'/ N
~

TOGETHER FOR
SUSTAINABILITY

Methodological
Framework for
Environmental Impact
Assessment

Version 2.9- October 2026




CHEM-X

Together for Sustainability
Chem-X consortium

The Environmental Sustainability
Guideline for the Chemical Industry

Methodological Framework for Environmental Impact
Assessment

Version 2.9 - October 2026 M

O/ 0

For more information,

[=] please visit www.chem-x.de
Supported by:
** * **
iNi Federal Mini
Funded by the Federal Ministry of * * R | ffrdélinm'n”i'?%airs
. . * * and Energy
Economic Affairs and Energy * ok X
BMWE Funded by . on the basis of a decision
the European Union by the German Bundestag
NextGenerationEU




The Environmental Sustainability Guideline for the Chemical Industry

Part|C|pat|ng partners
Chem-X participating partners:
BASF SE Siemens AG
coac GmbH Spherity GmbH
Cofinity-X GmbH Wacker Chemie AG
Covestro Deutschland AG Catena-Xe.V.
DAW SE Together for Sustainability (TfS) AiBSL
Henkel AG & Co. KGaA Evonik Industries AG
Merck KGaA Sika Services AG
SAP SE
R Cofinity-X 7 \ @ PR e
We create chemistry covestro VRG]
.~ 7 MERRUK
WACKER —
) SPHERITY !
@ EdYgBEnDe!ﬁstKry I S I E M E N S BUILDING TRUST
1 TOGETHER
Catena-X w ' ¥ sustainapiLmy
Your Automotive Network
Together for Sustainability AISBL member companies (Status September 2026):
ApvANSiX  AkzoNobel alliex C ALTANA ARF'.'!RF'M\; % ARKEMA arxada ':".5'28“5 0-BASF
':;gn B BRENNTAG CABB & CALDIC " Celanese & chemours CLARIANT® @ CRODA
R g
<G> dsmefirmenich e EASTMAN  eterni & EvoniK G hidan HA ":‘b el

©HEMPEL AlcL  §FF

LaNEss  Lenzing

SaMmcD  INDORAMA

N
Lonza va LyondellBasell MERCK

gaanua  JMiomer  KRATON

:@( MOMENTIVE'  Nouryon HhOVONESIS

nnnnnnnnn

Syl A SOLVAY (JSURVENTIS | :SYENSQO
) omv 3 SEMPERIT © Sannlcs: i o s

l
H |
|

symrise @  syngenta  smthomer

atRicon @Yo B wacker) g e
UPM

CHEM-X



The Environmental Sustainability Guideline for the Chemical Industry

Note to the table of contents:

This document covers now all module releases (“Module 1”7, “Module 2”, and “Module 3”) of
“The Sustainability Guideline for the Chemical Industry” as part of project Chem-X. releases.

Note on the consultation process:

The current consultation relates only to the content of Chapters 6, 14, 15, 16, 17 and Appendix
21.3,21.10, 21.11, 21.12. Only comments on these chapters shall be reviewed this time. The
other chapters (Module 1 and Module 2) have already been subject to consultation. Chapters
that are not for review are marked in the text with a watermark and in the Table of Contents
with an “not for review” mark.
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1. Introduction

The chemical industry is undergoing a pivotal shift in how it approaches sustainability. As Digital
Material Passports (DMPs) and Digital Product Passports (DPPs) gain momentum as tools for
improving transparency, traceability, and regulatory alignment, there’s a growing recognition that
focusing solely on carbon emissions is no longer sufficient. While carbon remains a critical
metric, it represents just one dimension of a product’s environmental footprint. To provide a
more complete picture, DMP/DPPs must begin to incorporate a broader set of impact categories
— such as water consumption, land use change, ecotoxicity, human health risks, resource
depletion, and ozone layer degradation. These impacts span the entire life cycle of chemical
products, from raw material extraction through production, use, and disposal.

Expanding the environmental scope of DMP/DPPs is not just a technical upgrade —it is a strategic
necessity. Customers, regulators, and investors are increasingly seeking comprehensive data to
guide procurement, evaluate sustainability claims, and manage risk. Without consistent
reporting on these additional impact areas, DMP/DPPs risk falling short of their potential to drive
meaningful change and innovation.

However, this expansion brings its own challenges. Today, companies differ widely in how they
assess and report non-carbon impact categories, leading to fragmented data and limited
comparability. To overcome this, the industry must work toward harmonized approaches -
standardizing life cycle inventory datasets, impact assessment methods (such as ReCiPe, EF
3.1, CML or TRACI), and reporting formats. This alignment will not only improve data quality and
interoperability but also enable benchmarking and foster collaboration across the sector.

A promising example of such alignment is the recently developed TfS (Together for Sustainability)
PCF Guideline v3.0 (Together for Sustainability AISBL, 2025), providing clear instructions for
calculating and sharing Product Carbon Footprints (PCFs), with the goal of improving
transparency across supply chains and enabling consistent reporting within the chemical sector.
It outlines the methodology for PCF calculation and offers recommendations for sharing data,
including key attributes. As the first and most highly regarded chemical industry-specific
framework for PCFs, it empowers companies to generate high-quality, standardized data that
aligns with ISO 14067 (ISO 14067, 2018) and the Greenhouse Gas (GHG) Protocol (GHG Protocol
Product Standard, 2011) - setting a strong precedent for how other environmental impact
categories can be addressed with similar consistency.

By building on this foundation and applying the same level of discipline to a wider range of
environmental metrics, the chemical industry can unlock the full potential of digital product
passports — not just as tools for compliance, but as drivers of innovation, accountability, and
long-term sustainability.
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2. About the Guidelines document

2.1. Background and context

Across the chemical industry and beyond there is an urgent need to measure, report, address
and possibly improve environmental impacts considered within life cycle assessments (LCA).
The environmental impacts of products usually do not arise within the scope of activities of a
single manufacturer, but rather across several steps in the value chain. Therefore, a transparent
and accurate exchange of product-level sustainability impact data along the supply chain is a
key element to both inform consumer product choices and drive mitigation strategies toward
climate resilience and responsible resource stewardship.

The TfS PCF Guideline (with its version 3.0 published in Dec 2024) has been broadly and globally
recognized as valuable guidance for chemical manufacturers willing to assess the GHG
emissions at product level (TfS, 2024). The guideline draws on the wealth of expertise and
knowledge within the TfS member network to develop methodological guidelines for the
chemical industry, while remaining fully compliant with existing generic standards including ISO
Standards and the GHG Protocol. This guideline —the TfS Sustainability Metrics Guideline for the
chemical industry — expands the scope of the TfS PCF Guideline v3.0 by covering additional
environmental impacts that are addressed in Life cycle Impact assessments. This approach will
benefit chemical manufacturers, their suppliers, and industry initiatives seeking to assess
impact categories beyond global warming potential, serving as a practical drop-in methodology
for the chemical sector. The Guideline has been developed within the publicly funded project
Chem-X.

By applying this new Guideline, TfS members, companies in the chemical industry, and their
value chain partners can holistically approach the integration of Life Cycle Impact Assessment
(LCIA) of chemical products within their corporate data inventories.

This comprehensive guideline instructs companies on how to calculate and share the LCIA
results of their own chemical products. It also provides guidance on using supplier-specific data,
supporting transparency, and improving the environmental impact of the entire value chain.

About this version

Based on the TfS PCF Guidelines Version 3 published in 2024, including the related data model,
this version adds new information on LCIA methodologies and the LCIA assessment for several
defined impacts. Although this Guideline is separated from the TfS PCF Guideline v3.0, it does
incorporate it as an integral chapter (see Chapter 3 for further details and guidance).

This document provides guidance on how to use and determine several LCA impact categories
(Module 1). These impact categories include PCF (Chapter 4 referencing the TfS PCF Guideline
v3.0, Resource Use, fossil (Chapter 5), Water Scarcity (Chapter 6), Acidification Potential
(Chapter 7), Ozone Depletion Potential (Chapter 8) and Photochemical Ozone Creation Potential
(Chapter9). The choice to address this specific set ofimpact categories in this first version of this
Guideline document was based on a prioritization done by the working group. Following versions
of this Guideline will contain additional impact categories.
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2.2. Description of the challenges

Developing sustainability guidelines involves navigating a complex and multifaceted landscape.
Each sector —whether manufacturing, energy, or others— has unique considerations that must
be addressed. This is especially critical for the chemical industry, which supplies products
across numerous sectors. Because sustainability standards directly impact planetary health,
community well-being, and long-term resilience, the responsibility and stakes are exceptionally
high. This section revisits the core challenges through the lens of sustainability.

Sustainability brings together a diverse range of stakeholders—including industry leaders,
environmental organizations, policymakers, community representatives, scientists, and the
general public. Each group often holds distinct, and at times conflicting, priorities. For example:

e Businesses may focus on economic feasibility and operational efficiency;

e Environmental advocates might push for ambitious targets to protect natural resources
and biodiversity;

e Policymakers balance legal, economic, and environmental outcomes for society;

e Communities may prioritize local impacts, such as jobs and health.

Reconciling these perspectives is complex, especially when interests appear at odds or when
sustainability goals require trade-offs between short-term costs and long-term benefits.

Describing sustainability in precise terms is challenging. Concepts like "carbon-neutral,"
"circular economy," or "social responsibility" are nuanced and multi-faceted. Therefore,
guidelines and standards must:

o Clearly define sustainability metrics (e.g., acceptable emission levels, resource
efficiency, labor standards).

e Beunderstandable by stakeholders from different technical and cultural backgrounds.

e Address data collection and verification, ensuring claims are transparent and auditable.

Ambiguous language or technical loopholes can lead to misinterpretation or superficial
compliance, ultimately undermining the purpose of the guideline or standard.

For a sustainability guideline or standard to be realistically implementable, it shall:

e Consider the economic impact on organizations, including small- and medium-sized
enterprises.

e Ensure that monitoring and compliance do not demand unrealistic resources for many
stakeholders.

e Deliver clear guidance, comprehensive training, and ongoing support to drive meaningful
improvements rather than mere compliance.

If a guideline or standard sets overly ambitious targets, it may discourage participation or result
in superficial compliance.

The relevance of indicators varies depending on the material being assessed. Mandatory
elements are defined by the EU with category rules (PEFCR) at the material or product level. For
final chemical industry products—which can differ significantly—general recommendations are
therefore not feasible.
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Assessing whether a sustainability guideline or standard delivers real-world benefits is crucial.
Developing robust, science-based metrics for environmental impacts needs harmonized
approaches and should establish mechanisms for independent monitoring and public reporting.
In certain time frames, guidelines and standards must go for revision to consider current
developments and to drive meaningful improvement. Continuous learning and adaptation in a
consensus mode ensures the guideline or standard remains a force for positive change.

2.3. Objectives and purpose of the guidelines

Sustainability standards serve as a transparent assessment by which organizations can be
assessed and held accountable. Key objectives in this area include the use of standards to
provide concrete and measurable criteria for performance, making it easier to track progress and
identify areas for improvement based on generic standards. Adherence to recognized standards
strengthens the credibility and legitimacy of organizations in the eyes of investors, customers,
regulators, and the wider public. Meaningful and established standards support third-party
verification and certification processes offering independent assurance of compliance and
performance, allow the exchange of data that were developed with a harmonized and commonly
agreed approach, and allow performance tracking on product and company level.

The proliferation of diverse sustainability initiatives across countries and industries can lead to
confusion, duplication, and inefficiency. Well-defined sustainability standards aim to promote
international consistency on information level and enable to facilitate cross-border
collaboration and trade, ensuring that sustainability criteria are understood and accepted
worldwide. Harmonization of standards helps avoid conflicting requirements and streamline
compliance for multinational organizations enabling the sharing of best practices and lessons
learned, thereby accelerating progress towards collective sustainability goals. Exchanging the
data via a harmonized data approach gives more opportunities for data sharing and informs
interested parties about product performance according to sustainability requirements.

This guideline delivers such a harmonized approach for the chemical industry and opens
opportunities for other downstream sectors to select more sustainable products and receive
meaningful information along their value chains. It is to be emphasized that the value of a
harmonized approach for the definition, characterization and determination of key sustainability
metrics is particularly relevant for chemical materials, as they constitute the input to over 95%
of all manufacturing goods globally (ICCA, 2019).

Therefore, the primary objective of this guideline is to ensure a consistent, practical, and
accurate assessment of cradle-to-gate sustainability impacts for chemical inputs, regardless of
their downstream application—whether in automotive, construction, textiles, packaging,
personal and home care, pharmaceuticals, raw material extraction, or any other sector.

2.4. Linkto Digital Material Passport (DMP) and Digital
Product Passport (DPP)

DMPs and DPPs are structured digital records containing detailed product information from
chemical production to end-of-life treatment, aiming at enhancing transparency, traceability,
and sustainability within the industry. This Guideline document, developed in the frame of
project Chem-X, defines the sustainability metrics’ portion of the chemical DMP, which is
designed to interoperate and enable the fulfillment of upcoming DPPs data requirements for
regulated products shown in Figure 1.
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Figure 1: Chem-X DMP/DPP relations

This guideline aims to establish harmonized terminology, descriptions, and calculation methods
for sustainability metrics in DMPs of chemical materials, regardless of their end-use application.
Its purpose is to reduce costs and complexity for chemical sector companies seeking to generate
and exchange sustainability data in line with regulated DPP requirements. Given that
sustainability data is currently scarce and inconsistent across metrics, industries, regions, and
products, this guideline represents a significant step toward enabling an effective and
sustainable transformation throughout supply chains.

Beyond the above-mentioned methodological harmonization effort, it is not in the scope of this
guideline to define or suggest regulatory must-have data points for upcoming regulated DPPs.

2.5. Methodology and reference to existing standards and
guiding documents

This sectorial TfS Guideline within the Chem-X project for chemicals follows the international
standards ISO 14040:2006/AMD 1:2020 and ISO 14044:2006/AMD 2:2020 for Life Cycle
Assessment. Derived from these generic standards, the TfS PCF guideline v3.0 follows ISO
14067: 2018 for PCF. It also draws from other guidelines such as the GHG Protocol developed in
recent years for PCF calculations. For PCF calculations, the Partnership for Carbon
Transparency (PACT) Methodology and World Business Council for Sustainable Development
(WBCSD) Life Cycle Assessments guidelines were considered as well. The TfS PCF Guideline v3.0
was developed in harmonization with Catena-X and the Global Battery Alliance (GBA).

This new guideline goes beyond PCF calculations, extending coverage to additional impact
categories. Many elements from the TfS PCF Guideline v3.0 can also be applied to other impact
metrics, as detailed in Chapter 3.

For characterization models and related aspects, the Environmental Footprint (EF) Guideline
Version 3.1 issued by the EU Commission (European Commission (EC), 2022) was referenced,
as detailed in the chapters dedicated to individual metrics. The EF Guideline is expected to be
updated in 2026 with Version 4.0. Once the new version is published, this document will be
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reviewed and revised accordingly. In addition to these standards, category-specific guidelines

were also considered, such as (ISO 14046, 2014)Zfor water footprint. These category specific
guidelines were cited in the respective metric chapters accordingly. While this guideline primarily
builds on (EN 15804, 2019 )z for construction products, which applies similar principles for
environmental information as EF guideline. These considerations have informed the Chem-X
approach to ensure consistency with established practices across sectors.

General Information box for all chapters

In every subchapter, where relevant, a reference to this information box was introduced.
Selection guidance for characterization factors

Generally, EF 3.1 provides CFs for elementary flows with different geographical granularity.
Based on the LCA software and database used, the geographical granularity of available
CFs might vary. Specifically for water scarcity, the underlying characterization method
AWARE provides localized CFs on watershed level, while EF 3.1 and most LCA software
offer less granularity. Following hierarchy shall be followed when choosing CFs (from
most granular to global) depending on the availability:

1. localized (e.g. ammonia emissions to a lake in Normandie watershed at water scarcity)
2. country

3. region (e.g. Europe)

4. global

This rationale for selection of available characterization factors is applicable to all sustainability
metrics described in this guideline.

2.6. Terminology

This guideline uses precise language to indicate which provisions of the standard are required,
which are recommendations, and which are permissible or allowable options that companies
may choose to follow. In this guideline, the terms defined by ISO International Standard are used;
such as:

e The term “shall” is used throughout this guideline to indicate what is required for an LCI
(Life Cycle Inventory).

e Theterm “should” is used to indicate a recommendation, but not a requirement.

e Theterm “may” is used to indicate an option that is permissible or allowable.

e Theterm “required” is used in the guideline to refer to requirements in the standard.

”»

e “Needs,” “can,” and “cannot” may be used to provide guidance on implementing a

requirement or to indicate when an action is or is not possible [GHG Protocol Corporate
Value Chain (Scope 3) Standard].

Table 1 reports a summary of the terms used and what they indicate in this guideline.
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Table 1: Terminology used in this guideline °

Term Indicates

Shall Requirement

Should Recommendation

May Permitted or allowed

Can Possible (for example, that an organization or individual is able to do
something)

In summary, the terms defined by ISO International Standard are used:
e “Shall” indicates a requirement.
e “Should” indicates a recommendation.
e “May” is used to indicate that something is permitted.
e “Can”isusedtoindicate that something is possible, for example, that an organization or
individual is able to do something.

In the ISO/IEC Directives, Part 2, 2021, 3.3.3, a requirement is defined as an “expression, in the
content of a document, that conveys objectively verifiable criteria to be fulfilled and from which
no deviation is permitted if conformance with the document is to be claimed.”

In the ISO/IEC Directives, Part 2, 2021, 3.3.4, arecommendation is defined as an “expression, in
the content of a document, that conveys a suggested possible choice or course of action deemed
to be particularly suitable without necessarily mentioning or excluding others.”
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3. Relationship and reference to the TfS PCF
Guideline

LCIA methodologies are designed to address the scope of several impact categories in a
consistent framework. This approach is followed by this Guideline as well, which builds on the
TfS PCF Guideline v3.0.

This chapter focuses on the communalities between the determination of PCF and other impact
categories guiding the reader to refer to shared concepts to the respective sections covered in
the TfS PCF Guideline v3.0. When it comes for example to system boundaries, declared unit, data
source provisions, allocations in multi-output systems and several other topics, the approach
developed for the Global Warming Potential impact category will apply also to other impacts.
Therefore, we provide here the reader with guidance on how to transfer the application of rules
specified for PCF to other metrics such as Acidification Potential, Water Footprint, Ozone
Depletion Potential, etc.

Table 2 below provides a useful list of corresponding sections in the TfS PCF Guideline v3.0,
describing methodological approaches valid also beyond PCF.

Table 2: Sections of the TfS PCF Guideline v3.0 with content applicable also to other impact categories than PCF and
described in this Guideline.

Topic Section in TfS PCF Guideline v3.0
Goal & Scope definition 5.1.1
System boundaries (incl. Geographic scope) 5.1.2
Declared Unit 5.1.3
Temporal scope 5.2.2
Cut-off criteria 5.2.3
Data types and sources 5.2.5
Multi-output process (allocation) 5.2.9
Data Quality and Share of Primary Data 5.2.11
Mass balance & CoC 5.2.10
Electricity 5.2.8

3.1. Goal and Scope: 5.1.1in the TfS PCF Guideline v3.0

The scope of this guideline covers the so-called “cradle-to-gate” approach to calculate a
Lifecycle impact up to the production stage of the company determining and declaring such an
impact.
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Itis stated where the guideline defined specific rules for chemicals that are not reflected in detail
in the current standards. The TfS PCF Guideline v3.0 is fully compliant with ISO 14040:2006/AMD
1:2020 and ISO 14044:2006/AMD 2:2020 for Life Cycle Assessment. For PCF calculations ISO
14067:2018 and the GHG Protocol Product Life Cycle Accounting and Reporting standard
applies. The TUV Rheinland as 3" party certifier checked and validated the compliance of the TfS
PCF Guideline v3.0.

It must be noted that a product assessment limited to only GHGs as described in the TfS PCF
Guideline v3.0 (TfS, 2024) has the benefit of simplifying the analysis and producing results that
can be clearly communicated to stakeholders. However, the limitation of a GHG-only inventory
is that potential trade-offs or co-benefits between environmental impacts can be missed.
Therefore, the results of a GHG-only inventory should not be used to communicate the overall
environmental performance of a product (GHG Protocol Product Standard, 2011). To overcome
these limitations, this guideline was prepared to cover more than one environmental impact
category and to give users a more complete picture of the environmental impacts of a product.

3.2. System boundaries: 5.1.2 in the TfS PCF Guideline v3.0

The boundary of the guideline is a cradle-to-gate LCA, comprising all processes of extraction,
manufacturing, and transportation, until the product leaves the factory gate. Downstream
impacts from product use and end-of-life are in general excluded from a cradle-to-gate approach
(Figure 5.2 in the TfS PCF Guideline v3.0) and Figure 2 in this document (TfS, 2024). The following
activities shall be included in a cradle-to-gate calculation: all product related direct and indirect
emissions of the production process, including fossil or biogenic removals, energy consumption
from electricity, external heat and steam; fuel consumption like natural gas, biogas, utilities,
manufacturing, inbound transportation, site-to-site transportation, treatment of process waste
and wastewater treatment and all emissions of raw material consumption including catalysts
that are consumed in the reaction (BASF SE, 2021). Further information on included activities is
provided in Table 5.1. of the TfS PCF Guideline v3.0.

Scope 3 upstream Scope 3 downstream \

8 o

Extraction Raw materials Energy purchase

Figure 2: System boundary definition (TfS, 2024)

As the guidance is product-related, the following activities shall not be included within the
boundaries of a cradle-to-gate LCA: manufacturing of production equipment, buildings,
infrastructure and other capital goods, business travel by personnel, travel to and from work by
personnel, and research and development activities because generally they fall under cut-off
criteria. However, infrastructure may be included when its relative impact exceeds these cut-off
thresholds or is known to be significant for the technology in question. For example, according to
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the MLC Sphera online documentation, power plant construction and maintenance in electricity
datasets are always included because its associated impacts do not meet the criteria for
exclusion. (Together for Sustainability AISBL, 2025)[2 on requirements to cut off activities.

Outbound transportation of the product is in general excluded in a “cradle-to-gate” impact
determination (see Figure 5.2 in the TfS PCF Guideline v3.0). Table 3 below gives an overview of
activities and their inclusion in the assessment.

However, if it needs to be considered by customers’ requests, it should be calculated and
reported separately (“Distribution stage”). Packaging of the product in question should be
included. For many chemicals, the contribution of packaging to the LCA is negligible. This is for
example the case for bulk chemicals which are delivered by a supplier to customer
manufacturing sites. If packaging is included, it should be visible in the description of the
Declared Unit (see 5.1.3 in the TfS PCF Guideline v3.0) and related reporting (see the data field
“packaging included” in the data model).

Table 3: Activities to be included and excluded in the system boundaries and optional activities (TfS, 2024)

Excluded Optional

Production related raw materials
(including catalysts and ancillary
materials that are consumed)?

Utilities consumed

Energy consumption

Direct emissions from
manufacturing and related on site
utilities production/generation

Services such as engineering
or infrastructure services,
R&D activities

Business travel or employee
commuting

Capital and technical goods
Activities falling under the cut-off

requirements (as provided in
Chapter 5.2.3)

Packaging of input materials
of the product

Outbound logistics (if included in
system boundary, it shall be stated
separately)

Transportation of raw materials
and site-to-site transportation

Treatment or disposal of process
wastes and wastewater treatment

(1) Non-production-related procurement (often called indirect procurement) consists of Purchased Goods and Services that are not integral to the company’s products but are instead used
to enable operations. Non-production-related procurement may include capital goods, such as furniture, office equipment, and computers. Source: GHG Protocol Corporate Value Chain Standard

The system boundary shall be the basis used to determine which unit processes are included
within the LCA study. Where Product category rules (PCR) are used, their requirements on the
processes to be included supersede those indicated above (see 5.2.4 in the TfS PCF Guideline
v3.0).

The criteria, e.g., cut-off criteria (5.2.3 in the TfS PCF Guideline v3.0), used in establishing the
system boundary, shall be identified and documented in the data model and the LCA calculation
report.

It should be noted that when comparing the environmental performance of products, an LCA with
cradle-to-grave boundaries should be used, to ensure impacts throughout the life-cycle of the
product are considered.

24



The Environmental Sustainability Guideline for the Chemical Industry

3.3. Declared Unit: 5.1.3 in the TfS PCF Guideline v3.0

The Declared Unit (DU) describes the quantity of a product that is used as the reference unit in
the quantification of the cradle-to-gate LCA. In case of chemical products, the Declared Unit is
often defined as 1 kg of unpackaged product.

This TfS guideline deals exclusively with the use of a “Declared Unit” and does not address the
use of a "Functional Unit", as it only covers cradle-to-gate LCA and thus does not include the full
product life cycle. Declared unit is further described in ISO 14067 (ISO 14067, 2018).

The LCIA data is expressed in equivalents per Declared Unit. The equivalent unit is defined for
every single impact category and can be extracted from every chapter describing the impact
categories. Per impact category, the cumulated life cycle impacts shall be linked to the DU.

Standard unit should be LCIA equivalents per kg product preferably. For some specific products
like gases (e.g., Hydrogen, LPG) the LCIA might be expressed per unit norm cubic meter of the
product. Furthermore, some products are sold, based on a volume unit (like liter), or pieces (e.g.:
automotive parts) and in that case the LCIA may be expressed in the respective unit. In these
cases, conversion factors (densities with associated conditions) shall be provided by the
supplier for conversion to kg which is required in the attributes list in the Data Model. A DU shall
be intrinsic to the product in such a way that it could be independently measured and verified.
Abstract or equivocal values, such as monetary amounts like Euro, shall not be used.

For processes, the LCIA may be expressed as, but not limited to, LCIA equivalents per ton of
distilled product, per ton of treated wastewater or per ton of product in a crystallization process.
Some sectors may use other units in the Declared Unit. Regardless of what is used, a sufficient
physical transfer shall be communicated to be able to convert these units into kg.

The results of a LCIA linked to the Declared Unit should be reported as LCIA equivalents per
Declared Unit with one decimal. However, for very small values (<0.1) it is recommended to
report at least one significant figure.

The Declared Unit shall be consistent with the goal and scope of the LCIA study. The primary
purpose of a Declared Unit is to provide a reference to which the inputs and outputs are related.
Therefore, the Declared Unit shall be clearly defined and measurable. An example of a Declared
Unit is typically referring to the physical quantity of a product, for example “1 kg of liquid laundry
detergent with 30 percent water content”. The Declared Unit for which the LCIA of a product
system is calculated is 1 kg of unpackaged product at factory gate, regardless of its state (solid,
liquid, gas), as its specific density is considered (BASF SE, 2021). If packaging is included (see
5.1.2), the Declared Unit is 1 kg of product packaged at the factory gate. 1 kg refers only to the
product mass. The packaged product will weigh more than 1 kg.

unit_LCIA? product (including packaging impact)

kg product (excluding the mass of packaging)

Formula 1: Definition of Declared Unit.

Tunit_LCIA: unit used in the LCIA calculation, depending on the impact category. For example, Resource
use, fossils = MJ; Water use (scarcity) = m?

25




The Environmental Sustainability Guideline for the Chemical Industry

3.4. Temporal Scope: 5.2.2 in the TfS PCF Guideline v3.0

The time boundary of an LCIA refers to the time period for which the LCIA value is representative
was derived from ISO 14067. The following time boundaries apply for the different types of data:

e Primary data (e.g. supplier specific data) used in the calculations should be as recent as
practicable and not older than three years. The most recent full year (reporting or
calendar year) should be applied as the time boundary for LCIA calculations, if
representative of an average year of production. For production years that are not
continuous or irregular, production data may be averaged for a longer time period to
reduce variability due to revisions, turnaround, or other typical production conditions.
When applying average production data in a PCF calculation, no more than the last three
years of production (reporting or calendar year) shall be averaged and used in the
calculation (BASF SE, 2021) (PACT, 2025)

e Secondary data used for all inputs and outputs should reflect the most recent activity
data and/or the latest LCls (Life Cycle Inventory) available. LCI data (e.g., from
databases) used in the calculation of LCIAs shall be as recent as practicable and not
older than ten years (BASF SE, 2021). If older, appropriate, more recent proxies should be
used instead. The data quality rating will be influenced by the choice of data.

e | CIlAs shall have a maximum validity period of up to three years from the reference year
of data collection if there have not been major changes to the production process (>20%
impact from original LCIA result specific to PCF). It is recommended to use PCF as a
guiding element but if there is a clear indication of other indicators differing more than
20% this change should be adopted. Companies may update their calculations on a more
regular basis (e.g., annually). TfS decided that after three years or if the production
process has changed significantly, LCIA values are no longer considered representative
and shall be re-calculated. Once LCIA has been revised, the revised version will replace
the original version and be valid for 3 years.

e The time boundary of the LCIA calculation is the reference year. The LCIA reference year
and date of calculation/publication shall always be disclosed alongside the different
values.

3.5. Cut-off criteria: 5.2.3 in the TfS PCF Guideline v3.0

In general, all processes, flows and activities that are attributable to the product system shall be
included in an LCA (see 5.1.2 in the TfS PCF Guideline v3.0) (BASF SE 2021), (ISO 14067, 2018).
There is in general no difference among the different impact categories concerning the cut-off
criteria. Relevantimpacts to the results are the important guidance on decisions if unit processes
or inputs cut-off or not. If there are differences in cut-off depending on the impact categories and
the cut-off shall be adjusted if needed. For example: If there is a unit process that generates a
high level of Acidification but that is not relevant for GWP, the unit process shall not be excluded
in the Acidification assessment.

The choice of elements of the physical system to be modelled depends on the goal and scope
definition of the study, its intended application and audience, the assumptions made, data and
cost constraints, and cut-off criteria. The models used should be described and the assumptions
underlying those choices should be identified. The cut-off criteria used within a study shall be
clearly understood and described (ISO 14040:2006, 2020)
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The LCl data collection process shall aim for completeness. Where quantitative datais available,
they shall be included. However, no undue effort should be spent on developing data of negligible
significance concerning contributions to the LCIA results. If individual material or energy flows
are found to be insignificant for results of a particular unit process, these may be excluded for
practical reasons and shall be reported as data exclusions. If materials have a considerable
upstream environmental footprint they shall be considered in the LCIA calculation, regardless of
their relative contribution to the total mass of material flows. If the contribution is uncertain, an
overview calculation should be done, and the results shall be included if significant.

Cut-off criteria specify the amount of material or energy flow or the level of significance of
impacting the LCIA results associated with unit processes or the product system that may be
excluded from an LCA study (BASF SE, 2021).

Furthermore, cut-offs may become necessary in cases where no data is available, where
elementary flows are very small (below quantification limit), or where the level of effort required
to close data gaps and to achieve an acceptable result becomes prohibitive.

If no data is available, but elementary flows are significant, data gaps should be closed in
accordance with chapters 5.2.6 and 5.2.8. (TfS, 2024).

Several cut-off criteria are used in LCA practice to decide which inputs are to be included in the
assessment, such as mass, energy, and environmental significance (BASF SE, 2021).

Requirements for LCIA cut-off criteria

1. Allmaterial inputs that have a cumulative total of at least 97% of the total mass inputs to
the unit process shall be included. To generate LCIA with higher quality by improving the
completeness of the calculation, 100% of total material inputs should be included.

2. Allenergyinputs that have a cumulative total of at least 97% of total energy inputs to the
unit process shall be included. To generate an LCIA with higher quality by improving the
completeness of the calculation, 100% of total energy inputs should be included. For
most of the input materials, the mass & energy flow reflect the impacts to differentimpact
categories accurately. But exceptions are possible. Where materials are used in a
process that is considered or estimated to have a very high contribution to one of the
addressed impact categories, the influence on the overall LCIA shall be evaluated and
the cut-off kept below a defined threshold of the LCIA results per impact category. Such
threshold is set at 3% for the Global Warming Potential impact category; for other
impacts in the scope of this Guideline the same threshold shall be applied (except for
water scarcity, please refer to the water scarcity section). The applied cut-off value for
the given impact category shall be reported in the respective data field of the data model.

