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Abstract

Scope 3.1 emissions from purchased goods and services often represent a substantial share
of corporate greenhouse gas footprints, yet their quantification is characterized by high
uncertainty and limited transparency. In practice, organizations frequently rely on weight-
based secondary emission factors, which can vary substantially depending on underlying
assumptions such as production technology or geographical origin. Existing standards
and data quality approaches provide important guidance on representativeness, reliabil-
ity, and data exchange, but offer limited operational support for selecting appropriate
emission factors. This study addresses this practical challenge by examining emission-
factor variability for selected material groups, identifying key influencing factors, and
developing a qualitative decision-support framework for evaluating, selecting, and doc-
umenting secondary emission factors in Scope 3.1 accounting. The results demonstrate
that emission factors for the same material can differ by more than an order of magni-
tude, leading to substantial deviations in carbon footprint results if selected inconsistently.
The proposed framework, while not replacing supplier-specific primary data or formal
data-quality assessment, reduces selection-related uncertainty, and supports more reliable
carbon accounting, particularly in data-constrained supply chain contexts. By providing
a transparent screening logic for early-stage Scope 3.1, the study enables more informed
sustainability and procurement decisions.

Keywords: CO, balancing of materials; purchased goods emissions; quantifying scope 3.1;
secondary weight-based CO, values; industrial ecology; corporate reporting

1. Introduction

Climate change is widely established in the scientific literature and is primarily at-
tributed to anthropogenic activities since the beginning of the industrial revolution [1,2].
Beyond temperature increases, it also amplifies both physical and transition risks for soci-
eties and value chains, making mitigation and adaptation central pillars of sustainability
management. The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment
Report, concludes that global warming is likely to exceed 1.5 °C this century [3]. Accord-
ingly, pathways consistent with the 1.5 °C limit require greenhouse gas emissions to decline
by 84%, alongside global CO, emissions reaching net zero around 2050 [3-6].

In general, the stocks and flows of materials, energy and other resources in production
have a major environmental impact, underscoring the need for systematic assessment,
management, and mitigation of emissions associated with material flows [7,8]. For exam-
ple, global resource extraction and processing account for over 60% of planet-warming
emissions, whereas iron and steel production is responsible for about 7% of energy-sector
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CO; emissions, while cement production alone accounts for around 7% of global CO,
emissions [9-11]. This requires quantifying process- and product-related emissions and
disclosing them as a carbon footprint. While established carbon accounting standards like
such as the GHG Protocol and ISO 14040/14044, provide a robust basis, the credibility and
decision-usefulness of results ultimately depend on their consistent and correct application
in practice [12].

A generally recognized standard for corporate GHG accounting is the overarching cor-
porate standard of the GHG Protocol [13] and its supplements: the Product Standard [14]
and the Scope 3 Standard [15]. For many manufacturing companies, the largest share
of GHG emissions are not generated by direct in-house production or processing by the
company itself (Scopes 1 and 2: energy combustion and purchased energy), but in the
upstream and downstream processes (Scope 3: company’s value chain, e.g., material suppli-
ers, external logistics providers, etc.) [4,16-19]. As shown in Figure 1, Scope 3.1 (purchased
goods and services) emissions specifically account on average for more than 70% across
manufacturing industries. For the manufacturing companies listed, the share of Scope 3.1
is between 60 and 90% of upstream and in-house CO,e emissions. Only for the energy-
intensive companies BASF SE and Bayer AG does Scope 3.1 account for only between
50 and 70%. These figures are not intended as a representative cross-industry sample,
nor does it provide direct empirical evidence for small- and medium-sized enterprises.
However, the relevance of Scope 3.1 is not determined by company size alone, but also
by the material intensity, production depth, sourcing structure, and energy profile of the
business model. Material-oriented SMEs operating in similar value chains may therefore
face comparable upstream emission patterns, particularly when purchased materials and
components dominate their product carbon footprint while direct operational emissions
remain comparatively limited. At the same time, SMEs often have fewer resources and less
bargaining power to obtain supplier-specific primary data. This makes transparent and
defensible use of secondary emission factors particularly relevant for early-stage Scope 3.1
accounting in SME contexts.

SAPSE 7% 33%
Bayer AG 28% 20%
BASF SE 21% 10%
Schaeffler AG 2% 7%
Henkel AG & Co. KGaA = 3% 11%
Mercedes-Benz Group AG 4% 13%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Scope 1 & 2 Scope 3.1 Scope 3.2-3.8

Figure 1. Illustrative example of the operational and upstream CO,e emissions (shares of Scope 1 and
2, Scope 3.1, and Scope 3.2-3.8) of the companies SAP SE [20], Bayer AG [21], BASF SE [22], Schaeffler
AG [23], Henkel AG & Co. KGaA [24] and Mercedes-Benz Group AG [25], showing the potential
relevance of Scope 3.1 emissions. Deviations from 100% are due to rounding errors.

While it is still comparatively tractable for large companies (persons employed > 250,
annual turnover > €50 million or a balance sheet total > €25 million) to determine their
direct Scope 1 and Scope 2 emissions, indirect Scope 3 emissions pose a substantially greater
methodological and operational challenge due to the complexity and opacity of multi-tier
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value chains. This challenge is not confined to a single company size class: Large enterprises
often face substantial data gaps across suppliers and logistics partners due to limited
transparency, fragmented multi-tier value chains, and methodological inconsistencies in
Scope 3 reporting. In addition, the high implementation effort, coordination requirements,
and cost implications associated with sustainability initiatives further complicate effective
data integration across existing organizational systems [26-30]. Smaller suppliers, including
many small- and medium-sized enterprises (SME), are often affected indirectly, as reporting
requirements and data requests are cascaded through supply chains by larger customers
and regulators. In practice, limited resources and restricted access to supplier-specific
primary data can further constrain the quality and granularity of Scope 3.1 accounting for
these actors [12,31-34].

From a life cycle assessment (LCA) perspective, these challenges closely parallel well-
documented limitations of LCA studies, particularly with regard to the high parametric
uncertainty associated with generic secondary data sources, limited transparency of un-
derlying assumptions, and insufficient resolution in hotspot identification. Such deficits
can lead to distorted results and significantly reduce the informative value of both LCA
studies and corporate carbon footprints [35-39]. This issue is especially pronounced in the
assessment of purchased goods (Scope 3.1), which account for a dominant share of total
GHG emissions for many organizations (see Figure 1) but are often characterized by sparse
and heterogeneous data availability.

Against this background, this paper develops a systematic, low-barrier methodology
that supports organizations across company sizes in estimating indirect Scope 3.1 emissions,
with particular relevance for resource-constrained actors and supply-chain settings where
supplier-specific primary data are unavailable. Since many organizations, especially those
with limited bargaining power in supplier relationships, which are often SMEs, cannot
obtain CO,e primary data (PD) directly from their suppliers in the early reporting cycles,
they frequently rely on secondary data (SD). SD includes industry-average data (e.g., from
published databases, government statistics, and industry associations), financial data, and
other generic data [15].

Despite their widespread use, the selection of appropriate secondary emission factors
(EFs) (e.g., kgCOze/kg of steel) remains a major challenge in practice. Searches in life cycle
inventory databases often yield a substantial variance in EF values for the same material,
without clear guidance on which value best represents the actual conditions of a specific
case. Consequently, practitioners frequently apply overly aggregated material categories or
select emission factors without systematically evaluating their underlying assumptions,
leading to potentially large distortions in carbon accounting results.

Several established standards and frameworks already address data quality and trans-
parency in greenhouse gas accounting and life cycle assessment. The GHG Protocol Scope
3 Standard defines general data quality indicators such as technological, temporal, and
geographical representativeness, completeness, and reliability [40]. LCA-based approaches
such as the Product Environmental Footprint method [41] and ecoinvent data quality guide-
lines with pedigree-matrix-based uncertainty assessment [42] provide further guidance
for evaluating datasets and documenting representativeness. Recent initiatives such as
PACT additionally support the standardization and exchange of product carbon footprint
information across value chains [43]. ISO 14071 strengthens the credibility of LCA studies
by specifying requirements for critical review processes and reviewer competencies [44].

However, these approaches primarily address data quality assessment, product carbon
footprint exchange, or review procedures at a broader methodological level. They provide
limited practical guidance for a common operational problem in early-stage Scope 3.1
accounting. When a practitioner searches for a material in a database and receives several
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weight-based secondary emission factors, it is often unclear which dataset best represents
the actual material purchased by the reporting company. The challenge is therefore not only
whether a dataset is generally of high quality, but whether its underlying assumptions align
with the case-specific material conditions, such as production route, energy mix, recycled
content, processing stage, and geographical context.

