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Abstract 1

ABSTRACT

Due to the EU’'s commitment to achieve net-zero emissions by 2050, climate regulations, in-
cluding carbon pricing, compel companies to develop effective emission reduction strategies.
Artificial intelligence, through methods like Product Carbon Footprinting and Demand Fore-
casting, plays a crucial role. Despite the increasing impact of carbon costs, counteracting trends
like the shift to renewables and low-emission steel production offer potential mitigations. Es-
pecially the carbon-intensive metal sector can benefit, as carbon costs could significantly de-
crease margins. Notably, reducing emissions early helps companies proactively manage addi-
tional costs. These insights provide a foundational understanding of informed and sustainable

business practices amid evolving regulatory dynamics.
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1 INTRODUCTION

1.1 Relevance

Since the Industrial Revolution, the Earth has been steadily warming, primarily due to green-
house gas (GHG) emissions. To address global warming, numerous countries, committed to the
Paris Agreement's goal of achieving net-zero emissions by 2050, have implemented policies
targeting carbon dioxide (CO2) and other GHG emissions. As the energy sector and industries
contribute significantly to the generation of emissions (European Parliament 2018), achieving
climate targets necessitates rigorous efforts from businesses. In response, political mechanisms,
such as emission trading systems (ETS), have been introduced to incentivize companies to re-
duce emissions by assigning a financial value to the carbon they emit (European Commission
2016). Thus, “CO- emissions are becoming a measurable cost” (Bock and Bohler 2023). In
order to effectively reduce emissions and therefore costs, companies must identify the sources
of their emissions and implement targeted reduction strategies. Given the urgency of climate
concerns and the growing complexity of political requirements, transparency regarding existing
regulations, associated costs for businesses, and effective countermeasures is crucial. Under-
standing all these aspects is essential for proactive decision-making. This study aims to shed
light on carbon economics and emission reduction strategies, emphasizing the importance of
knowledge for meaningful change.

1.2 Scope and Limitations

In light of these considerations, the study aims to investigate the current and future landscape
of costs associated with product emissions and potential saving opportunites. By using the
methods of Product Carbon Footprinting (PCF) and Demand Forecasting in conjunction with

Artificial Intelligence (Al), the aim is to identify ways in which companies can gain
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transparency over these emissions and to identify opportunities for reducing both emissions and
the resulting costs. To achieve this, the following questions are addressed in this study:

1. What prevailing regulations are in place concerning the pricing of emissions?

2. How can PCF, Demand Forecasting, and Al contribute to reduction of emissions?

3. What costs may arise from product emissions, and how are they influenced by changes in

economic trends, regulations, and emission reduction efforts?

1.3 Structure of the work project

This paper comprises five chapters. Following the introduction, the second chapter establishes
the theoretical foundation for the subsequent analysis. Chapter 2.2 defines PCF and Demand
Forecasting, serving as foundational principles for the subsequent analysis of Al's impact on
related methods and emission reduction potentials in the supply chain (see Chapter 3.1 and 3.2).
In the fourth chapter, a case study analyzes the carbon costs of a product in the metal industry
based on the previously established foundations and insights. This involves explaining the case
(see Chapter 4.1), detailing assumptions and calculations (see Chapter 4.2), presenting results
(see Chapter 4.3), and discussing findings (see Chapter 4.4). The fifth chapter provides a com-

prehensive summary of the key findings.

2 THEORETICAL FOUNDATION

2.1 Regulatory state of affairs and current policies

In 2015, under the Paris Agreement, the United Nations Convention of Climate Change estab-
lished a global temperature increase limit of well below 2°C above pre-industrial levels, with
efforts to limit it to 1.5°C to significantly reduce climate change risks (UNFCCC 2015). Ac-
knowledging the adverse effects of GHG emissions on climate change, the European Parliament
underscores the imperative to reduce emissions across all sectors. To achieve climate neutrality

by 2050, the European Union (EU) introduced the comprehensive "Green Deal™, which
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encompasses various initiatives, including "Fit for 55" to align EU legislation with climate
goals, aiming for a minimum 55% reduction in GHG emissions by 2030 compared to 1990. The
Green Deal also includes diverse measures such as a Circular Economy Action Plan, climate
adaptation strategies, and more. All these goals are legally binding under the EU Climate Law,
which led to the “Fit for 55” legislative proposals of the EU Commission. The upcoming dis-
cussion delves into specific laws and legislative proposals to illustrate their impact on busi-
nesses in the market, with a specific emphasis on the carbon pricing mechanisms they are ex-
posed to (European Commission 2023c; European Council 2023; European Parliament 2021).
A key tool for cost-effectively lowering GHG emissions, is the EU Emissions Trading System
(EU ETS). It operates since 2005, placing a price on carbon emissions in the sectors electricity
and heat generation, energy-intensive industry and aviation. The EU ETS operates under the
cap- and trade principle, meaning that an emission cap is set as the highest amount entities are
allowed to emit. The annual cap reduction is currently at 2.2%, but it will increase to 4.3% in
2024 and further to 4.4% in 2028 to meet the ambitious 62% reduction goal by 2030, in the
sectors covered (European Union 2022). Within this cap, “companies receive or buy emission
allowances which they can trade” (European Commission 2016, 2) as allowances granting the
holder the right to emit one ton of CO>. These EU allowances (EUAS) possess inherent value
and are tradable because their limited supply makes them scarce and, consequently, valuable.
If an emitting entity lacks sufficient EUAS to cover its emissions, significant fines are imposed
(European Commission 2022). Thus, the cap-and-trade principle encourages emission reduc-
tions where most cost-effective, while generating revenue for climate initiatives. Different
methods exist for allocating allowances, with auctioning being the primary approach. In this
method, businesses purchase allowances through an auction, which makes their climate-related
costs transparent and ensures that polluters bear the cost (European Commission 2022; Euro-

