcelormittal-zenica-completes-two-major-environmental-investments-to-cut-dust-emissions
https://corporate.arcelormittal.com/media/shgb4sw5/arcelor-mittal-fact-book-2023.pdf
https://web.archive.org/web/20240125041522/https:/barsandrods.arcelormittal.com/mills/zenica
https://web.archive.org/web/20240125041522/https:/barsandrods.arcelormittal.com/mills/zenica
https://www.adlittle.com/en/insights/prism/steel-scrap-new-gold
https://www.midrex.com/tech-article/the-iron-ore-challenge-for-direct-reduction-on-road-to-carbon-neutral-steelmaking/

ore-challenge-for-direct-reduction-on-road-to-carbon-neutral-steelmaking/

Basirat, S., & Nicholas, S. (2022, June 14). The facts about steelmaking — Steelmakers seeking
green steel. Institute for Energy Economics and Financial
Analysis. https://ieefa.org/sites/default/files/2022-06/steel-fact-sheet.pdf

Calculation Tools and Guidance | GHG Protocol. (n.d.). Retrieved February 14, 2025, from

https://ghgprotocol.org/calculation-tools-and-guidance?utm_source=chatgpt.com

CarbonChain. (2021). Understand your aluminum emissions.

https://www.carbonchain.com/blog/understand-your-aluminum-emissions

Centar za politike 1 upravljanje. (2025, January 30). How implementation of carbon pricing

will  shape the  future of  the energy  sector in Bosnia and

Herzegovina. https://cpu.org.ba/en/how-implementation-of-carbon-pricing-will -

shape-the-future-of-the-energy-sector-in-bh/

Costa, A. R. D., Wagner, D., & Patisson, F. (2013). Modelling a new, low CO2 emissions,
hydrogen steelmaking process. Journal of Cleaner Production, 46, 27-35.
https://doi.org/10.1016/j.jclepro.2012.07.045

Evergreen Action. (2024, January 9). We can decarbonize heavy industry. Here's

how. https://collaborative.evergreenaction.com/memos/we-can-decarbonize-heavy-industry

Fichaux, N., Icheva, P., & Jacob, 1. (2023, September 25). Renewables readiness assessment:
Bosnia and Herzegovina. International Renewable Energy Agency. https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2023/Sep/IRENA_RRA_Bosnia Herzegovina 202

3.pdf

Geoghegan, P., & Ahmetasevic, N. (2017, February 14). Zenica, Bosnia: The steel town where
even taking a breath can be a struggle. The

Guardian. https://www.theguardian.com/cities/2017/feb/14/arcelor-mittal-failing-emissions-

air-pollution-zenica-bosnia

Hasanbeigi, A., Bhadbhade, N., & Ghosh, A. (2022). Air pollution from global steel industry:
An international benchmarking of criteria air pollutants intensities. Global Efficiency

Intelligence. https://www.globalefficiencyintel.com/air-pollution-from-global-steel-industry

64


https://www.midrex.com/tech-article/the-iron-ore-challenge-for-direct-reduction-on-road-to-carbon-neutral-steelmaking/
https://ieefa.org/sites/default/files/2022-06/steel-fact-sheet.pdf
https://ghgprotocol.org/calculation-tools-and-guidance?utm_source=chatgpt.com
https://www.carbonchain.com/blog/understand-your-aluminum-emissions
https://cpu.org.ba/en/how-implementation-of-carbon-pricing-will-shape-the-future-of-the-energy-sector-in-bh/
https://cpu.org.ba/en/how-implementation-of-carbon-pricing-will-shape-the-future-of-the-energy-sector-in-bh/
https://doi.org/10.1016/j.jclepro.2012.07.045
https://collaborative.evergreenaction.com/memos/we-can-decarbonize-heavy-industry
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2023/Sep/IRENA_RRA_Bosnia_Herzegovina_2023.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2023/Sep/IRENA_RRA_Bosnia_Herzegovina_2023.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2023/Sep/IRENA_RRA_Bosnia_Herzegovina_2023.pdf
https://www.theguardian.com/cities/2017/feb/14/arcelor-mittal-failing-emissions-air-pollution-zenica-bosnia
https://www.theguardian.com/cities/2017/feb/14/arcelor-mittal-failing-emissions-air-pollution-zenica-bosnia
https://www.globalefficiencyintel.com/air-pollution-from-global-steel-industry

Hulamin. (2017). Integrated Annual Report 2017: Key Resources. Retrieved March 23, 2025,

from https://www.hulamin.com/iar2017/business/key-resources-hulamin-relies-on.php

ING. (2021, November 10). Green aluminium bundle: Understanding aluminium s emissions.