This study addresses this gap by developing a qualitative evaluation and selection
framework for weight-based secondary emission factors, explicitly tailored to purchased
goods under Scope 3.1. The framework does not aim to replace supplier-specific pri-
mary data, existing data quality indicators, or formal LCA review procedures. Instead, it
complements them by translating material-specific influencing factors into a structured,
transparent, and practically applicable decision logic for situations in which primary data
are unavailable and practitioners must rely on secondary emission factors.

By doing so, this paper contributes to the existing literature in three ways: (1) it
provides a structured analysis of the magnitude and drivers of variability in material-
related emission factors for selected material groups, (2) it identifies and structures the
key determinants underlying this variability, and (3) it introduces a qualitative decision-
support framework that can assist practitioners in evaluating, selecting, and documenting
secondary emission factors more transparently under constrained data availability.

2. State of the Art

The following sections outline the methodological foundations of greenhouse gas
accounting and the data quality considerations associated with different emission calcu-
lation methods. Section 2.1 introduces the relevant standards, accounting boundaries,
emission scopes, and calculation logic underlying corporate value-chain and product-level
GHG accounting. Building on this basis, Section 2.2 describes how the use of supplier-
specific, average-data, spend-based, and hybrid methods affects the quality, specificity, and
reliability of Scope 3.1 emission estimates.

2.1. Fundamentals of GHG Accounting

Corporate greenhouse gas accounting at the value-chain level is governed by a con-
stellation of complementary standards. At the product level, ISO 14040 [45] and ISO
14044 [46] establish the methodological foundations of life cycle assessment (LCA), while
ISO 14067 [47] operationalizes these principles for product carbon footprint quantifica-
tion. At the organizational level, ISO 14064-1 [48] and the GHG Protocol Corporate Value
Chain (Scope 3) Standard [15] provide the predominant frameworks for structuring corpo-
rate GHG inventories. The Scope 3 Standard translates the life cycle logic of LCA into a
corporate accounting architecture by categorizing indirect value-chain emissions across
15 standardized activity categories, commonly grouped into upstream (Categories 1-8)
and downstream (Categories 9-15) emissions. Category 1—purchased goods and services
(Scope 3.1), which is specifically relevant for this paper, includes all upstream emissions
from the extraction, manufacture and transportation of products purchased or acquired by
the reporting company in the reporting year [15]. This paper focuses on the calculation of
carbon footprints of tangible products rather than services (intangible).

Scope 3.1 emissions are calculated by multiplying activity data (e.g., mass of material
in kg) by a corresponding emission factor (EF; e.g., kgCO,e/kg), as specified in the Scope
3 Standard and corroborated by established accounting practice [15,40]. The focus of
this paper is on systematically characterizing the variability of these EFs depending on
various influences. Companies can use two types of EFs to calculate Scope 3 emissions:
Primary data (PD) directly by suppliers or secondary data (SD) from published databases,
government statistics, literature studies and industry associations [15]. Based on these two
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types of data, different methods can in turn be used to calculate emissions from purchased
goods (Scope 3.1 emissions): [40].

Supplier-specific method: Collection of cradle-to-gate PD from suppliers on product-
specific GHG emissions from the production of goods.

Average-data method (Weight-based): Estimates emissions for goods by collecting
activity data on the mass (e.g., kg) of goods purchased and multiplying it by the corre-
sponding secondary cradle-to-gate EF (e.g., industry average; kg CO,e/kg). Weight-
based EFs are mainly found in process-based LCI (life cycle inventory) databases, such
as GaBi, GEMIS, and ecoinvent, or via industry associations [49]. Weight-based EFs
result from detailed bottom-up analyses of each individual step in the production
process, where the corresponding input and output flows are precisely recorded [45].
A weight-based EF is more suitable for products where emissions are directly propor-
tional to weight, such as raw materials.

Spend-based method: Estimates the emissions for goods by collecting data on the eco-
nomic value of the goods purchased (e.g., €) and multiplying it by the corresponding
secondary (e.g., industry-standard) EF (e.g., kg COe/€). Spend-based EFs originate
from large-scale top-down economic models, so-called “Environmentally Extended
Input-Output models” (EEIO) [50]. Popular sources for spend-based EFs are the
British BEIS (Department for Business, Energy, and Industrial Strategy), the Amer-
ican EPA (Environmental Protection Agency), EXIOBASE (Extended Input-Output
Database) and the OECD (Organization for Economic Co-operation and Development)
Inter-Country Input-Output (ICIO) tables [40,51]. A spend-based EF is more appro-
priate for products where the price is more strongly correlated with emissions, such as
services (e.g., consulting, administration) or very complex assemblies consisting of a
variety of materials.

Hybrid method: Combining the supplier-specific method (where data is available)
with the average-data or spend-based method to close data gaps.

2.2. Data Quality of the Various Calculation Methods

Sources of primary and secondary data can be of different quality, which in turn is

directly reflected in the meaningfulness of the various accounting methods:

Supplier-specific method: Although the supplier-specific method based on PD is more
specific to the individual supplier than methods based on SD [52,53], they do not
necessarily lead to more accurate results. In fact, the PD obtained from a supplier may
even be less accurate than the industry average (difference between data specificity
and data accuracy). Accuracy derives from the granularity of the emission data,
the reliability of the supplier’s data sources, and which allocation techniques were
used [40]. At the same time, the supplier-specific method has to contend with the
following difficulties: shortcomings in terms of data quality due to the lack of expertise
of suppliers [51,54] and rare data availability due to the unwillingness of suppliers
to share sensitive data [55,56], the high effort for suppliers, and insufficient market
power of the reporting company [51].

Average-data or spend-based method: SD based on average-data or spend are often
readily available and can be used to enable rapid, resource-efficient approximations of
the environmental impact of different materials.

o Inaddition to these advantages, spend-based values have the disadvantage that
they are somewhat imprecise in terms of their actual environmental impact, as
they are only based on financial data. Inflation, international exchange rate
fluctuations or volume discounts granted would have an incomprehensible ef-
fect on reducing emissions. Therefore, spend-based EFs must be converted for
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the year of application using the currency inflation rate and an adjustment for
VAT [51,57-60].

o  Weight-based average-data have the disadvantage that their boundary conditions,
i.e., the system boundaries drawn when considering them, are variable. Therefore,
the EF for one and the same product can be inconsistent. For small total material
volumes (e.g., a few kg of material) this is negligible, but multiplying the EF
by thousands of tons of material will lead to a potentially material estimation
error of the carbon footprint [12,57,58,60,61]. Another disadvantage is the poorer
accessibility compared to spend-based EFs. Current, verified data values are
often only available in paid databases.

As most SMEs have neither the necessary human resources nor the necessary market
power to obtain PD from their suppliers, it is advisable for such organizations to rely on SD
during initial reporting cycles. Spend-based SD are slightly easier to use, as they require
less expertise in the area of material production. Weight-based SD—if the EFs are selected
correctly—have the advantage of being somewhat more accurate, as they are based on
detailed bottom-up analyses and are not subject to macroeconomic factors. The aim of this
paper is therefore to mitigate the shortcomings of weight-based average-data and increase
its attractiveness. To do so, companies must be provided with a profound information basis
and methodology for classifying and selecting appropriate weight-based Scope 3.1 CO,e
SD. However, the so far available data quality indicators mentioned in the Scope 3 Standard
(see Figure 2) are only rough guidelines for checking the quality of data. Beyond these
indicators, neither the GHG Protocol Standards nor any other widely adopted framework
provides operational criteria for evaluating, comparing, or classifying weight-based or
spend-based SD at the material level. This constitutes the central methodological gap
addressed by the present study.

Representativeness of data Quality of data

INDICATOR | DESCRIPTION INDICATOR DESCRIPTION

Technological | The degree to which the data || Completeness The degree to which the

Representat. set reflects the actual data 1s statistically

technologies used. representative of the
- relevant activity
Temporal The degree to which the data .
(percentage of locations for
Representat. set reflects the actual time . . .
P which data is available).

(e.g., vear) or age of the
activity. Reliability The degree to which the

- sources, data collection
Geographical | The degree to which the data . .
methods and verification
Representat. set reflects the actual .
procedures used to obtain

hic locati f th
geographic locauion ot the the data are dependable.

activity (e.g., country).

Figure 2. Data quality indicators according to the Scope 3 Standard [15]. The data quality indicators
describe the representativeness of data (in terms of technology, time, and geography) and the quality
of data measurements (i.e., completeness and reliability of data).