pean Commission 2023d). Regarding the auction price dynamics of EUAs, challenges emerged
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during the second trading period (2008-2012), marked by surpluses that led to a significant drop
in prices. In 2012, auction prices for Germany averaged 7.34€/tCO3; however, by 2013 and
2014, prices fell to an average of 4.35€/tCOz and 5.91€/tCO, respectively (see App., Fig. 2).
Consequently, measures like Backloading (withholding allowances) and the Market Stability
Reserve, which regulate allowances surpluses and shortages, were introduced. These measures
play a decisive role in stabilizing prices for emission allowances and eliminating market imbal-
ances. The significant and consistent increase in German auction prices since 2018 demon-
strates the effectiveness of these measures. By 2023, the price has reached 86.19€/tCOo, repre-
senting a price increase of over 1000% compared to 2012 (DEHSt 2023a; EEX 2022).

In addition to auctions, a significant number of allowances are also distributed for free to ad-
dress the risk of carbon leakage. Carbon leakage refers to the possibility of ETS-regulated ac-
tivities relocating to non-EU countries with less ambitious climate policies, potentially leading
to higher overall GHG emissions. Sectors particularly vulnerable to carbon leakage are allo-
cated allowances for free to maintain their competitiveness. The allocation of free allowances
to less exposed sectors is intended to phase out by 2034 (see App., Fig. 3) (European Commis-
sion 2022; European Commission 2023d). This is the rationale behind the gradual implemen-
tation of the “Carbon Border Adjustment Mechanism” (CBAM) which is expected to cover
“100% of embedded emissions of the CBAM goods” (European Commission 2023b, 19) from
2034. 1t “ensures that importers of goods from non-EU countries bear similar carbon costs for
the ‘embedded emissions’ of the imported goods” (European Commission 2023b, 18) for par-
ticular industries covered by the EU ETS and facing the highest risk of carbon leakage. Those
importing CBAM-regulated products into the EU will need to provide CBAM certificates, the
cost of which will be calculated based on the weekly auction price of EUAs. EU importers must
annually report the volume of goods and their associated emissions imported into the EU in the

previous year. Simultaneously, importers must submit CBAM certificates equivalent to the
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emissions within the products. Importers may provide evidence, if carbon pricing has already
been applied during the production of imports (European Commission 2023a).

In addition to the existing European system, Germany introduced a national emissions trading
system (NETS) in 2021 to reduce the emissions generated in the heating and transport sectors
by the use. These are not yet covered by the EU ETS, as only emissions from fuel generation
are relevant there (see App., Fig. 4). The nETS includes emissions from fuel use in agriculture,
fisheries, forestry, rail transport, as well as sectors in energy and industry not covered by the
existing EU ETS (Wissenschaftliche Dienste des Deutschen Bundestages 2023). Unlike the EU
ETS the nETS follows an upstream approach, where costs are not placed on the direct emitters
but on entities responsible for introducing emissions into the market, such as gas and coal sup-
pliers. This approach is chosen because these sectors involve a much larger number of partici-
pants, including private individuals. To simplify the process, it is managed through the Federal
Emissions Trading Act by responsible parties, who then pass on the additional costs to end
consumers. In contrast to the EU ETS, prices in the nETS are initially fixed. Currently, in 2023,
this price stands at 30€/tCO- and will increase to 45€/tCO> by 2025. Starting in 2026, the auc-
tion phase will commence, where CO will cost a minimum of 55€tCO. and a maximum of
65€/tCO2, depending on market demand (see App., Fig. 5) (DEHSt 2023b).

Since the nETS covers sectors that the EU ETS doesn't, even though these sectors are major
sources of CO2 emissions, there have been efforts in the “Fit for 55 package to review emis-
sions trading in Europe (DEHSt 2023b). This includes, among other things, the extension of the
existing EU ETS (EU ETS 1) to include maritime transport from 2024 and the introduction of
asecond EU ETS (EU ETS II) for road transport, buildings and industrial activities not covered
by the EU ETS I. Starting in 2025, “regulated entities should be required to hold a greenhouse
gas emissions permit and to report their emissions for the years 2024 to 2026. The issuance of

allowances and compliance obligations for those entities should be applicable as from 2027~
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(Publications Office of the European Union 2023, 17). Similar to Germany's nETS, the
EU ETS Il will adopt an upstream approach, where those introducing emissions into the market
bear the costs. In countries with their own ETS for the sectors involved in EU ETS I, like
Germany, fuel suppliers may be exempted until 2030 if they face a national carbon tax at least
as high as the ETS Il auction price (icap 2023, 51-52; Publications Office of the European
Union 2023, 18-21). In the EU ETS Il it is planned to distribute all allowances via auctions,
with some mechanisms in place that ensure that prices do not exceed 45€/tCOz in the initial
years to ensure stability. The design of how to deal with overlapping systems, such as the EU
ETS Il and the nETS is currently still under discussion. For instance, questions such as whether
the nETS, which covers more sectors than the EU ETS II, can be transferred to the EU ETS I

need to be clarified (German Environment Agency 2021).
2.2 Product Carbon Footprinting

As previously discussed, the implementation of the CBAM necessitates the disclosure of prod-
uct emissions to determine the corresponding levies on imported goods. Similarly, the
Ecodesign Directive, an integral part of the EU Green Deal, mandates the disclosure of product
emissions, aligning with its goal to introduce a Digital Product Passport, which aims to provide
information on environmental sustainability (European Commission 2023e). The method
known as Product Carbon Footprinting not only describes the accounting and reporting of prod-
uct emissions but also aids in identifying high-emission lifecycle stages for targeted reduction
efforts (Greenhouse Gas Protocol 2011).