ING Think. https://think.ing.com/articles/green-aluminium-bundle-understanding-

aluminiums-emissions/

Kim, C., Kielty, J., & Wells, 1. (2024, November). Decarbonizing aluminum: Technologies and
approaches  to  achieve zero-carbon  aluminum. Natural Resources Defense

Council. https://www.nrdc.org/resources/decarbonizing-aluminum

Kim, J., & Park, J. (2022). Decarbonizing the iron and steel industry: A systematic review of
sociotechnical systems. Energy Research & Social Science, 89,
102640. https://doi.org/10.1016/j.erss.2022.102640

Lian, X., Gao, H., Shen, L., Yu, Y., Wang, Y., & Peng, Z. (2025). Life Cycle Assessment of
Primary Aluminum Production. Processes, 13(2), Article 2.
https://doi.org/10.3390/pr13020419

Major Mines & Projects | Worsley Alumina (Boddington) Mine. (n.d.). Retrieved March 13,
2025, from  https://miningdataonline.com/property/304/Worsley-Alumina-Boddington-

Operation.aspx

Marchan, E., & White, T. (2023, December 5). Clean energy 101: Why and how to fund the

decarbonization of aluminum. RMI. https://rmi.org/clean-energy-101-why-and-how-to-fund-

the-decarbonization-of-aluminum/

Mining Review. (2021, July 8). South32 finalises energy supply agreement for Hillside

Aluminium. https://www.miningreview.com/energy/south32-finalises-energy-supply-

agreement-for-hillside-aluminium/

Morsi, B. 1., Morsi, M. A., & Ahmed, H. (2018). Production of carbon anodes for the aluminum
industry. Energy & Fuels, 32(9), 9441-9455. https://doi.org/10.1021/acs.energyfuels.8b01832

Mowbray, S. (2024, September 17). Aluminum and steel take environment and health toll, even
as demand grows. Mongabay. https://news.mongabay.com/2024/09/aluminum-and-steel-take-

environment-and-health-toll-even-as-demand-grows/

Nicholas, S., & Basirat, S. (2024, April 17). Carbon capture for steel? Institute for Energy
Economics and Financial Analysis. https://ieefa.org/sites/default/files/2024-

65


https://www.hulamin.com/iar2017/business/key-resources-hulamin-relies-on.php
https://think.ing.com/articles/green-aluminium-bundle-understanding-aluminiums-emissions/
https://think.ing.com/articles/green-aluminium-bundle-understanding-aluminiums-emissions/
https://www.nrdc.org/resources/decarbonizing-aluminum
https://doi.org/10.1016/j.erss.2022.102640
https://doi.org/10.3390/pr13020419
https://miningdataonline.com/property/304/Worsley-Alumina-Boddington-Operation.aspx
https://miningdataonline.com/property/304/Worsley-Alumina-Boddington-Operation.aspx
https://rmi.org/clean-energy-101-why-and-how-to-fund-the-decarbonization-of-aluminum/
https://rmi.org/clean-energy-101-why-and-how-to-fund-the-decarbonization-of-aluminum/
https://www.miningreview.com/energy/south32-finalises-energy-supply-agreement-for-hillside-aluminium/
https://www.miningreview.com/energy/south32-finalises-energy-supply-agreement-for-hillside-aluminium/
https://doi.org/10.1021/acs.energyfuels.8b01832
https://news.mongabay.com/2024/09/aluminum-and-steel-take-environment-and-health-toll-even-as-demand-grows/
https://news.mongabay.com/2024/09/aluminum-and-steel-take-environment-and-health-toll-even-as-demand-grows/
https://ieefa.org/sites/default/files/2024-04/Carbon%20capture%20for%20steel-April24.pdf&#8203;:contentReference[oaicite:0]{index=0}

04/Carbon%20capture%20for%?20steel-
April24.pdf&#8203::contentReference[oaicite:0]{index=0}

Organisation for Economic Co-operation and Development. (2024, December 6). Unlocking
potential in the global scrap steel market: Opportunities and challenges (OECD Science,
Technology and Industry Policy Papers No. 170). OECD
Publishing. https://doi.org/10.1787/d7557242-en

Parkes, R. (2024, February 21). Green hydrogen is too expensive to use in our EU steel mills,

even though we've secured billions in subsidies. Hydrogen

Insight. https://www.hydrogeninsight.com/industrial/green-hydrogen-is-too-expensive-to-

use-in-our-eu-steel-mills-even-though-weve-secured-billions-in-subsidies/2-1-1601199

Reinsch, W. A., & Benson, E. (2022, February 25). Decarbonizing aluminum: Rolling out a
more sustainable sector. Center for Strategic and International

Studies. https://www.csis.org/analysis/decarbonizing-aluminum-rolling-out-more-

sustainable-sector

Schneider Electric. (2022, August 29). Process electrification: A unique opportunity for
industrial energy users. https://blog.se.com/energy-management-energy-
efficiency/2022/08/29/process-electrification/