3. Methods

This study follows a structured multi-step research design combining literature anal-
ysis, data collection from LCI databases, and qualitative framework development. The
methodological approach aims to analyze the variability of weight-based emission factors,
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identify the key factors influencing their magnitude, and develop and apply a framework
for their evaluation and selection in Scope 3.1 accounting.

3.1. Literature Review

A targeted literature review was conducted to establish the conceptual foundation
of the study and to identify existing approaches to Scope 3 accounting, emission factor
selection, and data quality assessment.

The review included peer-reviewed journal articles, review papers, and conference
publications retrieved from the databases ScienceDirect, MDPI Open Access Journals,
SpringerLink, and Google Scholar. Search terms included combinations of “Scope 3 emis-

VZa7i 77

sions”, “Scope 3.1 purchased goods”, “emission factors”, “secondary data”, “life cycle
assessment data quality”, “product environmental footprint” and “product carbon foot-
print data exchange”.

The search was conducted between October 2025 and January 2026. To ensure topical
relevance, priority was given to publications from 2021 onwards, while foundational
standards (e.g., GHG Protocol, ISO standards, PACT and PEF-related documents) were
included irrespective of publication year. Based on this screening the selected relevant
publications were used to substantiate the specific operational challenge addressed by this
study: the absence of a low-barrier, material-specific decision logic for selecting among
multiple weight-based secondary emission factors in Scope 3.1 accounting.

3.2. System Boundaries and Accounting Approach

The study adopts a cradle-to-gate perspective consistent with established LCA stan-
dards (ISO 14040/44, ISO 14067) and the GHG Protocol Product and Scope 3 Standards.
Emissions are calculated using the weight-based average-data method, where activity
data (mass of purchased materials) are multiplied by corresponding emission factors
(kgCOe/kg material).

The focus is on weight-based secondary data, as this approach is widely used in
practice when supplier-specific primary data are unavailable—particularly in early stages of
Scope 3 reporting and in resource-constrained contexts such as SMEs [40,62]. Compared to
spend-based approaches, weight-based emission factors provide higher process resolution
but require heightened sensitivity to system boundary specification due to their sensitivity
to system boundaries and production conditions.

3.3. Data Collection

To analyze the variability of emission factors, a systematic data collection was con-
ducted for five representative material groups (steel, aluminum, copper, polypropylene,
and polyamide), covering 23 specific material variants. The material selection was case-
driven and based on the most relevant material groups identified in the context of a
research project in which carbon accounting was conducted. Metals and polymers were
therefore selected because they represented the dominant material groups in the available
bill-of-materials and supplier-related documentation.

Two types of data sources were used:

(1) Publicly accessible databases and literature sources:

For the analysis of emission factor variability (Section 4.1), emission factors were
collected from publicly available databases, registers, and literature sources (e.g., govern-
mental databases such as ProBas, industry publications). This choice reflects real-world
conditions, where many organizations—particularly SMEs—initially rely on accessible but
heterogeneous data sources.

(2) Process-based LCI database (ecoinvent):

https:/ /doi.org/10.3390/su18147074


https://doi.org/10.3390/su18147074

Sustainability 2026, 18, 7074

8 of 27

For the identification of influencing factors (Section 4.2), datasets from the ecoinvent
database (version 3.11, system model: cutoff) were analyzed. Relevant datasets were
selected from the ISIC categories “Mining and quarrying” and “Manufacturing”, covering
complete production chains from raw material extraction to final processing.

In cases where no single dataset represented the full cradle-to-gate chain, production
chains were reconstructed by linking multiple datasets to represent full cradle-to-gate
processes. Supplementary literature (more than 25 sources) was used to contextualize
production routes and validate interpretations of dataset characteristics.

3.4. Data Analysis

The collected emission factors were analyzed in two steps:
(1) Variability analysis:

Emission factors were grouped by material category and further differentiated accord-
ing to key characteristics such as production route, geographical origin, and processing
level. For each material variant, multiple emission factors (typically 2—4 values) were
compared to assess variability. The range of variation was expressed using minimum-
maximum ratios (MIN-MAX factors), indicating the relative spread between the highest
and lowest values.

(2) Identification of influencing factors:

To explain observed variability, the ‘Dataset Description” sections of the ecoinvent
datasets were systematically screened. Relevant parameters describing system boundaries
and production conditions were extracted and categorized.

This analysis resulted in the identification of five key influencing factors. These factors
were grouped into higher-level categories to structure their interdependencies.

3.5. Framework Development

Based on the identified influencing factors, a qualitative evaluation and selection
framework was developed. The framework translates the five influencing factors into
qualitative scales, which are explained further in Section 4.2 and are visually shown in
Figure 3, enabling the comparison between:

e  The parameter set of a real material (case-specific conditions);
e  The parameter sets underlying available emission factors from databases.

Each emission factor is assessed along the five dimensions, and the most suitable
factor is selected based on its degree of parametric alignment to the real material conditions.
The framework is intentionally designed as a qualitative decision-support tool to ensure
applicability across different materials and data availability levels, avoiding overly specific
quantitative weighting schemes. This design choice is justified by the methodological uncer-
tainty and heterogeneity inherent in secondary emission factor selection, where differences
in system boundaries, production contexts, data quality, and conversion factors can substan-
tially affect the resulting carbon footprint. For this reason, the framework does not assign
fixed numerical weights to the five influencing factors. Their relative importance may
vary depending on the material and production route. For example, recycled content may
dominate the emission profile of secondary metals, whereas production technology and
process energy may be more decisive for primary material routes. Rather than suggesting a
universally valid weighting scheme, the qualitative structure supports transparent, system-
atic, and practice-oriented decision-making while avoiding a false sense of precision. This
is particularly relevant in Scope 3 accounting, where companies often rely on secondary
or average data when supplier-specific primary data are unavailable, and where an initial
screening based on less specific data is recommended before more precise data collection is
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prioritized [15,56]. Where a structured comparison is required, an unweighted comparison
of the five influencing factors may be used as a transparent default heuristic. However, this
default does not imply that the factors are statistically independent or equally causal across
all materials. Practitioners should document the rationale for the selected emission factor
and may deviate from the default comparison where material-specific knowledge indicates
that one factor is clearly dominant. The framework should therefore be understood as a
decision-support procedure that improves transparency and consistency, rather than as a
deterministic optimization model.

EVALUATION OF SECONDARY MATERIAL EMISSION FACTORS (EF)

Collection of information on the

@ Comparison of parameter
real materials’ parameter set

sets: DB with real material

— EF1 ) vs. (EF2 ) vs. EFn

( Where? Purchasing department, supplier ] EF1 EF2

(2 Search for CO2 EF in DB

How did the researched EF

Helpful information: Origin, production Which EF is the best choice [ come about (parameter sets)? j
h energy use, / ishij for my real material?

Which EF comes closest to my real
material in terms of the parameter set?

@ Evaluation of EF based on the [ (c) How much recyclate is used? J
o o a R 1
following influencing factors: ‘@v (EF2/n) g
Lots of recyclate No l
@ Selection of the
[ (a) How energy-intensive is the production? j [ (d) How heavily processed is my material? ) most suitable EF
1

L (EF1)Y (EFn) (EFn) (EF2 EF1)M

. . P . . . . Which EF (EF1,EF2,...,EFn) has the
Low-int High R [ Highly shed y S

on-intensive "’ “ ighly finishe smallest total deviation from EF|? j

[ (b) Which energy source is used for prod.? j [ (e) Where does my material come from? ]

L L
D(EF1) ¥ (Er2m ) viAx| AN (EF1YEF2 MAX|

Green energy Fossil energy Ind. country  Emerg. country  Dev. country

Figure 3. Guidelines for Scope 3.1 CO,e EF evaluation and selection. DB stands for database, EF
stands for emission factor. The arrow () on the color scales indicates the real conditions of the
material to be balanced (real emission factor EF]) classified on five scales corresponding to the five
influencing factors (IFs). EF1, EF2, ..., EFn represent the researched, industry-average emission
factors from databases. The magnitude of the CO,e EFs shown in the table can be better understood
by applying a color scale: Red means a high EF, yellow a medium EF, green a low EE.

3.6. Illustrative Application of the Framework

To demonstrate the practical applicability of the proposed framework and to explore
its implications for emission results, the framework is applied to an illustrative material
case and complemented by a structured sensitivity analysis. The illustrative application
shows how the framework can be used to systematically compare emission factors based on
material-specific parameters, such as production technology, energy mix, recyclate content,
and degree of processing. This reflects typical real-world conditions in which multiple
emission factors are available, but their suitability is non-transparent with respect to their
contextual representativeness.