3. In cases where the input and influence on the results are unclear, an overall calculation
should be made with generic figures to decide if a cut-off can be applied or not (iterative
approach) (BASF SE, 2021).

4. Some input material flows (for example catalysts containing metals of the platinum
group, uranium, highly toxic materials, materials) that have a considerable high upstream
environmental footprint shall be considered in the calculations, regardless of their
relative contribution to the total mass of material flows, even if their mass inputis<=1%
of the total mass. The LCIA calculations should at minimum consider the loss of material
(e.g., the loss of catalyst) and assign an impact equal to the virgin material. If known, the
efforts of recycling should be considered in addition. Otherwise known efforts, derived
from other processes, can be used as a proxy.
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3.6. Datatypes and sources: 5.2.5 in the TfS PCF Guideline

v3.0

Data can have different levels of quality. Every LCIA calculation should be of the highest level of
quality to be meaningful and applicable. High quality data are, for example emissions data that
are verified under a governmental scheme such as the European Union-Emissions Trading
SySTEM (EU-ETS) or other schemes. In a chemical reaction, several inputs are needed.
Information about the inputs can be derived from different sources. The input from all sources
shall be assessed with a quality rating system and data with the highest quality rates shall be
used in the calculation of the impacts. For share of primary data and data quality rating, please
refer to chapter 5.2.11. in the TfS PCF Guideline v3.0. In most cases, the same set of primary
data is used in LCA modelling; however, both the primary data share and the data quality ratings
may differ in some cases from one impact category to another. For example, if a practitioner
receives PCF data from one supplier and uses acidification data from a database for the same
product. Consequently, if that is the case, they should be reported separately for each impact
category in the data model.

The most recent databases at point of calculation should be used. Moreover, the database
version use shall be transparently indicated in the data model. For the PCF calculation for
example, there was a significant change in the datasets in 2023/2024 connected to increased
methane emissions from the extraction processes of oiland gas. Therefore, we put arequirement
of using database versions as e.g. ecoinvent V3.10, Sphera MLC 2024.1 or Carbon Minds
cm.chemicals database Version 2.00, July 2023, or later versions of these databases.

The use of different databases should be avoided as much as possible, to ensure higher quality.
If this is not possible, the user shall make clear the databases used, and in which way data from
different databases have been mixed and clearly report the Data Quality Rating (DQR) as
described in the TfS PCF Guideline v3.0. Overall, the most conservative approach is
recommended. The methodology for assessing DQR is further described in Chapter 3.10 of this
guideline.

In the TfS PCF Guideline v3.0, Primary and Secondary data definitions are provided. They are valid
in the same way for LCIA calculations and shown in Table 4.
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@® cCcHEM-X
Table 4: Data hierarchy for energy and material inputs regarding primary, secondary and proxy data (TfS, 2024)

Activity data source| Emission factor source
Material Material
Best case In-house/primary For on-site production: Supplier-
In-house/primary specific (e.g.
via Pathfinder

For purchased electricity:
Supplier-specific/ Renewable
Electricity Certificates and
Guarantees of Origin

Network)

For other purchased energy:
Supplier-specific

Base case? In-house/primary Secondary databases
Worst case® In-house/ Proxy data and EEIO databases
secondary®
Proxy data
(1) Electricity, heating/cooling, steam.
(2) Prevalent approach in practice.
(3) Financial data.
Data gaps

Data gaps exist when there is no primary or secondary data that is sufficiently representative of
the given process in the product’s life cycle. For most processes where data are missing, it
should be possible to obtain sufficient information to provide a reasonable estimate. Therefore,
there should be few, if any, data gaps. The data quality rating willindicate that there are data gaps
existing which were filled by proxy data. The sectionin the TfS PCF Guideline v3.0 gives additional
guidance on filling data gaps with proxy data and estimated data. Table 5.2 in the TfS PCF
Guideline v3.0 gives a summary and an overview.

Proxy data

Proxy data are data from similar processes that are used as a stand-in for a specific process.
Proxy data can be extrapolated, scaled up, or customized to represent the given process.
Companies may customize proxy data to resemble the conditions of the process studied more
closely in the product’s life cycle if enough information exists to do so. Data can be customized
to better match geographical, technological, or other metrics of the process. ldentifying the
critical inputs, outputs, and other metrics should be based on other relevant product inventories
or other considerations (e.g., discussions with a stakeholder consultant) when product
inventories do not exist.

Examples of proxy data include:

e Using data on polyethylene plastic processes when data on the specific plastic input
(e.g., HDPE) is unknown. Depending on the specific assessment, the processes under
study and the contribution to the overall sustainability metric, using polyethylene data as
a proxy for polypropylene might be sufficient as well.

e Adapting an electricity grid emission orimpact factor for one region to another region with
a different generation mix.

e Adapting a generic data set of a precursor for one process to another, similar process for
Ethylamine or Diethylamine.
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e Customizing the process of another product to match the studied process, e.g. by
changing the amount of material consumed to match a similar process in the product
studied.
e Data from proxy might differ in quality related to the different environmental impacts
addressed.
Customizing the environmental impacts of a generic process to match the supplier specific
results provided for one environmental category. For example, if a supplier provides PCF data for
Ethanol but no other impact category, an industrial average model can be used as a proxy for
Ethanol and modified to match the PCF given by the supplier.

Estimated data

When a company cannot collect primary data or integrate meaningful secondary data or proxy
data to fill a data gap, companies shall estimate the missing data to determine the significance
of its contribution to the LCIA result. If processes are determined to be insignificant based on
estimated data, the process may be excluded from the inventory results (cut-off criteria).

Where possible, sensitivity analysis shall be performed. Additionally, DQR shall also be reported
transparently.

3.6.1. Data Granularity

Highly granular data significantly enhances the precision and credibility of environmental
assessments. They enable more accurate allocation, hotspot identification, and interpretation
of impacts across life cycle stages. Best practices emphasize collecting data at the process
level, where flows are directly linked to specific operations. However, when such detail is
unavailable, structured disaggregation methods should be applied using transparent
documentation and justified assumptions.

When detailed mass, energy, or water flow data are not available at the process level, broader
datasets (e.g., site-level, department-level, or corporate-level) may be used and systematically
disaggregated. Below are practical cases and methodologies applicable across all three flow

types.

Case 1: Only Site-Level Data Available

Scenario: A production site includes multiple distinct processes (e.g., Process A and Process B),
but only aggregate mass, energy, or water data is available at the site level.

Approach: Disaggregate site-level data to individual processes using relevant allocation criteria.
Recommended proxies include (but are not limited to):

e Process-specific intensity data from design specifications or engineering models
e Historical usage patterns or expert input

e Production volumes or throughput

Example: If Process A consumes twice the energy per unit of output compared to Process B, and
both produce equal volumes, allocate energy as follows:

e Assign 2 parts energy to Process A
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e Assign 1 part energy to Process B

This proportional allocation provides a rational approximation and must be clearly documented,
including all assumptions and sources.

Case 2: Flow Estimation Based on Energy or Mass Balance

If direct flow data (mass, energy, or water) is missing, estimates can be derived from:

e Mass or energy balances, which often yield more accurate results (e.g., steam
requirements, material conversion rates, heat losses)
e Process-specific benchmarks from literature, industry databases, ortechnical standards

Example: A beverage facility lacks measured data for water used in bottle rinsing. Industry
literature suggests 1.5 liters per bottle rinsed. This can be used as a proxy and scaled based on
production data.

Case 3: Shared Utilities or Services

In facilities where flows are shared across multiple units (e.g., central steam generation,
compressed air systems, water treatment), allocation should be based on:

e Utility loads per process (e.g., heating or cooling demand, material throughput)
e Engineering estimates of consumption per unit
e Operating time or production intensity

Case 4: Only Corporate-Level Data Available

Scenario: Flow data is only available at the corporate or group level, aggregating multiple sites,
products, and geographies. This is common in multinational corporations reporting in
sustainability disclosures or environmental databases.

Approach: Allocate corporate-level mass, energy, or water data down to the product system or
site of interest using auxiliary data. Recommended allocation bases include:

o Publicly reported site-level environmental intensity indicators (if partially available)
e Production volume of individual facilities
e Salesvolume by product line

Considerations: Combine corporate-level water data with production and product-level activity
data and clearly disclose the uncertainty and assumptions involved in this top-down allocation.

The examples provided above are intended as guiding suggestions to support consistent and
credible disaggregation of mass, energy, and water flows. However, practitioners may encounter
unigue scenarios not explicitly covered in this guideline. In such cases, applying alternative or
more suitable practices is acceptable, provided that all assumptions, data sources, and
reasoning are transparently documented. Where possible, sensitivity analysis shall be
performed. Additionally, the DQR shall also be reported transparently.
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3.7. Electricity and thermal energy: 5.2.8.1 in the TfS PCF
Guideline v3.0

This chapter provides guidance on how to account for the emissions associated with the use of
electricity and thermal energy such as steam, heat and cooling.

The emissions associated with the use of energy shall include:

e Upstream emissions from the energy supply system (e.g. the mining and transport of fuel
to the energy generator or the growing and processing of biomass for use as a fuel).

e Emissions during the generation of electricity or thermal energy, including losses during
transmission and distribution.

e Downstream emissions (e.g. the treatment of waste as ashes arising from the operation
of coal fired power plants).

Please follow the decision tree in Figure 3 to determine your options on GHG emissions of
procured electricity. Start in the top left corner of stage 1. Exception: If your company has sold
energy attribute certificates for received electricity via a contractual instrument to a third party,
start at stage 3.

Further details regarding the inclusion of impact from Electricity and Thermal energy use are
described in chapter of the TfS PCF Guideline v3.0 Chapter 5.2.8.1 Electricity and thermal energy
and is valid for other impact categories including Global Warming Potential.
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Sourcing Gate-to-Gate EF Upstream-EF
Stacsyl Calculate EF based
Electricity via Internally on your direct + EFfromDB value
dedicated Internally ' produced GHG emissions (see chapter 5.2.6)2
transmissionline @ .» produced /
;;c;riﬂtggnerahon or F\)/;i?;rd . EF fr_om fuel
! ---» Third Party supplier

EF from supplier?

+
Stage 2
Q . 8

. Purchase Purchased Calculate weighted Calculate weighted
Specific contract of additional certificates Gate-to-Gate-EFbased *  Upstream-EF based
with supplier R ...y Tenewable AN , compensate on proportional shares® on proportional shares®
on EF of supplied energy 100%
energy? certificates? of fossil

: emissions?

: EF=0 + EF=0, asnegligible

proportion?

Stage 3

EF = Residual Mix incl. upstream
(sources: AlB, Sphera MLC, other DBs
(see chapter 5.2.6))?

Residual Mix available in your region?

@ EF = National Grid Mix incl. upstream (sources:
Sphera MLC, other DBs (see chapter 5.2.6))%¢

(1) If the Emission Factor (EF) from supplier is not available, directly move to stage 3.
(2) If no access to Upstream EF data, please apply 20% of the IEA value instead and add it to the Gate-to-Gate EF.

(3) After receiving the individual energy mix from your supplier, multiply the EFs corresponding to their energy source with their proportional share of the energy mix while also taking the partly
compensated fossil emissions by purchased certificates into account (e.g.: energy mix: 20% renewable energy (RE), 80% fossil energy (FE); purchased certificates: an amount to compensate
50% of fossil emissions
= EFWeighted= 0.2 x EFRE+ 0,5°(0.8 x EFFE)+ 0,5°(0.8 xEFRE)).

(4) Ifimpacts including upstream emissions lie within the cut-off range (s. chapter 5.2.3), apply EF = 0. Otherwise, please use an appropriate DB value: Values from databases consider the full life
cycle and also contain emissions from the construction stage (Sphera MLC or other DBs (see chapter 5.2.6)).

(6) Alternatively, IEA-Data can be implemented if additional Upstream EFs from DBs (Sphera MLC or other DBs (see chapter 5.2.6)) are added.

Figure 3: Decision tree on selection of emission factors for externally sourced electricity (TfS, 2024)

3.8. Multi-output Processes: 5.2.9 in the TfS PCF Guideline
v3.0

This chapter is about allocating inputs and impacts in multi-output situations, i.e., when a
process delivers more than one product, referred to as co-products. The term co-product also
includes energy products such as steam or electricity, or any other product which is defined as
co-product and not as waste. Herein energy is understood as direct energy e.g., from exothermal
reactions (PACT, 2025). Materials that are identified as waste following the decision tree in Figure
5.7 in the TfS PCF Guideline v3.0, Chapter 5.2.8.4, shall be excluded from the attribution of
environmental burdens. Impacts from treatment processes shall be linked to the process, where
the waste was generated.

Leaning on hierarchies described in the GHG Protocol Product Standard, ISO 14040:2006, ISO
14044: 2006, ISO 14067: 2018, PACT Methodology and the European Commission Environmental
Footprint recommendations, the following steps shall be applied to attribute impacts in multi-
output situations (see Figure 5.16 in the TfS PCF Guideline v3.0 and Figure 4 below):
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& sectorial guidance Avoid allocation of economic value
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: : : suitable physical
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> subdivision dominant; : : :
possible? ) identifiable ] Ratio of the : Underlying
substitute > economic : physical
product?! value of the relationship i

co-products 4 between Use economic
co-products ) oralternative

meaningful? allocation

New elements added to GHG P allocation hierarchy

(1) System expansion via substitution should only be used if there is a dominant, identifiable displaced product and production path for the displaced product based on sector consensus
(2) In doubt. mass allocation should be prioritized. but there are instances where other allocation factors may be more suitable (e.g. volume for gases. energy content for energy)

(3) Sector specific guidance or PCRs shall be used if approved and required as Drop-in standards by TfS for Chemical Industry. by Catena-X for other automotive industry supplying sectors
or by WBCSD pathfinder for sectors other than those covered by TfS and Catena-X

Figure 4: Decision tree to show allocation rules and reduce assessment burden downstream (TfS, 2024)

1. The approach described in published and accepted PCR, Industry Association projects,
directives as e.g. REDII where available, for corresponding product systems shall be
applied (see 5.2.4 Standards used in the TfS PCF Guideline v3.0, along with the list of TfS
approved PCRs for chemical-specific product systems published on the landing page?).
When more than one PCR exists for a product or product category, priority shall be given
to allocation rules as described in chapter 5.2.9.3. in the TfS PCF Guideline v3.0.

2. Multi-output situations shall be avoided by using process subdivision, whenever
possible. The common process shall be disaggregated into sub-processes that
separately produce the co-products. Process subdivision may be done through
submetering specific process lines and/or using engineering models to model the
process inputs and outputs (GHG Protocol Product Standard, 2011).

3. If the multi-output situation cannot be avoided by subdivision, a system expansion shall
be applied. System expansion refers to expanding the system by including the co-
products into the system boundary and communicate LCIA results for the expanded
system (PEF, 2012). System expansion and substitution can be a means of avoiding
allocation. The product system that is substituted by the co-product is integrated into the
product system under study. In practice, the co-products are compared to other
substitutable products, and the environmental burdens associated with the substituted
product(s) are subtracted from the product system under study (ISO 14040:2006, 2020).
System expansion by substitution (further referred to as “substitution”) is only
acceptable if the Declared Unit stays as defined in chapter 5.1.3. in the TfS PCF Guideline
v3.0. Substitution, as described in chapter 5.2.9.1 in the TfS PCF Guideline v3.0, shall be
applied to attribute impact to co-products in multi-output situations if all the following
apply:

a. The co-products are generated in the process additionally but are not the main
products of the process. Main products are defined as products that the process

2 https://www.tfs-initiative.com/pcf-guideline
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is operated for and optimized to produce. Additionally, the economic values of
the main products are generally significantly higher than for the co-products.

b. The co-product directly replaces an alternative product with a dedicated
production process on the market. The production of this alternative product is
reduced through provision of the co-product.

c. Data about the impact of the alternative production process is available to
calculate the LCIA of the alternative product.

d. There is consensus for a production path of the displaced product agreed by TfS.
TfS maintains and publishes a positive list of processes and product systems on
the landing page®.

4. In all other cases companies shall allocate the impact to co-products following the
allocation rules described in chapter 5.2.9.3. in the TfS PCF Guideline v3.0. The applied
approach to solving multifunctionality shall always be stated and justified.

TfS is aligned with PACT Methodology, Catena-X, GBA on the allocation hierarchy and thus the
allocation approach as described in a PCR might be prioritized before system expansion and
substitution. Since the PCR is ranked very high, it will overrule other approaches.

3.9. Mass balance & Chain of Custody (CoC): 5.2.10.5 in the
TfS PCF Guideline v3.0

Chain of custody is an administrative process by which information about materials is
transferred, monitored, and controlled as those materials move through supply chains (ISO
22095, 2020) Mass balance is a chain of custody (CoC) model (ISO 22095, 2020) used in multiple
industries where it is not practical to maintain physical segregation of alternative and
conventional feedstocks during processing. Mass balance helps enable a transition to a
sustainable and circular economy by enabling the efficient co-processing of alternative materials
in existing large-scale assets and complex supply chains. The alternative materials are not
limited to bio-based feedstocks but could also consist of chemically recycled feedstocks, waste
feedstocks, or CO,-based materials.

Mass balance is especially important to many companies in the chemical industry that are
transitioning to the use of waste-based materials and bio-based materials as feedstocks. This
transition aims to reduce the usage of virgin fossil-based materials and help solve the global
plastic waste dilemma through recycling.

Mass balance ensures that the quantity of output material is balanced with (does not exceed) the
input of material and is appropriately adjusted for yields and conversion factors.

Co-processing of alternative and conventional materials results in the production of materials of
mixed origin, which are not distinguishable in terms of composition or technical properties. Mass
balance allows alternative content to be attributed to individual outputs, creating value from the
use of alternative inputs. Large integrated assets cannot be transitioned immediately, and mass
balance provides a critical bridge.

Since certain sectors, customers or regulatory frameworks may not support all possible chain-
of-custody models and their attribution methods, the economic operator shall transparently

3 https://www.tfs-initiative.com/pcf-guideline
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communicate about it via the information model. This enables the customer to choose the
desired product offering.

The following requirements shall apply for the usage of mass balance chain of custody in
determination of LCA calculations:

1. The mass balance shall follow a transparent certification standard, and the conformance
to the certification shall be verified by an independent and qualified third party. Different
certification systems have different requirements which are in scope of this guideline.

a. The certification system shall have clear chain of custody rules, traceability
requirements, defined boundaries, guidelines for marketing claims, include
safeguards against double-counting, and shall identify the type of sustainable
raw material throughout the supply chain. Different certification systems have
different requirements which practitioners can follow to be in line with this
guideline.

b. To attribute environmental characteristic (specified characteristics) of a
sustainable input “(feedstock, fuel, energy, etc.) to a product of interest to
generate a mass-balanced LCIA, a mass balance certification for the product
shall be completed. The certification confirms the total required amount of
feedstock, considering all losses.

This amount of feedstock can be substituted with chosen sustainable feedstocks
following the rules of the chain of custody certification schemes (for example,
ISCC PLUS, REDcert?, UL ECVP 2809, RSB Advanced Materials, FSC, RSPO, or
equivalent).

The section in the TfS PCF Guideline v3.0 considers a possible chain of custody
certification scheme, the mass-balancing, in detail. The chain of custody
certification scheme allows a variety of system boundaries (e.g., process, plant,
site, multi-site) and attribution methods.

Upcoming standards that shall be used are ISO/FDIS 13662 that defines Mass
balance requirements in detail and ISO 14077 that describes the calculation of
LCA with CoC models as basis.

2. The LCA of the manufacturing process in which the mass balance attribution occurs shall
be in conformance with ISO 14044 [ISO 14044: 2006]. The study shall document how the
material flow and attributions were calculated. For the LCIA calculation, the system
boundaries for the fossil and the mass-balanced product shall follow the standards
mentioned in section 5.2.4. in the TfS PCF Guideline v3.0.

All other requirements defined in the TfS PCF Guideline v3.0 shall apply. The examples are
generic and can be used in an LCIA context as well.

In the TfS-Chem X “Circularity Guideline” more details related to CoC models can be found.

So far mass-balance credit transfer is not addressed in this guideline.

4 e.g. circular, bio or low carbon feedstocks are examples for sustainable feedstocks.
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3.10. Process Data Quality and Share of Primary Data: 5.2.11
in the TfS PCF Guideline v3.0

Primary Data Share

To create visibility on the share of primary data in LCIA calculations, the Primary Data Share (PDS)
in each dataset shall be determined (and shared) (PACT Methodology). PDS score may differ
among the several impact categories, depending on the data input used respectively. The
calculation and reporting of a PDS will become mandatory for PCF issued from 2027 onwards,
giving companies sufficient time to prepare. So far, for other impact categories it is
recommended to do it on a voluntary basis

More details listed in the data exchange format, particularly regarding when this field will become
mandatory.

The PDS can be assessed by calculating the proportion (%) of the total impact per impact
category in impact equivalents, e.g. H" eq, NMVOC eq etc. that is derived by using primary data
in the cradle-to-gate system boundary (see Formula 2).

See glossary for definitions of primary and secondary data.
PDSpu =2 (]ICi| * PDSi) / 2 |ICi]
Formula 2: Calculation approach of the PDS (Primary Data Share)
Where:

- DU s the Declared Unit

- PDSpy is the primary data share of LCIApy, in % (0-100%)

- iisanyinput or output of a process, except the DU

- |ICi] is the absolute value of the Impact Contribution of i to LCIApy, in kg LCIA e/DU
- PDSiis the Primary Data Share of contributor i, in % (0-100%)

Process Data Quality

During the data collection process, companies shall assess the data quality of LCIA contributors
(emission factors and/or direct emissions data) by using the data quality indicators (DQIs). The
data quality of each LCIA shall be calculated and reported.

If data with higher quality exists in-house than available in secondary databases (for example, in-
house emission factors for fuel) and is used for calculations, the adequacy of such in-house data
shall be reviewed and reported in a DQR following the criteria outlined in chapter 5.2.11 of the
TfS PCF Guideline v3.0 more in detail. Data sourced from verified emission factor databases (see
chapter 5.2.6 in the TfS PCF Guideline v3.0) shall be reported in a DQR as well, addressing its
representativeness, relevance, and correct application to the product in question as well. The
calculation and reporting of a DQR will become mandatory for PCF issued from 2027 onwards,
giving companies sufficient time to prepare. For other impact categories it is recommended to
do it on a voluntary basis.

Assessing data quality during data collection allows companies to make data quality
improvements more efficiently than when data quality is assessed after the collection is
complete. Additionally, understanding the quality of the data allows companies to identify key
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secondary data sources that should be improved or replaced with primary data for companies to

be able to track the impact of emissions reduction plans more accurately.

The requirements of this guideline were harmonized with PACT Methodology, Catena-X and GBA.
Three DQIs are required for the assessment of data quality

The process starts by assessing the technological, geographical, and temporal
representativeness of emission factors and direct emissions data only for each impact
contributing material. Emission factors can be contained in, or derived from, company-specific
or secondary datasets, for which the same matrix should be used to assess the quality of this
data. Direct emissions data can be derived as explained in chapter 5.2.8.5 (in the TfS PCF
Guideline v3.0) and should also use the same matrix proposed for emission factors. The rationale
behind this approach is described in the TfS PCF Guideline v3.0.

The quality indicators are summarized in Tables 5.14-5.16 (in the TfS PCF Guideline v3.0). Data
quality rating criteria shall follow the approach outlined in Section 5.2.11.2 of the TfS PCF
Guideline v3.0. The quality levels of TeR, GeR and TiR are expressed in five categories, from 1 to
5, where 1 is the optimum result in each indicator. The representativeness (technology,
geography, and temporal/time-related) characterizes the degree to which the processes and
products selected depict the system analyzed.

o Technological Representativeness (TeR): the degree to which the data reflects the actual
technology(ies) used in the process.

e Geographical Representativeness (GeR): the degree to which the data reflects actual
geographic location of the processes within the inventory boundary (e.g., country or site).

o Temporal/Time Representativeness (TiR): the degree to which the data reflects the actual
time (e.g., year) when the process was assessed.

The general calculation of data quality ratings is shown in the following formula:
DQRi = (TeRi + GeRi + TiRi) /3

Formula 3: Calculation approach of the DQR (Data Quality Rating)

DQR of product(s) obtained from a process with one or more input materials:
DQRou =2 (|ICi| * DQRI) /2 |ICi| , for |ICi| 2 0.05 2 |ICi|
Where:

- DU s the Declared Unit

- DQRpy is the data quality of LCIApy, in range 1-5

- lisanyinputoroutput of a process, except the DU

- |ICi] is the absolute value of the Impact Contribution of i to LCIApy, in kg LCIAe/DU
- DQRi is the Data Quality of contributor i, in range 1-5

Note: DQRpu is a linear combination of DQRi. DQRI is based on the assessment of TeRi, GeRi or
TiRi and will yield the respective value of a DQRi for DU.
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The DQRpy shall be calculated for the output of e.g., 1kg or 1t, as defined in the Declared Unit.

Both the primary data share and the data quality ratings may differ from one impact category to

the other: consequently, they will be reported separately for each impact category in the data
model.

Data quality is handled in many LCA as supportin the interpretation phase. Different approaches
exist and they are discussed in several publications. Some examples of application and further
reading can be found in literature as well (Edelen & Ingwersen, 2016), (Lewandowska,
Joachimiak-Lechman, & Kurczewski, 2021) and (Kolsch & Giebeler, 2023).
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4. GHG emissions / PCF (Global Warming
Potential)

For the impact category Global Warming Potential and the rules of determining the product
carbon footprint it shall be referred to the TfS PCF Guideline available on the landing page®.

According to the TfS PCF Guideline v3.0, the GHGs that shall be accounted for are identified
within the GHG Protocol titled “Required Greenhouse Gases in Inventories: Accounting and
Reporting Standard Amendment”. The listincludes Carbon dioxide (CO,), Methane (CH.), Nitrous
oxide (N.0), Hydrofluorocarbons (HFCs), Perfluorinated compounds, Sulphur hexafluoride (SFs),
Nitrogentriflouride  (NF3), Perfluorocarbons  (PFCs), Fluorinated  ethers  (HFEs),
Perfluoropolyethers (e.g. PFPEs), Chlorofluorocarbon (CFCs) and Hydrochlorofluorocarbon
(HCFCs). The GHG emissions shall be aggregated as CO,-equivalents and should not be reported
separately for individual gases.

The 100-year GWP characterization factors (GWP100y) according to the Intergovernmental Panel
on Climate Change (IPCC) shall be used in the PCF calculations, based on the IPCC’s Sixth
Assessment Report (AR6).

These factors include climate carbon response for non-CO, gases. If in future there will be
updates, TfS will update the guideline accordingly to follow the latest version.

According to ISO 14067, biogenic removals from CO, uptake during biomass growth shall be
included in the PCF calculation. Additionally, all biogenic emissions (e.g. methane emissions
from manure application etc.) and further emissions from relevant processes, such as
cultivation, production and harvesting of biomass shall be included in the PCF (ISO 14067, 2018).
Furthermore, the biogenic carbon in products, fossil and biogenic GHG emissions and removals
shall be reported. GHG emissions and removals from land use should be reported. Biogenic
carbon in waste streams shall also be correctly reflected.

Removals of CO; into biomass shall be characterized in the PCF calculation as -1 kg CO,/kg CO-
when entering the product system, while biogenic CO, emissions shall be characterized as +1 kg
CO,e/kg CO, of biogenic carbon (ISO 14067, 2018). As referred to in Chapter 5.3.2, the PCF, that
considers biogenic emissions and removals, shall be reported as PCF (including biogenic CO,
removal).

5 https://www.tfs-initiative.com/pcf-guideline
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5. Resource Use, fossils

5.1. General Description

Potential risks and impacts to the environment associated with chemical production and
chemical products should be analyzed critically and in detail. One of the indicators selected by
the TfS Chem X project was the “Resource Use, fossils”. This impact category was defined in
earlier approaches when a characterization factor (CF) was applied as abiotic depletion potential
(ADPsossi)). That relates to earlier versions of the ADP indicator, where minerals and metals as well
as fossil fuels were assessed with a characterization model.

However, several limitations of ADPsssit have been identified leading to the decision not using it
anymore in EF 3.1:

e Resource Availability Uncertainty: The global reserves and extraction rates of fossil fuels
are subject to significant uncertainty and fluctuation. This makes it challenging to provide
areliable, universally applicable depletion indicator.

e Limited Environmental Relevance: The environmental impacts associated with fossil fuel
use extend beyond resource depletion, including greenhouse gas emissions, air
pollution, and ecosystem damage.

e lLack of Policy Alignment: Modern environmental policies, especially in the European
Union, focus on reducing overall fossil fuel consumption due to climate change
concerns, rather than solely on resource scarcity.

Given these limitations, the EF 3.1 methodology has shifted toward directly assessing fossil fuel
use, typically measured in terms of energy content (e.g., megajoules of fossil energy used). This
category does not apply to a characterization model as in EF 3.1, therefore energy content and
energy use are the focus without referring to an environmental characterization model. In this
sense, it is more a reporting element and does not address further impacts such as ecological
degradation, biodiversity loss, and social impacts in extraction regions. That may be addressed
in other impact categories.

The approach does not address other effects associated with resource depletion, is related to EF
3.1and therefore aligned with upcoming regulatory frameworks (e.g., ESPR).

In this chapter, we describe the resource use of fossil fuels.

When conducting an environmental assessment, “Resource Use, fossils” is assessed within
most LCAs and derived mainly from Product Environmental Footprint (PEF). Although many
practitioners or experts perceive “Resource Use, fossils” as an economic issue rather than an
environmental one.

Upstream methane emissions and other extraction-related losses are reflected both in
climate-related impact categories and in the ‘resource use, fossil’ indicator, as incorporated in
current LCA databases.

5.1.1. Issues of Concern

Fossil fuels are finite resources. The continued extraction of coal, oil, and gas depletes reserves
that have taken millions of years to form. As these resources become scarcer, their extraction
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grows more difficult and environmentally damaging, prompting concerns about long-term energy
security and sustainability.

The combustion of fossil fuels releases significant amounts of GHGs, notably carbon dioxide,
which drives global climate change. This warming effect alters weather patterns, raises sea
levels, and threatens biodiversity. Air pollution from burning coal, oil, or natural gas also
produces particulate matter, nitrogen oxides, and sulfur dioxide, which can degrade air quality
and harm respiratory health.

Moving away from fossil fuels toward cleaner energy sources presents technical, economic, and
social hurdles. Many industries, communities, and nations are deeply tied to fossil fuel
infrastructure, making the shift to renewables complex and, at times, contentious. The chemical
industry is rather unique, as it is currently doubly reliant on fossil raw materials, both for energy
use and as a feedstock for the synthesis of the key chemical building blocks upon which
chemical manufacturing is based on. In the future, fossil fuels will play a less important role. But
the carbon in fossil feedstock might be more relevant for the chemical industry.

5.1.2. Key Components of Potential Impact

The depletion of abiotic resources was defined in different ways: a) decrease in the amount of
the resource itself, b) decrease in world reserves of useful energy/exergy, or ¢) an incremental
change in the environmental impact of extraction processes at some point in the future
(Hauschild, et al., 2011) (Van Qers L. G., 2016) (Finnveden, 1996) (Heijungs, Guinée, & Huppes,
1997).

Following methodological discussions in EF 3.1, fossil fuels were categorized as a distinct type
of resource, not comparable to minerals. Consequently, the method was changed to assess
fossil fuels in terms of energy consumption without the application of a characterization model,
as opposed to being linked with a specific resource characterization model. Therefore, it is
termed as “Resource Use, fossils” instead of abiotic depletion, this term will be used for the
remainder of the document.