South32 Worsley Alumina | Members | About ASI | Aluminium Stewardship Initiative. (n.d.).
Retrieved March 14, 2025, from https://aluminium-stewardship.org/about-

asi/members/South32-Worsley-Alumina

South32. (2024). Sustainable Development Report 2024.
https://www.south32.net/docs/default-source/annual-reporting-suite/2024/sustainable-
development-report-2024.pdf?sfvrsn=ddcl1e46 1

South32. (2025, January 3). Contributing societal value at our aluminium smelters. Retrieved

March 23, 2025, from https://www.south32.net/news-media/latest-news/contributing-societal-

value-at-our-aluminium-smelters

South32. (n.d.). Hillside Aluminium. Retrieved March 23, 2025, from

https://www.south32.net/what-we-do/our-locations/southern-africa/hillside-aluminium

South32.  (n.d.). Worsley  Alumina. Retrieved  March 23, 2025, from

https://www.south32.net/what-we-do/our-locations/australia/worsley-alumina

SteelOrbis. (2024, April  1). ArcelorMittal ~ Zenica  plans  to  close  coke

66


https://ieefa.org/sites/default/files/2024-04/Carbon%20capture%20for%20steel-April24.pdf&#8203;:contentReference[oaicite:0]{index=0}
https://ieefa.org/sites/default/files/2024-04/Carbon%20capture%20for%20steel-April24.pdf&#8203;:contentReference[oaicite:0]{index=0}
https://doi.org/10.1787/d7557242-en
https://www.hydrogeninsight.com/industrial/green-hydrogen-is-too-expensive-to-use-in-our-eu-steel-mills-even-though-weve-secured-billions-in-subsidies/2-1-1601199
https://www.hydrogeninsight.com/industrial/green-hydrogen-is-too-expensive-to-use-in-our-eu-steel-mills-even-though-weve-secured-billions-in-subsidies/2-1-1601199
https://www.csis.org/analysis/decarbonizing-aluminum-rolling-out-more-sustainable-sector
https://www.csis.org/analysis/decarbonizing-aluminum-rolling-out-more-sustainable-sector
https://blog.se.com/energy-management-energy-efficiency/2022/08/29/process-electrification/
https://blog.se.com/energy-management-energy-efficiency/2022/08/29/process-electrification/
https://aluminium-stewardship.org/about-asi/members/South32-Worsley-Alumina
https://aluminium-stewardship.org/about-asi/members/South32-Worsley-Alumina
https://www.south32.net/docs/default-source/annual-reporting-suite/2024/sustainable-development-report-2024.pdf?sfvrsn=ddc11e46_1
https://www.south32.net/docs/default-source/annual-reporting-suite/2024/sustainable-development-report-2024.pdf?sfvrsn=ddc11e46_1
https://www.south32.net/news-media/latest-news/contributing-societal-value-at-our-aluminium-smelters
https://www.south32.net/news-media/latest-news/contributing-societal-value-at-our-aluminium-smelters
https://www.south32.net/what-we-do/our-locations/southern-africa/hillside-aluminium
https://www.south32.net/what-we-do/our-locations/australia/worsley-alumina

battery. https://www.steelorbis.com/steel-news/latest-news/arcelormittal-zenica-plans-to-
close-coke-battery-1334552.htm

SteelWatch. (2024, May). ArcelorMittal corporate climate assessment
2024. https://steelwatch.org/wp-content/uploads/2024/05/Steel Watch_ArcelorMittal MAY-

2024.pdf

Sutton, T., & Williams, M. (2023, December 4). Trade beyond neoliberalism: Concluding a
global arrangement on sustainable steel and aluminum. Center for American

Progress. https://www.americanprogress.org/article/trade-beyond-neoliberalism-concluding-

a-global-arrangement-on-sustainable-steel-and-aluminum/

The Editors of Encyclopaedia Britannica. (2025, April 15). Steel. Encyclopaedia

Britannica. https://www.britannica.com/technology/steel

The Writer’s Room. (2023, January 16). South32 rejects claims that shutting its Hillside smelter

would halve the cost of electricity in SA. https://www.writersroom.co.za/south32-rejects-

claims-that-shutting-its-hillside-smelter-would-halve-the-cost-of-electricity-in-sa/

There are significant environmental benefits to recycling aluminium. (n.d.). Alupro.
Retrieved February 14, 2025, from https://alupro.org.uk/industry/local-

authorities/environmental-benefits/

Trade & Industrial Policy Strategies (TIPS). (n.d.). Hillside Aluminium: Production process

and technology. Retrieved March 14, 2025, from https:/www.tips.org.za/policy-
briefs/item/download/2400_28d7ac7ece959da5970b9c3be80978tb