In addition, a sensitivity analysis is conducted to assess how strongly the resulting
carbon footprint depends on the selection of emission factors. For this purpose, emission
outcomes are compared across different plausible emission factor choices while keeping
activity data constant. This facilitates isolating the effect of emission factor selection as a
key source of uncertainty in Scope 3.1 accounting. The objective of this combined approach
is not to provide a comprehensive empirical validation of the proposed framework. Rather,
the paper serves as a proof of concept by demonstrating how the framework can be applied
in practice and by illustrating the potential magnitude of its influence on carbon accounting
results. The illustrative application shows how emission factors can be evaluated and
selected across the proposed dimensions, while the sensitivity analysis highlights how
alternative EF choices may lead to substantially different GHG balances. Thus, the paper
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provides an initial demonstration of the framework’s practical relevance and decision-
support potential, while broader empirical validation remains a task for future research.
The detailed results of both the illustrative application and the sensitivity analysis are
presented and discussed in Section 4.

4. Results

The following chapter presents the key results of the study. It first examines the
variance in CO,e emission factors across materials and identifies the main factors influ-
encing this variability. Building on these findings, a method for evaluating and selecting
suitable Scope 3.1 CO,e emission factors is developed. The chapter concludes with an
illustrative application and sensitivity analysis to demonstrate the practical relevance of
the proposed approach.

4.1. Variance in COqe Emission Factors of Materials

When sustainability managers of companies subject to reporting requirements are
faced with the task of accounting for the Scope 3.1 CO,e emissions of their purchased
materials and have opted for a weight-based SD approach, they are faced with two main
tasks: finding activity data (e.g., 500 kg of steel) and finding EFs (e.g., kgCO,e/kg of
steel). The latter constitutes the methodologically more demanding challenge of finding
the correct EF for the respective materials.

A search for a specific material (e.g., “steel”) in an LCI database (paid or open access)
leads to a whole collection of material-specific EFs. If no expert is involved, it is not
obvious at first glance which EF applies to the real conditions of the material to be balanced
and what needs to be considered when selecting the most suitable EF. Depending on the
specific characteristics of the material, the EFs vary considerably (see Table 1). The variation
between the individual material-specific EF is based on various influencing factors (IFs)
(e.g., material origin, production technology, energy use, degree of finishing, etc.), which
are specified in more detail in Section 4.2. Table 1 provides an exemplary overview of a
range of EFs [kgCOye/kg material] for selected steel products. The materials are labeled
with an alphanumeric abbreviation (e.g., I-A-3: Table 1-line A-value 3). The values of the
EFs are taken from various databases, registers or other publicly accessible sources (see
Supplementary Materials Supporting Information S1 and S2).

Table 1 clearly shows that the EFs across the individual steel products (viewed verti-
cally) are subject to an extremely large variation: from 0.05 to 6.29 kgCO,e/kg {I-C-3, I-E-2},
meaning a MIN-MAX factor of approx. 125 between the highest and lowest value. This
finding underscores a fundamental principle that extends beyond steel to all material cate-
gories: aggregating heterogeneous material variants under a single superordinate category
such as “steel” and applying a uniform EF is methodologically inadmissible for accurate
Scope 3.1 accounting. Such aggregation would apply a single emission intensity value to
materials with fundamentally heterogeneous emission profiles, introducing systematic and
potentially material distortions into the overall carbon footprint.

On the other hand, it is also clear from Table 1 that even within a specific steel
product (viewed horizontally) there are sometimes large ranges of variation. These range
from approx. 7% deviation (MIN-MAX factor 1.07) for electrolytically galvanized sheet
{I-F} to 580% deviation (MIN-MAX factor 6.8) in the case of green steel produced with
green hydrogen {I-C}. In addition to the IFs explained in Section 4.2, the reasons for the
variation can also be attributed to the timeliness (time of data collection) and methodological
inconsistencies in the datasets. The selection of a correct EF is therefore of crucial importance
for the accuracy of the overall balance. For this purpose, the ‘Dataset Description” section
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needs to be systematically evaluated for relevant system boundaries and the other IFs
presented in Section 4.2.

Table 1. CO,e emission factors (EFs) for selected steel products in the unit [kg CO,e per kg material] 1

Pos. Steel Product EF1 EF2 EF3 EF4 Mean MIN-MAX
I-A Primary blast furnace steel (RoW) 2.2 2.56 24 2.18 2.34 1.17
I-B Primary blast furnace steel (EU) 1.9 1.71 1.76 1.7 1.77 1.12
I-C Primary DRI steel (green H2) (EU) 0.34 0.09 0.05 - 0.16 6.80
I-D Arc furnace steel (secondary) (EU) 0.2 0.45 0.55 0.3 0.38 2.75
I-E Stainless steel (GLO) 3.39 6.29 5.2 5.18 5.02 1.86
I-F Electrolyt. galvanized sheet (GLO) 2.6 242 - - 2,51 1.17
I-G Hot-dip galvanized sheet (GLO) 22 2.5 2.58 - 2.43 1.17
I-H Tinplate (GLO) 3.1 2.57 2.62 - 2.76 1.21
I-I Electrical sheet/Electric strip (GLO) 3.7 2.6 2.49 - 2.93 1.49
1 Shown are four values (where available) taken from different databases, registers or other publicly available
sources, their arithmetic mean and the MIN-MAX factor between the highest and lowest value (highest divided
by lowest value) for each material. High MIN-MAX factors indicate a large variation range. The numbering of the
material is used for easier referencing in the text. The magnitude of the CO,e EFs shown in the table can be better
understood by applying a color scale to all the values: The color gradient (red-yellow—green with gradations) was
applied to the complete range of filled cells (across rows and columns). Red means a high EF, yellow a medium
EF, green a low EFE. The stronger the color, the more pronounced the attribute. Geographical abbreviations: EU
(Europe), RoW (rest of world), GLO (global).
The same correlations can be seen not only for steel, but also for other common
materials, which are shown in Table 2. Here too, depending on certain IFs (Section 4.2),
there are large variation ranges within a material group (vertically). The MIN-MAX factor
between the highest and lowest value for, e.g., aluminum is 38.65 (20.1 to 0.52 kgCO,e/kg
{II-L-4 to II-N-1}). This high variation factor emphasizes that a material must be differ-
entiated in more detail. According to a CRU study commissioned by the International
Aluminum Institute, aluminum consumption in the transportation sector is projected to
increase from 19.9 million tons in 2020 to 31.7 million tons per year by 2030 [63], mainly
driven by decarbonization policies and the shift toward electric vehicles. Depending on
the choice of EFs, this would result in fundamentally different overall GHG balances:
16.5 million tons of COse at 0.52 kgCO,e/kg {II-N-1} versus 637.2 million tons of CO,e at
20.1 kgCOye/kg (II-L-4}.
Table 2. CO,e emission factors (EFs) for selected materials in the unit [kg CO,e per kg material] 1
Pos. Material EF1 EF2 EF3 EF4 Mean MIN-MAX
II-A Primary polypropylene (GLO) 2.3 1.7 1.9 2.88 2.20 1.69
II-B Polypropylene (secondary) (GLO) 0.97 - - - 0.97 1.00
Polypropylene
I-C (30% glass fibyelj‘ relir}{forced) (GLO) 17 2.92 i ) 2.31 1.72
Polypropylene
II-D (40% glass fibyerl)‘ re}i)r}:forced) (GLO) 0.98 2.9 i ) 1.94 2.96
II-E Polyamide 6 (perlon) (GLO) 3.66 9.13 - - 6.40 2.49
Polyamide 6
I-F (30% glass fibez‘ reinforced) (GLO) 7.22 ) i ) 7.22 1.00
-G Polyamide 6.6 (nylon) (GLO) 8.06 7.92 - - 7.99 1.02
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Table 2. Cont.

Pos.

Material EF1 EF2 EF3 EF4 Mean MIN-MAX

II-H

Polyamide 6.6
(30% glass fiber reinforced) (GLO)

6.45 6.97 - - 6.71 1.08

II-I Primary copper (EU) 3.3 4.87 - - 4.09 1.48

II-] Primary copper (RoW) 5.4 4.24 6.66 2.87 4.79 2.32

II-K Copper (secondary) (EU) 1.73 1.7 1.78 1.98 1.80 1.16

II-L Primary aluminum (RoW) 16.5 10.0 16.5 20.1 15.78 2.01

II-M Primary aluminum (EU) 6.5 11.9 7.69 13.5 9.90 2.08

II-N Aluminum (secondary) (EU) 0.52 1.04 - - 0.78 2.00

1 Shown are four values (where available) taken from different databases, registers or other publicly available
sources, their arithmetic mean and the MIN-MAX factor between the highest and lowest value (highest divided
by lowest value) for each materialHigh MIN-MAX factors indicate a large variation range. The numbering of the
material is used for easier referencing in the text. The magnitude of the CO,e EFs shown in the table can be better
understood by applying a color scale to all the values: The color gradient (red-yellow—green with gradations) was
applied to the complete range of filled cells (across rows and columns). Red means a high EF, yellow a medium
EF, green a low EF. The stronger the color, the more pronounced the attribute. Geographical abbreviations: EU
(Europe), RoW (rest of world), GLO (global).