Fossil fuels are used in industry, making it an important energy source. Therefore, itis considered
in the category “Resource Use, fossils”.

5.1.3. Regulatory Compliance

Due to European regulatory schemes (e.g., Green Deal), there is a demand to shift from fossil
resources to renewables.

5.1.4. Importance for the Chemical Industry

The chemical industry uses a wide range of fossil fuels. They play a crucial role in the chemical
industry as important precursors. They are used as raw materials (feedstocks) to produce a wide
range of chemicals, including plastics, fertilizers, pesticides, fibers, and personal care products.
The chemical industry is one of the big consumers of fossil fuels and is responsible for roughly
3% of global anthropogenic CO, emissions (Ourworld in data, 2020), that are mainly derived from
the use of fossil fuels and motivates the industry to reduce the use of them. In addition, among
energy intensive industries, the chemical industry is one of the most challenging to defossilize
due to the abundance of cheap fossil fuel-feedstocks. Among energy intensive industries, the
chemicalindustry is one of the most challenging to reduce the use of their fossil fuel-feedstocks.
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They are not only used as fuel but also as building blocks of products. In this sense, the term
“defossilization” not the best term to address.

Due to European regulatory schemes, such as the European Green Deal, there is a strong
demand to shift from fossil resources to renewables. The Green Deal aims for climate neutrality,
prioritizing the decarbonization of the energy system and building a power sector largely based
on renewable sources. The Renewable Energy Directive sets ambitious targets for increasing the
share of renewables in the energy mix. Complementary initiatives like the Fit for 55 package and
the REPowerEU Plan further accelerate this transition by reducing fossil fuel dependency and
promoting clean energy deployment. These policies are supported by substantial investments,
signaling a systemic shift toward renewables.

Even though the impact category “Resource Use, fossil” does not consider the reserves of the
different fossil resources, the assessment of "Resource Use, fossil" delivers valuable information
for the transition of the chemical industry to a more sustainable use of fossil resources, as they
are limited. It is therefore essential to use them in a responsible manner to enable future
generations to access these feedstocks when other sources are not available. Renewables
feedstocks normally have a much lower "Resource Use, fossil" compared to fossil feedstocks,
as their inherent feedstock energy is derived from renewable sources, that do not count for
"Resource Use, fossil".

Unlike other energy-intensive industries, the chemical industry cannot be made fully sustainable
directly with renewable electricity and green electricity-based hydrogen (e-hydrogen). Therefore,
alternative carbon feedstocks, such as biogenic materials, recycled materials or captured CO.,
must be developed to reduce the use of fossil resources in the production of large volume organic
chemicals.

Fossil fuels are essential for various processes, including heating, generating steam, and
providing raw materials for chemical production. The environmental impact of fossil fuel
extraction and the importance of considering "Resource Use, fossil" in environmental
assessments is a key element to be more sustainable in the future.

5.2. Methodology of Characterization

In van Oers & Guinée (2016) and van Oers et al. (2002), resource depletion was considered an
environmental problem, while recognizing that views differ regarding this topic. The problem was
defined as the decreasing natural availability of abiotic natural resources, including fossil energy
resources, elements, and minerals.

The Lower Heating Value (LHV) is a crucial property for energy and fuel calculations, indicating
the amount of heat released by a fuel during combustion, without accounting for the latent heat
of vaporization of water. PEF 3.1 refers to the PEF Guide, version 3.1 (EC, 2021), which provides
standardized factors for energy calculations and environmental assessments.

The authoritative LHV values from PEF 3.1 are available in the official PEF documentation, which
should be consulted for precise and regulatory-compliant data. Including uranium in the list of
fuels ensures that assessments and comparisons encompass all significant energy sources in
modern energy systems.

In order to facilitate improved communication between the two communities in the future, itis
recommended to use the terms 'resources' and 'reserves' in a consistent manner. In the next
chapter only the chosen EF method is described more in detail, whereas the description of other
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impact assessment methods as Exergy, Swiss Ecoscarcity and EDIP 1997 can be found in the in
the Appendix 21.2.1.

5.2.1. Chosen Method: EF

Based on comprehensive LCIA method evaluations, the abiotic depletion potential for fossil fuels
(ADP fossil fuels) by van Oers et al. (2002) as implemented in the CML method is recommended
to assess Resource use of fossil fuels in LCA for chemical industry products and materials. The
CML method allows for global applicability across diverse regions and markets. Its widespread
adoption by international standards and industry guidelines, such as the EF 3.1 method by the
European Commission makes it the preferred choice for harmonization efforts across the
chemical sector and beyond (Hauschild, et al., 2011). The scope of this impact category
specifically addresses fossil fuels and non-renewable energy carriers, with the CML method
(CML, 2016) demonstrating methodological stability as it is based on the LHV of fossil resources
without requiring frequent updates. In contrast to related methods using the Higher Heating
value such as Cumulative Energy Demand- non renewables (CED-non renewables)
(Frischknecht, Wyss, Busser Knopfel, Lutzkendorf, & Baloutski, 2015), focus on LHV represents
the amount of energy that can practically be recovered from fossil fuels in industrial applications.

ADP fossilis not used anymore in the EF 3.1 context, so we will use the new term “Resource use,
fossil” in this guideline.

Resource use fossil as an environmentalimpact category reflects the potential depletion of fossil
resources due to their extraction and use, but it is not a physical property of the product itself.

For fossil-based products, the “Resource use fossil” value typically exceeds the product’s LHV,
because it accounts not only for the fossil content embedded in the product but also for the
upstream fossil resource consumption throughout the pre-chain. However, due to allocation
rules applied in multi-output processes, it is possible that the calculated Resource use fossil for
a specific product is lower than its LHV. This does not imply an error but reflects the chosen
allocation method, which shall be applied uniformly across all impact categories.

In such cases, besides Resource use fossil also the LHV can be reported. A comment should be
included to explain why the Resource Use Fossil is lower than the LHV, ensuring transparency
and enabling accurate modelling in downstream processes™*.

Additionally, for products with partial or full biogenic content, the Resource use fossil may be
significantly lower than the LHV, since biogenic inputs do not contribute to fossil resource
depletion.

Importantly, the total Resource use fossil across all outputs of a process should reflect the
actual fossil resource demand. If allocation results in a lower Resource use fossil for one by-
product, it will be correspondingly higher for the other by-product(s), maintaining consistency at
the process level*.

How to accurately report:

*Proposed text for a comment in the data exchange format: ‘Note that the “Resource use,
fossil” value is lower than the LHV of the product. This may be due to e.g. allocation effects
and/or due to biogenic content in the product’.
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Formula

Based on all the choices described above, the characterization model can be described. The
characterization model is based on the LHV of fossil fuels. The method has been made
operational for fossil fuels (actually: the energy content of fossil fuels). The assessment reflects
the use of fossil fuels. It shall be expressed in Megajoule (MJ) per kg of product. In accordance
with the general structure of the LCIA, the impact category indicator results for the impact
category of “Resource use, fossils” is calculated by multiplying LCI results, extractions of fossil
fuels (in MJ) by the CFs. It is calculated as outlined in the following formula to calculate the
“Resource use, fossils” for all fossil materials and inputs:

“ReSOU rce use, fOSSilS” = Z (Ii-Resource use, fossil x LHVi— Resource use, fossil) [MJ per kg prOd UCt]

Formula 4: Equation for “Resource use, fossils” calculation

Where:
- liResource use, fossii = INput of fossil materials (e.g., Oil, gas, coal, lignite, ...) [kg fossil
material/kg product]

- LHVi gesource use, fossit = Lower heating value (LHV) per fossil input [MJ/kg fossil material]

The impact of “Resource use, fossils” is, therefore, expressed in MJ per kg product.

Characterization Factor in EF Method

The LCI flows and the respective CFs for the “Resource use, fossils” category are based on the
van Oers et al. (2002) model, extracted from EF 3.1 and are presented in Table 5. In case of
missing CFs, these values can be used. Specific CFs shall be addressed and used in LCA studies,
because these values can differ depending on the quality of the fuel used as well as their regional
specifications. The Table 5 shows an overview of existing average numbers for the assessment
of the midpoint category “Resource use, fossil”:

Table 5: Overview of average LCI flows recommended*

Flows CFs (MJ/kg)
Brown coal (Lignhite) 12

Hard coal 25

Crude oil 42

Natural gas 49

Peat 8.4
Uranium** 546,000
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*Note: Different CFs values were identified for the LCI flows from EF 3.1 depending on the LCA

software used. It is recommended to use the latest EF version proposed by the LCA software
provider.

**Uranium is included here because, despite not being a conventional combustible fuel, itis a
primary energy source in nuclear power generation. Its energy content is not measured by LHV in
the traditional sense, as its energy is released through nuclear fission rather than combustion.
However, for the purposes of standardized energy comparisons in environmental assessments
and lifecycle analyses, the energy released by uranium through fission can be quantified and is
sometimes referenced in terms comparable to heating values. This allows for a more
comprehensive comparison across all major energy carriers, ensuring that analyses can account
for the vast energy potential of nuclear fuels just as they do for fossil fuels and renewables. It was
decided in the Technical advisory board of the EU commission to keep it on the list and to
generate a kind of LHV which allows a combination with conventional fossil fuels.

The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1

Downloading the files from EF 3.1 can be done by the steps described in Appendix 15.1. This is
relevant for all impact categories with the same procedure as outlined here.

Selection guidance for characterization factors

Generally, EF 3.1 provides CFs for elementary flows with different geographical granularity.
Based on the LCA software and database used, the geographical granularity of available CFs
might vary. Specifically for water scarcity, the underlying characterization method AWARE
provides localized CFs on watershed level, while EF 3.1 and most LCA software offer less
granularity. Following hierarchy shall be followed when choosing CFs (from most granular to
global) depending on the availability:

localized (e.g. watershed at water scarcity)
country

region (e.g. Europe)

global

Pobd=

This rationale for selection of available characterization factors is applicable to all sustainability
metrics described in this guideline.

5.2.2. LCI Flows

Table 6 shows a few examples of LCI flows for “Resource use, fossil”.
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Table 6: Description of relevant LCI flows concerning Resource use, fossil
LCI Flow Description of Flow
Brown Coal Brown coal, or lignite, is a type of soft coal that is low in carbon content and
(Lignite) high in moisture. Itis primarily used for electricity generation in power plants

due to its high-water content and lower energy density compared to harder
coals. In the chemical industry, lignite can be converted into synthetic
natural gas and other chemicals through gasification processes.

Hard Coal Hard coal, also known as bituminous coal, has a higher carbon content and
energy density than lignite. It is widely used in electricity generation and in
the production of coke for steel manufacturing. In the chemical industry, it
serves as a feedstock for various chemical processes, including the
production of chemicals like methanol and ammonia.

Crude Oil Crude oil is a liquid fossil fuel composed of hydrocarbons and is a primary
source for fuels and petrochemicals. In the chemical industry, crude oil is
refined into various products such as gasoline, diesel, and feedstocks for
producing plastics, fertilizers, and other chemicals.

Natural Gas Natural gas is a fossil fuel primarily composed of methane. It is used for
heating, electricity generation, and as a feedstock in the chemical industry.
Natural gas is crucial for producing ammonia (via the Haber process) and
methanol.

Peat Peat is an accumulation of partially decayed organic matter found in
wetlands. Itis primarily used as a fuel in some regions and can be processed
into biofuels. In the chemical industry, peat can be converted into activated
carbon and other chemicals, although its use is less common compared to
other fossil fuels.

Uranium Uranium is a heavy metal used as fuel in nuclear reactors. In the chemical
industry, it is primarily involved in the production of nuclear energy.

The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1.

5.3. Assessment Examples

Figure 5 provides some assessment examples for Resource use, fossils. Following the Formula
4, all “Resource use, fossils” are calculated. For electricity as an example, the efficiency of a
factor 3was used, meaning that 3 MJ primary energy is needed to generate 1 MJ of electricity. This
number can vary significantly depending on energy generation technology. For the transfer to
kWh which is often used as well, the factor is 3.6. For steam production an efficiency of 90 % is
considered and the energy content of 1 kg steam is considered as 2.5 MJ / kg. This varies as well,
depending on the production technology and the pressure of steam.
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Figure 5: Assessment example for Resource use, fossils
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6. Resource use, minerals and metals

6.1. General Description

6.1.1. Issues of Concern

Minerals and metals are fundamental to modern industrial society, forming the basis of
infrastructure, technology development, and economic growth. Their use spans construction
materials such as steel and cement, as well as critical elements essential for electronics and
renewable energy technologies. Their concentrations and accessibility in the Earth’s crust vary
considerably. Although these formation processes continue, current industrial extraction rates
far exceed natural replenishment, rendering these resources effectively non-renewable. Global
material extraction has increased more than threefold since 1970, driven by population growth,
urbanization, and rising consumption levels (UNEP, 2019). Demand is expected to continue
increasing as industrialization and technological innovation accelerate.

Metals such as copper, lithium, and rare earth elements are indispensable for emerging
technologies including electric vehicles, wind turbines, and digital devices. Additionally, many
mining operations rely on hazardous chemicals, such as cyanide in gold extraction or processes
that generate toxic tailings during bauxite refining (UNEP, 2017). This intensifying demand raises
concerns about resource depletion, environmental degradation, and social impacts associated
with mining activities. Raw materials underpin all economic activity, yet their extraction
contributes significantly to greenhouse gas emissions, biodiversity loss, and water stress (EEA,
2024).

Reducing mineral resource depletion therefore constitutes a major technical, social, and
economic challenge. The chemical industry depends heavily on these resources for both its
infrastructure and its feedstocks. Enhancing resource efficiency, e.g., through the utilization of
secondary streams that currently fall below quality specifications, expanded recycling and urban
mining, or the development of substitute materials—can help mitigate pressures on abiotic
resources (Gabrielli, 2023) (OECD, 2026) (Corder, 2013). Systematic investigation of resource
use indicators for minerals and metals is therefore essential. Such indicators quantify material
and energy flows and support assessment of environmental burdens across resource life cycles.
Improved data availability and methodological consistency are crucial for effective resource
management and sustainable policy development (EEA, 2024).

6.1.2. Key Components of Potential Impact

The impact category Resource Use, minerals and metals evaluates the extent to which various
metallic and mineral raw materials are extracted during the product life cycle and how this
impacts resource depletion. In general, bulk metals, due to their enormous quantities used, as
well as rare or critical metals, due to their limited availability and high value, contribute
significantly to this category:

- Ironis one of the most extensively mined metals worldwide and is generally considered
a relatively abundant element. However, the substantial volumes consumed still result
in a significant contribution to the overall impact category.

- Aluminium is the second most abundant metal in technical applications and widely
used. Due to the large production volume, it is also significant to Resource Use, minerals
and metals.
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- Copper is an essential metal for instance for electrical engineering but less abundant
than iron. Nevertheless, electrification and renewable energies lead to increasing
demand.

- Precious and special metals like gold, silver, platinum score highly on resource
scarcity indicators due to their rarity, limited substitutability, and finite reserves.

- Battery raw materials as lithium, cobalt and nickel have become increasingly
important due to the rapid expansion of lithium-ion battery applications. Their extraction
has increased significantly, and these metals are less abundant than widely used metals
such as iron and aluminium. As a result, they now contribute substantially to the impact
category Resource Use, minerals and metals.

Afull list of contributors can be found in chapter 6.2.2

6.1.3. Regulatory Compliance

The depletion of minerals and metals is subject to several interconnected international and
regional regulations. The EU Critical Raw Materials Actis the most comprehensive EU-level
instrument directly addressing the sustainable use of minerals and metals. It establishes
strategic targets for domestic extraction and recycling of critical raw materials, explicitly
recognizing secondary raw materials as a strategic alternative to primary extraction and
incentivizing their recovery from waste streams (EU, 2024). The EU Batteries Regulation (EU,
2023) introduces binding recycled content targets for lithium, cobalt, nickel, and lead, phased in
from 2030, and mandates supply chain due diligence addressing environmental risks at the
mining stage. For chemical companies producing battery materials, this regulation creates direct
compliance obligations for which the assessment of Resource Use, minerals and metals is
crucial. The United Nations Convention on the Law of the Sea (UNCLOS) deep seabed regime,
administered by the International Seabed Authority, governs extraction of polymetallic nodules,
cobalt-rich crusts, and seafloor massive sulfides beyond national jurisdiction, with the objective
of preventing marine ecosystem harm (UN, 1982). Its relevance for the extraction of metals such
as cobalt, nickel, and manganese might increase further in the future. The Minamata Convention
is a global treaty primarily targeting health risks connected to mercury pollution while carrying
indirect relevance for co-extracted metals like gold, lead, copper or zinc (UNEP, 2024). It
underscores the principle that mineral depletion and metal pollution are intrinsically linked.
Across these frameworks, a common requirement emerges: the need for primary data to track
the depletion of minerals and metals along the value chain.

6.1.4. Importance for the Chemical Industry

The chemicalindustry is intensely relying on various minerals and metals. Across its diverse sub-
sectors from basic chemicals and polymers to specialty chemicals, catalysts, and battery
materials, minerals and metals serve as indispensable raw materials, catalysts, and functional
additives. This structural dependency makes the impact category Resource use, minerals and
metals particularly relevant for chemical companies. Use of metal-based catalysts as key
process enablers represents a significant source of mineral depletion in chemical production.
Transition metals such as Platinum group metals are widely used as catalysts in chemical
synthesis and refining. Despite often being used in relatively small quantities and recyclability,
their scarcity can make them notable contributors to this impact category. Mineral-based raw
materials and additives constitute a further relevant area. Inorganic pigments and mineral fillers
such as titanium dioxide, zinc compounds, or sulfates are used across coatings, plastics, and
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specialty chemical formulations. Each of these materials carries a measurable depletion
contribution that can accumulate significantly across large production volumes. Quantifying the
resource use of minerals and metals is a useful tool for identifying material hotspots and guiding
more resource-efficient decision-making across the chemical value chain.

Circularity strategies such as recycling, reuse and the use of secondary raw materials help
preserve those resources by reducing the need for virgin extraction.

6.2. Methodology of characterization

The impact category “Resource use, minerals and metals” is based on the Abiotic Depletion
Potential (ADP) for elements originally developed by van Oers et al. (2002) and further discussed
by van Oers and Guinée (2016). Both references defined resource depletion as decreasing
availability of abiotic natural resources, including fossil energy resources, elements, and
minerals, while at the same time recognizing that views may differ regarding this topic. The
impact category discussed in this chapter quantifies the potential depletion of mineral
resources. In this framework, antimony (Sb) is used as a reference substance for normalization
purposes, and results are therefore expressed in kg Sb-equivalent. This choice enables
aggregation and comparison across different mineral and metal resources without implying
physical consumption or criticality of antimony itself.

To improve future communication, we recommend using the terms “resources” (natural stocks)
and “reserves” (economically recoverable subset) consistently. A detailed description of the
chosen method is provided in the next chapter.

6.2.1. Chosen method: EF

Based on comprehensive LCIA method evaluations and alignment with EU guidance, the
recommended method to assess Resource use, minerals and metals is the EF 3.1 midpoint
indicator implemented as ADP (elements). It is expressed in kg Sb-eq (EC, 2021) and uses
characterization factors derived from the use to availability ratio considering ultimate reserves
(Van Oers L. G., 2020). This method is maintained within the EF reference packages and updated
by the European Commission’s JRC; users shall apply the official EF 3.1 CF set for consistency
and comparability across studies.

The category builds on the ADP framework developed at CML/Leiden (CML 2002 and
subsequently revised 2016+, 2019/2020) to incorporate updated ultimate reserves and
production data. EF adopts the elements (non-fossil) branch, separate from fossil energy
carriers, to reflect mineral/metal scarcity through a normalized proxy (kg Sb-eq) (European
Commission, JRC, 2023).

The indicator covers primary extraction of minerals and metals (e.g., Fe, Al, Cu, Ni, Co, Li, Pt-
group metals, rare earths). It excludes fossil resource energy carriers (covered by Resource use,
fossil) and biotic resources.

Formula
“Resource use, minerals and metals” [kg Sb-eq ] = Yi (M extractea ctement kg ] ¥ CFi. [kg Sb-eq per kg])

Formula 5: Equation for “Resource use, minerals and metals” calculation

Where:
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- Mjextracted etement = Mass of element i extracted from nature (elementary flow, “in ground”).

- CF.=EF 3.1 characterization factor for element i (Sb as reference)

The impact indicator is expressed in kg Sb-eq per declared unit (1 kg or product). This differs
from Resource use, fossil, which is expressed in MJ based on LHV.

Characterization factors in EF method

The LCI flows and the respective CFs for the “Resource use, minerals and metals” category are
based on the van Oers et al. (2002) model, extracted from EF 3.1. Selected characterization
factors for impact category Resource use, minerals and metals are presented in Table 7. In case
of missing CFs, these values can be used.

Table 7: Overview of selected average LCI flows recommended

Flows CFs (kg Sb-eq. per kg)
Aluminium see Bauxite at EF

3.1 1.09E-09
Antimony 1.00E+00
Cadmium 1.57E-01
Cobalt 1.57E-05
Copper 1.37E-03
Gold 5.20E+01
Indium 6.89E-03
Iron 5.24E-08
Lithium 1.15E-05
Nickel 6.53E-05
Palladium 5.71E-01
Phosphorus 5.52E-06
Platinum 2.22E+00
Silver 1.18E+00
Titanium 2.79E-08

The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1

Downloading the files from EF 3.1 can be done by the steps described in Appendix 15.1. This is
relevant for all impact categories with the same procedure as outlined here.
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Selection guidance for characterization factors

In general, EF 3.1 provides characterization factors (CFs) for elementary flows of individual
elements. In contrast, inorganic compounds and aggregates, such as chlorides, sulfates,
nitrates, and carbonates, are assigned a characterization factor of 0.00E+00 kg Sb-eq. per kg.

In this respect, EF 3.1 deviates from the recommendations of the CML 2001 methodology. The
implications of this approach can be illustrated using sodium chloride (NaCl) as an example
(Table 8). According to CML (2016), the characterization factor for NaCl is derived from the
weighted contributions of its constituent elements, sodium and chlorine. In EF 3.1, however, the
compound itself is assigned to be a characterization factor of zero, while characterization factors
are only available for the individual elemental flows.

Table 8: Resource use, minerals and metals for sodium chloride (rocksalt)

Substance/element | NaCl Na CL
Mass 1.00 0.39 0.61

in kg/kg NaCl

CF acc. to CML | 1.65E-05* 5.50E-08 2.71E-05
(CML, 2016)

in kg Sb-eq./kg

CF acc. to EF 3.1 0.00E+00 5.50E-08 2.71E-05
in kg Sb-eq./kg

* =5.50E-08 kg Sb-eq./kg *0.39 kg+2.71E-05 kg Sb-eq./kg *0.61 kg
= 1.65E-05 kg Sb-eq./ 1 kg NaCl

Nevertheless, life cycle assessment software may report non-zero results for the impact
category Resource use, minerals and metals. These values typically originate from upstream co-
extraction processes rather than from the assessed substance itself. For example, the extraction
of copper is frequently associated with the recovery of precious metals such as gold, silver, and
platinum. Consequently, copper sulfate may not have a CF for resource use, minerals and
metals, while significant contributions to this impact category can arise from the extraction of
associated metals from the same geological deposit.

Given the chemical industry's strong dependence on mineral resources, assigning a CF of
0.00E+00 kg Sb-eq. per kg to many mineral compounds may lead to misleading interpretations
regarding the availability of abiotic resources. In particular, a value of zero may be perceived as
indicating an abundant resource with no depletion risk, although this does not necessarily reflect
the actual resource situation. In the NaCl example, the use of zero in a Chloro-Alkaline
Electrolysis results in a zero Resource use, minerals and metals consumption whereas the CML
approach clearly indicates consumption. In cases where chemicals are compared in LCA to
other materials like e.g. Copper, the Resource use, minerals and metals can be zero, whereas
the chemicals alternative has an impact to the Resource use, minerals and metals probably by
using a catalyst. Therefore, alternative assessment methods presented in Appendix Chapter
21.3 can be used.
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6.2.2. LCIFlows
Table 9: Description of selected relevant LCI flows concerning Resource use, minerals and metals
LCI Flow Description of Flow
Aluminium Aluminium is a lightweight metal used for corrosion-resistant equipment, reactors,

and packaging. Often used in catalysts and as aluminium compounds in water

treatment.

Antimony Antimony is mainly used in flame retardants and alloys. In the chemical sector,
antimony compounds act as catalysts for PET (polyethylene terephthalate)

production.

Cadmium Cadmium is applied in specialty alloys, pigments, and stabilizers. Cadmium
compounds are also used in electrochemistry and coatings, though use is declining

due to toxicity.

Cobalt Cobalt is important for catalysts (e.g., in oxidation reactions), battery materials, and

high-strength alloys. Essential in petrochemical and polymer production processes.

Copper Copper is used for electrical equipment, heat exchangers, and corrosion-resistant

components. Copper compounds serve as catalysts and biocides.

Iron Iron is a basic construction material for chemical plants (steel reactors, pipelines).

Iron salts are used in water treatment and as catalysts in chemical synthesis.

Lithium Key component in lithium-ion batteries and used in high-purity lithium salts for

polymers, ceramics, and specialty chemicals.

Nickel Nickel is used for corrosion-resistant alloys and catalytic hydrogenation processes.

Nickel catalysts are essential in petrochemical and fine-chemical production.

Palladium Palladium as precious metal catalyst is widely used in hydrogenation,
dehydrogenation, and cross-coupling reactions (e.g., Suzuki reactions). Important in

pharmaceuticals and petrochemistry.

Phosphorus Phosphorus is used in fertilizers, flame retardants, detergents, and metal treatment.

Phosphorus compounds play a key role in organic synthesis.

Platinum Platinum as high-performance catalyst for oxidation, hydrogenation, and fuel-cell

reactions. Common in petroleum refining and specialty chemical production.

Silver Silver is known for excellent electrical and thermal conductivity. Used in catalysts for

ethylene oxide production, coatings, and specialty electronics.

Titanium Titanium is mainly used as titanium dioxide for pigments, coatings, and plastics.

Metallic titanium is used for corrosion-resistant equipment in chemical plants.

The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1.

6.3. Assessment Examples

A simplified example for Resource Use, minerals and metals is the production of 1kg of a
hydrogenation catalyst, where 200 g nickel and 5 g palladium is required. Even though much less
palladiumis used, it contributes most of the resource impact because precious metals have very
high CFs.
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Precursor 1
Nickel
0,0000653 kg
Sb-eq. per kg

Production
Process

Precursor 1
Palladium
0,571 kg Sb-eq.
per kg

Resource use, minerals and metals = 0.2 kg * 0.0000653 kg Sb-eq./kg
+ 0.005 kg * 0.571 kg Sb-eq./kg = 0.00287 kg Sb-eq./kg product

Figure 6: Resource use, minerals and metals calculation of hydrogenation catalyst
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7. Water Scarcity

7.1. General Description

Water is an indispensable resource for life and a critical input for numerous industrial processes,
including chemical production. The sustainable management of water resources has become a
significant concern, considering the increasing demand and the impact of water scarcity on the
environment and society. Water scarcity is an important impact category in LCA and is being
increasingly included in environmental assessments

Comparable to the Product Carbon Footprint which is an LCA study focusing on only one
environmental impact, a water footprint (ISO 14046, 2014) is defined as metric(s) that quantifies
the potential environmental impacts related to water within LCA. If water-related potential
environmental impacts have not been comprehensively assessed, then the term “water
footprint” can only be applied with a qualifier. A qualifier is one or several additional terms used
in conjunction with the term “water footprint” to describe the impact category/categories

» o«

studied in the water footprint assessment, e.g. “water scarcity footprint”, “water eutrophication
footprint”, “non-comprehensive water footprint”®. This chapter delves into the concept of water
scarcity within the framework of LCA and its application in the chemical industry. Water scarcity

as described in this guideline is considered a non-comprehensive water footprint.

7.1.1. Issues of Concern

According to ISO 14046 water scarcity is defined as the extent to which demand for water
compares to the replenishment of waterin an area, e.g. a drainage basin, without considering the
water quality.

According to Joint Research Centre (JRC), water scarcity assesses water use impacts by
considering both consumption and regional water stress levels (JRC, 2018). The Figure 7 shows
the relation between Water use, Consumptive Water and Water Scarcity. The water scarcity can
therefore be calculated by multiplying the inventory data of water consumption with the CF of the
country. Relevant CFs are defined by different LCIA methodologies.

Consumptive Water Water Scarcity

Regional
Stress
Factor

Figure 7: Definition of water scarcity footprint

8 The principle of comprehensiveness implies to consider all environmentally relevant attributes or aspects of natural environment,
human health and resources related to water, including water availability and water degradation.
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According to ISO 14046:2014, Consumptive Water Use refers to the volume of freshwater
withdrawn and not returned to the same watershed. Water consumption can be because of
evaporation, transpiration, integration into a product, or release into a different drainage basin or
the sea. Change in evaporation caused by land-use change is considered water consumption
(e.g. reservoir).

The environmental impact of water consumption largely depends on the availability of water in a
given country where the process is located. Using water in areas with plentiful resources typically
has different consequences than in countries facing water scarcity. These differences are
captured through water stress indicators from countries where water is used in the life cycle of a
product. This assessment method focuses exclusively on the quantity of water used.

7.1.2. Key Components of Potential Impact

Water scarcity can have significant effects on ecosystems (destruction of aquatic habitats
and effects on biodiversity), human health (malnutrition and infectious diseases) and natural
resources (depletion of water reserves for future generations).

Integrating water scarcity into environmental assessments is crucial for promoting sustainable
water management practices. It allows for a comprehensive understanding of how water
resources are utilized and helps in the development of policies and strategies that balance water
use with conservation. This can include initiatives such as efficient irrigation techniques, water
recycling programs, and the promotion of water-saving technologies.

Water scarcity issues in many countries or regions are getting very important nowadays. Changes
in precipitation patterns, increased evaporation rates, and the frequency of extreme weather
events can all influence water availability.

When water is diverted from rivers, lakes, or aquifers for consumptive purposes, the reduced
water availability can impact aquatic habitats, alter water temperature, and affect the quality of
the remaining water. These changes can threaten the survival of fish and other aquatic
organisms, disrupt breeding and feeding patterns, and lead to the degradation of wetlands and
riparian zones (EC, 2025).

7.1.3.  Regulatory Compliance

Water scarcity represents critical global challenges in sustainable resource management,
prompting the European Union and other jurisdictions to establish regulatory frameworks aimed
at preserving freshwater availability and promoting responsible water use. The Water Framework
Directive (EU, 2015) provides a comprehensive basis for water resource protection, requiring
Member States to assess and manage water quantity alongside quality, and to ensure
sustainable abstraction and use of water bodies to achieve “good status”. In parallel, the
Groundwater Directive (EU, 2006) complements these efforts by regulating groundwater
abstraction and preventing overexploitation, thereby safeguarding long-term water availability.

To address agricultural pressures on water resources, the Common Agricultural Policy (CAP)
incorporates water-related conditionalities and incentives for efficient irrigation practices,
drought-resilient cropping systems, and water-saving technologies. These measures aligh with
broader EU goals for climate adaptation and resource efficiency.

Globally, water scarcity has driven policy responses such as the U.S. WaterSMART Program,
which promotes water conservation and reuse in drought-prone regions, and the UN Sustainable
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Development Goal 6, which calls for universal access to clean water and sustainable water
management. These initiatives reflect growing recognition of water footprint as a key
environmental indicator in LCA, especially in countries facing hydrological stress.