According to I1ISO 14067:2018 (ISO 2019, 16), a Product Carbon Footprint (PCF) is defined as
“sum of GHG emissions (...) and GHG removals (...) in a product system (...), expressed as CO>
equivalents (...) and based on a life cycle assessment (...) using the single impact category (...)

of climate change”. This means that the PCF solely addresses the climate change impact within
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the product’s lifecycle and does not encompass the product’s overall environmental perfor-
mance, such as resource scarcity or negative impacts on ecosystems (ISO 2019, 72).

There is no single universally accepted definition or approach for conducting a PCF assessment.
Various standards exist, with the most well-known being ISO 14067, the GHG Protocol Product
Standard, and PAS 2050, all of which are rooted in the principles of Life Cycle Assessment
(LCA) and, consequently, ISO 14040 and 14044 standards. Despite sharing the same founda-
tion, adherence to these individual standards can yield different results (Wang, Wang and Yang
2018, 2). Therefore, the following paragraph outlines a general approach to PCF assessment
based on ISO 14067 (ISO 2019):

As PCF accounting is grounded in LCA principles, the assessment must adhere to the four LCA
phases: Goal and Scope Definition, Life Cycle Inventory (LCI) Analysis, Life Cycle Impact
Assessment (LCIA), and Life Cycle Interpretation.

Defining the Goal and Scope of a PCF study involves setting clear objectives and determining
the product, life cycle stages, and data validity period for representative results. Considerations
include specifying the product, choosing life cycle stages (e.g. cradle-to-grave or cradle-to-
customer), and defining the data's validity period for representative PCF results.

LClI analysis as a second step involves gathering and quantifying inputs and outputs for a prod-
uct’s entire lifecycle. Data must be collected, validated for quality, and the essential data for
the PCF study determined. Proper allocation of materials and energy to specific products is
essential, and specific rules apply for handling different GHG quantities, such as fossil and
biogenic carbon, electricity, or land use. To ensure high-quality and accurate PCF assessments,
proper data utilization is crucial. The emphasis is on the collection of location-specific data for
individual processes, including direct emission measurements, activity data, or emission fac-
tors. If no location-specific data is available, non-location specific primary data must be used

as a priority which not necessarily needs to derive from the product system under study but can
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pertain to a different yet comparable product system. Secondary data and emission factors must
be used if no primary data is available.

The LCIA as a third step involves calculating the potential climate impacts of each emitted and
sequestered GHG quantity by multiplying it by a specific factor known as Global Warming
potential (GWP). Notably, GWP100, representing the impact over a 100-year period, is consid-
ered the most relevant factor. This approach allows for the expression of these impacts in a
standardized unit, CO> equivalents (CO2e) per kilogram, facilitating the assessment of the con-
tributions of various gases to climate change.

Finally, during the life cycle interpretation of a PCF, several critical steps need to be examined.
These include an analysis of the results concerning significant parameters, an assessment of the
study’s completeness and consistency, including a sensitivity analysis, and the formulation of
conclusions, limitations, and recommendations. These outcomes should encompass an assess-
ment of uncertainty and a comprehensive report on the PCF study (ISO 2019).

As evident from the preceding explanation, the complexity of a PCF study lies not in the actual
computation of the PCF but in the accompanying efforts related to data collection, scope deter-
mination, documentation, and more. An overview of the steps of a PCF calculation can be found
in the Appendix, Fig. 6. In accordance with these or similar standards, companies use various
applications to calculate their PCF. In principle, the calculation of a PCF can be carried out
manually or with the assistance of software like Microsoft Excel. However, PCF calculations
can become highly complex when dealing with extensive datasets that require compilation and
computation, coupled with the necessity for choosing the correct emission factors. Hence, ded-
icated software tools are increasingly being used for these calculations (Hottenroth, Joa and
Schmidt, 18). A survey by the German government's "Scope3 Transparent” project revealed
that most companies commonly utilize tools like Excel, Umberto, GaBi, SigmaPro, or in-house

software for data collection and calculations (Umwelttechnik BW GmbH 2023).
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In conclusion, PCF serves as a valuable tool for quantifying the environmental impact of prod-
ucts. Furthermore, it empowers companies to enhance sustainability throughout their supply
chains by identifying and addressing specific areas for emission reduction. This enables strate-
gic decision-making, including potential adjustments to materials, production locations, and
distribution methods. Additionally, PCF offers insights into the pricing dynamics associated

with emissions, highlighting the potential effects on product pricing (Bock and Bohler 2023).