4.2. Influencing Factors on the Variance in the COye Emission Factors of Materials

The variability documented in Tables 1 and 2 raises the question as to what causes
the different values and thus the large variation ranges of the EFs for materials within the
same superordinate material group (vertically) and even for one and the same specific
material (horizontally). The values depend on a set of empirically identifiable influencing
factors such as energy intensity of production technology, energy mix for production, share
of recyclate, degree of processing/finishing and national macroeconomic and regulatory
framework conditions. The primary influencing factors (IFs) identified that are responsible
for the variance in the EFs of a material were derived from the ‘Dataset Description’ sections
of the ecoinvent datasets of the 23 materials from Section 4.1 (see Supplementary Materials
Supporting Information S3) and are shown in Table 3.

Table 3. Main influencing factors (IFs) for the variance in the CO,e emission factors of a material,
which are assigned to meta clusters and specified with background characteristics and measures.

Influencing Factor (IF)

Background Characteristics,

Meta Cluster Keywords

Measure

(a) Energy intensity of
production technology

Type of production process
including the amount of energy
used, cumulative energy demand
of production (CEDP), for
secondary materials: collection
processes, sorting technology, etc.

Production technology CEDP

(b) Energy mix for
production

Type of energy used, energy mix

Production technology,  of the country, renewable energy

country of origin (wind, solar, green H2, etc.), fossil
energy (coal, gas, etc.)

% renewables

(c) Share of recyclate

Secondary route: Recycling and
use of secondary material;
primary route: mining, use of raw % recyclate
material to produce
virgin material

Production technology,
Quality /application
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Table 3. Cont.
Influencing Factor (IF) Meta Cluster Background Characteristics, Measure
Keywords

Degree of supply chain progress,
raw or refined material (raw

semi-finished product or milled, Specific energy

(d) .Degre.e .Of . Quality /application polished, surface hardeped end consumption (SEC) of
processing/finishing product, pure material or oSt-Drocessing steps
alloyed/coated /composite postp & step
material), specific energy
consumption (SEC)
National environmental
regulations & industry standards, Science, Technology
. financial and innovative strength and Innovation
(e) National .
. of the country (progressiveness Scoreboard
macroeconomic and . O
Country of origin and energy efficiency of (STI.Scoreboard),
regulatory framework ducti hnol Global C p
conditions production technology, obal Competitiveness

investments in new technologies Index (GCI), World

such as carbon capture and Bank Classification

storage (CCS), etc.)

The analysis of ecoinvent dataset descriptions across the 23 material variants reveals

that energy is the central cross-cutting determinant of EF variability: material production

requires energy inputs at every stage of the process chain, from primary resource extraction

through intermediate processing to final finishing. Accordingly, all five identified influ-

encing factors, which are examined in more detail below, can be understood as specific

manifestations of how energy demand, energy source composition, material substitution,

processing intensity, and structural regulatory context interact to determine the overall

emission intensity of a purchased good.

(@)

(b)

Energy intensity of the production technology: The production technology-related
energy intensity is an important IF—regardless of the energy efficiency of the plants
and the energy source used [64]. Even with 100% renewable energy, the emissions
from energy-related material production are not zero, as renewable energy sources
are not completely emission-free along the entire life cycle [65]. A strong link can be
identified between the type of production technology and overall energy intensity,
because the basic production routes available are set for specific materials. Materials
from production routes with high primary energy demand therefore tend to have
higher EFs. A suitable parameter for illustrating this IF is the cumulative energy
demand of production (CEDP). A comparison of the production routes of the three
commonly used metals primary steel {I-A} (Table 1), primary aluminum {II-L} and
primary copper (II-]} (Table 2) shows that aluminum, also called solidified electricity,
has by far the highest EF. This is due to the energy-intensive fused-salt electrolysis
to extract aluminum. The energy intensity of virgin aluminum production is about
10 times higher than that of steel [66,67].

Energy mix for production: Irrespective of the energy intensity of the basic production
technology, the energy mix for production also plays an important role. This depends
on the one hand on the production technology itself, and on the other hand on the
local conditions at the production site. The more renewables are used, the lower the
EF [64]. Some production routes, particularly in the energy-intensive basic industries
with a high demand for process heat (chemicals, glass, steel), are highly fossil-based
and are only in the process of switching to renewable alternatives. Other production
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(©

(d)

(e)

routes are already electricity-based and allow the use of green electricity (aluminum
fused-salt electrolysis; electric arc furnace steel route [68]). For example, there are
essentially three main manufacturing processes for producing the same quality of
steel today (Table 1): primary steel production via the fossil-based blast furnace
route (1.77 kgCOye/kg {I-B}), secondary steel production via the electricity-based
arc furnace route (0.38 kgCOye/kg {I-D}), primary steel production via the green
hydrogen direct reduction process (DRI) (0.16 kgCO,e/kg {I-C}). The pronounced
inter-route EF differential confirms that the combination of production technology
and energy source is among the most consequential determinants of material emission
intensity [68,69]. The local electricity and process heat mix of the country of production
plays a correspondingly decisive role in this relationship [63].

Share of recyclate: Besides the intensity and type of energy used, another factor is the
raw materials used in the production technology and, above all, the share of recyclate
used [64]. As can be seen from Table 2, the use of aluminum scrap for secondary
aluminum production {II-N} yields substantially lower EFs compared to primary
aluminum production {II-M}. This is attributable to primary aluminum production
is about 10 times more energy intensive than the secondary process [70-72]. The
same correlations can be seen for steel {I-B vs. I-D} (Table 1) and copper {II-I vs. II-K}
(Table 2), albeit on a smaller scale. The increased use of recycled material results in
significantly lower EF, as energy-intensive steps such as ore extraction and further
processing are avoided. This applies not only to the shown metals, but also to some
polymers [73].

Degree of processing/finishing: Furthermore, the desired quality based on the in-
tended application also has an influence. The degree of processing/finishing indicates
how intensively a blank has been further processed after its basic production by
external ablative, chemical, thermal, electrical or other physical processing steps. The
further a material progresses in the process and value chain, the higher its quality on
the one hand, but the more processing steps it is subject to on the other. All of these
processes consume energy and therefore emit GHG [74-76]. As a suitable parameter
to measure this, we propose the Specific Energy Consumption (SEC), which indicates
how much energy is required to remove 1 cm?® of material (kWh/m?) for ablative
processes (turning, milling, drilling) [77] or how much energy is required to harden
1 kg of material (kWh/kg) for heat treatment processes (hardening, etc.) [78]. In addi-
tion to the energy input, the application of coatings or bonding with other materials
(see fiber-reinforced plastics in Table 2), for example, changes the EF in finishing pro-
cesses too. Table 1 shows that, for example, both hot-dip (2.43 kgCO,e/kg {I-G}) and
electrolytically galvanized sheet (2.51 kgCO,e/kg {I-F}) have higher EFs on average
than “raw” primary blast furnace steel regardless of its origin (1.77-2.34 kgCOe/kg
{I-A&B}). This is due to the fact that in both cases a thin layer of zinc is applied over
the steel as corrosion protection. The environmental burdens (e.g., COye footprint) of
zinc are distinctively high [79].

National macroeconomic and regulatory framework conditions: Finally, in addition
to energy, production and material-related direct factors, other structural or indi-
rect factors must also be taken into account, such as the progressiveness and energy
efficiency of the machinery [80], national environmental regulations and industry
standards [81-83] and the financial and innovative strength of the country [84]. All
factors can be summarized under the term national macroeconomic and regulatory
framework conditions. These framework conditions are driving companies, for ex-
ample, to produce more energy-efficiently or to capture emissions retrospectively
(carbon capture and storage (CCS)) in order to comply with existing environmental
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regulations. And this regulatory framework varies from country to country, but is
particularly pronounced in the European Union [85]. For the primary materials blast
furnace steel {I-A&B}, copper {II-1&]} and aluminum {II-L&M]}, it becomes evident that
EU variants have lower EFs than those from non-EU countries. This pattern indicates
that for these material categories, production in highly regulated, technologically
advanced economies may be associated with lower emission intensities. To opera-
tionalize this IF within the proposed framework, classifications such as the Science,
Technology and Innovation Scoreboard (STI.Scoreboard) [86], the Global Compet-
itiveness Index (GCI) [87] and the World Bank Classification by Income [88] may
be used as supplementary contextual proxies. These classifications capture broader
aspects such as income level, innovation capacity, research and development inten-
sity, and business environment. However, they should not be interpreted as direct
predictors of plant-level emission intensity. Their function within the framework
is limited to contextual plausibility assessment, particularly where candidate EFs
differ in geographical scope and where more specific production-related information
is unavailable. Where available, more directly production-related indicators, such
as country-specific electricity grid emission factors, sector-specific energy intensi-
ties, sector-specific emission intensities, or country- and sector-specific LCI datasets,
should be preferred over broad macroeconomic indicators.