7.1.4. Importance for the Chemical Industry

The chemical industry uses significant amounts of water, with applications ranging from
chemical synthesis to cooling and cleaning. The sector's water use is broadly categorized in
Table 10. More information can be found in CORDIS - EU research results (EC, 2016).
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Table 10: Water usage categories within chemical industries

Category Description Example

Chemical Water is a crucialreactant and solventin | In the production of ammonia

Synthesis many chemical processes. It facilitates | through the Haber process,
reactions, dissolves reactants, and | water is used to generate
helps in the separation and purification | hydrogen via steam reforming
of products. natural gas.

Heating and | Cooling and heating are vital for | Water is used in cooling

Cooling Systems

maintaining operational safety and
efficiency in chemical plants.

towers, as heat exchangers,
and in other cooling systems to
dissipate  heat  generated
during exothermic reactions
and mechanical operations.

Cleaning and

Maintenance

Water is essential for cleaning
equipment, maintaining hygiene
standards, and preventing
contamination between production

batches.

High-purity water is often
required to meet stringent

quality standards.

Waste
Treatment

The chemical industry generates various
effluents that require treatment before
discharge or reuse.

Water is used in the treatment
processes, including dilution,
neutralization, and biological
treatment.

Steam
generation and
condensation

Steam in the chemical industry refers to
steam that is produced on-site or off-
site, which is then used for heating,
power generation, or driving equipment.

Typically, freshwater is used to
produce steam. A closed
circuit helps to recover steam
condensate. However, any loss
of steam condensate should
be replaced with fresh water.

Evaporation

Some chemical processes produce
water vapor, which is water evaporated
from the process. |In addition,
evaporation can be used for cooling.
Evaporated water is usually not directly
emitted back to the water body / basin
where the water initially comes from

While using the spray drying
process, for example by
producing dispersible polymer
powder, water vapor occurs
which sometimes evaporates
without further use.

Water in
products

The chemical industry also produces
aqueous based products via emulsion-
based polymerization. The water
contained in products as raw material
usually is consumptive water.

Aqueous
solutions,

dispersion,

Note: The table contains non-exhaustive list of examples for water scarcity and therefore might not cover all categories relevant for
the water scarcity application.
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7.2. Methodology of characterization

This section outlines the approach used to characterize water use impacts in accordance with
international standards and best practices. It begins with relevant ISO guidance, followed by the
rationale for selecting the Environmental Footprint (EF) method as the primary LCIA methodology
for water footprint. Finally, it explains how the EF method is applied in practice to quantify the
water footprint.

7.2.1. Chosen method: EF

ISO 14046:2014 outlines the principles, requirements, and guidelines for conducting a water
footprint assessment within the framework of environmental LCA. ISO 14046 uses ISO
14040:2006 and ISO 14044:2006 as normative references and applies all general principles of
these standards

The ISO standard addresses both consumptive water use, and water-related impacts, such as
water scarcity. It emphasizes the local context of water availability and scarcity, recognizing that
the same quantity of water use can lead to different impacts depending on the location.

Although ISO 14046 does not prescribe a specific LCIA method for water-related impacts, it
provides a conceptual framework for applying scientifically validated models. These models
typically use data on water availability and withdrawals to quantify water scarcity level, which is
usually done with the geographical resolution on water basin and country level.

To support alignment with international best practices and ensure regionally sensitive
assessments, the AWARE (Available WAter REmaining) method was developed in accordance
with ISO 14046 (Boulay, Bare, & Benini, 2018). It also serves as the basis for the water scarcity
indicator used in the EF method developed by the European Commission. While water scarcity
category in EF is derived from AWARE, itincludes modifications to the original CFs to improve the
differentiation of countries and to align with the European Union’s policy goals and data quality
standards.

Choosing the EF method over the standalone AWARE approach supports greater consistency
with other environmental impact categories assessed under the EF framework and facilitates
broader acceptance and comparability of results. Given its widespread application in product-
level environmental assessments and alignment with both ISO standards and European
guidance, EF provides a robust and harmonized basis for evaluating water scarcity impacts in life
cycle assessments.

These models are based on the pre-selected methods reported in the ILCD Handbook
(Hauschild, et al., 2011).

Furthermore, it's the only available compilation of characterization methods covering the whole
breadth of 16 impact categories, and which is subject to a scientifically maintained cross
consistency check (through JRC).

In the Environmental Footprint (EF) method, Water Scarcity is represented as Water Use. This
should not be mixed with simple water consumption that ignores local water stress levels.

The EF 3.1 indicator follows ISO 14046 standards and measures how water use in a specific

country may limit availability for other users—both people and ecosystems. It reflects the
potential impact of water scarcity at the midpoint level.
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Formula

The EF method calculates Water Scarcity impact using the following formula:

Water Scarcity [m3 world eq.] = Consumptive Water Use [m3] x EF water scarcity CF [m3 world
eq./m3]

Formula 6: Equation for “Water Scarcity” calculation

Where:

- Consumptive Water "Use refers to the volume of freshwater withdrawn and not returned
to the same watershed (e.g., via evaporation, incorporation into products, or transfer to
other basins or the sea).

- EF 3.1 CFs are applied based on the geographic origin (Country level) of water use.

The resulting unit, m® world equivalent, facilitates comparison across different countries and
systems.

Remark: water that is generated in a chemical reaction contribute negatively to consumptive use
and reduces the consumptive water use of a process if this water is captured and transferred to
a watershed.

Characterization Factor in EF Method

In the EF method, each country is assigned a CF that reflects its relative water scarcity,
normalized against the global average. A CF of 1 represents the global average water scarcity
level. In practice, CFs range from O (no scarcity) to well above 1, even reaching values near 100
in extremely stressed countries. These CFs are determined using hydrological models such as
WaterGAP3 and account for water availability, sectoral demand, and environmental flow needs.

Official EF 3.1 CFs are maintained by the European Platform on Life Cycle Assessment (EPLCA)
and are available as part of the EF LCIA method documentation:

e EF 341 reference  package spreadsheet can be downloaded from
https://eplca.jrc.ec.europa.eu/LCDN/developerEF.html

e CFscan be assessed by geographically defined countries, ensuring as much as possible
accurate assessments.

e Practitioners can integrate CFs directly or use them via LCA software platforms that
support the EF method.

It should be noted that water scarcity can vary significantly within a country. Companies can
choose a more specific CF if the source of this CF is referenced. Although this is a slight
deviation from the EF method, it is important to allow increased specificity where available.

7 In some sources, this may be referred to as blue water consumption. However, we adopt the 1SO
terminology for consistency with international standards
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If the region where the emission occures is known, use the regionalized factors. For regionalized
figures see guidance on page 17.

Selection Guidance

In the spreadsheet “Cradle to Grave Template with El 3.10 Emission Factors”, tab
“lciamethods_CF”, CFs are provided for specific water flows and countries. Notably, the same
specific values may appear as either positive or negative, depending on whether the water flow
represents an input or output for that country. This approach ensures that the water mass
balance is maintained across the modeled product system.

To correctly select and apply the appropriate CFs in each calculation, the following
considerations are important:

e For practitioners using standard background databases available on the market as
sources of secondary data, CFs are typically pre-selected and applied within the
datasets. However, these background databases may carry uncertainties regarding the
country and flow-specific granularity of CF application. In the absence of primary data,
such limitations are acknowledged, and these datasets are treated as the best available
solution.

e For practitioners modeling foreground processes, it is essential to know the country
associated with each individual inflow and outflow of water.

e If all water flows pertain to the same country, net consumptive water use can be
calculated and multiplied by the positive CF provided by the EF method for that country.

e However, ifthe origin and/or destination of water flows differ across countries, itis critical
to apply the correct CF based on both the flow name and corresponding country. This
ensures an accurate water balance and appropriate characterization of water use across
the product system.

7.2.2. LCI Flows

Calculating water scarcity is a critical aspect of understanding and managing water usage in
various processes and products. LCl flows play a pivotal role in this calculation, as they provide
the necessary data on the inputs and outputs associated with water use.

To assess water scarcity impacts, LCl data should ideally be collected with spatial resolution,
preferably at the watershed or basin level. However, in alignment with the EF method, which
applies country-level CFs, this document focuses on the collection of annual, country-specific
water use data. This approach is deemed as adequate to achieve scale in the water scarcity
assessment at current levels of data availability.

If water is qualified as freshwater, it typically contains less than 1 000 mg/l of dissolved solids
and is generally accepted as suitable for withdrawal and conventional treatment to produce
potable water. If the water quality is changed from freshwater to brackish water (1 000 mg/lL to 30
000 mg/l) or to seawater (concentration of dissolved solids greater than or equal to 30 000 mg/l),
this is considered as consumptive water use.

In Table 11 the key LCI flows needed for the calculation of a water footprint, along with precise
examples, are shown:
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Table 11: Checklist of Water Flows for Consumptive Use Assessment (Aligned with EF method - country-level

resolution)

Contributes to

country

Water Use Element Examples Data Required Consumptive
Use?®
River, lake,
Water input from Source type,
. 67 groundwater No
environment® . country, volume
withdrawal
Water from water . Supplier, country of
Municipal supply . No
supply system withdrawal, volume
Water incorporated Water contained in final | Estimated or Yes
into product®™ product measured volume
Boiling, drying, coolin .
Evaporation g drying g Estimated volume Yes
towers
Water lost via drift or Open systems, fault .
.p 4 y Estimated volume Yes
leaks pipes
Chemical reactions
Water transformed, Volume,
. (consumed or .
chemically bound or transformation Yes
. produced), o
contained ) ) description
incorporated in waste
. Volume, water
Return to same Discharge to surface or . .
quality, receiving No
country* sewer
country
Discharge across
Return to a different g . Volume, receiving
borders (e.g., via Yes
country Q. country
pipeline)
Volume, treatment Possibly,
External wastewater Sent off-site for . y .
type, discharge depends on final
treatment treatment

quality®

Onsite recycled/reused

Cooling systems,

Volume reused No
water process loops
Rainwater used in Volume used,
Stormwater harvested No
processes purpose
Incidental water uses Firefighting or spills Possibly™

8 Water generated during chemical reactions in a process reduces overall consumptive use (negative

consumptive use), as it adds to the available water rather than depleting it.
9if fully returned in usable quality
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7.2.3. Data Granularity

Water Balance and Cut-off Criteria

To ensure data consistency and completeness, a water balance check should be performed
across the system boundaries. The relative difference between total water inputs and outputs
should not exceed 5% in absolute value, which is considered acceptable based on best practice
in water footprinting. Flows below this threshold are considered negligible and are excluded only
if they have no significant influence on the overall results. All exclusions should be transparently
documented and justified to maintain methodological robustness.

As a best practice, conservative assumptions and adjustments may be applied to water flow data
to correct imbalances (>5%) and ensure a closed water balance (section 6.2.4.1.1).

Corrective Considerations for Surplus Water Outputs

In cases where the water balance shows more water output than input, a discrepancy may exist
that warrants further investigation. While such imbalances may arise from measurement errors
or data gaps, they can also result from physical or chemical phenomena that are not always
captured in initial flow inventories. The following corrective approaches outline common causes
and recommended methods for resolution.

Case 1: Water Formation Through Chemical Reactions

In certain processes, water is generated as a byproduct of chemical reactions (e.g.,
condensation reactions, neutralizations, or combustion). This additional water may appearin the
output flows (e.g., wastewater, steam, or emissions), leading to an apparent surplus relative to
measured inputs.

Recommended Action: Perform a stoichiometric analysis of the relevant chemical reactions to
quantify the amount of water produced. If the calculated water formation aligns with the
imbalance, it is considered a valid explanation. The result should be documented and included
as an internal source of water in the inventory.

Case 2: Water Content in Raw Materials

Some input materials may contain inherent moisture (e.g., wet biomass, slurries, agricultural
products) that are not initially accounted for as a separate water input. This moisture can be

° Note on water quality:

o If return water is degraded to the point that it is no longer usable, it is functionally lost and should
be counted as consumptive.

o If water undergoes adequate on-site or off-site treatment before discharge, it is considered
returned in usable form and thus non-consumptive.

o If water is discharged with pollutants exceeding regulatory or ecological thresholds, it may be
considered fully consumptive (in practice, partial consumptiveness is generally not accounted for in LCA
databases).

" Incidental water uses, such as firefighting or spills, are excluded from LCI unless they are frequent,
systemic, and materially significant at the product level.
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released during processing and counted as part of water output (e.g., in evaporated or
discharged streams).

Recommended Action: Review the moisture content of raw material inputs and estimate the
corresponding water mass using material specifications or literature data. Adjust the water input
inventory accordingly to account for this internal water source.

Case 3: Rainwater Entering Water Output Flows

In some cases, rainwater may unintentionally be included in measured water outputs,
particularly in outdoor or open-system facilities where stormwater enters wastewater drains,
surface runoff collection systems, or treatmentinfrastructure. This can resultin apparent excess
output water volumes relative to the reported input water, thus distorting the water balance.

This is particularly relevant in methodologies such as the EU PEF, where rainwater is not
characterized with any water scarcity impact factor. Including rainwater in output flows without
adjusting the inventory can lead to misinterpretation of results, specifically:

e Artificially high output volumes that appear to "offset" consumptive water use.

e |ncorrect attribution of negative water scarcity impacts (credits).

e Recommended Action: Identify if the water output streams include rainwater
contributions.

e Estimate the volume of rainwater using local precipitation data, catchment area
dimensions, and runoff coefficients.

e Deductthe calculated rainwater volume from the water output inventory.

Example: If a facility discharges 5,000 m?® of water annually and 500 m? is estimated to originate
from rainwater collected on impermeable surfaces, only 4,500 m?® should be reported as water
output for water scarcity impact modeling.

Corrective Considerations for Surplus Water Inputs

In situations where the water balance indicates a higher total water input than output, this
suggests that certain water losses or transformations have not been fully captured in the system
inventory. These imbalances must be addressed to ensure consistency and to avoid
underestimating water consumption or misleadingly low water scarcity impacts. The following
are common causes and corrective measures for surplus water inputs.

Case 1: Unaccounted Water Evaporation or Transpiration

Water losses due to evaporation (e.g., from cooling towers, open tanks, cleaning processes) or
transpiration (e.g., from agricultural crops) may not always be measured directly and can lead to
an apparent deficit in water outputs. These flows are considered consumptive uses and must be
accounted for in the output inventory to maintain an accurate water balance.

Recommended Action: If there is more input water than output water, consider scaling up the
average water output, such as evaporated water and/or wastewater, in proportion to your
average water outputs.

o Identify processes where evaporation or transpiration likely occurs.
e Addthe estimated water vapor as an elementary flow to air in the water output inventory.
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In a chemical plant, 1,000 m?® of water is input, and only 850 m?is accounted for in discharge and
product incorporation. The missing 150 m®is likely lost through evaporation in the unit process.
This volume should be added as water vapor output to air, closing the water balance and ensuring
accurate accounting of consumptive use.

Case 2: Water Incorporated into Byproducts or Waste Streams

In some cases, water may leave the system via byproducts, residues, or waste that was not
originally considered part of the product system. If water content of these streams is not well
defined by the water inventory, they can result in unaccounted water losses.

Recommended Action:

e Review whether any moisture-containing byproducts (e.g., sludges, organic waste, co-
products) are leaving the system unaccounted for.

e Estimate water content using material specifications or standard moisture content
values.

e Adjustthe output inventory to reflect this water flow.

Water Loss Estimation

Water losses through evaporation commonly occur in cooling and heating systems, including
cooling towers and steam generation processes (section 6.1.4). Due to the inherent difficulty in
accurately measuring water vapor emissions, precise quantification is often challenging. In
situations where actual evaporation rates are unknown or unavailable, it is considered best
practice to apply estimated default values to account for evaporative water losses, ensuring
consistency and conservatism in the water balance. However, these default evaporation rates
are suggested, but the LCA practitioner is not limited to use if better estimates are available.

Table 12: Default water loss estimation when primary data is missing. Estimations are based on expert judgement.

Input flow Default consumption rate

Water for steam production, closed system 5% of input value

Cooling water (approx. 20°C), (Closed circuit | 2% of input value
with cooling tower)

Cooling water (approx. 5°C), (closed circuit | 1% of input value
without cooling tower)

Process water 7% of input value

Cleaning water 30% of input value
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Cleaning Water: stream of water used to clean equipment, reactors, pipelines, containers, and production
areas.
Process Water: is the water used directly in chemical manufacturing operations to enable, carry out, or
influence chemical reactions and process conditions.
Cooling Water: is water used to remove excess heat from chemical processes, equipment, or utilities in
order to maintain safe operating temperatures, ensure process stability, and protect equipment integrity.
It does not participate in the chemical reaction itself; instead, it serves as part of the thermal management
system.
Water for Steam Production: is water that is treated and supplied generate steam used as a thermal utility
in chemical manufacturing.

7.3. Assessment Examples

This example shows how to estimate the water scarcity impact of producing 1 ton of solvent ata
chemical plant in Spain (gate-to-gate' system boundary).

Water balance from site inventory:

Table 13: Example water scarcity

Input

Water flow Volume [m?]
Cooling tower 5.0

Process water 3.0

Boiler water for steam 2.0

Cleaning water 1.0

Output 9.5 m’
Cooling water returned to network 4.0

Process water returned to river 2.8

Steam condensate to network 1.8

Cleaning water returned to river 0.9
Evaporation 0.9

Water lost via drift or leaks 0.4

Water bound in product 0.2

Water balance:
Totalwaterinputs =5.0m3®+3.0m*+2.0m3*+1.0m%*=11.0 m?
Total water outputs =4.0 m*+2.8m*+1.8m*+0.9m*+0.9m*+0.4m®*+0.2m°*=11.0m?

2 The calculation is performed gate to gate to facilitate the understanding of practitioners. Therefore, the same procedure should be
performed for the supplied material and energy (suppliers water consumption) and being summed up with this gate-to-gate
calculation to entail the cradle to gate calculation needed for the product level water scarcity.
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Step 1: Calculate Consumptive Water
Consumptive water = Total water inputs — Total water returned to environment (except the sea) =
11.0m®-9.5m®*=15m?

Step 2: Obtain EF CF
From EF 3.1 environmental footprint reference packages, obtain CF for Spain:
CF=77.7 m®*world eq./m?®

Step 3: Calculate Water scarcity

Water scarcity Impact = consumptive water use x CF=1.5m®x 77.7 m* world eq./m®=116.6 m?®
world eq. per ton solvent.
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8. Acidification Potential

8.1. General Description

8.1.1. Issue of Concern

Acidification refers to the process by which acidic substances are introduced into the
environment, leading to a decrease in pH levels. This phenomenon is primarily caused by the
emissions of sulfur dioxide (SO,), nitrogen oxides (NO,), and ammonia (NH,), which can result
from various chemical processes, industrial activities (e.g., fuel and coal combustion) as well as
agricultural activities (e.g., through fertilizers) (Gade, Hauschild, & Laurent, 2021). When these
compounds are released into the atmosphere, they can react with water vapor to form sulfuric
acid, nitric acid, and other acidic compounds, leading to acid rain and other forms of acid
deposition. Acidification potential (AP) refers to the compounds that are precursors to acid rain.
Acidification occurs with substances varying in their acid formation potential. This guideline
emphasizes terrestrial acidification as it represents the initial stage of preceding ocean
acidification.

Acidification has a wide range of negative effects on both natural and human environments, and
itis regarded as a regional effect. It is caused by the release of protons in terrestrial or aquatic
ecosystems. The acidifying substances are only contributing to acidification if the anion is
leached out from the system. Organic acids predominantly are mineralized and do not leach to
the system; accordingly, they are not regarded as contributors to acidification. In certain areas,
acidification leads to increased mobility of heavy metals and aluminium. Acid rain, resulting
from airborne acidifying substances, can affect ecosystems hundreds of kilometers from original
emission sources. Acidic deposition on land, either direct or via acidic precipitation, initiates
significant changes in soil chemistry. Primary effects include a decrease in soil pH, altered
bioavailability of essential plant nutrients (like calcium and magnesium), or enhanced leaching
of critical nutrients. Premature shedding of leaves and needles, disruption of photosynthesis,
impaired plant growth and development, and reduced overall ecosystem health and resilience
are only some negative aspects of acidification (Zhang, et al., 2023). A shift in soil pH might also
cause leaching of ecotoxic minerals and metals, e.g., Aluminium (lll) or heavy metal ions,
ultimately leading to a decrease of biodiversity and bio-productivity in affected areas. While this
also affects agricultural plant growth, acidification has negative implications for food safety as
well (Chen, Lan, Bai, Grace, & Bai, 2013). Besides affecting plant growth (Shi, et al., 2021), acid
rain can also corrode buildings, monuments, and other infrastructure, leading to economic
losses (Pawtowski, 1997). The hydrological transport of acidifying compounds creates significant
impacts on aquatic environments, e.g., due to lowering the pH in water bodies (Baker &
Christensen, 1991). So, acidification can harm fish and other aquatic organisms by disrupting
their reproductive processes and causing physiological stress (Gade, Hauschild, & Laurent,
2021) (Baker & Christensen, 1991). Furthermore, it can negatively impact human health,
particularly respiratory health, due to increased exposure to harmful pollutants (UNECE, 2012)
(EEA, 2024).

Considering that the economic benefits of improved air and water quality outweigh the costs of
reductions measures, there is ample reason to reduce N emissions, both from agriculture and
from traffic and industrial sources (de Vries, 2021). High NO, concentrations can lengthen and
worsen common viralinfections and cause severe damage to the lungs (Spannhake, et al., 2002)
as well as asthma (Achakulwisut, Brauer, Hystad, & Anenberg, 2019).
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The release of acidifying substances may represent a significant environmental concern

requiring the inclusion in comprehensive environmental assessments within the framework of
digital product passports. Systematic evaluation of AP delivers multiple benefits. These include
identification of emission hotspots throughout product lifecycles, which supports the
development of targeted soil and plant protection strategies.

8.1.2. Key Components of Potential Impact

The substances normally considered as contributors to acidification are: sulfur dioxide (SO,),
sulfur trioxide (SOs3), nitrogen oxides (NOy), hydrogen chloride (HCL), nitric acid (HNO3), sulfuric
acid (H.S0O,), phosphoric acid (HsPO,) (note: the anion does not leach and the contribution to
acidification is in practice equal to zero), hydrogen fluoride (HF), hydrogen sulfide (H,S) and
ammonia (NH;). Although the list of acidification contributors is long, not all of them are
considered in LCIA methods. Usually SOy, NOx and NH; are considered as the main contributors
to the formation of acid rain. HCL, for example, while being an acid, does not typically contribute
to the same atmospheric processes that lead to acidification as these other compounds do.

8.1.3. Regulatory Compliance

There are no existing specific regulations dealing with acidification pollutants, but with general
air pollutants as The National Emissions reduction Commitments (NEC) Directive
(2016/2284/EU) (European Union (EU), 2024), which sets 2020 and 2030 emission reduction
commitments for five main air pollutants. (European Union (EU), 2024) namely NO,, Non-
Methane Volatile Organic Compounds (NMVOCs), NH3, SO, and PM.s. The directive transposes
the reduction commitments for 2020 agreed by the EU and its Member States under the revised
Gothenburg Protocol (UNECE, 2012) for the Convention on Long-range Transboundary Air
Pollution (LRTAP Convention). The more ambitious reduction commitments agreed for 2030 are
designed to reduce the health impacts of air pollution by half compared with 2005. Further, it
requires Member States to draw up National Air Pollution Control Programs that should
contribute to the successful implementation of air quality plans established under the EU’s Air
Quality Directive (EEA, 2024).

It is particularly critical to deliver on the 2030 targets related to air pollution under the zero-
pollution action plan (European Commission (EC), 2021) to reduce the number of premature
deaths caused by air pollution by 55% and to reduce the area of EU ecosystems where air
pollution threatens biodiversity by 25%, in both cases compared to 2005 levels. To achieve these
targets, it will be vital that EU Member States meet their respective emission reduction
commitments set for 2020-2029 and for 2030 onwards under the NEC Directive. The biggest
challenge for the period 2020-2029 is reducing ammonia emissions: 10 Member States need to
cut their 2021 emission levels to fulfil their 2020-2029 reduction commitments. The agriculture
sector is the principal source, responsible for 93% of total ammonia emissions. Since 2005,
ammonia emissions have only slightly decreased in many Member States and in some cases
have increased (European Environment Agency (EEA), 2025). Regarding NHs-emissions, five
Member States already met their 2030 emission reduction commitments in 2021. 13 Member
States need reductions under 10% and 8 need emissions to fall by between 10% and 30%.
Regarding NO4 emissions, four Member States met their emission reduction commitments for
2030. However, 23 Member States will need to reduce emissions, of which 1 Member State will
need to reduce them by more than 50%, 6 Member States by more than 30% and 15 Member
States need a reduction of up to 30% (Figure 8) (European Environment Agency (EEA), 2025).
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Figure 8: Number of Member States that had met their national emission reduction commitments for the five main
pollutants for 2030 (European Environment Agency (EEA), 2025).

The updated Directive on industrial and livestock rearing emissions is in force, revising the former
Industrial Emissions Directive (European Environment Agency (EEA), 2025). In line with the zero
pollution ambition of the European Green Deal (European Commission (EC), 2019), the revised
Directive will result in less emissions from large industrial installations. Under the Industrial
Emissions Portal Regulation (IEPR), industrial operators for these sites are required to report on
significant emissions and the use of resources (European Commission (EC), 2026). The EU aims
to improve transparency in data reporting by collecting and disseminating information on the
amounts of industrial pollutant releases, off-site transfers of waste and pollutants in wastewater,
the consumption of energy, water and key raw materials. This modernized law will help guide
industrial investments necessary for Europe’s transition towards a cleaner, carbon-neutral,
more circular, and competitive economy. By 2050, the implementation of the revised Directive is
expected to reduce emissions of key air pollutants (PM.s, SO,, NOx and NMVOC) by up to 40%
compared to 2020 levels. It is the first EU environmental law to enshrine the right of people to
seek compensation for damage to their health caused by illegal pollution (European Commission
(EC), 2024).

In the United States, the Clean Air Act (CAA) provides the legal framework for addressing air
pollution, including acid rain. The Acid Rain Program, established under Title IV of the CAA,
requires significant reductions in sulfur dioxide and nitrogen oxides emissions from power plants
and other industrial sources. (Lattanzio, 2022)

8.1.4. Importance for the Chemical Industry

The chemicalindustry, being an energy intensive sector, is one big emitter of SO, and NOx (Figure
9) (European Environment Agency (EEA), 2025) that react in the atmosphere producing acid rain.
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Figure 9: Sectors and activities contributing to emissions of the five regulated air pollutants in EU Member States in
2023 (European Environment Agency (EEA), 2025)).

The chemical industry supports company and product related transparency on emissions and
related impacts while having its own mitigation targets in place. Product related impacts on
acidification are not only dependent on safe production and processing but also on safe
transport, use, and end-of-life handling. Understanding and controlling acidification is essential
for reducing acid rain formation and complying with environmental regulations. Chem-X
developed a sustainability data model with an acidification information data model to be useable
in a digital material passport.

Acidification is a significant environmental issue in the chemical industry, and there are several
applications where it is particularly relevant. These processes can be categorized as follows in
Table 14.
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Table 14: Processes directly or indirectly related to acidification relevant in the chemical industry (not exhaustive list)
Processes Example
Production of Sulfuric acid is widely used in the chemical industry for various
Sulfuric Acid applications, including fertilizer production, mineral processing, and

chemical synthesis. The production process can lead to acidification
due to the release of sulfur dioxide (SO,) and other acidic compounds

Nitric Acid Nitric acid is another important chemical used in fertilizers,
Manufacturing explosives, and other industrial processes. Its production involves the
oxidation of ammonia, which can result in the emission of nitrogen
oxides (NO,) that contribute to acidification.

Petrochemical The refining of petroleum and the production of petrochemicals can
Industry lead to acidification through the release of sulfur compounds and
other acidic pollutants.

Metal Plating and Processes such as electroplating and surface treatment often use

Surface Treatment acidic solutions, which can lead to acidification if not properly
managed.

Waste Treatment The treatment and disposal of industrial waste, especially hazardous

and Disposal waste, can result in acidification if acidic substances are not

neutralized before disposal.

8.2. Methodology of Characterization

The prevailing LCIA characterization models emphasize terrestrial acidification, as it often
occurs prior to aquatic acidification when inland water is acidified after the attenuation of the
acid neutralization capacity of its watershed (Hauschild, et al., 2011). Several LCIA methods can
be used to assess the terrestrial acidification potential (tAP) in LCA. These LCIA methods can
differ due to their underlying characterization model, considered elementary flows or other
aspects (Hauschild, et al.,, 2011). Brief descriptions of existing LCIA methods and their
considered AP characterization models are given below for the chosen EF method and for the
other LCIA methods see the Appendix 21.5.1. These models are based on the pre-selected
methods reported in the ILCD Handbook (Hauschild, et al., 2011), while methods not compatible
with LCA and outdated methods are excluded (Jungbluth, 2025).

8.2.1. Chosen Method: EF

Based on the LCIA method comparisons (see Appendix 11.4.1 21.5.1), the LCIA method EF 3.1
(or any updated version) is recommended to assess AP in LCA for products / materials especially
intended for the European market. As recommended by the ILCD Handbook (Hauschild, et al.,
2011), EF 3.1. uses the Accumulated Exceedance (AE) method (Seppala, Posch, Johansson, &
Hettelingh, 2006) as default method for midpoint evaluation of acidification as currently used in
the EF Method. The AE method provides country-specific CFs for acidification and terrestrial
eutrophication in Europe (Seppala, Posch, Johansson, & Hettelingh, 2006). It uses the European
Monitoring Centre for Air Pollution (EMEP) model along with a critical load database to determine
atmospheric transport and deposition to land and major water bodies. AP is expressed as
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Accumulated Exceedance, with an implicit dose-response curve of 1. An updated publication
(Posch, et al., 2008) revised the AE factors using the 2006 EMEP Eulerian model, which includes
deposition data across various land cover types and the latest critical load database (Hettelingh,
et al., 2007) covering approximately 1.2 million ecosystems. The AE model is utilized in the EF
LCIA method for assessing the Product Environmental Footprint (PEF), which includes guidelines
for modeling this impact category (Hauschild, et al., 2011).

The EF method, developed by the European Commission, provides a comprehensive framework
for evaluating the environmental performance of products throughout their life cycle. In terms of
acidification, the EF method includes specific guidelines for modelling and assessing this impact
category. The method uses CFs to translate emissions into potential acidification impacts,
considering various substances such as SO,, NOy, and NH,.

Formula

The following formula shows how to calculate the AP:
Acidification Potential = Y (E.4r*CF..4p) [mole of H* eq. per kg]

Formula 7: Equation for Acidification Potential calculation
Where:

- Eisar = Emission of the relevant substance for acidification (e.g., SO,, NOy, NH;)
- CF.4r = Characterization factor for the respective acidifying substance

Where: Eiqpand CFi.ar are, respectively, the mass and the CF;4p0f the acidifying substance. The
impact of AP is, therefore, expressed in mole of H* eq. per kg.

Characterization factors in EF method

In Table 15, the average CFs for Acidification, which help to quantify the extent to which each
emission contributes to acidification, are presented. The impact of acidification is often
expressed in SO, equivalents (SO,-eq), meaning that different acidifying substances are
converted based on their effect relative to sulfur dioxide (SO,), which is used as the standard
reference. Some LCA methodologies, such as the Environmental Footprint (EF) method, express
acidification in moles of atomic hydrogen (mol H* eq).

If the region where the emission occures is known, use the regionalized factors. For regionalized
figures, see guidance on page 17.
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Table 15: EF 3.1 Acidification average characterization factors, expressed in mole of H+ eq. per kg emissions to air (EF
3.1)

Flow CF [mole of H* eq. per kg]
Ammonia 3.02
Nitrogen dioxide 0.74
Nitrogen monoxide 1.13
Nitrogen oxides 0.74
Sulphur dioxide 1.31
Sulphur oxide 1.31
Sulphur trioxide 1.05

Link to download the CFs for Acidification can be found under the following link: EF 3.1.