2.3 Demand Forecasting

As the regulations and also consumer interests show, there is a growing importance of environ-
mental considerations in global trade. But the integration of sustainability principles into busi-
ness practices often raises concerns about potential harm to profitability (Whelan and Fink
2016). In addition to enhancing sustainability in supply chains through PCF, there is another
strategic method that enables companies to act sustainably and environmentally responsibly
while also benefiting their business by reducing costs, known as demand forecasting. Demand
forecasting is a fundamental process integral to supply chain management, encompassing vari-
ous managerial decisions such as demand planning, order fulfillment, production planning, and
inventory control. This essential task involves predicting future demand for a product or service,
forming the foundation for informed planning and decision-making. Given the substantial risks
associated with demand volatility, precise forecasting becomes paramount. However, achieving
accuracy is challenging due to underlying volatility and uncertainties arising from factors like
promotions, weather, market trends, and seasonality. This volatility poses a significant risk to
the supply chain, affecting costs related to stock-outs, inventory, and capacity utilization (Abol-
ghasemi et al. 2020).

Various best practices and standards have been established for Demand Forecasting. The choice
of which forecasting method to use depends heavily on the industry the organization is operat-

ing in, the type of forecast needed and the data available. The forecasting methods can be cate-
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gorized into qualitative and quantitative approaches. Qualitative methods come into play when
relevant data is scarce. They are subjective and rely on human judgment, although some well-
structured approaches can overcome inherent limitations and yield accurate forecasts. Some
common qualitative techniques include the Delphi method, forecasting by analogy, scenario
forecasting, new product forecasting, and judgmental adjustments. Quantitative forecasting
methods either use time series data or cross-sectional data (Hyndman, 2018). Common methods
are statistical techniques such as moving averages, regression models or exponential smoothing,
bayesian methods or heuristics-based models. Newer techniques use Al and Machine Learning
(ML), as well as artificial or evolutionary neural networks and many more (Swaminathan and
Venkitasubramony 2023). Further information on how companies can decide for the right fore-
casting method can be found in the Appendix, Fig. 7.

In essence, Demand Forecasting not only enhances decision-making processes and mitigates
volatility-related risks but also yields positive impacts on both business and the environment.

The subsequent chapter delves into its active contribution to emission reduction.

3 EMISSION REDUCTION POTENTIALS THROUGH Al

3.1 Enhancing PCF and Demand Forecasting methods with Al

After exploring the definitions and best practices of PCF and Demand Forecasting, the follow-
ing chapter sheds light on the significant challenges in these areas. Unpacking the complexities
of PCF and Demand Forecasting reveals various hurdles, underscoring the crucial role that Al
plays in overcoming these challenges and promoting sustainability in the business environment.
Despite the existence of best practices and standards, users encounter significant challenges in
achieving accurate results in both PCF calculation and Demand Forecasting. The reasons be-
hind these challenges are multifaceted. For PCF, the primary content-related challenges in GHG
emissions accounting are the complexity of the supply chain, collaboration with suppliers, as

well as a wide range of products, component breakdown, standardizing GHG reporting for
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suppliers, consistent data collection, dealing with data gaps, emission factor availability, and
more. In addition to content-related challenges, there are often barriers to even accounting GHG
emissions due to a lack of method knowledge, personnel, time, or the high cost involved (Um-
welttechnik BW GmbH 2023).

In contrast to the PCF, Demand Forecasting has a longer history, and as a result, the current
focus of the issues is less on the initial challenges and more on adapting to today’s problems.
Experts, in a study examining future forecasting practices, anticipate that Demand Forecasting
will encounter complexities such as product diversification, shorter lead times, and disruptions,
which are key concerns in the modern business landscape. They highlight a shift towards greater
automation using Al and the utilization of big data and quantum computing for forecasting
models (Petropoulos et al. 2022).

Al can help to solve many of the beforementioned challenges. This is why an increasing number
of Al-powered tools are entering the market. They not only aid in lowering emissions across
different stages of the value chain but also improve transparency by highlighting factors con-
tributing to elevated emissions (Delanoé, Tchuente and Colin 2023).

3.2 Emission reduction within the supply chain

Al not only enhances the functionality of these methods but also holds significant potential for
emission reduction in the supply chain. The upcoming chapter highlights how Al can be used
to elevate PCF and Demand Forecasting for broad market adoption and support emission re-
duction strategies.

A wide array of methods, tools, and practices have been employed and recommended to address
climate change, and among these, Al stands out. Al is a crucial component for predicting and
optimizing strategies aimed at reducing emissions, offering innovative solutions that align with
the goals set in the Paris Agreement. It has the potential to revolutionize the existing approach

to climate change mitigation by providing new tools and insights, ultimately assisting in the
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realization of a more sustainable future (Chen et al. 2023; Delanoég, Tchuente and Colin 2023).
The following discussion addresses how Al can contribute to reducing emissions from products
and within a product's supply chain with the help of two tools: a PCF Tool, providing transpar-
ency on product emissions, and a Demand Forecasting Tool, which enhances forecast accuracy,
impacting various aspects of the supply chain. In addition to solving some of the aforemen-
tioned problems currently faced by users, Al impacts emission reduction on two levels (see
App., Fig. 8 for a visualization of emission reduction on the different levels). Firstly, at the tool
level: Al aids the PCF Tool for example by automating the matching of emission factors
through Al and Deep Learning algorithms, streamlining data acquisition, and facilitating com-
munication with suppliers. This ensures a faster and easier calculation of PCFs, enhancing
transparency regarding product emissions. Furthermore, Al can identify emission hotspots
within the product's supply chain, allowing for targeted and facilitated emission reduction ef-
forts within the products supply chain for instance by sourcing from suppliers with lower emis-
sions levels (Greenhouse Gas Protocol 2011; Rolnick et al. 2022; TfS 2022, 7, 37). At the tool
level of Demand Forecasting, Al primarily leads to greater forecasting accuracy, which in turn
has a direct impact on emissions by improving inventory management and preventing overpro-
duction. With appropriate adjustments to the forecast, both improvements contribute to emis-
sion reductions (dena 2019, 27; Kemmner 2022a; Rolnick et al. 2022, 27).