4.3. Method for the Evaluation and Selection of Scope 3.1 COe Emission Factors

Building on the five influencing factors characterized in Section 4.2, the present study
introduces a qualitative methodological framework for the systematic evaluation, selec-
tion, and plausibility assessment of weight-based secondary EFs for Scope 3 Category 1
purchased goods.

The framework is designed to address the practical challenge that arises when a
database query for a specific material (e.g., “steel”) returns a heterogeneous set of candidate
EF datasets whose contextual representativeness with respect to the case-specific material
parameter profile is non-transparent to the practitioner.

Before applying the framework, a minimum set of material-related information is
required. Essential inputs include the material category, purchased mass, and, where
available, production route, recycled content, and geographical origin. Supplementary
inputs include energy mix, processing or finishing stage, supplier-specific metadata, dataset
vintage, and system boundary information. If individual parameters are unavailable, the
missing information should be documented explicitly and the selected EF should be treated
with lower confidence. In such cases, practitioners may apply average secondary EFs,
use conservative assumptions, or prioritize the missing parameter for future supplier
data collection.

Figure 3 provides a schematic overview. The approach is explained using a hypotheti-
cal application example, in which a steel component is reported.

e Step 1: The first step (Figure 3) involves the systematic collection of information
pertaining to the actual material to be assessed (real materials’ parameter set). The
purchasing department provided information on the geographic origin and degree of
processing of the material via supplier documentation. While the supplier was unable
to provide any direct information on the EF, supplementary information on the produc-
tion environment was obtained (energy, recyclate). In addition to that, independent
information on the material is collected for cross-checking. Table 4 (second column)
shows the information that was collected about the case study material to be balanced
(represented by an arrow ).
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Step 2: In the second step, a targeted database query is conducted for the material to
under assessment, yielding a set of n candidate emission factors (EF1, EF2, ..., EFn).
In the present case, the search returned three candidate values: EF1 = 0.45 kgCO,e/kg
corresponding to electric arc furnace (EAF) steel of EU origin; EF2 = 1.7 kgCO,e/kg,
corresponding to primary blast furnace steel of EU origin; and EF3 = 2.4 kgCO,e/kg
corresponding to primary blast furnace steel from the rest of the world. This retrieval
step surfaces the central methodological challenge that the framework is designed to
resolve of determining which of the candidate EFs most accurately reflects the actual
production conditions of the material under assessment.

Step 3: In the third step, the parameter sets underlying each candidate EF are extracted
from the ‘Dataset Description” sections of the respective database entries. These param-
eter sets document the technological, geographic, and process-specific assumptions
implicit in each EF value and constitute the basis for the comparative evaluation
conducted in Step 4. The extracted parameter information for EF1, EF2 and EF3 is
documented in Table 4.

Step 4: The fourth step involves the structured comparison of the case-specific material
parameter profile (Step 1) with the parameter sets of the candidate EFs (Step 3),
conducted across the five qualitative scales of the framework. Each candidate EF
is first classified along all five IF dimensions according to its underlying parameter
set. Second, the actual material to be balanced (arrow |) is also classified into the
five qualitative scales according to the information collected from step 1. Finally, the
parameter set of the actual material to be balanced is compared with the parameter
sets of the researched EFs. This division of the parameter set into five different scales
(representing the IFs) enables the independent analysis of the EFs in five different
dimensions. Qualitative indications (e.g., ‘raw material’/‘highly finished’) at the MIN-
MAX ends of the scales provide qualitative guidelines for the assessment and thus
facilitate the classification of the researched EFs. We have deliberately refrained from
providing quantitative conversion factors here, as these would vary greatly depending
on the material. For example, for secondary steel based on the electric steel route, the
energy mix of production (green electricity) and the share of recycled material play a
major role, whereas these two IFs do not play a significant role in primary steel (due
to using as small an amount of recycled material as possible, and the use of fossil
fuels leaving little margin for mixing with green electricity). In the case of primary
steel, however, the scale ‘energy intensity of the production technology” has more
weight [89].

Step 5: The final step is the selection of the most contextually suitable EF (EF|). The
candidate EF is selected whose documented parameter set shows the closest overall
alignment with the actual material profile. In simple cases, this alignment can be
assessed visually across the five qualitative dimensions. Where several EF values
are available for the same material variant, their arithmetic mean and MIN-MAX
range can be used as descriptive reference points. If a single EF value is required
for the comparison, an existing EF close to the mean and consistent with the dataset
description may be selected as a pragmatic representative value. In the illustrative case
of secondary electric arc furnace steel, EF1 = 0.45 kgCO,e/kg is used because it is close
to the mean of the available values and aligns the most with the actual material profile.
For more complex cases, the lowest and highest available EF values can define the
MIN-MAX boundaries of the corresponding scale, while intermediate values may be
positioned using quartiles, quintiles, deciles, or percentiles. The EF with the smallest
overall deviation across the five influencing factors is then selected.
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Table 4. Parameter sets used for the illustrative EF selection of the case study material (steel compo-
nent) to be balanced ({) collected from the purchasing department (supplier sheet) and the supplier
(relevant for the actual emission factor EF]). The material to be balanced (] ) represents the actual
material parameter profile. The parameter sets of the researched industry-average emission factors
(EF1, EF2, EF3), found in the “Dataset Description” sections of databases, represent the candidate EF

profiles.
. Data for the Actual Data for Researched Data for Researched Data for Researched
Influencing Factor (IF) Material (EF) EF1 EF2 EF3
Emission Factor EF| =? EF1 =045 EF2=1.7 EF3 =24
Produced using the arc ~ Produced using the arc Produced using the Produced using the

(a) Energy intensity of
production technology

furnace steel route, low
amount of primary

furnace steel route, low
amount of primary

primary blast furnace
steel route, high

primary blast furnace
steel route, high

(Scale 1) (electrical) energy used  (electrical) energy used amount of primary amount of primary
(CEDP) (CEDP) energy used (CEDP) energy used (CEDP)
. Produced in an Produced in an .
(b) Energy mix for Produced in an EU industrialized country industrialized Produced in an
Pde%l};ﬁOH member state with a with a very high European country emerging country
(Scale 2) high proportion (607%) proportion of green using fossil energy using fossil energy

of green electricity

electricity (75%)

sources (coke)

sources (coke)

(c) Share of recyclate

Produced using the arc
furnace steel route,

Produced using the arc
furnace steel route,

Produced using the
primary blast furnace

Produced using the
primary blast furnace

(Scale 3) high proportion of very high proportion of steel route, no use of steel route, no use of
recyclate (90% steel recyclate (95% steel recyclate, only iron ore  recyclate, only iron ore
scrap) scrap) for virgin material for virgin material
Post-processed and Post-processed and _ g ;
rocessing inshing  Tefined (milled, drilled  refined (milled, driled S PIRCER AT, - LR FECECE
p & & and hardened) steel and hardened) steel pa y i '8
(Scale 4) part (high SEC) part (high SEC) polished, medium SEC) material, low SEC)
European origin:
. comprehensive Produced in an . :
macroconomic and environmental industrialized counry  SEELEAY o JEOCL R
regulatory framework regulations & m.dustry with similar European country with  low environmental &
conditions standards, high environmental & high innovative industry standards and
financial and industry standards as & IStry star
(Scale 5) strength low innovative strength

innovative strength of
the country

in the EU

4.4. Illustrative Application and Scenario Comparison

To further illustrate the implications of emission factor selection, a scenario comparison
was conducted based on the illustrative steel case introduced in Section 4.3. The purpose of
this comparison is not to validate the framework against supplier-specific primary emission
data, but to demonstrate how strongly reported Scope 3.1 emissions can vary when different
plausible secondary emission factors are applied to the same activity data.