The approach fulfils scientific-based standards, and it has been well received by stakeholders.
The method includes atmospheric and soil fate factors that are sensitive to the emission
scenario, and it distinguishes between the loading of sensitive and non-sensitive areas. This
method generates Average Default CFs, or a consistent set of CFs for each continent, if
complemented by regional/continental models that are consistent with each other and expert
estimates of soil sensitive areas (Hauschild, et al., 2011). The EF approach ensures consistency
and comparability across different products and industries, enabling stakeholders to identify and
implement effective mitigation strategies.

Selection Guidance

Generally, EF 3.1 provides regionalized CFs for the AP relevant elementary flows. However,
depending on the database used (e.g., ecoinvent, Sphera MLC, CarbonMinds), the AP is only
assessed using averages provided by EF (like the water footprint with AWARE methodology, see
Chapter 6.2.10). Averages should be used to increase consistency. The goal for the future should
remain to switch from average to more regionalized CFs.

8.2.2. LCI Flows

Table 16 shows a few examples of LCI flows for acidifying substances.
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Table 16: Description of relevant LCI flows concerning Acidification.
LCI Flow Description of Flow
Ammonia Ammonia (NH;) is primarily produced through agricultural activities,

particularly from livestock waste and the application of nitrogenous
fertilizers. It can also be emitted during the combustion of fossil fuels
and biomass.

Nitrogen Dioxide Nitrogen dioxide (NO,) is generated from combustion processes,
particularly in vehicles and power plants. It is formed from nitrogen
oxides (NO,) during high-temperature combustion.

Nitrogen Monoxide Nitrogen monoxide (NO), also known as nitric oxide, is produced
during combustion processes, especially in internal combustion
engines and industrial processes. It is one of the primary nitrogen
oxides emitted.

Nitrogen Oxides Nitrogen oxides (NOy) are a group of gases that includes both nitrogen
monoxide (NO) and nitrogen dioxide (NO,). They are emitted from
vehicle exhaust, industrial processes, and power generation,
primarily during combustion.

Sulphur Dioxide Sulphur dioxide (SO,) is mainly produced from the burning of fossil
fuels, particularly coal and oil, in power plants and industrial
facilities. It can also be emitted from volcanic eruptions.

Sulphur Oxide Sulphur oxides refer to a group of gases that includes both sulphur
dioxide (SO,) and sulphur trioxide (SO,). They are primarily generated
by the combustion of sulphur-containing fuels and industrial
processes.

Sulphur Trioxide Sulphur trioxide (SO,) is produced during the oxidation of sulphur
dioxide (SO,) in the atmosphere or during industrial processes,
particularly in the manufacture of sulfuric acid.

The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1.

8.3. Assessment Examples

Example: Fertilizer Production

Consider the production of ammonium nitrate fertilizers, which involves the reaction of ammonia
(NH,) with nitric acid (HNO,). This process releases significant amounts of nitrogen oxides (NOy)
and ammonia, both of which contribute to acidification. To assess the Terrestrial Acidification
Potential within LCA, the following steps are taken:

e |nventory Analysis: Data is collected at each stage of the fertilizer production process,
including the extraction of raw materials, synthesis of ammonia, production of nitric acid,
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and the final reaction to form ammonium nitrate. Emissions are measured and recorded,

focusing on NO, and NH; released during these processes.

Impact Assessment: Using characterization models like EF 3.1, the AP of the emissions
are calculated. CFs for NO, and NH, are applied to quantify their contribution to
acidification, expressed in mole of H" eq. per kg. See simplified calculation example in
Table 17.

Mitigation: The results of the impact assessment highlight the stages with the highest AP.
To mitigate these impacts, the company might implement Selective Catalytic Reduction
systems to reduce NOy emissions, optimize the ammonia synthesis process to minimize
NH; release, and explore alternative raw materials or production methods. Additionally,
research into more sustainable fertilizer formulations, such as controlled-release
fertilizers, can reduce acidifying emissions.
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Table 17: Simplified example for the calculation of the Acidification Potential to produce a fertilizer. °
Emission flows CF Result [H"eq./t]
[g/1]
NH,; Production
NH; emission 14 3.02 42.28
NO, emission 2,200 0.74 1,628
SO, emission 1,800 1.31 2,358
Nitric acid process
NH; emission 20 3.02 60.40
NO, emission 500 0.74 370
SO, emission 1 1.31 1.31
Ammonium nitrate
process
NH; emission 30 3.02 90.60
NO, emission 100 0.74 74
SO, emission 10 1.31 13.10
Total
NH; emission 193
NO, emission 2,072
SO, emission 2,372
4,637
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9. Ozone Depletion Potential

9.1. General Description

9.1.1. Issues of Concern

The ozone layer acts as Earth's sunscreen, filtering out ultraviolet (UV) radiation that can cause
skin cancer, cataracts, and other health problems, as well as damage aquatic ecosystems and
terrestrial plant life. Without this protective layer, life on Earth would be exposed to significantly
higher levels of UV radiation, leading to severe ecological and health consequences. Any
significant depletion of this protective layer can lead to increased UV exposure, resulting in
adverse effects on human health and negative impacts on ecosystems and agriculture. In this
context, the ozone depletion potential (ODP) is a critical environmental impact category
assessed in LCA, as it measures the potential of various substances to destroy ozone and
consequently deplete the ozone layer. The ODP of a substance is a metric for determining the
relative strength of that chemical’s ability to destroy ozone (WMO, 2022).

Ozone (O,) is formed when oxygen molecules (O,) are split by UV light into individual oxygen
atoms, which then combine with O, to form O,. This process occurs naturally and is balanced by
the natural breakdown of ozone molecules shown in Figure 10. However, human activities have
introduced substances that disrupt this balance, leading to ozone depletion. Besides ozone-
depleting substances (ODS)", the subsequent release of reactive halogen gases, especially
chlorine and bromine, after breaking down by UV light in the stratosphere has a big impact on
ODP (WMO, 2022). These released atoms then react with ozone, causing it to break down into
oxygen molecules, thus thinning the ozone layer. Although, any substance that can destroy
ozone in the stratosphere (NO, OH, Cl, or Br) is an ODS, in the Montreal Protocol only volatile
compounds containing Cl or Br are classified as ODSs (UNEP, 2020).

Figure 11 illustrates the explanations from (Oever, et al., 2024) and of (Baird & Cann, Chapter 1
Stratospheric chemistry: the ozone layer., 2012; Baird & Cann, Chapter 2 the ozone holes, 2012;
European Commission (EC), 1991; European Commission (EC), 1991; Baird & Cann, Chapter 1
Stratospheric chemistry: the ozone layer., 2012; Glibert & Burford, 2017)

3 Ozone-depleting substance (ODS) refers to gases containing either chlorine or bromine that are released
to the atmosphere because of human activity and are controlled under Annexes A, B, C, or E of the Montreal
Protocol. These include, among other CFCs, CCl;, CH;CCls, halons, CHs;Br and HCFCs. These ODSs
typically have sufficiently long atmospheric lifetimes to reach the stratosphere after being emitted at the
surface. Methyl bromide is the shortest-lived of the controlled substances and has natural and
anthropogenic sources. Other substances contribute chlorine and bromine to the atmosphere but are not
controlled under the Montreal Protocol for various reasons. (WMO, 2022)
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Two mechanisms of catalytic ozone destruction exist. Nitric
oxide (NO), hydroxyl free radical (OH), atomic chloride (Cl) and
atomic bromine (Br) can act as catalysts and all have natural
and anthropogenic sources.

In both Mechanisms | and II, the initial step of the reaction rate
is directly proportional to the concentration of the reactants.
Consequently, heightened stratospheric levels of Cl and Br
lead to an accelerated rate of ozone destruction.

Catalytic ozone destruction
Mechanism | Mechanism Il
X+0s — XO+O0: X+0;s — XO+0:
X0+0 — X+O0: X+0s — XO+O0:

XO+X0 — X+X'+0:

NO is formed through the decomposition of nitrous oxide
(N20). Under steady-state conditions, the majority of chlorine
atoms remain in an inactive state (as CIONO: or HCI), serving
as a buffer against the ozone-depleting potential of CI.
Contrarily, stratospheric Br predominantly exists in its active
free-radical forms, rendering it 60 times more potent in ozone
depletion than CI.

OH is produced when oxygen in an excited state (O*) reacts
with water (H-0) or methane (CHa).

Ozone continuously composes and decomposes in the
stratosphere throughout daylight hours via the Chapman
mechanism (Eq.1-5).

In the upper stratosphere, where the air is less dense, there is
a higher likelihood for O to react and form O. Contrastingly, in
the lower region of the stratosphere, where Oz concentration is
higher, O tends to react with Oz and form Oa. Consequently,
maximum ozone formation occurs between 15 and 35 km in
the lower stratosphere, where Oz concentration is sufficient
and not all UV-C light has been filtered out yet.

Os+0 — 20: 20 — 30:
X=NO, OH, Ci, Br X=CIl,X"=ClorBr
Catalyst chemistry
N:0+0* — 2NO Eq. 6
ClO + NO: —» CIONO: Eq. 7
CHs+ O* —» OH + CHs Eq. 8
H:0+0* — 20H Eq.9
OH +HC| —» H:0+Cl Eq. 10
CHs+ Cl —» CHs + HCI Eq. 11
Chapman mechanism
Ozone formation
O:+UV-C — 20 Eq.1
20 — O: Eq. 2
0:+0 —» Os + heat Eq. 3
Ozone destruction
Os+UV-B — 0:*+0* Eq. 4
0:s+0 — 20: Eq.5

Figure 10: Summary of stratospheric ozone chemistry (Oever, et al., 2024).
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In Figure 11, substances having a positive effect on the ozone layer (marked with a plus-sign) and
ODS (marked with a minus-sign) are illustrated, including other impacts resulting from ODP
(GHG = greenhouse gas, VSLS = very short-lived substance). Moreover, the arrows show if the
substances are generally considered in (LCIA) methods. The Figure shows effects on the Ozone
Layer, with Illustrations by Francesco Gavardi (Oever, et al., 2024).

Midpoint Endpoint

Increased pest

Reduced
CHs

“Natural ODSs  Degradation to
and VSLSs microplastics

e g catalyst, CF n LCIA *Effect not relevant for LCA methods

=« ==» O3 destruction catalyst, CF not Included in LCIA

22227 Cools stratosphere, effect nol cons dered in LCIA S S S S D
- Reactive surface, effect not consicered in LCIA

-~ Inactivates reactive Cl, effect net considered in LCIA

Figure 11: Summary of limitations and challenges related to midpoint and endpoint characterization (Oever, et al.,
2024).

ODP is seen as the second-least important impact category for human health in specific LCIA
methods (Bassi et al., 2023; Fazio, et al., 2018; Sala & Cerutti, 2018), due to the existing reports
proving a recovering of the ozone layer (WMO, 2022). However, potential ozone layer threats
caused by new technologies in the space sector must be considered (Oever, et al., 2024).
Additionally ODP remains important for other sectors as the agricultural sector due to fertilizer-
related N,O emission and the chemical industry, as data gaps between ODS consumption
reports and atmospheric measurements point to potential leakage issues from ODS serving as
precursors or intermediates (WMO, 2022). The importance of ODP for the chemical industry is
described in more detail in the next chapter.

9.1.2. Key Components of Potential Impact
Some of the ODS are the following:

e Chlorofluorocarbons (CFCs)

e Halons (e.g., bromine-containing halons)
e Methyl-bromide (CH3Br)

e Carbon Tetrachloride (CCly)

e Methyl Chloroform (CH3;CCls)

e Hydrochlorofluorocarbons (HCFCs)

These substances were commonly used in refrigeration, air conditioning, foam blowing, and as
solvents until their harmful effects on the ozone layer were discovered. ODS can be also found in
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aerosol products, portable fire extinguishers, insulation boards, panels, pipe covers, and pre-
polymers (UNEP, 2020).

9.1.3. Regulatory Compliance

Recognizing the significance of ODP has led to international efforts to control and eliminate the
use of high-ODP substances. The most notable of these efforts is the Montreal Protocol, an
international treaty signed in 1987 aimed at phasing out the production and consumption of
ozone-depleting substances. The Montreal Protocol has been successful in reducing the
emission of ODS, and it has been amended several times to include more substances and
accelerate phase-out schedules.

Over the years, many other national and international regulations have been developed to limit
ODP substances. Compliance with these regulations is essential for the industry to avoid
penalties and trade restrictions. Accurate LCA, including ODP metrics, helps companies adhere
to these regulations and demonstrate their commitment to environmental protection.
(Andersen, Sherman, Carvalho, & Gonzalez, 2018).

The Montreal Protocol has led to significant reductions in the concentrations of high-ODP
substances in the atmosphere. This has contributed to the gradual recovery of the ozone layer,
with projections suggesting that the ozone layer could return to pre-1980 levels by the middle of
the 21st century, if current regulations are maintained (Andersen, Sherman, Carvalho, &
Gonzalez, 2018)).

9.1.4. Importance for the Chemical Industry

The chemical industry has been a contributor to ozone depletion through the production of
synthetic ODS. The discovery of the Antarctic ozone hole in the 1980s prompted global concern,
leading to the adoption of the Montreal Protocol in 1987, which mandated the phase-out of ODS.
In response, industry has evolved significantly, developing safer alternatives. Regulations and
national legislation have significantly restricted the production and use of high ODS, but
calculating ODP of chemical substances remains crucial for the chemical industry as it directly
influences environmental sustainability, regulatory compliance, innovation and market
advantage. The chemical industry plays a pivotal role in environmental sustainability.
Understanding ODP is vital for gauging the environmental impact of various chemicals and for
formulating strategies to preserve and restore the ozone layer (WMO, 2022).

The chemical industry uses products or applications potentially affecting the ozone layer, which
are categorized and presented in Table 18.
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Table 18: Categories directly or indirectly related to Ozone depletion relevant for the chemical industry

Category Example

Refrigeration and Air CFCs and HCFCs have been extensively used as

Conditioning refrigerants in cooling systems.

Aerosols CFCs were commonly used as propellants in aerosol
sprays.

Foam Blowing Agents CFCs and HCFCs have been used in the production of

foam insulation and packaging materials.

Fire Suppression Systems Halons have been used in fire extinguishers and fire
suppression systems.

Solvents CFCs and other ODS have been used as solvents in
cleaning and degreasing applications.

9.2. Methodology of Characterization

Several LCIA methods can be used to assess the ODP in LCA. Brief descriptions of existing LCIA
methods and their considered characterization models are given below for the chosen EF
method and for the other LCIA methods see the Appendix chapter 21.6.1.

9.2.1. Chosen Method: EF

Based on the LCIA method comparisons presented in the chapter above, the LCIA method EF 3.1
(orany updated version) is recommended to assess ODP in LCA for products / materials. Besides
the reason that EF 3.1 is the recommended LCIA method by the European Union, EF 3.1 is up to
now the only LCIA method, compared to all the others, that is based on the WMO (2014)
publication. It is expected that the ODP impact category will further be maintained by the EU and
consequently the new version of (WMO, 2022) will be updated, too.

Formula

The ODP is a metric used to quantify the relative ability of a chemical to destroy stratospheric
ozone. Itis defined as the ratio between the change in global ozone resulting from a given mass
of the substance and the change produced by the same mass of CFC-11 (CFCl;), which serves
as the reference compound. (WMO, 2022)

To allow comparison of the potential impacts of different gases on the ozone layer, emissions are
multiplied by their respective ODP characterization factors and expressed as ODP-normalized
emissions.

Formula 8 (adapted from (Oever, et al., 2024)) to calculate the ODP is as follows:
Ozone Depletion Potential = Y (E;.opp*CFi.opp) [kg CFC-11-eq. per kg]
Formula 8: Equation for Ozone Depletion Potential calculation

Where:
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- Eiopor=Emission of the relevant ozone depleting substance (e.g., CFC-11, Halons, Carbon
Tetrachloride (CCl4))
- CF,.opr = Characterization factor for the respective ozone depleting substance

Where: Ei.opr and CFiopp, are, respectively, the mass and the CFi.qpp of the ozone depleting
substance. The impact of ODP is, therefore, expressed in kg CFC-11-eq. per kg.

Characterization Factors in EF Method

The ODP factors for a selection of substances are listed in Table 19. The reference substance for
ODP calculationis trichlorofluoromethane (CFC-11), which has an ODP of 1.0. Other substances
are compared to CFC-11 to determine their ODP values: substances with an ODP greater than
1.0 have a higher potential to destroy ozone molecules than CFC-11, while those with values
below 1.0 are less harmful by comparison.

Table 19: Selected ODP characterization factors for some substances (retrieved from EF 3.1)

Substance Characterization Factor (CFC-11 eq.)
CFC-11 1.0

Halons 3-10

Carbon Tetrachloride (CCl4) 1.2

Methyl Chloroform (CH3CCIL3) 0.8

HCFC-22 0.055

HCFC-123 0.02

Links to download the CFs for Ozone Depletion can be found under the following link: EF 3.1.

Selection Guidance

As this is a global impact category, no selection is needed.

9.2.2. LCIFlows

Table 20 shows a few examples of LCI flows for ODP.
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Table 20: Description of relevant LCI flows concerning Ozone Depletion

Flow

Description of Flow

CFC-11

CFC-11 (trichlorofluoromethane) is primarily produced as a refrigerant
and aerosol propellant. It was widely used in foam-blowing agents and as
a solventin industrial applications. Its production has been largely
phased out due to its ozone-depleting potential.

Halons

Halons are a group of brominated compounds used mainly in fire
extinguishers. They are produced during the manufacturing of specific
fire suppression systems and have significant ozone-depleting effects.

Carbon
Tetrachloride
(CCL,)

Carbon tetrachloride is produced as a solvent and in the manufacture of
other chemicals. It was historically used in dry cleaning and as a
refrigerant, but its production has been reduced due to its harmful
environmental impact, particularly in ozone depletion.

Methyl Methyl chloroform was primarily used as an industrial solvent for
Chloroform degreasing and cleaning. Its production has decreased significantly due
(CH,CCL,) to its classification as an ozone-depleting substance.

HCFC-22 HCFC-22 (hydrochlorofluorocarbon) is used as a refrigerant in air
conditioning and refrigeration systems. It is produced as a transitional
replacement for CFCs, but its use is being phased out due to its potential
to harm the ozone layer.

HCFC-123 HCFC-123 is primarily used as a refrigerant in commercial air

conditioning systems. It is produced as a replacement for CFCs and is
less harmful to the ozone layer, but it is still being phased out under
international agreements.

The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1.

9.3. Assessment examples

Case Study: The Transition from CFCs to HFCs in Refrigeration

A significant example of the importance of ODP in the chemical industry is the transition from
CFCs to HFCs in the refrigeration industry (IRP, 2026). CFCs, once widely used as refrigerants,
were found to have a high ODP and were major contributors to ozone depletion. In response to
the Montreal Protocol, companies invested inresearch and development to find alternatives with
lower ODP (Adams, 2025; Bhatti, Kumar, Reetu, & Singh, 2023).

One successful outcome of this effort is the adoption of HFCs, which have significantly lower
ODP. A notable problem is the transition by the company to new systems, which has developed
new refrigeration systems using HFCs. These systems not only comply with international
regulations but also offer improved energy efficiency and reduced environmental impact. This
transition not only helped to preserve the ozone layer but also demonstrated the chemical
industry's capability to innovate and adapt in response to environmental challenges.
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Chemical industry example

A simplified example of the general calculation process for chemicals is shown in Figure 12. The
mass flows derived from a bill of materials shall be linked with the relevant LCl and the ODP flows
in the LCI to generate the LCI for the process. Linked to the CFs (see Table 16) the single ODP
flows can be calculated and aggregated to the CFC-11eq total result.

SRl G O I D AN Y A e e e e e e L L b L
Precursor 1 / 0.2kg
ODP: 0.1 kg CFC-
11eq/kg /

Precursor 2 Production
ODP: 1.2 kg CFC- : Process
11eq/kg

Electricity

(A
N
ODP: 0.055 kg CFC- in
11eq/kg =

Steam 0.01 kg

ODP:0.02 kg CFC-
11eq/kg

ODP, =0.2kg *0.1 kg CFC-11eq/kg + 0.5 kg * 1.2 kg CFC-11eq / kg + 0.002 kg * 0.055 kg CFC-11eq/ kg + 0.01 kg * 0.02 kg

ProductA

CFC-11eq/kg =0.62 kg CFC-11eq / kg product

Figure 12: Simplified example of an ODP calculation for a chemical process with ODP mass emission flows.
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10.Photochemical Ozone Creation Potential

10.1. General Description

10.1.1. Issue of Concern

Photochemical Ozone Creation Potential (POCP) describes the ability of a chemical compound
to form ground-level ozone in the presence of sunlight and nitrogen oxides (NOy). POCP is
commonly used to evaluate the relative ability of various organic compounds to create
photochemical smog. High POCP values indicate that a compound significantly contributes to
ozone formation.

Tropospheric ozone is a secondary pollutant and is not directly emitted. The formation occurs
locally through photochemical reactions initiated by solar radiation, which cause the oxidation
of NMVOC:s in the presence of nitrogen oxides (NO,) (Preiss, 2015). NMVOCs are released using
solvents, domestic activities and natural sources, such as forests. Figure 12 shows an example
of activities emitting Volatile Organic Compounds (VOCs) and NOy as the main contributors to
ozone formation (Donzelli & Suarez-Varela, 2024). This document focuses primarily on NMVOCs
due to their direct role in ozone formation. Figure 13 illustrates the human activities that mostly
contribute to VOC and NO, emissions, highlighting that coal combustion and diesel vehicles
emissions have the biggest impact. The graphic Figure 13 illustrates the human activities that
mostly contribute to VOC and NOy emissions, highlighting that coal combustion and diesel
vehicles emissions have the biggest impact.

VOCs and NOx

i i Nk

Figure 13: Representation of the six main sources of VOCs and NOx in a typical industrial city in China (Donzelli &
Suarez-Varela, 2024).

The interaction between NMVOCs and NOy is non-linear and strongly depends on meteorological
factors and the background concentration of these compounds. This process is typical of sunny
and warm days and is one of the main causes of ground-level ozone pollution (Preiss, 2015). This
negatively affects air quality and generates major consequences on:
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e Human health: Ozone irritates the respiratory system, worsens conditions such as
asthma and increases the risk of premature mortality, especially among vulnerable
populations (Donzelli & Suarez-Varela, 2024).

e Ecosystems (flora & fauna): Ozone reduces photosynthesis, damages leaves, and
decreases crop yields. This leads to biodiversity loss and compromises ecosystem
services, ultimately impacting human well-being and food security (Emberson, Effects of
ozone on agriculture, forests and grass lands, 2020).

e Materials: Ozone accelerates the deterioration of materials exposed to air, including
rubber, plastics, and surface coatings. While often not part of LCIA, this degradation can
lead to substantial economic costs due to increased maintenance needs and shortened
product lifespans (Preiss, 2015)

Assessing the POCP of a product is a crucial aspect of LCA. It enables the identification of the
environmental impacts (i.e., on air quality and human health) and supports strategies for
mitigation (Holland, H., Khan, & Shallcross, 2025). Additionally, since POCP is partly driven by
anthropogenic activities (i.e., transportation, industrial processes, energy production), it is
closely monitored by policymakers aiming to reduce its impact (Donzelli & Suarez-Varela, 2024).

10.1.2. Key Compounds of Potential Impact

High concentration of ozone is formed due to release of NO, (comprising of nitric acid (HNOg) and
nitrogen dioxide (NO,)) and VOCs because of incomplete combustion. The reactivity of VOCs
plays a crucial role in ozone formation. Recent studies have shown that reactive VOCs tend to
decrease with altitude due to oxidation, while oxygenated VOCs accumulate at higher altitudes,
influencing ozone production rates differently across atmospheric layers. Additionally, the
balance between VOCs and NOy concentrations governs the efficiency and rate of ozone
formation, with variations leading to different photochemical regimes. While VOCs and NO,, are
the primary precursors, other compounds such as carbon monoxide (CO), methane (CH,) and
Peroxyacetyl Nitrate (PAN) also contribute towards the formation of ozone.

Understanding the roles and interactions of these compounds is essential for developing
effective strategies to mitigate ground-level ozone pollution and its associated health and
environmental impacts.

10.1.3. Regulatory Compliance

POCP is also an important topic for regulatory Compliance. Governments and environmental
agencies have established strict regulations to control VOC emissions and reduce ground-level
ozone. The chemical industry must monitor and manage POCP to comply with these regulations
and avoid penalties (Kim, et al., 2023).

e |n the United States, the Clean Air Act and the National Ambient Air Quality Standards
(NAAQS) regulate ozone precursors. Facilities must develop State Implementation Plans
(SIPs) and apply Best Available Control Technology (BACT) to limit emissions (U.S.
Environmental Protection Agency [EPA]).

e In the EU, the Industrial Emissions Directive 2010/75/EU (European Union (EU), 2010)
establishes emission limit values for VOCs. Additionally, the VOC Solvents Emissions
Directive 1999/13/EC (European Union (EU), 1999), now incorporated into the Industrial
Emissions Directive (IED), specifically regulates emissions from solvent use.
Complementing these source-control measures, EU legislation has also addressed the
impacts of VOCs through their role in ozone formation: the earlier Council Directive
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92/72/EEC on air pollution by ozone introduced a harmonized system for ozone

monitoring, thresholds for health and vegetation protection, and public information
duties. This framework has since been replaced by Directive 2002/3/EC (European Union
(EU), 2002) and is now consolidated under the Ambient Air Quality Directive (European
Union (EU), 2008), which sets binding standards for ozone and other pollutants across
Member States. Compliance with these directives is critical for industries such as
chemicals, paints, coatings, and pharmaceuticals (European Parliament Research
Service, 2021).

e Underthe UNECE Gothenburg Protocol (to the Convention on Long-range Transboundary
Air Pollution), signatory countries commit to reducing emissions of ozone precursors,
including NOx and VOCs, to mitigate cross-border smog and ground-level ozone
formation (UNECE).

e |n China, the Air Pollution Prevention and Control Law requires industries to reduce VOC
emissions through strict standards, substitution of low-VOC materials, and the
installation of treatment technologies. Compliance is monitored by the Ministry of
Ecology and Environment (MEE) through real-time emission reporting and inspections,
with penalties for exceedances. These measures, reinforced under China’s 13th and 14th
Five-Year Plans, aim to curb ground-level ozone formation and reduce the health and
environmental impacts of photochemical smog (Enviliance ASIA, 2019).

10.1.4. Importance for the Chemical Industry

Chemical processes such as the production of organic compounds, polymers, and
pharmaceuticals are major sources of VOC emissions, releasing approximately 40,000 tons into
the atmosphere annually (Joint Research Centre (JRC): EU Science Hub, 2021). From production
to processing, storage, and transportation, chemical plants emit VOCs that react with NOyin the
atmosphere to produce photochemical smog (Sanjh, 2023). Understanding and controlling
POCP is essential for reducing ozone formation and complying with environmental
regulations. Table 21 lists examples of the chemicalindustry where POCP is an important aspect.
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Table 21: This is a non-exhaustive list of process steps that should be considered for data collection on POCP.

Process steps Example

Raw Material Extraction The extraction and processing of raw materials can release
VOCs and NOy, contributing to POCP.

Production and processing Many industrial processes, such as distillation, cracking, and
polymerization, emit VOCs.

Storage and Transportation Storing raw materials and finished products in tanks can
release VOCs, especially if they are not properly sealed.

Waste Management Waste containing organic compounds can release VOCs if not
properly treated.

Disposal & Recycling Disposal and recycling processes can release VOCs and NOy,
influencing the POCP assessment.

10.2. Methodology of Characterization

Several methodologies can be employed to assess POCP in LCA. The choice of methodology
depends on the goal and scope of the study, the available data, and the specific requirements of
the assessment. Brief descriptions of existing LCIA methods and their considered
characterization models are given below for the chosen EF method and for the other LCIA
methods see the Appendix chapter 21.6.1.

10.2.1. Chosen method: EF

Hauschild (2011) recommends Recipe as the default method at both the midpoint and endpoint
level as it considers spatially differentiation based on the impact assessment methods existing
in 2010. Recommendations to include natural ecosystem within the scope and to expand the CFs
beyond Europe have been adapted with the update of ReCiPe method in 2016. In general, the
model can be applied in other regions as well. This led to the consideration of POCP for both
terrestrial ecosystem and human health (Huijbregts, Steinmann, & Elshout, ReCiPe2016: a
harmonised life cycle impact assessment method at midpoint and endpoint level, 2017).
Although ReCiPe 2016 offers a highly detailed quantification model and is widely regarded as the
most comprehensive method for assessing POCP, we recommend using the EF method version
3.1. Thisrecommendation is based on the need for consistency with other sustainability metrics
presented in this guideline and alignment with the PEF reporting requirements.

Formula

Within the EF 3.1 method, the LOTOS-EUROS model is applied to calculate the POCP value.
LOTOS-EUROS is a combination of Long-Term Ozone Simulation and European Operational
Smog and calculates the CFs for human health damage caused by emitted substance xin Europe
(Segers, etal., 2025). The CFs is composed of three different factors: dimensionless intake factor
(IFu0p,x), effect factor (EFcin kg'') and damage factor (DF« in yr) (Van Zelm R. , et al., 2008).
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Formula 9: Equation for “Characterization factor for compound x”

POCP values from (Preiss, 2015) and (Derwent R. G., Jenkin, Saunders, & Pilling, 1998) and from
updated work (Derwent R. , Jenkin, Passant, & Pilling, 2007) can be coupled with generic NMVOC
CFs to calculate specific impacts per compound class:

_ pocP.
x POC 1)-\3[1 oc NMVOC

Formula 10: Equation for “Photochemical Ozone Creation Potential” calculation

Where:

- CFy: characterization factor for compound x

- CFnmvoc: midpoint CF for aggregated NMVOC emissions (e.g., in kg O, eq/kg)
- POCP,: POCP of compound x

- POCPnwvoc: average POCP across the NMVOC profile

Characterization Factors in EF Method

Table 22 below shows the POCP characterization factors (in kg NMVOC-eq. per kg) from EF 3.1
method. There are two relevant categories for POCP, 1) human health and 2) ecosystems. The
relevant scope for this document and for sustainability metric is Human Health.

If the region where the emission occures is known, use the regionalized factors. For regionalized
figures see guidance on page 17.
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Table 22: Overview of selected NMVOC characterization factors °
Compound CFs (kg NMVOC-eq. per kg) for Human Health
Ethylene 1,69
Propylene glycol 0,772
1-Butene 1,82
trans-2-Butene 1,91
cis-2-Butene 1,94
trans-2-Pentene 1,89
Butadiene 1,44
Isoprene 1,84
p-Xylene 1,71
m-Xylene 1,87
o-Xylene 1,78
Toluene 1,08
Benzene 0,368
Pentane 0,667
Hexane 0,814
Heptane 0,834
Propane 0,297
Ethane 0,208
Acetaldehyde 1,08
Formaldehyde 0,877
Acetone 0,159
Methane 0,010
NO 1

The list of chemicals in the above Table 22 is non-exhaustive. To access the full list of
characterization factors for POCP, please use the following link: EF 3.1

Selection guidance

Generally, EF 3.1 provides regionalized CFs for the POCP relevant elementary flows. However,
depending on the database used (e.g., ecoinvent, Sphera MLC, CarbonMinds), the POCP is only
assessed using averages provided by EF (like the water footprint with AWARE methodology, see
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Chapter Water use). Averages shall be used to increase consistency. The goal for the future
should remain to switch from average to more regionalized CFs.

10.2.2. LCI Flows
Table 23 shows a few examples of LCI flows for POCP. For the full table see EF 3.1.

Table 23: Overview of LCI flows

Compound Description

Ethylene Produced from crude oil or natural gas. The feedstock (naphtha or
ethane) undergoes steam cracking at high temperature, breaking
large hydrocarbons into smaller molecules, yielding ethylene as a
primary product.