Furthermore, Al can take emission reduction to another level. When the information obtained
through the tools on the first level is utilized, such as the emission hotspot presentation by the
PCF tool or a precise demand forecast, it is possible to optimize the entire product supply chain
and reduce emissions, also with the assistance of Al. A study conducted by Rathore (2019, 32—
33) highlights the considerable potential of Al to revolutionize the supply chain, with favorable
environmental implications throughout the entire supply chain process. This transformative im-

pact extends from the sourcing of raw materials to supplier evaluation, manufacturing,
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distribution, and disposal. Al contributes to these advancements through functions such as real-
time monitoring, compliance validation using Al-powered document analysis, predictive ana-
lytics for anticipating supply chain disruptions, transparency enhancement via blockchain track-
ing, waste management by identifying inefficiencies, and supporting sustainable decision-mak-
ing through analysis of complex supply chain data. Therefore, the subsequent section delves
into a thorough analysis of various steps within the supply chain to explore how optimizing
each step can impact product emissions (see App., Fig. 9 for a visualization of the supply chain
steps described below). At the beginning of the supply chain, Al and ML play crucial roles in
enhancing sustainability standards and mitigating emissions. They achieve this by influencing
product design and raw material sourcing. Al and ML contribute to designing products that are
resource-efficient and rely less on carbon-intensive materials, such as cement and steel (Rolnick
et al. 2022, 27-28). Furthermore, Al fosters a more sustainable design process conducive to a
circular economy (Boll et al. 2022, 26). Looking ahead, ML is set to assist in the development
of new eco-friendly materials. Moreover, it can enhance material efficiency, which measures
the ratio of finished products to the materials procured and processed. This improvement re-
duces both material costs and product emissions. By incorporating generative design, ML fa-
cilitates the creation of structural products that require fewer raw materials. Moreover, emis-
sions can increase when material requirements do not align with the demand forecast. Prolonged
material storage, in some cases, can render them unusable, resulting in scrap and waste, and
consequently, contributing to emissions (Kemmner 2022b; Rolnick et al. 2022, 27-28).

As part of efforts to improve sustainability within the supply chain, the next crucial phase that
Al can influence is supplier management. In this phase, Al plays a valuable role in evaluating
supplier data that includes environmentally friendly practices, labor standards and material
quality. The data obtained enables informed decisions to be made when selecting suppliers. For

instance, it is helpful in comparing the PCF of deliveries from different suppliers and also serves
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as a useful tool for verifying certifications that demonstrate suppliers' compliance with sustain-
ability standards. This validation process ensures that the company's sustainability policies are
adhered to without introducing subjective bias (Rathore 2019, 32-33).

After material selection and the delivery of different product parts by suppliers, the production
process begins. Here, Al offers several options for emission reduction. Production often re-
quires substantial energy. Al can optimize factories to electrify industrial processes using low-
carbon energy while enhancing energy efficiency, thus mitigating emissions resulting from en-
ergy consumption. Additionally, as previously mentioned, a more accurate demand forecast can
reduce overproduction. This is particularly advantageous for products with short lifespans, as
avoiding unnecessary disposal can lead to significant emission reductions. ML indirectly con-
tributes to this by enabling predictive maintenance in the production process. By identifying
machines on the verge of failure before producing damaged products, production waste can be
minimized (Chen et al. 2023; Rolnick et al. 2022). Furthermore, processes can be optimized
and automated with the help of Al, enhancing efficiency potential, precision, system efficiency
and reducing scrap rates (dena 2019). A study by Delanoé, Tchuente et al. (2023, 3) also con-
firms this for the iron and steel industry. With the help of extreme learning machines, a ML
algorithm, they found that production capacity and energy efficiency are essential drivers of
carbon emission reduction.

Following the production process, Al's influence extends into logistics. It allows for the opti-
mization of transportation routes by considering various factors such as traffic patterns, road
conditions, and weather. This optimization can result in shorter travel times, enhanced fuel ef-
ficiency, and consequently, a reduction in emissions. Additionally, Al facilitates more efficient
management of vehicle fleets. Utilizing predictive maintenance, Al can forecast maintenance
needs and refueling requirements, ultimately reducing downtime and fuel consumption (Chen

et al. 2023, 2538). When electric vehicles are involved, Al plays a central role in minimizing
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energy consumption by selecting cost-effective route profiles and Bayesian regression tech-
niques can predict necessesary energy consumption (Delanoé, Tchuente and Colin 2023, 3).

Besides transportation, storage of products and materials within the supply chain is a significant
driver of emissions. The more products are stored and unutilized due to lower demand or over-
production, the greater the emissions bound within these warehouses. These emissions stem
from various factors, including product handling and the energy required for warehouse opera-
tions. Therefore, reducing the quantity of unused products could lead to not only cost savings
but also reductions in energy consumption, material usage, and, consequently, emissions (Har-
vard Business Review 2011). Kemmner (2022a) states that each percentage point reduction in
inventory could potentially reduce the carbon footprint by 5-9.9%. Thus, an accurate demand
forecast, as emphasized, holds substantial and sustainable potential for emissions reduction.

The preceding discussion underscores the substantial potential of Al in reducing emissions
within product supply chains. However, the research reveals a noticeable gap: while the litera-
ture qualitatively emphasizes emission reduction possibilities throughout various supply chain

steps, there is a distinct absence of robust quantitative data on this potential.