The supplier did not provide a supplier-specific primary emission factor. How-
ever, supplier-provided material information was available, including the production
route, geographical origin, recycled content, energy context, and degree of processing,
as summarized in Table 4. Based on the comparison across the five influencing factors,
EF1 = 0.45 kgCO»e/kg was selected as the most contextually suitable secondary emission
factor. EF2 = 1.7 kgCO,e/kg and EF3 = 2.4 kgCO,e/kg represent alternative secondary
emission factors that would be plausible under less specific or mismatched assumptions,
such as primary blast furnace production or a different geographical production context.

Assuming a constant material input of 1000 kg, the resulting emissions amount to
450 kgCOse for EF1, 1700 kgCO»e for EF2, and 2400 kgCO»e for EF3 (see Table 5).

Relative to the framework-selected EF1, the alternative choices would increase the
reported emissions by approximately 278% and 433%, respectively. These deviations should
not be interpreted as evidence that the framework improves accuracy. Rather, they illustrate
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the magnitude of potential differences that can arise when different secondary emission
factors are selected while activity data remain constant.

Table 5. Scenario comparison of resulting emissions using three candidate secondary emission factors
for the illustrative steel case introduced in Section 4.3, assuming a constant material input of 1000 kg.

Emission Factor = Resulting Emissions  Deviation from EF1  Deviation from

EF  Description (kgCO,e/kg) (kgCO2e) (Absolute, kgCOze)  EF1 (%)
Electric arc furnace

EF1 (EAF) steel of EU 0.45 450 - -
origin

prp rimary blast furnace ) ;g 1760 1310 291
steel of EU origin
Primary blast furnace

EF3 steel from therestof 24 2400 1950 433

the world

This finding is consistent with the broader emission factor variability documented
in Tables 1 and 2. Table 1 shows that emission factors for different steel products vary
substantially, both across steel variants and, in some cases, within the same material
variant. Table 2 extends this observation to additional material groups such as aluminum,
copper, polypropylene, and polyamide. Together, these tables demonstrate that emission
factor selection is not a marginal technical detail but can materially influence reported
Scope 3.1 results.

The proposed framework does not eliminate this uncertainty and does not substi-
tute supplier-specific primary data. However, it provides a structured and transparent
procedure for using available material and supplier metadata to narrow the selection to
a contextually more suitable secondary emission factor. In data-constrained Scope 3.1
accounting, this can improve the documentation, plausibility, and reproducibility of sec-
ondary emission factor selection compared with arbitrary or insufficiently justified choices.

5. Discussion

The following discussion interprets the findings with regard to their methodological
relevance for Scope 3.1 accounting and their broader implications for LCA-based car-
bon footprinting and sustainability management. First, the identified influencing factors
are related to the existing literature and established data quality concepts, with particu-
lar attention to how they specify technological and geographical representativeness for
material-related secondary emission factors. Second, the practical relevance of the proposed
framework is discussed in the context of early-stage Scope 3.1 reporting, where supplier-
specific primary data are often unavailable and organizations must rely on secondary
data. Finally, the limitations of the framework are addressed, including the restricted mate-
rial coverage, the qualitative nature of the evaluation logic, potential interdependencies
among influencing factors, and the need for future validation against supplier-specific
primary data.

5.1. Methodological and Practical Implications

The influencing factors identified in Section 4.2 are consistent with findings reported
in related publications. Bawden et al. analyzed the environmental impacts of steel pro-
duction as a function of country of origin, steel type, and recycled content [90], and the
ESTEM project identified analogous determinants such as the production route, energy use,
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recyclate share, processing stage, material purity, and production region across a broad
range of material categories [91].

The results complement the data quality indicators specified in the GHG Protocol
Scope 3 Standard and its technical guidance [40], These indicators are formulated at the
level of the overall Scope 3 inventory (see Figure 2), and include technological, geographical,
and temporal representativeness, completeness, and reliability. The proposed framework
further specifies these general indicators for material-related Scope 3.1 accounting by
translating them into more concrete material- and process-related influencing factors.
In particular, the indicator of technological representativeness has been disaggregated
into three constituents IFs: energy intensity of the production technology (IF-a), share
of secondary material (IF-c) and partially energy mix at point of production (IF-b). The
geographical representativeness indicator is now represented by national macroeconomic
and regulatory framework conditions (IF-e) and, proportionally, by the energy mix factor
(IF-b). A new indicator, the degree of processing and finishing (IF-d), has been introduced to
capture material quality and downstream processing effects not addressed by the existing
indicator set. The indicators of temporal representativeness, completeness and reliability
are not material-specific in nature and remain primarily contingent on the characteristics
of the databases employed. These are therefore retained alongside the proposed material-
specific Ifs rather than subsumed within them.

The iterative nature of data quality improvement in Scope 3 reporting is well estab-
lished [40,49]. Organizations often rely on lower-quality secondary data in initial reporting
cycles before progressively substituting these with higher-quality, supplier-specific primary
data over time. This iterative logic is particularly consequential in the German context,
where no publicly accessible, quality-assured, and officially validated national EF database
currently exists, a structural gap that would, if addressed, substantially reduce data quality
uncertainty for reporting organizations. The findings of the present study, the documen-
tation of EF variability in Section 4.1, the characterization of IFs in Section 4.2, and the
selection framework in Section 4.3, are directly applicable in this early-stage reporting
context, providing a structured basis for defensible EF selection prior to the availability of
supplier-specific primary data.

Beyond its immediate relevance for Scope 3 accounting, the presented study carries
broader methodological implications for LCA practice. Since weight-based Scope 3.1 EFs
are largely derived from aggregated cradle-to-gate LCA datasets, improvements in their
differentiation and quality assessment can contribute to more transparent LCI modeling
for the climate change impact category. The observed sensitivity of EFs to technologi-
cal, geographical, and material-quality parameters confirms that climate change results
in LCA are highly dependent on background dataset assumptions. Excessive aggrega-
tion of heterogeneous material variants into broad categories does not merely reduce
accounting precision but can introduce systematic bias into life cycle impact assessment
(LCIA) results, with implications for both product-level LCA studies and corporate carbon
footprint methodologies.

The structured breakdown of technological and geographical representativeness into
concrete IFs therefore contributes to greater transparency in LCA modeling and supports
more context-appropriate selection of background datasets. In this sense, Scope 3.1 ac-
counting may be understood as a climate-focused operationalization of LCA principles
that, when applied with methodological rigor, strengthens the conceptual and empirical
link between GHG inventories and product-based LCA studies. The iterative improvement
logic proposed in this paper—initiating with generic secondary data and progressively
enhancing dataset specificity and representativeness—mirrors the continuous improvement
approach embedded in LCA practice.
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The broader sustainability implications of improved emission factor selection are
substantial. More granular and representative material-related EFs enable organizations
to identify carbon hotspots with greater reliability, prioritize supplier engagement more
strategically, and evaluate material substitution and circular material strategies on a more
empirically grounded basis. Transparent consideration of recyclate content, production
technology, processing stage, and geographic origin strengthens incentives for low-carbon
sourcing and supply-chain decarbonization. By operationalizing data quality indicators,
the framework encourages a progressive transition from generic secondary data toward
supplier-specific primary data, thereby fostering greater transparency and collaborative
accountability across value chain tiers.

In the context of increasing sustainability reporting, methodological rigor in EF selec-
tion reduces the risk of superficial compliance without substantive emission abatement.
More differentiated EFs enable credible hotspot identification and targeted mitigation
measures and, over time, support the embedding of life cycle thinking into procurement
decisions, product development, and strategic investment planning. In this way, the in-
tegration of structured EF evaluation into corporate practice contributes to the evolution
of sustainability management from compliance-driven reporting toward data-informed
environmental decision-making and continuous performance improvement.

5.2. Limitations and Future Research

A number of limitations of the proposed framework warrant acknowledgement. The
empirical material coverage of this study is limited to selected metals and polymers. This
selection was not intended to represent the full diversity of Scope 3.1 purchased goods.
Rather, it was case-driven and metals and polymers were selected because they represented
dominant material groups in the available bill of materials and supplier-related documen-
tation in a research project, and because their emission factors are strongly influenced by
production route, recycled content, energy mix, processing stage, and geographical context.

However, Scope 3.1 purchases extend beyond these categories and may include cement,
glass, paper, wood, textiles, chemicals, electronic components, and other product groups.
The five influencing factors proposed in this study should therefore be understood as
conceptually transferable evaluation dimensions, not as empirically validated predictors
for all possible Scope 3.1 purchase categories. Future research should test the framework on
additional material classes and assess whether further material-specific influencing factors
or different prioritization rules are required.