Propylene glycol Derived from crude oil or natural gas. Propane is converted to
propylene, which is oxidized to propylene oxide. Hydrolysis of
propylene oxide gives propylene glycol.

Toluene Formed mainly from crude oil naphtha during catalytic reforming or
recovered from coal tar distillation. Separation and refining yield
toluene.

Benzene Obtained from crude oil naphtha through catalytic reforming, or

from pyrolysis gasoline (a byproduct of steam cracking). Extraction
and purification yield benzene.

NO, Generated from air (N, + O,) during high-temperature combustion in
crackers, reformers, and furnaces. These conditions cause nitrogen
and oxygen to combine into NO gases.

10.3. Assessment examples

Case Study:
A company conducted an analysis of its production processes to identify the main sources of
VOC emissions and assess their POCP values using the EF method. Toluene (POCP EF: 1.08 kg
NMVOC-eqg/kg) was found to be the primary contributor to ground-level ozone formation.
The goal was to find an alternative that would reduce ozone formation without compromising
product quality. Two options were evaluated:
o Methyl Ethyl Ketone (MEK): MEK has a POCP EF of 0.63. Advantages are good solubility as
well as fast evaporation, but it requires 1.2 kg/kg for equivalent performance.
e Propylene Glycol Monomethyl Ether (PGME): PGME has a POCP EF of 0.60. It shows
excellent solubility and moderate evaporation, but it requires 1.4 kg/kg for equivalent
performance.

In this case study (see Figure 14), it is assumed that the solvent is completely evaporated,
meaning that 100% of the solvent mass is emitted to air. The calculated POCP values therefore
mainly represent the solvent’s own contribution, based on its emission factor and the amount
required for equivalent performance. In addition, a small “additional POCP emission” term
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(0.01-0.02 kg NMVOC-eqg/kg) was included in the following calculations to account for other
process-related NMVOC emissions such as handling, cleaning, or storage losses. These are not
part of the solvent itself and therefore are not double-counted. The variation of this additional
term between the scenarios reflects the differences in solvent volatility and quantity handled
(e.g., 1.2 kg MEK vs. 1.4 kg PGME). This ensures that all relevant emissions are considered while
keeping the calculation transparent and scientifically consistent.

Impacts were calculated according to the POCP guidelines:

R oVioU SR L0 C e &5 R e eEEE L L L,
Additional POCP emission:
0.01 kg NMVOC-eq per kg product
4
Toluene Production Product
POCP:1.08 kg Process

1.08 kg NMVOC-eq/kg Toluene * 1.0 kg Toluene/kg-product + 0.01 kg NMVOC-eq/kg emission =

NMVOC-eq 1kg 1 kg product .
1.09 kg NMVOC-eq/ kg product i

CHy
; /’\-/1/1

NCWIBrOCESSIEECEEREREEEELELESESS LSS i G L L e e e e e E e CL L
Additional POCP emission:
0.02 kg NMVOC-eq per kg product
g
procuc
POCP: 0.63 kg
NMVOC-eq 1.2kg N 1 kg product N

O
oo CHo E=1

0.63 kg NMVOC-eqg/kg MEK * 1.2 kg MEK/kg-product + 0.02 kg NMVOC-eq/kg emission =
0.78 kg NMVOC-eq /kg product

Additional POCP emission:
[ 0.01 kg NMVOC-eqper kg product

A
PGME i
Production Product
POCP: 0.60 kg Process
NMVOC-eq 1.4 kg 1 kg product }

oL =T\ [\ﬂé@

0.60 kg NMVOC-eqg/kg PGME * 1.4 kg PGME/kg-product + 0.01 kg NMVOC-eg/kg emission =
0.85 kg NMVOC-eq /kg product

Figure 14: Comparison of previous and new process addressing POCP impacts
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Switching to MEK reduced ozone formation and improved environmental compliance. VOC
emissions dropped, product quality remained high, and stakeholder trust increased.
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11.Eutrophication

11.1. General Description

11.1.1. Issues of Concern

Eutrophication is a significant environmental issue characterized by the excessive supply of
nutrients, particularly nitrogen (N) and phosphorus (P), to ecosystems through synthetic
fertilizers and increased nitrogenous emissions (Henderson, 2015). Human activities have
contributed to the increased cycling of N and P throughout the biosphere. This poses significant
risk to the health of terrestrial, freshwater and marine ecosystems, as well as the economic and
life-support services they provide (Rockstrém, et al., 2009).

The process of eutrophication begins when nutrient loading exceeds natural rates, stimulating
primary production. Terrestrial eutrophication is caused by deposition of airborne nutrient-rich
emissions, mainly associated with airborne nitrogen compounds such as nitrogen oxides and
ammonia, since airborne phosphorus emissions are insignificant. In terrestrial ecosystems,
increased nutrient inputs can alter plant composition and productivity, which can change crop
yields and affect food production. In freshwater systems, phosphorus is typically the limiting
nutrient, meaning that its addition can lead to significant changes in species composition and
biomass. Marine ecosystems are usually nitrogen-limited, and their response to nutrient inputs
can vary widely (Henderson, 2015). Both freshwater and marine systems often experience
harmful algal blooms and oxygen depletion due to nutrient over-enrichment.

Harmful algal blooms arise from the rapid or exponential proliferation of algae and
cyanobacteria, typically resulting from an excess of available nutrients. These algal blooms can
lead to various shifts in species composition and other significant negative impacts to fish,
wildlife, pets, and humans (Glibert & Burford, 2017; Paerl & Otten, 2014). Additional impacts are
observed e.g. for human health and drinking water systems as well (U.S. Environmental
Protection Agency (EPA), 2015; Millennium Ecosystem Assessment, 2005).

While some degree of eutrophication occurs naturally, human activities - such as fertilizer
application, atmospheric deposition, and agricultural practices - have significantly accelerated
nutrient cycling, disrupting the natural balance and leading to more severe ecological impacts
(Bouwman, Beusen, & G., 2009). Figure 15 illustrates the relationship between nutrient input,
transport, removal, and transformation as N and P cycle through the biosphere.

96




The Environmental Sustainability Guideline for the Chemical Industry

* Land/Vegetation AtmOS here
 Industrial \ ‘O
« Fire/Volcano « Convection (N) . « Secondary Formation (N)
* Mobile Sources * Advection (N) * Photolysis (N)
* Mixing (N) y « Adsorption (N)
/\ * Dispersion (N)
o Manure/Using « Volatilization (N) g OEEHIITHA(Y,
* Septic Systems itrification (N) . (N)
* Point Sources o 3 .
«Fertilizer * Denitrification (N), Soil and Water D s
* N-Fixation T
Soil Freshwater Marine
Biomass T ‘ TS . Mineralizatb@
N \ Decay Minerali tiono
T, E ) 2 eralizat
SRS . Mlne'allxatlao E l;:i‘:i:g .y ingestion « Nitrification (N) | — « Nitrification (N)
]  Decay Y * Colonization *Sediment . o Dissolution Biom

_x{a /a | * Weathering (P) =1 Uptake  Dissolution Transport / * Colonization omass

: : « Nitrification (N) * Advection” « Decay Ingestion

- Adsorption | « Irrigation * Respiration 2

. Qe * Excretion o Advection Uptake
% T « Mortality « Diffusion

Desorption * Respiration

* Advection \ . E)u:retionO
- Resuspension o Diffusion > * Mortality
oTides
« Capillary Action (N) | '
leUse
! Groundwater Decay (NO;)
= . o Resuspension ‘

Deep Groundwater

& Transformation Processes
Loading Transport > O (e.g. chemical reactions & Storage/Loss
nutrient cycling)

Figure 15 : Fate and transport considerations relevant for eutrophication modelling (Morelli, et al., 2018).

11.1.2. Key Components of Potential Impact

In aquatic systems, eutrophication is driven mainly by phosphorus in freshwater and nitrogen in
marine environments. Terrestrial eutrophication results from nitrogen deposition via air
emissions such as ammonia (NH,) and nitrogen oxides (NOy), affecting soil nutrient balance and
plant species composition. Another major contributor to terrestrial eutrophication is the
accumulation of nutrients in soils caused using agricultural fertilizers.

Key contributors from the chemical industry include the following emissions:

e Ammonia (NH,;): Deposits nitrogen onto soils from industrial emissions, disrupting plant
communities.

o Nitrogen oxides (NOy): Emitted from combustion and chemical processes, including
wastes contributing to both terrestrial and marine eutrophication.

e Nitrate (NO;™): Released via wastewater and fertilizer runoff, driving freshwater
eutrophication.

e Phosphates (P043'): Municipal effluents and wastes promoting algal blooms in
freshwater.

e Organic nitrogen compounds: Degrade into reactive nitrogen, enriching ecosystems
and altering microbial and plant dynamics.

11.1.3. Regulatory Compliance

Eutrophication of surface water bodies represents a major global water quality challenge,
prompting the European Union to establish a robust regulatory framework aimed at mitigating
nutrient pollution. Water Framework Directive (European Union (EU), 2000) sets comprehensive
standards for water quality management and mandates comprehensive assessment of the
ecological status of all surface waters, promoting sustainable practices and regulating nutrient
inputs to achieve "good status" (European Union (EU), 2000). Complementarily, the Nitrates
Directive (Directive 91/271/EEC) (European Union (EU), 2000) focuses on reducing agricultural
nitrate pollution, promoting good agricultural practices, and designating Nitrate Vulherable
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Zones for targeted nutrient management and requires the implementation of action programs
that include measures such as crop rotation, cover cropping, and optimized fertilizer application
(European Commission (EC), 1991).

The impacts of eutrophication on freshwater and coastal ecosystems have prompted global
political initiatives to address these issues. In the United States, the Coastal Zone Management
Act and the Clean Water Act (US CWA, 1972) were enacted to tackle urban and industrial
pollution, with the aim of reducing point sources of phosphorus emissions. Similarly, the Urban
Wastewater Treatment Directive (Directive 91/676/EEC) was established in the European Union
(European Commission (EC), 1991)nto achieve similar objectives (Nikolaidis, et al., 2024).

Additionally, the United Nations has established the Sustainable Development Goals (SDGs)
(United Nations (UN), 2026) with a particular focus on Goal 6. This goal emphasizes the
importance of ensuring the availability and sustainable management of water and sanitation for
all. It is directly linked to the need for nutrient management to combat eutrophication. Globally,
organizations such as the United Nations Food and Agriculture Organization (FAO) promote
guidelines for sustainable agricultural practices that aim to minimize nutrient pollution and
enhance soil health.

Assessing and mitigating eutrophication not only ensures compliance with existing regulations,
but also protects environmental quality, supports long-term food security and enhances
community well-being by safeguarding water resources that are vital for both communities and
industries sectors.

11.1.4. Importance for the Chemical Industry

Eutrophication is relevant for the chemical industry because it is often linked to the release of
nutrients—particularly nitrogen and phosphorus—from industrial processes, wastewater, and
agricultural runoff.

Chemical manufacturers are responsible for managing these emissions. The industry is directly
involved in developing solutions such as advanced water treatment technologies and nutrient
recovery systems, highlighting its responsibility and opportunity to mitigate eutrophication and
protect aquatic ecosystems. Excessive nutrient discharges can lead to stricter environmental
regulations, increased treatment costs, and reputational risks for chemical manufacturers.

Compliance with these regulations is crucial for sectors such as agriculture, wastewater
management, and manufacturing, all of which can contribute significantly to nutrient loading.
Moreover, the increasing use of bio-based feedstock within the chemical industry to produce bio-
based chemicals increases the dependency on the agricultural production systems. This
increases the industry’s indirect contribution to the LCIA category eutrophication potential.

11.2. Methodology of characterization

11.2.1. Chosen method: EF

Several midpoint LCIA methods exist to assess terrestrial, freshwater, and marine
eutrophication. Early approaches such as CML applied simple mass-based characterizations (kg
N-eq. or kg P-eq.) and did not explicitly consider fate processes or ecosystem sensitivity. ReCiPe
(Goedkoop, et al., 2009) provides midpoint indicators for freshwater (phosphorus-limited) and
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marine (nitrogen-limited) eutrophication but does not define terrestrial eutrophication as a
standalone midpoint category; terrestrial effects are instead addressed indirectly through
acidification (Hauschild, et al., 2011). (While Impact World+ (Bulle C. , et al., 2019) provides
spatially differentiated characterization factors that may better capture regional environmental
variability, it has not undergone evaluation according to the ILCD-recommended framework.
Consequently, the EF methodology was adopted to maintain methodological consistency and
ensure comparability across studies.

The ILCD Handbook concluded that available approaches either lacked sufficient environmental
relevance for European ecosystems or were not suitable for regulatory applications. It therefore
recommended the Accumulative Exceedance (AE) method for terrestrial eutrophication, which
relates emissions of reactive nitrogen (NOx, NH;, and nitrogen to soil) to exceedances of
ecosystem-specific critical loads (Hauschild, et al., 2011). This recommendation forms the basis
for the EF method, which provides a coherent and harmonized framework for all eutrophication
midpoint indicators.

Within the EF method, eutrophication is addressed through three midpoint indicators, applying
different modelling approaches where scientifically justified:

o Terrestrial eutrophication is assessed using a critical-load-based approach, linking
atmospheric nitrogen emissions to exceedances of ecosystem tolerance levels. Due to
strong spatial variability in ecosystem sensitivity, this indicator applies to country-
specific characterization factors. However, EF3.1 offers regionalized characterization
factors in addition.

o Freshwater eutrophication is assessed using a phosphorus-limited, fate-based
approach, reflecting the dominant role of phosphorus in freshwater eutrophication
processes. Characterization factors are not geographically differentiated at midpoint
level.

e Marine eutrophication is assessed using a nitrogen-limited approach that accounts for
the transfer of nutrients from freshwater to marine systems, reflecting the role of inland
waters as pathways for nitrogen emissions. Characterization factors are not spatially
differentiated at midpoint level.

For DMP-related applications, the EF characterization method (Zampori & Pant, 2019) is applied
as a single, harmonized LCIA framework across all eutrophication categories. Where geography-
specific characterization factors are available (terrestrial eutrophication), they are applied;
where they are not (freshwater and marine eutrophication), EF default characterization factors
are used, in line with EF guidance and official documentation. This approach ensures
consistency, transparency, and comparability while acknowledging methodological limitations.

Formula, Terrestrial

For the calculation of terrestrial, marine and freshwater eutrophication, the formulas are
presented below. The following calculation procedure is recommended:

1. Collect relevant inventory flows
2. Match flows to EF 3.1 CFs

3. Multiply emissions by CFs
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4. Aggregate to obtain the specific Eutrophication result

For DMP and EF-aligned assessments, the recommended LCIA model implemented in the EF
method is the AE-method. It calculates the terrestrial eutrophication potential in mol N-eq.,
reflecting exceedance of critical nitrogen loads in ecosystems.

The calculation is as follows:
Eutrophication, terrestrial (mol N-eq.) = . Ei_gutrophicationt X CFi_gutrophication,t
Formula 11: Equation for “Eutrophication, terrestrial” calculation
Where:

—  Eieurophicationt= Emission of the relevant substance for Eutrophication, terrestrial (kg
emitted)

—  CFirurophicationt = Characterization factor for the respective eutrophying substance (mol
N-eq. per kg emission).

Characterization Factors in EF Method, Terrestrial

Table 24 presents the regionalized CFs for terrestrial eutrophication, which help to quantify the extent
to which each emission or nutrient contributes to this impact category. Terrestrial eutrophication
impact is measured in mol N-eq., converting various substances to their nitrogen-equivalent effect.

If the region where the emission occures is known, use the regionalized factors. For regionalized
figures see guidance on page 17.

Table 24: EF 3.1 Eutrophication, terrestrial regionalized characterization factors, expressed in mol N-eq. per kg
emissions to air (EF3.1)

Flow CF [mol N-eq. per kg]

Ammonia (global) 13.47

Ammonia (France) 10.8 (see example in chapter 10.3)
Ammonium 12.72

Nitrate 3.16

Nitrite 4.26

Nitrogen Dioxide 4.26

Nitrogen Monoxide 6.53

Nitrogen Oxides 4.26
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To access the full list of characterization factors for Eutrophication, terrestrial, please use the
following link: EF 3.1.

Formula, Marine

The EF 3.1 method for “Eutrophication, marine” uses the unit kg N-eq. to measure the impact,
representing the amount of emitted nutrients that reach a marine ecosystem. The impact is
calculated by multiplying the emission of nitrogen and its relevant compounds by a CF that
quantifies the potential to cause “Eutrophication, marine”.

The calculation is as follows:
Eutrophication, marine (kg N-eq.) = Z Ei—Eutrophication,m X CFi—Eutrophication,m
Formula 12: Equation for “Eutrophication, marine” calculation
Where:

—  Ei-eutrophicationm= Emission of the relevant substance for Eutrophication, marine (e.g.,
nitrate; kg emitted)

—  CFi.rutrophicationm = Characterization factor for the respective eutrophying substance (kg N-
eq. per kg emission).

Characterization Factors in EF Method, Marine

Table 25 presents the average CFs for marine eutrophication, which helps to quantify the extent
to which each emission or nutrient contributes this impact category. The impact of marine
eutrophication is expressed in kg N-eq., wherein various eutrophying substances are converted
based on their effect relative to nitrogen, which is used as the standard reference.

If the region where the emission occurs is known, use the regionalized factors. For regionalized
figures see guidance on page 17.

Table 25: EF 3.1 Eutrophication, marine average characterization factors, expressed in kg N-eq. per kg emissions to air
and water (EF3.1)

Flow Emission to CF [kg N-eq. per kg]
Ammonia Air’ 0.092
Water? 0.824
Ammonium Air’ 0.087
Water? 0.778
Nitrate Air’ 0.028
Water? 0.226
Nitrite Air’ 0.304
Nitrogen Dioxide Water? 0.389
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Nitrogen Monoxide Air’ 0.596
Nitrogen Oxides Water? 0.389
Nitrogen, total (excluding N,) Air’ 1.000

L unspecified, lower stratosphere and upper troposphere, unspecified long-term, urban air close to ground, non-

urban air or from high stacks

2fresh water, unspecified, unspecified long-term, sea water

To access the full list of characterization factors for Eutrophication, marine, please use the
following link: EF 3.1.

Formula, Freshwater

The EF 3.1 formula for Eutrophication, freshwater is a calculation that measures the degree to
which emitted nutrients reach freshwater ecosystems, using phosphorus as the limiting factor.
The impact is expressed in kilograms of phosphorus equivalent (kg P-eq.) and is calculated by
multiplying the emission of phosphorus and its relevant compounds by a CF that quantifies the
potential to cause freshwater eutrophication.

The calculation is as follows:
EUtrophication: freshwater (kg P'eq)- = Z Ei—Eutrophication,f X CFi—Eutrophication,f
Formula 13: Equation for “Eutrophication, freshwater” calculation

Where:

—  Eieurophicationt= Emission of the relevant substance for Eutrophication, freshwater (e.g.,
phosphate; kg emitted)

—  CFi.europhication,s = Characterization factor for the respective eutrophying substance (kg P-
eq. per kg emission).

Characterization Factors in EF Method, Freshwater

Table 26Table presents the average CFs for freshwater eutrophication, quantifying each emission or
nutrient's contribution to this impact. The impact of freshwater eutrophication is expressed in P- eq.,
wherein different eutrophying substances are converted based on their effect relative to phosphorus,
which is used as the standard reference.

If the region where the emission occurs is known, use the regionalized factors. For regionalized
figures see guidance on page 17.

Table 26: EF 3.1 Eutrophication, freshwater average characterization factors, expressed in kg P-eq. per kg emissions
(EF3.1), also including secondary emissions to soil

Flow Emission to CF [kg P-eq. per kg]
Sail’ 0.016

Phosphate
Water? 0.330

Phosphoric acid Soil’ 0.016
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Water? 0.320
Soil’ 0.050
Phosphorus
Water? 1.000
Soil’ 0.050
Phosphorus, total
Water? 1.000

! unspecified, agricultural, non-agricultural (secondary emission)

2 unspecified long-term, sea water, fresh water, water unspecified (primary emission)

To access the full list of characterization factors for Eutrophication, freshwater, please use the
following link: EF 3.1.

Selection guidance

Generally, EF 3.1 provides CFs for elementary flows with different geographical granularity.
Based on the LCA software and database used, the geographical granularity of available CFs
might vary.

For Eutrophication, marine and freshwater there are only global averages available (see EF 3.1.).
For Eutrophication, terrestrial there are in some cases country-specific CFs available (see EF

11.2.2. LClI flows

Commonly, a few examples of relevant flows regarding Eutrophication can be found in Table 27.

Table 27: Description of relevant LCI flows concerning Eutrophication

LCI flow Description of flow

Terrestrial and marine-specific

Ammonia, Ammonium emissions to | ¢ Haber-Bosch and fertilizer production plants release

air ammonia during manufacturing

e Terrestrialammonia discharges due to excessive
fertilizer usage in agricultural processes

Nitrogen oxide (NO,, NO, NO;) | e Burning of fossil fuel industrial boilers, furnaces,

emissions to air and other high-temperature processes

e Release of nitrogen oxides in nitric acid and adipic
acid production

Nitrate emissions e Fertilizer production plants e.g., forammonium

nitrate release nitrate emissions during

manufacturing

Freshwater-specific

Phosphate, Phosphorus, | e Release of phosphorous containing emissions in

phosphoric acid phosphoric acid production, fertilizer production
and detergent manufacturing

e Agricultural run-off containing phosphorous
emissions due to excessive fertilizer usage
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The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1.

11.3. Assessment examples

This following example illustrates how the eutrophication is calculated for a product system
called “fertilizer production”.

Example: Fertilizer Production

A company is producing a common fertilizer containing phosphate and nitrate salts in France.
During production and wastewater treatment, emissions into the environment occur (Figure 16).
To calculate the eutrophication potentials (freshwater, marine and terrestrial) the calculation is
done as follows:

Nitrogen monixide
emissions to air

Ammonia 2.9E-03 kg
emissions to air
1.0E-04 kg A
V'S
0.4 kg
Raw material 1 [
‘ Fertiliser Wastewater
Eutrophication, freshwater: 2.1E-06 kg P-eq/kg H production treatment
Eutrophication, marine: 1.7E-03 kg N-eq/kg S ’
Eutrophication, terrestriel: 3.8E-03 mol N-eq/kg 0.1 kg
' Wastewater 0
Raw material 2 [
0.7 kg :
v v
Eutrophication, freshwater: 4.0E-05 kg P-eq/kg e —
Eutrophication, marine: 1.1E-03 kg N-eq/kg Fertiliser Phoshpate emissions
Eutrophication, terrestriel: 1.4E-02 mol N-eq/kg 1kg to fresh water

5.0E-04 kg

Figure 16: Exemplary calculation of eutrophication impacts of fertilizer production.

With the CFs from EF3.1as listed in Table 25, 26 and 27, the three eutrophication potentials can
be calculated as follows:

Eutrophication, terrestrial = eutrophication, terrestrial (RM1) + eutrophication, terrestrial (RM2)
+ eutrophication, terrestrial (production, wastewater treatment)

Formula 14: Equation for “Eutrophication, terrestrial” calculation

k moly, k moly, k . moly,
Euthrophication, terr = 0.4~2241 38 10-3 —2 4 07 “IRMZ 4 4 g2 Nea \ 1 14 Fammonia 44g — Nea
gfert 9IrMm1 kgfert kgRMZ gfert kgAmmonia
k moly,
+2.9.1073 N0 g og Nea
kgfert ngo
olNEq

Euthrophication, terrestrial = 3.1 - 1072
kg/ert

Formula 15: Equation for “Eutrophication, marine” calculation
Eutrophication, marine = eutrophication, marine (RM1) + eutrophication, marine (RM2) +

eutrophication, marine (production, wastewater treatment)
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k kgn, k kgn, k ; kgn,
Euthrophication, marine = 0.4~924L 4 7. 103 20 4 .7 ~IBM2 _ 4 1. q0-3 _Nea | g g4 "Fammonia ngy —Nea
gfert 9IrMm1 kgfert kgRMZ kgfert kgAmmania
k kg,
2.9.10-3 N0, ) 596-Nea
gfert ngO
o . _; kan,,
Euthrophication, marine = 3.2 - 107° ———
kgfert

Formula 16: Equation for “Eutrophication, freshwater” calculation

Eutrophication, freshwater = eutrophication, freshwater (RM1) + eutrophication, freshwater
(RM2) + eutrophication, freshwater (production, wastewater treatment)

k kgp, k kgp, kgp, . kgp,
Euthrophication, freshwater = 0.4 ~9FML , 5 1 . 10-6 e 4 o7 /IRM2 Ly 45 “IPeq | 5 -4 “TPemissions , g 33 “IPeq
gfert 9rm1 kgfert IrM2 gfert gPemissions
o L
Euthrophication, freshwater = 1.9 - 10~* ——
gfert
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12.Particulate Matter

12.1. General Description

12.1.1. Issues of Concern

Particulate matter (PM) consists of solid or liquid particles suspended in the air and is commonly
categorized by size, such as PM,, (coarse particles), PM,.¢ (fine particles) and ultrafine particles
(<0.1 pm) (U.S. Environmental Protection Agency (EPA), 2025). These particles originate from
combustion processes, industrial activities, mechanical abrasion, and secondary atmospheric
formation through chemical reactions of precursor gases. Sources can be as well natural, such
as dust storms and wildfires, or anthropogenic, including industrial processes, transportation,
residential heating, and agriculture. The analysis in this chapter is restricted to PM,, and PM,.,
due to the greater availability and reliability of data for these particle size fractions.

PM influences multiple environmental domains, including ecosystems, materials, and the built
environment. However, in impact assessment frameworks aligned with EF and ILCD
recommendations (Zampori & Pant, 2019; Hauschild, et al., 2011), the primary concern is the
impact of PM on human health, as this represents the most scientifically quantifiable impact.
Fine particles, with PM,.; and its precursors, contributes to adverse health outcomes through
inhalation exposure, leading to increased risks of respiratory and cardiovascular diseases.

Although secondary effects such as reduced visibility, material degradation, and ecological
disturbances are recognized, these outcomes are not typically used as the basis for quantifying
PM-related impacts within standardized assessment methodologies. Instead, characterization
focuses on human exposure pathways, intake fractions, dose response relationships and
resulting damage to health (European Commission (EC), Joint Research Centre, Institute for
Environment and Sustainability, 2011).

Activities such as combustion of fossil fuels, agricultural burning, industrial processes, and
wildfires strongly influence atmospheric PM concentrations. When PM accumulates in the
atmosphere, it can alter radiative balance and modify local environmental conditions.
Nevertheless, from a methodological standpoint, these broader environmental alterations
remain secondary to the measurable and scientifically validated health effects, which form the
foundation for particulate matter characterization in internationally harmonized impact
assessment methods (U.S. Environmental Protection Agency (EPA), 2025).

Because of its ability to travel long distances, affect human health, degrade ecosystems, and
contribute to climate change, PM is a key focus in environmental monitoring and air quality
management. Accurate characterization methods are essential for understanding its
distribution, behavior, and potential impacts (U.S. Environmental Protection Agency (EPA),
2025).

Human Health Impacts

Fine particles, especially PM,.., can penetrate deep into the respiratory tract and reach the
bloodstream. Exposure is associated with respiratory diseases, cardiovascular disorders, and
increased mortality risk. Because these effects are well-characterized and quantifiable, human
health represents the primary focus for particulate matter within impact assessment
frameworks.
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Environmental Effects

Deposition of particles on soil and water bodies can alter physicochemical conditions and affect
ecological functioning. PM also reduces visibility through light scattering and contributes to the
formation of atmospheric haze. Surface deposition may impair vegetation by coating leaves and
reducing photosynthetic efficiency.

Climate Interactions

Different particle types influence the earth’s radiative balance in opposing ways. Light-absorbing
aerosols such as black carbon contribute to atmospheric warming, whereas reflective particles
such as sulfates exert a cooling effect. PM also plays a role in cloud nucleation processes,
affecting cloud formation, lifetime, and precipitation patterns.

Material and Cultural Heritage Damage

PM contributes to the soiling, discoloration, and chemical degradation of building materials,
monuments, and cultural heritage assets, particularly through interactions with moisture and
acidic components.

Given these wide-ranging impacts, particulate matter remains a key pollutant of concern across
environmental policy, atmospheric sciences, and human health protection frameworks (U.S.
Environmental Protection Agency (EPA), 2025).

12.1.2. Key Components of Potential Impact

The substances mostly considered as contributors to particulate matter impacts in LCA include
but are not limited:

e Primary particulate matter

e Dust (PM,,, PM,.;) from mechanical processes, handling of solids, grinding, drying, and
abrasive operations

o Metal-containing particles (e.g. alumina, unspecified metal dusts) (Fantke, et al., 2016).
¢ Combustion-derived particles such as black carbon and organic carbon (EEA, 2024).
e Secondary particulate matter precursors

e Sulfur dioxide (SO,) and sulfur trioxide (SO;), which form sulfate aerosols (Roy & Sardar,
2015).

o Nitrogen oxides (NOy), which contribute to nitrate aerosol formation (Lao, Li, & Yan,
2024).

e Ammonia (NH;), which reacts with sulfuric and nitric acids to form ammonium sulfate
and ammonium nitrate particles (Patil, Voris, Kane, & Northrop, 2025).

e Selected VOCs, which contribute indirectly to secondary PM formation through
atmospheric oxidation pathways (Wang, et al., 2022).

Although a wide range of substances may contribute to PM formation, SO,, NOy, and NH, are
generally considered the dominant precursors in LCIA methodologies, due to their well-
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established role in secondary particle formation and their inclusion in harmonized

characterization models.

12.1.3. Regulatory Compliance

Particulate matter regulation plays a critical role in ensuring air quality and protecting public
health. Regulatory compliance requires organizations to monitor emissions, implement control
technologies, and adhere to standards established by governing bodies (Nazarenko, Pal, & Ariya,
2021). While global standard for PM has not been defined, some countries/regions have
established their own regulatory frameworks. A high-level overview is provided in Table 28.

Table 28: Overview of regulatory bodies and sources

Regulatory Body Source
European Union (EU) Directive 2008/50/EC on ambient air quality (European Union
(EU), 2008)

United States Environmental | NAAQS (National Ambient Air Quality Standards) form the
Protection Agency (USA) legal compliance regime for ambient air quality in the U.S.
(U.S. Environmental Protection Agency (EPA), 2025)

Ministry of Ecology and |China differentiates between “protected/natural” zones
Environment (China) (Class I) and urban/industrial zones (Class Il) in its air-quality
standards. (Ministry of Ecology and Environment of the
People’s Republic of China, 2012)

The World Health Organization (WHO) plays an advisory but highly influential role in global air-
quality governance. Their guideline is designed as a reference tool for decision-makers at the
international, national or local level (World Health Organisation (WHO), 2021).

12.1.4. Importance for the Chemical Industry

PM is a critical performance indicator for the chemical industry due to its significant impacts on
human health, the environment, and regulatory compliance. Chemical manufacturing activities,
including combustion processes, material handling, and secondary particle formation from
gaseous precursors such as SO,, NOx, and VOCs, contribute to emissions of PM,, and PM,..
(Wang, et al., 2022). Monitoring PM as a key performance indicator (KPl) enables chemical
companies to track emission performance, ensure compliance, and identify opportunities for
process optimization and emission reduction. Furthermore, integrating PM indicators into life
cycle assessment and sustainability reporting supports risk management, improves
transparency, and aligns the chemical industry with broader environmental and public health
objectives.