Van Heusden, R., Morrison, H., & Puleo, M. (2020, November 30). Why addressing the
aluminium industry’s carbon footprint is key to climate action. World Economic

Forum. https://www.weforum.org/stories/2020/11/the-aluminium-industry-s-carbon-

footprint-is-higher-than-most-consumers-expect-heres-what-we-must-do-next/

Worsley ~ Mine  Development.  (n.d.). Retrieved March 14, 2025, from

https://www.south32.net/what-we-do/our-locations/australia/worsley-alumina/mine-

development

Zurich Insurance. (n.d.). How carbon capture can help heavy industries on the road to net-

zero. https://www.zurich.com/knowledge/topics/climate-change/how-carbon-capture-can-

help-heavy-industries-to-net-zero&#8203::contentReference[oaicite:0]{index=0}

67


https://www.steelorbis.com/steel-news/latest-news/arcelormittal-zenica-plans-to-close-coke-battery-1334552.htm
https://www.steelorbis.com/steel-news/latest-news/arcelormittal-zenica-plans-to-close-coke-battery-1334552.htm
https://steelwatch.org/wp-content/uploads/2024/05/SteelWatch_ArcelorMittal_MAY-2024.pdf
https://steelwatch.org/wp-content/uploads/2024/05/SteelWatch_ArcelorMittal_MAY-2024.pdf
https://www.americanprogress.org/article/trade-beyond-neoliberalism-concluding-a-global-arrangement-on-sustainable-steel-and-aluminum/
https://www.americanprogress.org/article/trade-beyond-neoliberalism-concluding-a-global-arrangement-on-sustainable-steel-and-aluminum/
https://www.britannica.com/technology/steel
https://www.writersroom.co.za/south32-rejects-claims-that-shutting-its-hillside-smelter-would-halve-the-cost-of-electricity-in-sa/
https://www.writersroom.co.za/south32-rejects-claims-that-shutting-its-hillside-smelter-would-halve-the-cost-of-electricity-in-sa/
https://alupro.org.uk/industry/local-authorities/environmental-benefits/
https://alupro.org.uk/industry/local-authorities/environmental-benefits/
https://www.tips.org.za/policy-briefs/item/download/2400_28d7ac7ece959da5970b9c3be80978fb
https://www.tips.org.za/policy-briefs/item/download/2400_28d7ac7ece959da5970b9c3be80978fb
https://www.weforum.org/stories/2020/11/the-aluminium-industry-s-carbon-footprint-is-higher-than-most-consumers-expect-heres-what-we-must-do-next/
https://www.weforum.org/stories/2020/11/the-aluminium-industry-s-carbon-footprint-is-higher-than-most-consumers-expect-heres-what-we-must-do-next/
https://www.south32.net/what-we-do/our-locations/australia/worsley-alumina/mine-development
https://www.south32.net/what-we-do/our-locations/australia/worsley-alumina/mine-development
https://www.zurich.com/knowledge/topics/climate-change/how-carbon-capture-can-help-heavy-industries-to-net-zero&#8203;:contentReference[oaicite:0]{index=0}
https://www.zurich.com/knowledge/topics/climate-change/how-carbon-capture-can-help-heavy-industries-to-net-zero&#8203;:contentReference[oaicite:0]{index=0}

	Executive Summary
	Table of Contents
	Introduction
	Industry Review
	Methodology
	Analysis
	Case Study: Decarbonization Strategy for Hillside Aluminum (South32)
	I. Overview of Hillside Aluminum
	i. Background
	ii. South32’s Decarbonization Initiatives
	iii. Case Study Focus & Decision
	II. Re-Calculation of Hillside Aluminum’s Emissions Factor
	III. Proposed 3-Phase Decarbonization Plans
	i. Phase I: Green Electricity First (1-3 Years)
	a. Decarbonization Plan
	b. How It’s Aligned with South32’s Decarbonization Plan

	ii. Phase II: Process-Level Decarbonization (4-7 Years)
	a. Decarbonization Plan
	b. How It’s Aligned with South32’s Decarbonization Plan

	iii. Phase III: Full Industrial Decarbonization (8-10 Years )
	a. Decarbonization Plan
	b. How It’s Aligned with South32’s Decarbonization Plan


	IV. Cost-Benefit Analysis
	i. Overview
	i. Cost-Benefit Analysis of Phase I
	ii. Cost-Benefit Analysis of Phase II
	iii. Cost-Benefit Analysis of Phase III

	V. Feasibility & Barriers to Implementation
	i. Feasibility of Procuring Renewable Electricity
	ii. Feasibility of Later-Phase Technologies and Mitigation Strategies


	Case Study: Zenica Steel Plant, Arcelor Mittal
	Conclusion
	Appendix
	References