The framework is also not intended for all types of Scope 3.1 estimation. It is specifi-
cally designed for weight-based secondary emission factor selection for material-related
purchased goods. It is not intended for spend-based estimation, where emissions are
derived from monetary expenditure and economic input—output factors. Its applicability
is also limited for bio-based materials, composite materials, and multi-tiered assemblies,
where mass-based emission factors may not adequately represent the relevant production
processes, material interactions, functional properties, or upstream supply-chain complex-
ity. Such cases may require additional criteria, different allocation logic, or more detailed
product-level assessment. Furthermore, the framework is not a substitute for supplier-
reported primary data. Where supplier-specific product carbon footprints or verified pri-
mary emission factors are available, these should generally be prioritized over secondary
data, provided that their system boundaries, allocation rules, and data quality are suffi-
ciently transparent. The proposed framework is intended as an interim decision-support
tool for situations in which primary data are unavailable or incomplete and practitioners
must rely on secondary emission factors.
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Another limitation concerns the equal treatment of the five influencing factors in the
operational application of the framework. In its current form, the framework uses an
unweighted comparison across the five dimensions as a pragmatic default assumption to
maintain applicability under constrained data availability. This equal treatment should
not be interpreted as evidence that all influencing factors are equally causal, statistically
independent, or equally relevant across all materials. Rather, it reflects a transparent
simplification for cases in which no material-specific weighting information is available.
In such cases, practitioners should document the rationale for the selected emission factor
and, where possible, justify whether certain dimensions, such as production route, recycled
content, or energy mix, should be prioritized for the material under consideration. Future
research should therefore develop and test material-specific weighting or prioritization
rules and assess whether these improve the consistency and reproducibility of emission
factor selection.

Potential interdependencies among the five influencing factors must also be acknowl-
edged. The national macroeconomic and regulatory framework conditions factor (IF-e) may
partially overlap with the energy mix factor (IF-b), insofar as industrialized economies with
stringent environmental regulation tend to exhibit lower-carbon national energy mixes.
Similarly, the use of secondary material (IF-c) is frequently associated with reduced energy
intensity of the production technology (IF-a), since energy-intensive primary extraction
steps are eliminated in recycling-based production routes. Future operationalizations
of the framework should explicitly test for and control such interdependencies to avoid
double-counting of influencing factor contributions to emission factor variability.

The number of emission factor observations per material variant is limited. The MIN-
MAX ratio is therefore used as a descriptive indicator of the observed range rather than as a
substitute for statistical dispersion measures such as standard deviation, coefficient of vari-
ation, or interquartile range. More robust statistical analysis would require a larger number
of comparable emission factor observations per material variant and more harmonized
dataset boundaries. Future research should expand the material coverage, increase the
number of emission factor observations, and test whether more robust statistical descriptors
can be applied.

Furthermore, the framework has not yet been validated against supplier-specific
primary emission data or tested for inter-rater reliability. The illustrative application
demonstrates how supplier-provided material information can be used to select a contextu-
ally suitable secondary emission factor, but it does not prove that the selected factor is closer
to the true supplier-specific emission factor than alternative choices. Future research should
apply the framework to real material cases for which verified primary data are available as
benchmarks. In addition, inter-rater reliability tests with independent analysts would be
valuable to assess whether the framework can be applied consistently across users.

The framework currently relies on manual extraction of parameter information from
database dataset descriptions. To enhance usability and scalability, automated extraction of
relevant parameters such as production origin, energy source, finishing stage, and produc-
tion technology from the “Dataset Description” fields of LCI databases would be desirable.
Natural language processing (NLP) techniques and large language models (LLMs) offer
promising avenues for implementing such automation [92,93], enabling structured tabular
outputs from unstructured dataset documentation and thereby substantially reducing the
manual effort associated with framework application.

6. Conclusions

Achieving meaningful decarbonization in the manufacturing sector requires, as a
prerequisite, reliable quantification of greenhouse gas emissions across the upstream value
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chain. Only if reporting companies can accurately determine the magnitude and origin of
their Scope 3.1 emissions can they establish credible baselines, define science-based reduc-
tion targets, benchmark suppliers, and evaluate the effectiveness of mitigation measures.
Weight-based material EFs provide a practical entry point for this quantification, but their
defensible application requires careful attention to underlying data quality and dataset-
specific assumptions. The present study contributes to closing this methodological gap
through three interrelated analytical outputs: an empirical documentation of EF variability,
a systematic characterization of its determinants, and a structured selection framework.

Regardless of whether paid databases such as ecoinvent or open access databases
are used, the search for emission factors (EFs) for materials such as steel, polypropylene,
polyamide, copper and aluminum leads to a broad collection of material-specific EFs, as
shown in Tables 1 and 2. However, EFs assigned to superordinate material groups, such
as “steel”, are subject to considerable variation. For an accurate GHG balance, materials
should therefore not be clustered too broadly into generic material groups, as this would
result in one EF being applied to a wide range of materially and technologically distinct
subordinate variants, such as blast furnace steel, electrical steel or H,-DRI steel.

Even within a specific material variant, for example blast furnace steel, substantial
ranges of variation can occur. This indicates that materials need to be differentiated in
greater detail to improve the accuracy of the overall assessment. The sometimes consider-
able variation between individual material-specific EFs for the same material variant can
be attributed to several influencing factors (IFs). In this work, these factors were grouped
into five categories, namely, the energy intensity of the production technology, the energy
mix used in production, the share of recyclate, the degree of processing or finishing, and
national macroeconomic and regulatory framework conditions, as shown in Table 3. Based
on these results, the limited set of data quality indicators mentioned in the Scope 3 Standard
could be substantially deepened and further specified, as illustrated in Figure 2.

To improve the classification of EFs, a qualitative methodological framework was
developed, as shown in Figure 3, and demonstrated through an application example. This
framework can be used to evaluate, select and plausibility-check weight-based secondary
COye emission factors across five dimensions, each representing one of the identified
influencing factors. By systematically identifying the factors that influence the magnitude
of EFs, companies subject to reporting requirements can classify emission factors more easily
within their broader methodological and practical context. This increased transparency
supports the selection of EFs that are more appropriate for the specific real-world use case
and can therefore contribute to more realistic carbon accounting overall.

For the materials analyzed in this work, it becomes clear that material production re-
quires energy along the entire process chain. Energy demand and energy-related emissions
are therefore the dominant cross-cutting drivers behind most differences in emission factors.
Accordingly, a material tends to be more environmentally favorable when certain indicators
improve: when the primary energy demand for beneficiation and processing is low, for
example due to less energy-intensive extraction or refining routes; when the energy supply
used in production has a low emission intensity, such as a low-carbon electricity or heat mix;
when the share of secondary material or recycled content is high; when the reworking or
finishing of the base material is less energy-intensive; when efficient production systems are
enabled by advanced technologies, best available techniques, efficient equipment, process
optimization or stringent environmental regulations.

For the material groups analyzed in this study, particularly metals with established
recycling routes, increasing the share of recycled content can offer substantial reduction po-
tential, as it may bypass energy- and emission-intensive steps of virgin material production.
However, the relative importance of recycled content is material-specific and should not be
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generalized across all possible Scope 3.1 purchase categories. Overall, the five influencing
factors can be assigned to three broader meta-clusters on which they depend: production
technology, country of origin, and quality or application.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su18147074/s1, Supporting Information S1: This supporting
information is provided as an addition to Table 1: CO,e emission factors for selected steel products in
the unit [kg CO,e per kg material] and their sources (URL). Supporting Information S2: This support-
ing information is provided as an addition to Table 2: COye emission factors for selected materials
in the unit [kg CO,e per kg material] and their sources (URL). Supporting Information S3: This
supporting information is provided as an addition to Section 4.2: Ecoinvent transforming activities
in the ISIC sections “B—Mining and quarrying” and “C—Manufacturing” that were analyzed to
identify the factors influencing the magnitude of the CO,e emission factors.
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Al Artificial intelligence

BEIS Department for Business, Energy, and Industrial Strategy
CCS Carbon capture and storage

CEDP Cumulative energy demand of production
CSR Corporate Social Responsibility

DB Database

EEIO Environmentally Extended Input-Output models
EF Emission factors

EPA Environmental Protection Agency

EXIOBASE Extended Input-Output Database

GHG Greenhouse Gas

GNI Gross National Income

ICIO Inter-Country Input-Output

ISIC International Standard Industrial Classification
LCA Life cycle assessment

LCI Life cycle inventory

LCIA Life cycle impact assessment

IPCC Intergovernmental Panel on Climate Change
LLM Large language model
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SD Secondary data

SEC Specific energy consumption

SME Small- and medium-sized enterprises
VAT Value Added Tax
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