4 CASE STUDY OF CARBON COSTS IN THE METAL SECTOR

4.1 Description of the case

The forthcoming case study focuses on a detailed examination of a product from the metal
industry, analyzing emissions generated from cradle to customer and outlining the associated
costs imposed on the producer due to existing regulations. The main objective is to answer the
question of what the carbon costs of a product from the metals sector are under current regula-
tions today and in the future, and how these will change if emissions can be reduced at certain
stages of the supply chain. The data foundation for the case study is derived from an automotive
supplier that has calculated the PCFs for its product range. The product under consideration is

a purchased component in the automotive industry, essential for every car and therefore
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produced in significant quantities. The product weighs around 4 kg and consists mainly of steel
components, lubricating oil and small plastic parts. The PCF of the product totals 19.64 kgCOze.
A breakdown of emission shares by different scopes is provided in the Appendix, Fig. 10.
This case was chosen due to its representativeness of a hard-to-abate industry, where product
material composition and production processes notably contribute to carbon costs. Automotive
components often have substantial proportions of steel, and the production involves electricity
and gas, all of which are regulated and priced under current regulations. Additionally, the ma-
jority of the supply chain steps occur in Europe, emphasizing a regional focus in this case study.
In the examined study, ~70% of the products emissions fall under the EU ETS.

4.2 Assumptions and calculation procedure

To manage the complexity of this case study specific assumptions have been strategically cho-
sen to ensure a focused and feasible analysis of carbon costs and emission reductions.

For the analysis, influential regulations are examined, with a focus on emissions pricing in the
EU ETS and CBAM. The price is determined by EUA costs, averaging 86.19€/tCOz in 2023
(EEX 2022). Considering current regulations, the study assumes only EU ETS and CBAM lev-
ies, excluding national laws like nETS. Furthermore, no free allowances within the EU ETS are
considered, aligning with the expected phase-out and emphasizing the theoretical costs compa-
nies would bear, both presently and projected for 2030 (EEX 2022; European Commission
2022; European Commission 2023a).

The study further assumes total cost-pass-through across the supply chain, indicating that all
suppliers, including electricity and lubricating oil producers, transfer the CO- levies they pay
for their products (e.g., steel, electricity, lubricating oil) directly to the final product producer,
resulting in additional carbon costs for the product producer. The focus of the case study is
solely on the pure carbon costs, excluding offsetting from process redesigns or cost savings

from supply chain optimizations that intend to reduce emissions.
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With a focus on calculation assumptions, the following outlines assumptions for the three reg-
ulated components in the PCF study. Emissions across the entire supply chain are considered,
but the calculation of carbon costs specifically involves components subject to current EU ETS
and CBAM regulations, including materials like steel and lubricating oil, along with energy
generated for production. Other materials are excluded due to their minimal impact on costs
(see App., Fig. 11 for emission data at relevant supply chain steps).

For steel components, the study derives costs by examining each part of the final product made
of steel and summing up emissions from their production. Additionally, it considers material
loss in steel component production, assuming that scrap generated during production can be
repurposed for other products, redistributing emissions from scrap to other items.

For electricity, the regulations govern the energy requirements for the production of subcom-
ponents and final assembly. However, they target emissions from electricity generation, not
emissions from electricity use. Therefore, the calculation utilizes relevant emission factors from
the Ecoinvent database, as electricity generation was not included in the original PCF study,
since these don't count as product emissions, but are still crucial for the study, as a cost pass-
through is assumed (Bourgault, Minas and Miller 2022; Meili 2022).

For lubricating oil production, the study estimates emissions as the PCF study does not provide
a detailed breakdown of emissions along the supply chain. Consequently, the calculation is
based on the total emission value specified by the supplier.

Overall, the study adopts a conservative approach, not considering future ETS developments
such as the expansion of the EU ETS Il to other sectors such as transportation or national sys-
tems, potentially leading to increased emissions in product pricing in the future (German Envi-
ronment Agency 2021).

A final assumption was made regarding the examined emission reduction in the calculation.

Due to the absence of quantitative data in the literature review on the extent to which Al can
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reduce emissions, the assumed emission reductions in the analysis are hypothetical. Assuming
businesses can cut emissions using Al in supply chain steps, the analysis explores reductions
from 0-30%, without specifying these numbers for particular use cases.

4.3 Results presentation

Following an overview of the case, assumptions, and calculations, the focus turns to carbon
costs. Initially, the current carbon costs for the product are presented, considering the likely
cost trajectory for 2030 and emphasizing the role of EUA prices. Under specified assumptions,
and a current EUA price of 86.19€/tCO> carbon costs result in 1.25€ per unit for the analyzed
product. These carbon costs per product encompass charges for various components, with ma-
terial fees constituting ~60% of the costs at 0.75€. Within material fees, ~93% represent charges
for steel materials and ~7% for lubricating oil. Component production contributes ~23% to the
overall carbon costs, and product manufacturing is accounting for ~17%. Figure 1 shows an
illustration of these costs. These costs have a significant economic viability impact for the man-
ufacturer as typical EBIT margins of automotive suppliers are at ~5% and yearly production
volumes are high (Placek 2023; Sarvankar and Yewale 2019). For instance, with an annual
production of 1 mn units, additional costs in 2023 due to emission charges would amount to
~1.25 mn€.