In many chemical manufacturing processes, particulates are either a desired product or an
unwanted byproduct. For example, in processes like crystallization or precipitation, control of
particle size and distribution is critical in achieving the desired product quality. Uncontrolled
particulate formation and release to the environment can cause negative impacts to ecosystems
and human health.
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The chemical industry is subject to stringent environmental regulations regarding emissions of
particles into the air and water. Excessive release of particulates can contribute to air pollution,
harm ecosystems, posing significant risks to public health. Monitoring and controlling PM
emissions helps companies comply with environmental standards and avoid legal penalties,
while also supporting corporate sustainability goals.

Exposure to airborne particulates can present health risks to workers, including respiratory
issues, skin irritation, and long-term diseases such as silicosis or cancer, depending on particle
composition. Implementing dust control measures, proper ventilation, and personal protective
equipmentis crucial for safeguarding employee health and maintaining a safe work environment.

Below are reported some chemical production processes related to PM.

o Cement and Lime Manufacturing: Although often classified as mineral industries, many
chemical plants produce cement and lime as part of broader operations. Crushing,
grinding, and kiln processes emit both coarse and fine particulates (U.S. Environmental
Protection Agency (EPA), 1987; de Souza Zorzenao, et al., 2024).

e Sulfuric Acid Plants: The production of sulfuric acid releases sulfur dioxide (SO,), which
is a key precursor for secondary PM. Additional dust can arise during ore handling and
roasting (Roy & Sardar, 2015).

e Chlor-alkali Industry: Processes involving salt handling, electrolysis, and product
separation can generate PM emissions, especially in older facilities with less advanced
abatement technologies (Brinkmann, Giner Santonja, Schorcht, Roudier, & Delgado
Sancho, 2014).

e Petrochemical Production: Flaring, catalyst regeneration, and various combustion
processes associated with the production of ethylene, propylene, and other chemicals
can emit both primary particulates and gaseous precursors such as NO,and SO, (Tavella,
da Silva Junior, Santos, Miraglia, & Pereira Filho, 2025).

e Pigment and Dye Manufacturing: Operations such as grinding, drying, and blending of
solid dyes and pigments are sources of PM emissions (Kavitha, Govindhan, &
Premkumar, 2025).

e Pharmaceutical Manufacturing: Tablet pressing, coating, and powder handling in
pharmaceutical production can release fine dust, impacting indoor and outdoor air
quality (Champmartin & Clerc, 2014).

12.2. Methodology of characterization

12.2.1. Chosen method: EF

Various LCIA characterization models are available to assess the human health impacts of PM
using either midpoint or endpoint approaches. For midpoint assessment, the RiskPoll model is
applied, with PM,s used as the indicator (European Commission (EC), Joint Research Centre,
Institute for Environment and Sustainability, 2011). Endpoint assessment is based on adapted
Disability-Adjusted Life Year (DALY) calculation derived from midpoint results (Van Zelm R. , et
al., 2008; Pope, et al., 2002). The midpoint impact category focuses on disease incidences
associated with exposure to both primary and secondary particulate matter. In contrast, the
endpoint approach captures long-term human health effects and expresses them in terms of
DALYs. Consistent with all other methods used throughout the document, a midpoint approach
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is also selected for this impact category. The Product Environmental Footprint (PEF), as defined
in EF 3.1, is therefore the recommended methodology for assessing particulate matter impacts
as well.

The EF-approach leverages the latest scientific consensus and advanced modeling techniques,
which allow for more precise and reliable quantification of particulate matter impacts. By using
updated characterization factors and exposure models, the use of the EF-model reduces
uncertainty and delivers results that are trusted by both scientists and regulators.

Within the EF framework, impacts are quantified in units of deaths per kilogram of emitted
substance, accounting for secondary particle formation through a combined application of the
joined approach of United Nations Environment Programme (UNEP) and the Life Cycle Initiative
(United Nations Environment Programme, SETAC Life Cycle Initiative, 2016) and the RiskPoll
models (Fantke, et al., 2016) therein. The following section describes the underlying impact
pathways and provides an overview of the different methodological approaches and indicators
used for particulate matter impact assessment.

In Chem-X the Product Environmental Footprint (PEF) recommended method of ,disease
incidence" is used (Fantke, et al., 2016).

The EF method, developed under the European Commission’s Product Environmental Footprint
(PEF) and Organization Environmental Footprint (OEF) initiatives, is a harmonized LCIA approach
designed for consistency across sectors. For PM impacts, EF focuses on human health effects
due to exposure to PM emissions.

EF 3.1 addresses both direct and indirect effects of particulate matter:

e Direct emissions (primary PM) from tailpipes, smokestacks, and construction sites.
o Indirect (secondary PM) formation from chemical precursors in the atmosphere.

These particles contribute to a range of health impacts, including aggravated asthma, heart
attacks, decreased lung function, and premature death, especially in vulnerable populations
such as children and the elderly (European Commission (EC), 2021).

Formula

The process follows the next steps to prepare the calculation of the impacts:

¢ Identify emissions: Collect all relevant PM emission data from your product's life cycle.
These are the "flows" of substances into the environment.

e Apply characterization factors: Multiply the amount of each substance (e.g., PM;s,
PM1o) by its specific CF from the EF 3.1 method.

The calculation is as follows and shown in Formula 17:
Characterization

Aggregation of the results: The total characterized value for PM is the sum of the characterized
values for all relevant substances.
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Particulate Matter (Disease Incidence) = Z Ei_particulate matter X CFi—particulate Matter

Formula 17: Equation for “Particulate Matter” calculation
Where:

—  Eirariculate Matter = Emission of the relevant substance for Particulate Matter, e.g. Ammonia
via transformation per kg emission

—  CPFiraricuate matter = Characterization factor for the respective particulate matter (Disease
Incidence per kg emission).

Characterization Factors in EF Method

In the EF methodology, the focus is typically on PM10 (particles with a diameter of 10
micrometers or less) and PM2.5 (particles with a diameter of 2.5 micrometers or less) as these
are small enough to be inhaled and cause respiratory and cardiovascular issues in humans. In
some cases, ultrafine particles (smaller than 0.1 micrometers) are also considered due to their
ability to penetrate deep into the lung tissue and bloodstream. These particles originate from
various sources, including combustion processes, industrial activities, and natural phenomena
such as dust storms and wildfires (Hauschild, et al., 2011). PM10 and PM2.5 will be the focal
pointin this analysis due to the better data availability and availability of characterization factors
for these particle sizes.

EF 3.1 (Hauschild, et al., 2011; Fantke, et al., 2016) employs advanced characterization models
to translate emissions of various precursor substances into potential health impacts. These
models consider:

e Emission Source and Location: The effect of particulate matter depends greatly on
whether it is released into urban, rural or remote areas.

e Chemical Composition: Not all particulates are equally harmful. The model considers the
toxicity and reactivity of different compounds, such as black carbon, organic carbon,
sulfate, and nitrate particles.

e Transformation Pathways: Some emissions, like nitrogen oxides (NOx), sulfur dioxide
(SO,), and ammonia (NH,), form secondary particulate matter through atmospheric
chemical reactions. The EF method includes these precursor emissions in its
calculations.

e Exposure and Intake: Human exposure is estimated based on population distribution,
prevailing winds, particle dispersion, and rates of inhalation.

The results are commonly expressed in metrics such as "disease incidence per unit emission" as
midpoint indicator which are used throughout the document. Using the method "Years of life
lost” it is an endpoint indicator and should not be used. They reflect the final health impact
attributable to particulate matter from a product or activity’s life cycle.

If the region where the emission occurs is known, use the regionalized factors. For regionalized
figures see guidance on page 17.
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Table 29: EF3.1 Particulate Matter characterization factors for Europe and for emissions to air,
unspecified, expressed in disease incidence per kg, (EF3.1)

Flow CF [Disease Incidence per kg) for Human
Health
Ammonia 2.1E-05
Nitrogen Dioxide 1.6E-06
Nitrogen Monoxide 1.6E-06
Nitrogen Oxides 1.6E-06
Particles (PM2.5) 2.4E-04
Particles (PM10) 5.5E-05
Sulfur Dioxide 8.0E-06
Sulfur Trioxide 8.0E-06
Sulfur Oxides 8.0E-06

To access the full list of characterization factors of characterization factors for Particulate
Matter, please use the following link: EF 3.1.

Selection guidance

Generally, EF 3.1 provides global CFs for the PM relevant elementary flows. However, depending
on the database used (e.g., ecoinvent, Sphera MLC), the PM is assessed using averages of
emissions from different sources like air emissions from high stacks, urban, non-urban areas. If
no regionalization applies use Averages. In addition, choose the most appropriate sub-
compartment as urban / high-stacks and non-urban areas. The goal for the future should remain
to switch from average to more regionalized CFs.

12.2.2. LCI Flows

In Table 30 several LCI flows are shown with the relevant description of the flow elements to give
further background on the information needed for accurate assessments of them.

Table 30: Description of relevant LCI flows concerning Particulate matter

LCI Flow Description of Flow

Ammonia Ammonia (NH;) is primarily produced
through agricultural activities, particularly
from livestock waste and the application of
nitrogenous fertilizers. It can also be
emitted during the combustion of fossil
fuels and biomass.

Nitrogen Oxides Nitrogen oxides (NO,) are a group of gases
that includes both nitrogen monoxide (NO)
and nitrogen dioxide (NO,). They are emitted
from vehicle exhaust, industrial processes,
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and power generation, primarily during

combustion.

Nitrogen oxides [lower stratosphere + upper
troposphere]

These nitrogen oxides form naturally
through lightning, which produces high-
energy reactions between nitrogen (N,) and
oxygen (O,).
photochemical oxidation of nitrous oxide
(N,0)

microbial activity. At high altitudes, these

They also arise from the

emitted by soils, oceans, and
reactions contribute to natural NO and NO,

concentrations.

Sulphur Dioxide

Sulphur dioxide (SO,) is mainly produced
from the burning of fossil fuels, particularly
coal and oil, in power plants and industrial
facilities. It can also be emitted from

volcanic eruptions.

Sulphur Trioxide

Sulphur trioxide (SO,) is produced during
the oxidation of sulphur dioxide (SO,) in the
atmosphere or during industrial processes,
particularly in the manufacture of sulfuric
acid.

Aluminium oxide (dust)

Aluminium Oxide (dust) is naturally formed
through weathering of aluminium-rich
rocks, soil erosion, and mineral breakdown.
Volcanic eruptions and strong winds can lift
fine alumina dust into the air. Man-made
sources include aluminium smelting, metal
blasting,

high-temperature industrial processes that

refining, abrasive and

release alumina particles.

Dust (PM10)

PMs,
windblown soil and sand, desert dust and

particles originate naturally from

storms. It is majorly produced by fertilizers,
cement and lime manufacturing industries.

Dust (PMzs)

PM,s
volcanic

forms naturally from wildfires,

spray,
secondary atmospheric reactions involving

emissions, sea and
natural precursors (e.g., biogenic VOCs,
natural sulfur compounds). Their small size

allows them to stay airborne for long
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durations It is majorly produced by
fertilizers, cement and Lime manufacturing
industries.

Metals (unspecified) Metals occur naturally from volcanic
eruptions, mineral dust uplift, sea spray,
and weathering of rocks and soils.
Man-made emissions come from metal
smelting, refining, fossil-fuel combustion,
cement production, waste incineration, and
brake and tire wear.

To access the full list of characterization factors for Particulate matter, please use the following
link: EF 3.1.

12.3. Assessment Examples

For the illustration of impacts of a chemical process, the relevant flows need to be identified and
connected with the characterization factor. In this example, two inputs are relevant, and
emission flows are identified. The calculation is shown in the formula at the bottom of the Figure
17.

The production of ammonium nitrate requires ammonia and nitric acid. Calculate the amount of
particulate matter released during this process

Additional particulate
matter emissions:

PM, = 0.01 kg
PM,;=0.005 kg
-
0.7 kg
Process
1 kg .
Particulate matter = 8.013E-09 Disease incidences/kg R } Ammonium

nitrate

Particulate matter = 3.03E-09 Disease incidences/kg

Particular matter = 8.013E-09 Disease incidences/kg * 0.7 kg + 3.03E-09 Disease incidences/kg * 0.3 kg + 2.4E-04
Disease incidences/kg * 0.01 kg + 5.5E-05 Disease incidences/kg * 0.005 kg ) = 2.61E-09 Disease incidences/kg

Figure 17: Calculation of impacts of a chemical process of the impacts of particulate matter (PM)
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13.lonising radiation (human health)

13.1. General Description

13.1.1. Issue of concern

lonising radiation refers to energy that can remove electrons from atoms, creating ions. In this
context, the issue of concern is in regard to the effect on human health related to the routine
releases of radioactive material to the environment (World Health Organization (WHO), 2023;
Occupational Safety and Health Administration (OSHA), 2026a; Occupational Safety and Health
Administration (OSHA), 2026b; Occupational Safety and Health Administration (OSHA), 2026c;
Occupational Safety and Health Administration (OSHA), 2026d).

Exposure to ionising radiation can lead to both acute and long-term health effects, depending on
dose, duration, and exposure pathway. High doses received over a short period may result in
acute radiation effects, including radiation burns and acute radiation syndrome (ARS), with
symptoms such as nausea, vomiting, diarrhoea, and, at very high doses, death. Cutaneous
radiation injury has been reported at doses as low as approximately 2 Gy (Centers for Disease
Control and Prevention, 2024; Centers for Disease Control and Prevention, 2024).

Long-term and low-dose exposures are associated with stochastic health effects, for which no
threshold dose is assumed. These include increased lifetime risks of cancers such as thyroid,
lung, breast cancer, and leukemia (World Health Organization (WHO), 2023; Occupational Safety
and Health Administration (OSHA), 2026a; Occupational Safety and Health Administration
(OSHA), 2026b; Occupational Safety and Health Administration (OSHA), 2026c¢; Occupational
Safety and Health Administration (OSHA), 2026d). Additional long-term health outcomes linked
to chronic exposure include cardiovascular disease, cerebrovascular disorders, and hereditary
effects resulting from radiation-induced DNA damage (Little, et al., 2023; International
Commission on Radiological Protection (ICRP), 2022).

Certain population groups are more vulnerable to the effects of ionising radiation. Children and
pregnant individuals are considered particularly sensitive due to developing tissues and longer
post-exposure life expectancy, with potential risks including adverse fetal development
outcomes. Occupational exposure may also occur among workers operating near radiation
sources or handling radioactive materials, where appropriate shielding, distance, and exposure
time management are critical risk-mitigation measures (Centers for Disease Control and
Prevention, 2025; World Health Organization (WHQO), 2023; Occupational Safety and Health
Administration (OSHA), 2026a; Occupational Safety and Health Administration (OSHA), 2026b;
Occupational Safety and Health Administration (OSHA), 2026c; Occupational Safety and Health
Administration (OSHA), 2026d).

13.1.2. Key components of potential impact

The radionuclides normally considered relevant contributors to ionising radiation in life cycle
assessment are those associated with nuclear fuel cycles, industrial activities, and naturally
occurring radioactive materials mobilised by human activities. These may include, for example,
uranium-238 (U-238), uranium-235 (U-235), radium-226 (Ra-226), radon-222 (Rn-222), and
cobalt-60 (Co-60). Common sources include emissions from uranium mining, fuel fabrication,
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reactor operation, spent fuel and waste management, the use of radioactive materials in medical
and industrial applications, and the mobilisation of naturally occurring radionuclides through
mineral extraction, processing, and fossil fuel combustion.

13.1.3. Regulatory compliance

Global regulatory compliance for ionising radiation is founded based on internationally
recognized safety standards and coordinated by key organizations to ensure consistent
protection of workers, public, and environment (World Health Organization (WHO), 2023). The
International Atomic Energy Agency (IAEA) develops safety standards based on global
consensus, incorporating scientific findings from United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) (Shannoun, 2015; Chen J., 2024) and recommendations
from the International Commission on Radiological Protection (ICRP, 2014) (IAEA, 2014). These
standards emphasize justification of practices, optimization through the As Low As Reasonably
Achievable (ALARA) principle, and strict dose limits for all exposure scenarios—planned,
existing, and emergency (ICRP, 2007) (IAEA, 2014). The ICRP sets widely adopted dose limits of
20 mSv per year for occupational exposure (averaged over five years) and 1 mSv per year for
public exposure, forming the basis of most national regulations (ICRP, 2007). Complementing
these efforts, the WHO focuses on health implications and promotes harmonization of standards
globally, ensuring evidence-based guidance for public and occupational health. Together, these
organizations create a unified framework for global radiation safety.

Regional compliance also builds on these principles. In Europe, regulation is primarily governed
by the Euratom Treaty and its directives (European Commission (EC), 2013), which establish
uniform safety standards and require continuous monitoring of radioactivity in air, water, and
soil, as well as information exchange on waste disposal and emergencies. Directive
2013/59/Euratom sets dose limits of 20 mSv per year for workers and 1 mSv per year for the
public, with special provisions for pregnant workers. It applies to all exposure situations and
sources, including natural radiation, mandates justification of practices, optimization under
ALARA, emergency preparedness, monitoring, and reporting, and aligns closely with ICRP
recommendations.

Similarly, in the United States, compliance is enforced through multiple federal agencies and
supplemented by state and institutional requirements. The Nuclear Regulatory Commission
(NRC) regulates occupational and public exposure under 10 CFR Part 20, including Annual Limits
on Intake (ALI), Derived Air Concentrations (DAC), licensing of radioactive materials, reactor
design objectives, and emergency preparedness (U.S. Nuclear Regulatory Commission (NRC),
2016). The Department of Energy (DOE) applies 10 CFR Part 835 for occupational radiation
protection in DOE facilities, including dose limits and monitoring requirements (U.S. Department
of Energy (DOE), 2026). The United States Environmental Protection Agency (U. S. EPA) sets
environmental radiation standards under 40 CFR Parts 190-192 (U.S. Environmental Protection
Agency (EPA), 2025; U.S. Environmental Protection Agency (EPA), 2026) while OSHA enforces
workplace safety through 29 CFR 1910.1096 (Occupational Safety and Health Administration
(OSHA), 2026a) and 29 CFR 1926.53 (Occupational Safety and Health Administration (OSHA),
2026b), requiring exposure monitoring and worker training. State-level NRC Agreement regulate
radioactive materials locally, and institutions such as “National Institutes of Health” (NIH,
National Institutes of Health (NIH)) implement internal programs including Radiation Safety
Committees, dose monitoring, and contamination control. Together, these layers of regulation
ensure comprehensive radiation safety across industrial, research, and medical applications.
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13.1.4. Importance for the chemical industry

lonising radiation assessment is important for the chemical industry as it is critical for ensuring
safety, regulatory compliance, and process integrity, while also supporting the ALARA principle
by keeping exposures as low as reasonably achievable (Occupational Safety and Health
Administration (OSHA), 2026c; U.S. Nuclear Regulatory Commission (NRC), 2016). Radiation is
widely used for polymerization, sterilization, and analytical applications including both
laboratory analytical equipment and operational devices such as level, density, and thickness
gauge, but uncontrolled exposure can pose significant health risks to workers and lead to
environmental contamination (International Atomic Energy Agency (IAEA), 2021; Naikwadi,
Sharma, Bhatt, & Mahanwar, 2022). Continuous monitoring enables early detection of elevated
radiation levels, verifies the effectiveness of protective measures, and helps maintain exposures
within permissible limits set by agencies such as NRC, OSHA, and EPA (Occupational Safety and
Health Administration (OSHA), 2026c¢; U.S. Nuclear Regulatory Commission (NRC), 2024). It also
provides documentation for audits, supports process optimization, and identifies trends for
continuous improvement (Centers for Disease Control and Prevention, 2024; U.S. Department
of Energy (DOE), 1999). Beyond compliance, effective monitoring safeguards product quality,
minimizes liability, and reinforces the industry’s commitment to sustainable and responsible
operations (Centers for Disease Control and Prevention, 2024) (ICRP, 2007).

13.2. Methodology of characterization

13.2.1. Chosen method: EF 3.1

lonising radiation (IR) is an impact category in several commonly used LCIA methods including
Environmental Footprint 3.1 (EF 3.1; (Zampori & Pant, 2019)), ReCiPe 2016 Midpoint (Huijbregts,
Steinmann, & Elshout, ReCiPe2016: a harmonised life cycle impact assessment method at
midpoint and endpoint level, 2017) as well as IMPACT World+ (Bulle C., et al., 2019). These LCIA
methods include a wide variety of radionuclides, including prominent radionuclides such as
uranium and plutonium, as well as less commonly cited radionuclides such as americium and
specific radioactive isotopes such as ruthenium-106. For all ionising radiative elements, both
waterborne and airborne emissions are considered. Although several LCIA methods contain an
ionising radiation midpoint category, their indicators are not fully harmonized.

EF 3.1 measures ionising radiation as “human exposure efficiency relative to U-235” in kBq U-235
equivalents, following the characterization model of (Frischknecht, Braunschweig, Hofstetter, &
Suter, 2000). By contrast, ReCiPe’s midpoint ionising radiation uses a different reference basis
to measure ionising radiation - kBg Co-60 to air eq, resulting in difference in results that go
beyond unit formatting but stems from a fundamentally different reference radionuclide for the
measurement. As a result, comparability requires explicit conversion and careful mapping of
elementary-flows and compartments.

IMPACT World+ is a combined midpoint/damage methodology, where ionising radiation is
modelled using the general source-to-impact pathway (emission > fate/exposure > human
health relevance), drawing on the ExternE/Frischknecht foundations (Bulle C. , et al., 2019)
widely in LCA for routine radionuclide releases. Nonetheless, the method expresses the result of
ionising radiation in units of Bq C-14-eq /Bq, differing from both EF3.1 and ReCiPe.

In line with the overall methodological approach of this guideline, the Environmental Footprint
(EF) method v3.1 is recommended as the default LCIA method for ionising radiation (human
health) for chemical intended to support EU-oriented DMP/DPP implementation. This is
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consistent with the approach taken in other impact categories in this document where EF is
preferred when alternative methods are available, to avoid hybrid LCIA application and to
facilitate interoperability of DMP/DPP data across organizations and tools.

At midpoint level, ionising radiation indicator represents ionising radiation potential / exposure
efficiency rather than direct health damage. The method proposed by Frischknecht etal
(Frischknecht, Braunschweig, Hofstetter, & Suter, 2000) is widely used and is explicitly
referenced as a basis for the ILCD-recommended midpoint modelling of ionising radiation in the
European context (Hauschild, et al., 2011).

Formula
The calculation is as follows and shown in Formula 18:

N
IR = Z(Qi X CF)
=

Formula 18: Equation for “lonising radiation” calculation
Where:

— IR:lonising radiation impact result, reported in kBq U235-eq (U-235 equivalents).

— N: Number of radionuclide flows in the inventory that have a matching EF 3.1 ionising-
radiation characterization factor and are therefore included.

— j:Index that labels each included radionuclide elementary flow from 1 to N

— ¢g: Inventory quantity of radionuclide flow j, expressed in kBq

— Characterization factor (CF): EF 3.1 characterization factor for radionuclide flow j, with
units (kBg U235-eq / kBqg emitted) and specific to the emission compartment.

Characterization Factors in EF Method

The indicator of ionising radiation in the EF method is the quantification of the impact of ionising
radiation on the population, in comparison to Uranium 235. According to the current ILCD
nomenclature, the elementary flows of radionuclides are expressed in kBq; the CFs were thus
expressed per kBq. Itis applicable at a global scale (no spatial differentiation).

To access the full list of characterization factors for ionising radiation, please use the following
link EF 3.1.

Selection guidance

As this is a global impact category, no selection is needed.

13.2.2. LCl flow

Many industrial processes during routine operations release radionuclides into the environment
in the form of air- or water-borne materials or solid wastes. The nuclear, coal, oil and gas,
fertiliser and building industries are among the major contributors (Paulillo, et al., 2018).

Table 31 shows a few examples of LCI flows for lonising Radiation. For the full table see EF 3.1
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[
If the region where the emission occurs is known, use the regionalized factors. For regionalized
figures see guidance on page 17.

Table 31: Description of relevant LCI flows concerning ionising radiation

LCI flow Description

Emission of uranium-238 to air. This may occur, for
example, through dust or particulate releases during
handling or processing of uranium-bearing raw materials
Uranium-238 (emission to air) or Naturally Occurring Radioactive Material (NORM) and
Technologically Enhanced Naturally Occurring
Radioactive Material (TENORM) (TENORM, 2025)
containing materials.

Emission of uranium-238 to sea water. This flow is
relevant to the nuclear energy value chain because
uranium is used in nuclear fuel production and power
generation.

Release of radium-226 to fresh water. Radium-226 can be
relevant in NORM/TENORM-related materials, including

Uranium-238 (emission to sea)

Radium-226 . . ;
certain mineral processing and phosphate-related value
chains.
Emission of radon-222 to air. Radon is a gaseous
Radon-222 radionuclide and may be released from materials or

residues containing radionuclides from the uranium
decay series.

Emission of lead-210 to air. This radionuclide may occur
Lead-210 in airborne releases associated with radionuclide-
containing dusts or decay-series related emissions.

13.3. Assessment examples

This example illustrates how ionising radiation, human health (IR) is calculated for a
representative product system (phosphoric acid production) using the EF 3.1 characterisation
factors. The ionising radiation indicator is expressed as kBq U235 eq, representing human
exposure efficiency relative to U235 as a reference.

A company produces phosphoric acid from phosphate rock and sulfuric acid. During upstream
supply of purchased inputs and the on-site production step, radionuclides may be released to
air and to water. For emissions to water, the receiving compartment (e.g., groundwater vs ocean)
shall be specified because characterization factors can differ by compartment and therefore
influence the IR result.

With the CFs from EF 3.1, the ionising radiation, human health impact can be calculated as
follows (unit: kBg U235-eq, i.e., human exposure efficiency relative to U235): lonising radiation,
human health = ionising radiation, human health (inputs / upstream) + ionising radiation, human
health (emissions to air) + ionising radiation, human health (emissions to water: groundwater +
ocean). The complete calculation is shown in Formula 19.
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Total IR = Z (qj X CF])
jEinput material
t Z (4; % CF})
j€emission to air

+ > (4 X CF) = 0.140 + 000326 + 000152
j€E€emission to water

= 0.145 kBq U325,

Formula 19: Equation for “lonising radiation” calculation of all impact flows

CF Impactscore
4kg Skg KBq U253-6q/kBq KBq U253-eq
Phosphate rock Sulphuric acid
Lead-210 2.74E-04 0.0714 1.96E-05

: Polonium-210 4.78E-04 0.0714 3.41E-05

8 Radium-226 3.08E-04 0.0429 1.32E-05

IR from upstream materials Radon-222 2.80E+00 0.00114 3.19E-03

0.140 kBq U235-eq Uranium-238 2.38E-05 0.00107 9.19E-06

Total 3.26E-03

- a
Phosphoric acid
production | Emission to air = 3.26E-03 kBq U235-eq |

_Eli. | Emission to water = 1.52E-03 kBq U235-eq ‘

CF Impact score
Compartment
KkBq U253-eq/kBq kBq U253-eq
Radium-226 Groundwater 1.14E-03 0.00607 6.91E-06
v v Uranium-238 Groundwater 5.21E-04 0.107 5.58E-05
2kg 5kg Radium-226 Ocean 2.23E-01 0.00607 1.36E-03
Phosphoric acid Rioductionwaste Uranium-238 Ocean 1.02E-01 0.00107 1.09E-04

(Note: No CF to soil)
Total 1.52E-03

Total IR =
0.14 + 3.26E-03 + 1.52E-03 =
0.145 kBq U235-eq

Figure 18: Example of impact assessment for different inputs of a chemical process linked with their characterization
factors

Note: The example is simplified and provided for illustrative purposes only; it demonstrates how inventory flows (kBq)
are multiplied by EF 3.1 CFs and then summed across compartments. When calculating IR from emissions to water,
always specify the receiving compartment (e.g., groundwater vs ocean), because compartment-specific CFs may
apply. There is no CF to soil in ionising radiation.
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14.Land use

14.1. General Description

14.1.1. Issues of Concern

Land use constitutes a significant environmentalimpact because it reflects how human activities
occupy, modify, and transform terrestrial ecosystems, often leading to long-term changes in
ecological structure and function. Unlike emission-based impacts, which primarily act through
releases to air, water, or soil, land use directly alters the physical and biological characteristics
of landscapes. These alterations influence ecosystem processes over extended spatial and
temporal scales, which justifies the explicit treatment of land use as a distinct impact category
in life cycle assessment (LCA) frameworks (ISO 14044, 2006) (ISO 14040, 2006).

Land use is a major threat to terrestrial biodiversity, connected with aquae systems as well. Life
cycle assessment is a tool that can assess such threats (Scherer, et al., 2023). Within the Global
Guidance for Life Cycle Impact Assessment (GLAM) project, multiple impact categories,
including land use impacts on ecosystem quality LCA methods were developed.

The environmental relevance of land use is formally recognized within the UNEP-SETAC "Life
Cycle Initiative, which established a conceptual framework distinguishing land occupation and
land transformation as separate mechanisms of environmental pressure. This framework
emphasizes that land-related impacts arise not only from the area of land used, but also from
the duration of use and the extent to which land is converted from a reference state, typically
natural or semi-natural ecosystems (European Commission, 2016) (Mila i Canals, et al., 2007).

A central reason land use is environmentally important is its strong association with biodiversity
change. Land use and land-use change are widely identified as major drivers of biodiversity loss,
as they influence habitat availability, landscape connectivity, and ecosystem heterogeneity.
Conversion of natural ecosystems to intensive land uses such as agriculture, urban
development, or extractive activities typically reduces species richness and alters ecological
interactions. Within LCA, these effects are understood as cumulative and spatially
differentiated, particularly when assessed across global supply chains (European Commission,
2016).

Land use is also closely linked to soil quality and soil-mediated ecosystem functions. Soils play
a fundamental role in regulating biogeochemical cycles, water movement, and biological
productivity. Changes in land use and management can modify soil structure, increase erosion,
reduce filtration capacity, alter groundwater recharge, and diminish soil organic carbon stocks.

Beyond biodiversity and soils, land use affects the provision of ecosystem services essential to
human well-being. Terrestrial ecosystems supply food and biomass, regulate hydrological
processes, contribute to climate regulation through carbon storage, and support ecosystem
resilience. Alterations in land use can reduce the capacity of ecosystems to deliver these
services, leading to broader environmental and socio-economic consequences. Importantly,
these effects are interconnected, such thatimpacts on one ecosystem service may propagate to
others (UNEP-SETAC Life Cycle Initiative, 2016).

4 UNEP-SETAC refers to the United Nations Environment Programme (UNEP) and the Society of
Environmental Toxicology and Chemistry (SETAC).
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The environmental importance of land use is further reinforced by the finite nature of land as a
resource. Only a limited fraction of the Earth’s surface is suitable for human use, and increasing
demand for agricultural production, infrastructure, and material extraction intensifies
competition for land. Allocating land to one function inherently constrains its availability for
alternative ecological or societal uses. Unlike certain emissions, which may be reduced or
mitigated over time, land transformation often involves irreversible trade-offs, particularly when
natural ecosystems are permanently converted (European Commission, 2016).

From the LCA perspective, inclusion of land use is essential to avoid burden shifting between
environmental impact categories, especially if biobased products are produced. Interventions
aimed at improving performance in one dimension—such as reducing greenhouse gas
emissions—may increase pressure on land through changes in sourcing, production routes, or
material demand. Accounting for land use therefore supports a more comprehensive
interpretation of environmental trade-offs, consistent with the principles articulated in I1ISO
14040 and ISO 14044 and UNEP-SETAC guidance (ISO 14040, 2006) (Mila i Canals, et al., 2007).
Reflecting these considerations, land use is incorporated as a mandatory impact category in the
EU Environmental Footprint (EF) methodology.