Before examining the likely development of carbon costs in 2030, the factors influencing future
costs are outlined. Key factors include the anticipated increase in the EUA price and the evolu-
tion of the electricity mix. A study sponsored by the German Federal Ministry of Education and
Research, conducted in November 2022 as part of the "Kopernikus Project,” surveyed organi-
zations on EUA price forecasts. Five of six models estimated prices between 120€/tCO2 and
160€/tCO2, averaging ~140€/tCO2 for 2030 (Pahle et al. 2022).

The shift to a greater proportion of renewable energy in the electricity mix is beneficial for

reducing carbon costs by lowering emissions linked to electricity production. To meet the "Fit
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for 55" target of a 55% emissions cut by 2030, the EU Commission aims for renewable energy
to constitute 42.5-45% of the EU's energy consumption. The associated emission intensity of
electricity requires faster decarbonization, aiming for an emission factor of 118gCO2e/kWh by
2030 (European Environment Agency 2023). To calculate the emissions generated by electric-
ity in 2030, forecasts of the emission factors of the electricity generation were used for the
individual countries that produce electricity for the production of the product (IEA 2021, 43;
IRENA and the European Commission, 69; SHURA Energy Transition Center 2020, 11). This
shift in the electricity mix results in a 50% reduction in emissions from electricity production
by 2030. Despite progress, the average emission factor in the example remains at
270gCO2e/kWh in the EU by 2030, indicating that further emission reductions are possible with
the fulfillment of political targets for expanding renewable energies.

Assuming an average EUA price of 140€/tCO; and a higher share of renewable energy in the
electricity mix by 2030 (based on the emission factor of 270gC0O.e/kWh), the carbon costs in
2030 amount to 1.62€ per product. The composition of carbon costs shifts due to changes in the
electricity mix, with a larger share attributable to material charges, as fewer levies are paid for
electricity during production. Consequently, the ratio becomes 75% for material fees, 20% for
supplier production costs, and 5% for the final product's production. Compared to 2023, costs
per product are expected to increase by ~37 cents by 2030, with EUA prices increasing by

~54 €/tCO2 and electricity generation costs decreasing due to changes in the energy mix.

Carbon Costs per Supply Chain Step 2023 Carbon Costs per Supply Chain Step 2030
(EU ETS Price: 86.19€/tCO,) (EU ETS Price: 140€/tCO,)
2.00€ 2.00€
0.32 € 0.08 € 1.62 €
1.50€ 0.21€ 1.25€ 1.50€
0.29 € 1.22 €
1.00 € 0.75 € 1.00 €
0.50€ 0.50 €
0.00 € 0.00 €
Material Supplier Final Product Total Material Supplier Final Product Total
Product Parts Production Costs Product Parts Production Costs

Figure 1: Carbon costs for the analyzed product in years 2023 and 2030
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The following section demonstrates the impact of supply chain emission reduction on the car-
bon costs of the studied product. On the one hand, the effects of hypothetical emission reduc-
tions in the supply chain are examined, as explained in the assumptions. On the other hand, the
influence of alternative steel production methods on emissions and costs is illustrated.

The assumed emission reductions range from 0-30% in relevant supply chain steps, achieved
through measures like improving energy efficiency, selecting low-emission suppliers, or other
options described in Chapter 3. Results show that emission reduction and cost reduction are
directly proportional: A 5% reduction in emissions leads to a corresponding 5% reduction in
costs. Savings per product range from 6-37 cents in 2023 to 8-48 cents in 2030 for a 5-30%
emission reduction, highlighting the growing impact of reductions with rising EUA prices.
The following section further investigates the impact of emission reductions, specifically in the
material production step, focusing on steel as the most significant contributor to carbon costs.
Traditional steel production, utilizing coal in blast furnaces, yields substantial emissions, while
alternative methods like natural gas (NG DR) or hydrogen-based production (H2 DR) show
potential reductions. Using hydrogen from fossil fuels (blue hydrogen) cuts emissions by 95%,
while green hydrogen from renewable sources achieves nearly 99% reduction (LBST 2022).
Applied to the analyzed product in 2030, with an EUA price of 140€/tCOy, it results in cost
reductions of 42%, 67%, and 69% for NG DR, H2 DR (blue), and H2 DR (green), respectively,
leading to cost savings of up to 1.12€ (See App., Fig. 12). Table 1 presents a comparison of

costs for the years 2023 and 2030 and all emission reduction szenarios described above.

Emission reduction in %
Reduction through alternative steel
production processes
NGDR | H: DR (blue) |[H: DR (green)

No emission |Hypothetical reduction values in the
reduction supply chain (e.g. through AI)

EUETS Price

Table 1: Carbon costs of the analyzed product with variable EU ETS price and level of emission
reduction in the supply chain
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4.4 Discussion of the results

Analyzing the results reveals that product material composition and production, the evolution
of EUA prices and changes in the electricity mix are key determinants for companies' future
carbon costs. The growing potential for emission reductions is also evident. Subsequent sec-
tions detail the impact of these factors to provide a comprehensive presentation of the results.
For a product of the automotive industry, often predominantly composed of steel, the majority
of carbon costs emanate from material expenses, particularly steel-based materials. Producing
COq-free steel in the near future could therefore result in a significant reduction in carbon costs
for products heavily reliant on steel, with a potential reduction of 69% in the examined case.
Concerning the trends in the EUA price and electricity mix composition, a contrasting dynamic
unfolds. Despite the anticipated rise in EUA prices, the costs do not increase as sharply due to
a higher proportion of renewable energy in the electricity mix, resulting in reduced charges for
energy production and, consequently, lower overall costs compared to the current electricity
mix. Table 2 illustrates how costs in 2030, factoring in the 2030 electricity mix, would be ap-
proximately ~20% lower per product than under the current electricity mix.

Table 2: Carbon costs of the analyzed product with variable EU ETS price, level of emission
reduction in the supply chain and electricity mix

Emission reduction in %
EU ETS Price | 0% 5% 10% 20% 30% 40%

Year of electricity 2023 2030 2023 2030 2023 2030 2023 2030 2023 2030 2023 2030
generation —

86.19€ 1.25€|1.00 €

140.00€ 1.42€/1.14€|1.22€|097€

Examining EUA price development reveals a proportional rise in costs with increasing EUA
prices. For every 1€ increase in the EUA price, carbon costs for this product under the current
mix increase by ~1.5 cents. This impact lessens with a higher share of renewable energies in
the electricity mix. With the future mix, costs only rise by 1.2 cents for each euro increase in

the EUA price. This trend suggests that as the share of renewables increases, the effect of EUA
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price hikes will be less pronounced (See App., Fig. 13).

The results can be used to draw conclusions about the emission reductions as well. The potential
of (Al-driven) emission reduction directly reflects in costs. If companies successfully reduce
emissions in the regulated steps of their product supply chain, proportional cost savings accom-
pany the reduction in emissions. Achieving a 5% reduction in emissions within the relevant
supply chain steps results in a direct 5% reduction in carbon costs for the company. This obser-
vation also applies for other products with diverse compositions, provided that carbon cost cal-
culation is exclusively based on a uniform price for all incurred emissions, such as EU ETS and
CBAM. However, a correlation with the EUA prices emerges. A higher EUA price amplifies
the impact of the same percentage of emission reductions on cost savings. While at the current
EUA price of 86.19€/tCO- and a 5% reduction in emissions, 30 cents per product can be saved,
the savings increase to 49 cents at a price of 140€/tCO and to 56 cents at 160€/tCOx.

All these findings reaffirm the underlying concept of carbon-pricing systems like the EU ETS:
Emitting becomes costlier, prompting companies to strategize emission reduction for sustained

competitiveness.

5 CONCLUSION

The study aimed to uncover costs incurred by the metal sector due to product-related emissions
and explored how Al can target these costs for reduction. Examining current climate regula-
tions, with a focus on carbon pricing mechanisms like the EU ETS system, unveiled their broad-
ening influence, reaching national (e.g., nETS) and international levels (CBAM) as well as ad-
ditional areas of impact (EU ETS II). Phasing out free allowances and rising prices due to a
shortage also indicate an increasing influence of carbon costs on businesses.

To mitigate financial penalties, companies must reduce emissions, and Al-assisted tools like

PCF and Demand Forecasting prove effective. These methods serve as preparations for further
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emission reductions in the supply chain. While qualitative literature extensively discusses Al's
potential, quantitative data on the magnitude of these reductions remains scarce.

The results of the case study confirms the theoretical findings from the regulatory analysis: as
soon as regulations take full effect and EUA prices rise, carbon costs will have a significant
impact on businesses. However, counteracting trends, such as the evolving electricity mix
driven by political goals for increased renewable energy shares, a shift toward eco-friendly steel
production, along with the potential for Al-assisted emission reductions, offer potential mitiga-
tions. The study emphasizes that proactively initiating emission reduction measures in the sup-
ply chain already now, can strategically position companies to mitigate additional costs in fu-
ture, given the increasing cost-effectiveness of achieving equivalent emission reductions with
rising EUA prices.

Although the results of the case study are specific to the product examined, they can be applied
to other products with a similar material composition and supply chain, taking into account the
assumptions made. Therefore, in conclusion, the findings of this study should provide a wide
spectrum of decision makers with a guide to understanding the dynamics of regulatory devel-
opments regarding carbon economics. It should additionally underscore the importance of adept
navigation for sustained competitiveness, serving as a foundation for informed decisions on
sustainable business practices and as an incentive for action.

Further studies are essential to enhance transparency and gain a comprehensive understanding
of the emissions and costs associated with diverse products. This shoud include products from
various sectors with different structures and supply chains. Research should also emphasize the
explored Al methods, uncovering their quantitative potentials. This approach will empower
businesses to identify and implement the most effective strategies for reducing both emissions

and costs.
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2 Figures - Theoretical Foundation
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Legend: bars (cap), light shade bars in 2014-16 (allowances backloaded in phase 3), light shade bars since 2019 (feeds of allowances to
the Market Stability Reserve), dash line (verified emissions).

Figure 2: Emissions cap in the EU ETS, compared with verified emissions (European
Commission 2022, 8)
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Figure 3: Development of the gradual phase out of free EU Allowances (European Parliament
2022)
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(WBCSD 2023, 22))
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Figure 8: Levels of emission reduction (own illustration)
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4 FIGURES - CASE STUDY OF CARBON COSTS IN THE METAL SECTOR

: RS 2%
4%
| CFow productior Scope 2 CO2e
. 5%
8 CF
0%
dl
11%
( ' C
jing t 1 t 69%
n
6%
mC 1 rg g (
uC

Figure 10: Breakdown of emission shares by different scope (own illustration based on

company data)
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. Reduction potential of . Carbon Costs
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Figure 12: Impact of different steel production technologies on carbon costs (own illustration
based on (LBST 2022) and calculation results)
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Figure 13: Mitigation of EU ETS price impact with increase of renewable energies in the
electricity mix (own illustration based on company data and calculation results)