14.1.2. Key Components of Potential Impact

This section focuses on the key components of land use impact assessment in LCA, which are
commonly structured around land occupation and land use change. These components are
differentiated by land use type, intensity, and temporal aspects and describe how land use
interventions affect ecosystem properties such as biodiversity, soil quality, and ecological
functioning. Together, they form the basis for linking land use flows to quantified ecosystem
damage within life cycle impact assessment frameworks (Vidal-Legaz, Sala, Anton, & Mila i
Canal, 2016).

LANCAZ® characterization factors from Fraunhofer IBP explains the LANCA framework, which is
stated to provide the basis for calculating the Land use impact category in PEF / EF 3.1. It
explicitly notes that LANCA covers both land occupation and land transformation, and that the
resulting characterization factors are aggregated into the Land Use - Soil Quality Index
(Fraunhofer IBP, 2026).

Key Components of Land Use Impactin LCA

Land Occupation

Land occupation refers to the physical area of land required for an activity over a specified period,
commonly expressed in m?> year. It captures the ongoing pressure on ecosystems caused by
agricultural, forestry, industrial, or urban land use and is explicitly addressed in UNEP SETAC
land use impact assessment guidelines and the EF 3.1 methodology.

Land Transformation (Land Use Change)

Land transformation involves the conversion of land from one use or cover type to another (e.g.,
forest to cropland or urban land). Such transformations can cause long lasting or irreversible
ecological impacts and are treated separately from land occupation in LCA to reflect their
distinct impact pathways and regeneration dynamics (Koellner, 2013).

The following implications can be direct consequences resulting from the above-mentioned two
land use activities.
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Biodiversity Impact

Land use is a major driver of biodiversity loss, affecting species richness, abundance, and
ecosystem integrity. LCA evaluates biodiversity impacts by linking land occupation and
transformation to changes in habitat quality, fragmentation, and species extinction risk,
following global guidance developed under the UNEP-SETAC Life Cycle Initiative and the Global
Guidance for Life Cycle Impact Assessment (GLAM) project.

Soil Quality and Function

Changes in land use influence soil fertility, erosion, compaction, and soil organic carbon (SOC)
stocks. Recent LCA methods increasingly use SOC as a proxy indicator for soil quality impacts of
land occupation and transformation, in line with recommendations from the Life Cycle Initiative.

Carbon Emissions and Sequestration

Land use and land use change play a significant role in the carbon cycle. Deforestation and soil
disturbance can release stored carbon, while afforestation, reforestation, and soil restoration
can enhance carbon sequestration. LCA accounts for both emissions and removals to assess
the net climate impact of land use interventions.

Ecosystem Services

Land use influences the provision of ecosystem services such as food and biomass production,
climate regulation, water purification, and cultural services. UNEP SETAC guidelines explicitly
frame land use impact assessment around multiple ecosystem service pathways to ensure a
comprehensive evaluation of environmental consequences.

14.1.3. Regulatory Compliance

Regulatory compliance for land use in LCA primarily involves standardized methods to quantify
impacts like soil quality degradation, biodiversity loss, and ecosystem services disruption
caused by land occupation or transformation. Key requirements stem from international and
European standards embedded in building codes, product declarations, and sustainability
directives (Fraunhofer IBP, 2026).

Directives like Corporate Sustainability Reporting Directive (CSRD), Energy Performance of
Buildings Directive (EPBD) (phased from 2026 for new buildings), and Ecodesign for Sustainable
Products Regulation (ESPR) (via Digital Product Passports) require LCA-derived data on land use
for Scope 3 emissions, biodiversity, and resource efficiency reporting. National rules (e.g.,
France's RE2020, Denmark's BR18) enforce these in public procurement and building permits,
often demanding verified EPDs with land use metrics (Hedeghog, 2025).

Spatial Differentiation and Regionalization: Regulatory standards often require, or are moving
towards requiring, that land use impacts be specific to the region where they occur (e.g.,
distinguishing between land use in a biodiverse tropical forest versus a temperate managed
forest). Failure to properly apply regionalized characterization factors can lead to inaccurate
compliance reporting (Beck, et al., 2010) (Bos, 2020).

Biodiversity and Ecological Quality Loss: Compliance with environmental targets (such as those
in the EU CSRD) requires quantifying the impact of land occupation on biodiversity (existence
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value) and ecological soil quality (life support functions). This is challenging because it requires
complex, high-quality data to model impacts such as habitat fragmentation (Chaudhary, 2015).

SOC and Soil Quality: Regulations often demand, as part of land-use impact assessments, the
evaluation of land use on soil, particularly for agriculture and forestry. This includes measuring
soil organic carbon stocks as a proxy for soil quality and ensuring sustainable land management
(De Laurentiis V. M., 2024).

Data Availability, Quality, and Transparency: A significant barrier to compliance is the lack of, or
difficulty in obtaining, accurate data on land-use changes across the entire supply chain.
Regulations, such as ISO 14067, require high-quality, transparent, and documented data.

Alignment with International Standards (ISO 14040, ISO 14044, I1ISO 14067): Regulatory
compliance often mandates adherence to ISO 14040 and ISO 14044 and ISO 14067, which
includes specific requirements for reporting on land-use change, carbon uptake, and biogenic
carbon emissions (EPA - United States Environmental Protection Agency, 2026) (ISO 14040,
2006) (ISO 14044, 2006).

14.1.4. Importance for the Chemical Industry

Land use is highly relevant for the chemical industry because it captures the direct occupation
and transformation of land ecosystems resulting from the production of bio-based raw materials,
agricultural inputs, and natural feedstocks used in the chemical sector (Frenzel, 2014).

Chemical manufacturers that source plant-derived materials — such as palm oil, soy, or
sugarcane contribute to land occupation that can degrade soil quality, reduce biodiversity, and
disrupt ecosystem services (Olah, 2023). Compliance with sustainability reporting frameworks
is pushing chemical companies to assess and disclose land use impacts across their entire value
chain. Industries such as agrochemicals, bio-based polymers, and specialty chemicals are
particularly exposed due to their deep dependency on land-intensive agricultural supply chains.

Land use change referring to the conversion of natural landscapes into agricultural or industrial
areas is also a relevant consideration for the chemical industry, as it may be associated with
broader environmental pressures such as changes in carbon stocks and shifts in biodiversity
(Frenzel, 2014). For chemical companies increasingly turning to bio-based feedstocks,
incorporating land use change into their LCA’s can contribute to a more complete and
transparent picture of their overall environmental footprint.

As demand for agricultural commodities increases to meet sustainability targets, the pressure
on land resources intensifies — meaning the chemical industry will carry a greater land use
burden through its suppliers, making responsible sourcing and land stewardship strategies
essential for credible sustainability performance.

14.2. Methodology of characterization

In the current life cycle assessment framework, soil properties and functions are still not
systematically incorporated and evaluated (De Laurentiis, et al., Soil quality index: Exploring
options for a comprehensive assessment of land use impacts in LCA, 2019), at the endpoint
level, the damage caused to biodiversity has generally been the main target. In line with the
objective of the guideline and to ensure consistency with the other impact categories, endpoint
(damage) results are out of scope and will not be further elaborated.
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Impact pathway and methodological approaches
Potential Impact Assessment Methods in LCA

e Quantitative Metrics: Land occupation (m”year) and land transformation (m?) form the
core inventory indicators for land use in LCA, as defined in ISO compliant
methodologies and UNEP SETAC guidance (ISO 14044, 2006) (Koellner, 2013).

¢ Qualitative Evaluations: Biodiversity indicators, ecosystem quality metrics, and
ecosystem service assessments are used to interpret land use impacts beyond simple
area-based measures, reflecting the need to capture impacts on species, ecosystem
functions, and services within LCA frameworks (Koellner, 2013) (Vidal-Legaz, Sala,
Antén, & Milai Canal, 2016).

¢ Modelling Tools: Geographic Information Systems (GIS), remote sensing, and spatially
explicit land use models are widely applied to regionalize land use impacts and improve
ecological relevance in LCA studies, enabling the integration of spatial variability, land-
use change dynamics, and ecosystem service impacts (Chaplin-Kramer, 2017) (Shi S.
a., 2024).

At the midpoint level, land-use impacts are quantified by converting land occupation and land
transformation inventory flows into a midpoint indicator as defined by the chosen LCIA method.
These midpoint indicators may represent soil quality/soil functions (e.g., LANCA-based
approaches recommended in Environmental Footprint framework) or a biodiversity proxy such
as relative species loss (e.g., ReCiPe midpoint land use result) (Table 32).

Table 12: Addressed environmental issues and damage pathway by LCIA methods (Modahl & Lyng, 2025)

LCIA method Current model/ Inventory data involved Basis for CF
impact category name
ReCiPe 2016 Land use Land occupation Relative species loss
(Midpoint) Land transformation
Ecological Scarcity Land use Land occupation Species lost, distance to
2021 target principle and
Swiss policy targets
Land use biodiversity | Land use biodiversity / Land occupation Potential Species Loss
(Chaudhary et al., Potential Species Loss Land transformation
2015), global and (PSL)
regional models
LC-IMPACT Land stress, terrestrial Land occupation Species lost
ecosystems Land transformation
IMPACT World+ Land occupation, Land occupation Biotic production,
(Midpoint) biodiversity freshwater recharge,
erosion resistance,
IMPACT World+ Land transformation, Land transformation phys.-chemicalfiltration,
(Midpoint) biodiversity mechanical filtration
LANCA in Land use Land occupation Dimensionless,
Environmental Land transformation aggregated index of
Footprint 3.1 kg biotic
(adapted) production/m?/year:
kg soil/m?/year
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m3water/m?/year
m3groundwater/m?/year

CML-IA non-baseline Land competition Land occupation Not characterized

14.2.1. Chosen method: EF

In this guideline, EF 3.1 is recommended as the land-use impact assessment method to ensure
methodological consistency with the other midpoint impact categories applied.

Within EF 3.1, LANCA® (LANd Use Indicator Value CAlculation) is used to quantify the
environmental impacts of land occupation and land use change through their effects on soil
functions. Based on the UNEP-SETAC land use framework, LANCA applies spatially explicit, map
based characterization factors to estimate changes in soil quality relative to a natural reference
state across different land use types and geographic locations (Beck, et al., 2010) (Vidal-Legaz,
Sala, Antén, & Mila i Canal, 2016). Impacts from both land occupation (area over time) and land
transformation (changes between land-use types) are assessed and aggregated into a single,
dimensionless Soil Quality Index (SQI), which combines four soil function indicators: biotic
production, erosion resistance, mechanical filtration, groundwater replenishment/regeneration.
Country level default characterization factors support consistent application across studies,
while site specific data may be used where available, making LANCA the standardized and
mandatory approach for land-use impact assessment in EF (European Commission, 2023).

Nevertheless, the application of LANCA in EF 3.1 entails several well-documented limitations
that affect result interpretation. The method assumes that land occupation inherently degrades
soil quality relative to a natural reference state and primarily scales impacts with land area and
duration, which can lead to disproportionately high impacts for extensive or low-intensity
systems while favouring intensive systems with smaller land footprints (IWTO (International
Wool Textile Organisation), 2026). In addition, the aggregation of multiple soil function indicators
into a single SQI, which enhances comparability but reduces transparency and obscures trade-
offs between individual soil functions (De Laurentiis, et al., Soil quality index: Exploring options
for a comprehensive assessment of land use impacts in LCA, 2019). The reliance on
country-average characterization factors further limits sensitivity to local conditions, with
empirical studies demonstrating substantial deviations from site-specific results (Terranova
etal., 2021). Finally, biodiversity impacts are not explicitly captured in LANCA as implemented in
EF 3.1, representing a recognized methodological gap that is currently being addressed in the
development of future EF versions (European Commission, 2023).

The EF “soil quality index” builds upon the aggregation of selected indicators from the LANCA®:

e FErosion resistance

e Mechanicalfiltration

e Groundwater replenishment
e Biotic Production

Furthermore, a characterization factor reflecting biodiversity, is currently being developed,
which will lead to a new indicator of “land use - biodiversity”, to be incorporated into the next PEF
version.
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Formula

For the assessment of Land use occupation, the occupied area is multiplied by the occupation
duration and the conversion ratio and then divided by the amount of crop yield (see Formula 20)..

q°ce (m2 yr/kg crop) = (Total area used for crop cultivation in m2) x (Occupation duration in
years) x (Crop conversion ratio in kg crop / kg product) / (Total crop yield in kg)

Formula 20: EF 3.1 land occupation in the land use impact category

The land transformation addresses the change from one land-use type to anotherand is
expressed in the land use occupation divided by the annualization period (Formula 21).

q" (m?/kg product) = Land use occupation (m?*yr/kg crop) / (Annualization period in years)

Formula 21: EF 3.1 land transformation in the land use impact category

The land use impact is calculated as the sum of characterized land occupation flows and
characterized land transformation flows, based on LANCAZ® soil quality indicators.

The calculation of Land use impact is as follows:

NOL‘C NtT

LU = 2 (g% x CFPc) + E(q,? X CF{")
j=1 k=1

Formula 22: EF 3.1 land use impact calculation based on land occupation and land transformation flows
Where:

— LU: Land use impact result (EF 3.1), reported as soil quality index (dimensionless,
expressed in points ”pt”)

— Noce: Number of land occupation flows in the inventory that have a matching EF 3.1
land-use characterization factor and are therefore included.

— Nu: Number of land transformation flows in the inventory that have a matching EF 3.1
land-use characterization factor and are therefore included.

— j:Index that labels each included occupation elementary flow from 1 to Nocc.

— k:Index that labels each included transformation elementary flow from 1 to Ng.

— q°°°: Inventory quantity of land occupation flow j, expressed in m>-a (area occupied x
time).

— g": Inventory quantity of land transformation flow k, expressed in m?> (area converted).

— CF°°°: EF 3.1 characterization factor for land occupation flow j, with units Pt/(mz-a),
specific to the land-use type and (where applicable) the geographic context
implemented in the method.
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CF": EF 3.1 characterization factor for land transformation flow k, with units Pt/mz,
specific to the land-use type and (where applicable) the geographic context
implemented in the method.

Characterization factors in EF method

The LANCA® model provides a set of CFs for different soil quality indicators both at global and at
country level. When the country is not known the practitioner can use the global-default CFs,
those are calculated as world averaged CFs based on the area of each country. The land-use
characterization factors provided in EF 3.1 are based on the LANCA® model, as EF 3.1 applies
this model for the assessment of land-use impacts. To access the full list of characterization
factors for land use impact, please use the following link EF 3.1.

14.2.2. LCI Flows

Land-use LCI flows specify whether the land is occupied or transformed, what type of forest,
agriculture or industrial use is involved, and how intensively the activities are managed. This
makes the impact assessment more meaningful, especially for biodiversity, soil quality, carbon
storage, and ecosystem-service impacts. Table 33 provides an overview of different types of LCI
flows in land use.

Table 33: LClI flows and their description used in LCA

LCI Flow

Description of Flow

Permanent crops,
irrigated, extensive

Land used for long-lived crops (orchards, vineyards) with irrigation and

low-intensity management.

Permanent crops,
irrigated, intensive

Irrigated permanent crop land with high-intensity management

(fertilizer, pruning, high yield).

Permanent
non-irrigated

crops,

Land for permanent crops without irrigation; lower environmental

modification.

Forest, natural

Semi-natural forest ecosystems with limited management; high

biodiversity value.

Forest, intensive

Intensively managed forest used for timber or biomass production (high

input, lower naturalness).

Grassland, for

livestock grazing

Grassland is actively used as grazing area for livestock.

Urban,
continuously built

Dense urban fabric with continuous building structures and sealed

surfaces.

Wetlands, inland

Inland wetland ecosystems such as marshes, peatlands, or bogs.

Shrub land

Land dominated by shrubs; semi-natural ecosystems with moderate

biodiversity.

Industrial area

Land occupied by industrial zones (manufacturing plants, logistics,

processing sites).

Snow and ice

Land covered by snow or ice; tundra, polar, glacier-influenced areas

(very low productivity).
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®
To access the full list of characterization factors for Land Use, please use the following link: EF
3.1.

14.3. Assessment Examples

This example presents a LUC assessment for ethanol production. Most commercial ethanol
today is produced from crops such as maize, sugar cane, and sugar beet. In this example, the
assessment covers two feedstocks: maize (United States) and sugar cane (Brazil). The functional
unitis 1 kg of ethanol, and the assessment distinguishes between two distinct land-use impacts:

1. Land occupation from crop cultivation — expressed as 1 m?> per year per kg of crop,
scaled by the amount of crop required per kg of ethanol produced.

2. Land transformation is associated with the underlying LUC — for example, conversion
from grassland to arable land (as in the maize case) or from primary forest to arable land
(asinthe sugar cane case).

The following information is used to calculate the land use impact for ethanol production (Our
world in data 2024):

e 1kg of ethanol out of maize requires = 3 kg of maize'®

e 1 kg of maize production requires 0.95 m? of agricultural land occupation™

e 1kg of ethanol out of sugar cane requires = 15 kg of sugar cane"’

e 1kgof sugar cane production requires 0.12 m? of agricultural land occupation™

e Duration of occupationis 1 year for both crops

e Annualization of 20 years is considered, as land change after 20 years is notincluded in
the land use impact calculation and the annualization is (BSI, 2012)

e Characterization factors (CF) are retrieved from EF 3.1

The examples provided in this assessment are theoretical cases intended to illustrate the logic
behind land use change calculations. Land transformation data does not need to be manually
researched or calculated, as this information is already embedded in LCA databases.
Appropriate market process flows that include regional scenarios for different land
transformations can be selected from these databases, allowing the complexity of land use
change calculations to be automatically handled by the LCA software.

15 U.S. dry-mill ethanolyield is ~2.8 gallons of ethanol per bushel of maize. (Lee, Kwon, Wu, & Wang, 2021) One bushel
of maize = 25.4 kg; 2.8 gal * 3.785 L/gal * 0.789 kg/L = 8.36 kg ethanol per bushel > 25.4 kg maize / 8.36 kg ethanol =
3.08 kg corn per kg ethanol.

8 Maize yield = 10.5 t/ha (Lee, Kwon, Wu, & Wang, 2021); 10,000 m?/10,500 kg = 0.95 m?/kg.

7 Brazilian sugar cane yields are roughly 85 liters of ethanol per ton of sugar cane. (Pazuch, et al., 2017) Converted to
mass (ethanol density = 0.789 kg/L): 85 L * 0.789 kg/L = 67 kg ethanol per 1,000 kg sugar cane = 14.91 kg sugar cane
per kg ethanol.

8 Sugar cane yield = 85 t/ha (Hayashi T. , 2023); 10,000 m?/85,000 kg = 0.12 m?/kg.
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Table 34: Land Use Impact in the Ethanol example

LCA Land Use Impact - Ethanol Production

S (&

SECTION 1 - Inventory Inputs

Total area used for crop cultivation per kg

0.95 0.12
crop (based onyield)
Occupation duration 1.00 1.00
Crop conversion ratio 3.03 14.91
Annualization period (transformation) (BSI,

20.00 20.00

2012)
Formulas for:

m? / kg feedstock

year
kg crop / kg ethanol

years

Land occupation inventory = Feedstock conversion ratio * Land required per kg feedstock x Occupation duration

Annualized transformation area = land occupation inventory / annualized period

Land occupation inventory 0.95*1*3.03 *0.12*1*14.91
(per kg ethanol) =2.88 =1.79
. . 2.88/20 1.79/20
Annualized transformation area
=0.14 =0.09

SECTION 2 - Characterization Factors (EF 3.1)

CF - Land occupation (arable) 61.39 104.13
CF -Transformation FROM
-335.82 -

(grassland/pasture)
CF -Transformation FROM (forest, primary) - -499.51
CF -Transformation TO (arable) 613.91 1,041.30
Formula for:
Net CF - Transformation for crop X=CF_FROM + CF_TO
Net CF - Transformation for Maize (US) -335.82 +613.91
(FROM “grassland/pasture” + TO “arable”) =278.09
Net CF - Transformation for Sugar Cane (BR) _1422'15;(:
(FROM “forest, primary” + TO “arable”) i o

=541.79

SECTION 3 - Land Use Impact Calculation

Formulas for:
Land Occupation Impact = land occupation inventory * CF land occupation
Land Transformation Impact = annualized transformation area * Net CF_transformation

. 2.88*61.39 1.79*%104.13
Land Occupation Impact
=176.71 =186.31
Land Transformation Impact 0.14*278.09 0.09%541.79
P = 40.02 = 48.47

m>.year / kg ethanol

m?/ kg ethanol

pt/ m>year
pt/ m?

pt/ m?
pt/m?

pt/ m?

pt/ m?

pt / kg ethanol

pt / kg ethanol

TOTAL Land Use | t
- -and Use impact 216.74 234.78 pt / kg ethanol
(Occupation + Transformation)
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----------------- System boundary ethanol from maize

2.88 m¥/kg-a * 61.39 pt/m?-a
Land = 176.71 pt per kg ethanol

occupation  —— 7

Arable land (US) .
Maize Fermenter,

growing, - Isolation
harvesting distillation

Land
transformation  AEEEE—— | =3k PN ‘e
Grassland to 0.14 m2/kg * 278.09 pt/m? y
arable land (US) = 40.02 pt per kg ethanol _E‘i

Total land use impact (maize example) considering transformation and land occupation = 176.71 + 40.02 = 216.74 pt/kg ethanol

----------------- System boundary ethanol from sugar cane

1.79 m?/kg-a * 104.13 pt/m>a
Land = 186.31 pt per kg ethanol

occupation  — 7

Arable land (BR)

Sugar cane Fermenter,

growing, Isolation
harvesting distillation

Land

transformation A | =15kg 9 kg

Forest, primary to 0.09 m2/kg * 541.79 pt/m?
arable land (BR) = 48.47 pt per kg ethanol

Total land use impact (sugar cane example) considering transformation and land occupation = 186.31 + 48.47 = 234.78 pt/kg ethanol

Figure 19: Land use impact calculation of Ethanol from maize (US) and from sugar cane (BR) as crops including land

transformation and land occupation.
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15.Ecotoxicity, freshwater

15.1. General Description

15.1.1. Issues of Concern

The impact category “Ecotoxicity, freshwater” addresses the potential harm of chemical
emissions to freshwater ecosystems, focusing on effects on aquatic organisms such as algae,
invertebrates, and fish.

In current LCIA practice, this category is typically assessed using the USEtox model, which
calculates characterization factors (CFs) based on three components:

o Fate (distribution and persistence of a substance in the environment)
e Exposure (bioavailability to organisms)
o Effect (toxicity based on species sensitivity data)

The results are expressed as comparative toxic units (CTUe), representing the potentially
affected fraction of species over time and volume. USEtox is recommended by the UNEP/SETAC
Life Cycle Initiative and adopted in the EU Environmental Footprint (EF) method. (Rosenbaum R.
K., etal., 2008) (Life Cycle Initiative, 2026) (UNEP/SETAC, 2017) (European Commission, 2026)

Several topics need to be concerned when calculating and interpreting this impact category.
First, many chemicals lack characterization factors due to missing data, leading to potential
underestimation of impacts (Rosenbaum R. K., et al., 2008) (Fantke, et al., 2018). Besides that,
the USEtox method uses generic, steady-state conditions with limited spatial differentiation
which does not reflect site-specific realities (UNEP/SETAC, 2017). Ecotoxicity factors are based
on limited laboratory data and species sensitivity distributions, with weak representation of
ecosystem complexity and chronic effects (Rosenbaum, Bachmann, & Gold, 2008) (Fantke, et
al., 2018)@ Combination or synergy effects of multiple substances are not addressed, and local
conditions and temporal emission patterns are not considered.

Therefore, “Ecotoxicity, freshwater” provides an important but highly uncertain indicator in LCA.
Results should therefore be used primarily for hotspot identification and relative comparison ,
interpreted with caution and should not be interpreted as actual ecological damage predictions.

15.1.2. Key Components of Potential Impact

The goal of Ecotoxicity, freshwater characterization in Life Cycle Assessment (LCA) is to estimate
the potential toxic impact of chemical emissions on freshwater ecosystems. The assessment
addresses substances emitted to air, water, or soil and evaluates how much these substances
contribute to toxic effects on freshwater organisms such as algae, crustaceans, fish, and other
aquatic species (Saouter E. B., 2020).

This potential is determined by a three-step toxicological chain—Fate, Exposure, and Effect—
most implemented through the USEtox model (Rosenbaum R. K., et al., 2008) (Fantke, et al.,
2017) and underpinning major LCA methods, including the European Commission's
Environmental Footprint (EF 3.1).

The Fate Factor (FF) evaluates how long a chemical remains in freshwater before degrading or
shifting to another medium. Governed by multimedia modelling, it tracks transport across air,
soil, and water, factoring in natural degradation and water current advection (Fantke, et al.,
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2017). A higher fate factor indicates that a pollutant persists longer, directly increasing its
potential ecological impact over time (Rosenbaum R. K., et al., 2008).

The Exposure Factor (XF) dictates how much of the chemicals in the water column can actively
interact with living organisms. Rather than treating the total mass as hazardous, exposure
modelling accounts for environmental partitioning, such as binding to suspended solids or
settling into bottom sediment (Fantke, et al., 2017). This isolates the bioavailable, dissolved
fraction that free-swimming aquatic species will realistically absorb (Rosenbaum R. K., et al,,
2008).

The Effect Factor (EF) establishes the inherent toxicity of a substance to aquatic life once
exposure occurs. While standard USEtox derives this factor from the Hazard Concentration
affecting 50% of species (HC,,), the EF 3.1 framework instead uses the more protective Hazard
Concentration affecting 20% of species (HC,) (Sala, Biganzoli, Sanye Mengual, & Saouter, 2022).

Together these components define the characterization factor, expressed in Comparative Toxic
Units for ecosystems (CTUe). A severe impact arises when persistence, bioavailability, and
toxicity combine. Finally, EF 3.1 applies a Robustness Factor (RF) scaling results by compound
type—organic (1.0), inorganic (0.1), essential metals (0.01)—to limit uncertainty from inorganic
estimates (Sala, Biganzoli, Sanye Mengual, & Saouter, 2022).

15.1.3. Regulatory Compliance

Environmental regulatory compliance provides the legal baseline for environmental assessment
in Life Cycle Assessment (LCA). It demonstrates that a product, process, chemical, or activity
meets applicable legal requirements designed to protect the environment, ecosystems, and
natural resources.

In a chemical and sustainability context, this usually covers (European Union, 2026a) (European
Union, 2026b):

Hazard classification and communication:

Compliance with environmental hazard classification and communication requirements, e.g.
under CLP/GHS, including environmental hazard classes (e.g. aquatic toxicity), hazard
statements (H400-H413), pictograms, and labelling requirements that indicate potential effects
on ecosystems.

Chemical registration and environmental risk assessment:

For the EU, this includes REACH obligations such as substance registration, environmental
exposure assessment, Predicted No Effect Concentrations (PNECs), environmental fate and
behaviour, risk characterization ratios (RCRs), restrictions, authorization requirements, and
defined safe-use conditions for environmental protection.

Environmental protection in industrial operations:

Compliance with relevant environmental legislation governing emissions and releases, including
airemissions, wastewater discharges, soil protection, and waste management. This may include
permits, Best Available Techniques (BAT), emission limit values (ELVs), monitoring obligations,
and environmental management systems.

Protection of ecosystems and biodiversity:
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Ensuring that the manufacture, use, and disposal of substances, mixtures, or articles do not
cause unhacceptable impacts on aquatic and terrestrial ecosystems, including effects on
biodiversity, persistence, bioaccumulation, and long-range transport.

Product-specific environmental regulations:

Depending on the product, additional environmental requirements may apply, for example under
biocidal product regulation (BPR), detergents regulation, plant protection products regulation,
packaging and waste legislation, or eco-design and extended producer responsibility (EPR)
frameworks.

Environmental releases and life cycle considerations:

Environmental releases to air, water, and soil across the life cycle (manufacturing, use, disposal)
are regulated through permitting systems, environmental quality standards (EQS), waste
legislation, and specific restrictions on emissions and substance uses.

Documentation and traceability:

Compliance typically requires documented evidence such as environmental exposure
assessments, ecotoxicological data, environmental fate studies, monitoring data, emission
inventories, safety data sheets, and regulatory dossiers submitted to authorities.

For environmental impact assessment in LCA and SSbD, regulatory compliance usually
represents a minimum legal baseline: substances or processes must not violate REACH
environmental requirements, emission limits, restrictions, authorization conditions, or
environmental protection legislation. (Caldeira, et al., 2022)

However, compliance alone does not necessarily indicate low environmental impact. Additional
assessment methods such as USEtox, multimedia fate modelling, lifecycle inventory analysis, or
environmental footprinting are typically required to compare alternatives or identify
improvement potential. (Rosenbaum, Bachmann, & Gold, 2008)

15.1.4. Importance for the Chemical Industry

Freshwater ecosystems cover less than 1% of the Earth's surface yet host a disproportionate
share of global biodiversity (Dudgeon, et al., 2007). At the same time, they are among the most
sensitive environmental compartments to chemical contamination (Sayer, et al., 2025).

Multiple pressures drive the degradation of freshwater ecosystems. Among the most significant
are emerging contaminants, engineered nanomaterials, microplastics pollution, and freshwater
salinization (Reid, et al., 2018; Owsianiak, et al., 2023). These stressors are intimately linked to
industrial activity, and the chemical industry contributes significantly to freshwater emissions
through process effluents, wastewaters, and leaching from solid waste streams (Kosnik,
Hauschild, & Fantke, 2022). Substances of concern that may affect freshwater ecosystem health
include, among others, pharmaceuticals, per- and polyfluoroalkyl substances (PFAS), and
organic solvents. Even after on-site wastewater treatment, residual loads of such substances
may persist and enter the receiving environment at concentrations relevant to aquatic organisms
(Yang, Ok, Kim, Kwon, & Tsang, 2017). The persistence and bioaccumulation potential of several
of these substance classes amplify their long-term ecotoxicological impact, even at low
emission rates.
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Assessing Ecotoxicity, freshwater within a life cycle framework enables companies to identify
high-impact processes and substances along their value chains. It lays the foundation for
justified and effective reduction of environmental harm — whether through substance
substitution, process optimization, or investment in advanced treatment technologies. In doing
so, Ecotoxicity, freshwater assessment becomes a strategic tool for informed decision-making
and credible communication of environmental performance.

15.2. Methodology of characterization

15.2.1. Chosen method: EF

In this guideline the Environmental Footprint EF 3.1 is recommended. Based on the European
Commission, the recommended method for assessing Ecotoxicity, freshwater is the EF 3.1
Ecotoxicity, freshwater midpoint indicator, which is based on the USEtox 2.1 consensus model
for life cycle impact assessment (LCIA) (Andreasi Bassi, et al., 2023).

The EF 3.1 Ecotoxicity, freshwater method evaluates the potential impacts of toxic chemical
emissions on freshwater aquatic ecosystems by estimating the Potentially Affected Fraction
(PAF) of species, integrated over environmental volume and time. Results are expressed in
Comparative Toxic Units for ecosystems (CTUe), representing the potentially affected fraction of
freshwater species per cubic metre of freshwater over time (Rosenbaum R. K., et al., 2008)
(Andreasi Bassi, et al., 2023).

Within EF 3.1, characterization factors (CFs) are derived using the USEtox model and updated
European data sources, including REACH-IUCLID, EFSA OpenFoodTox, and the Pesticide
Properties Database (PPDB). The method combines information on a substance's environmental
fate, exposure potential, and ecotoxicological effects to estimate the potential freshwater
ecosystem damage associated with emissions to air, water, and soil (Saouter E. D., 2018)
(Andreasi Bassi, et al., 2023).

The impact category covers a broad range of organic and inorganic substances emitted
throughout the life cycle, including metals, pesticides, industrial chemicals, and transformation
products for which characterization factors are available. The method is integrated into the
official EF 3.1 package and shall be applied using the corresponding EF characterization factor
database to ensure consistency and comparability across studies (Andreasi Bassi, et al., 2023).

Nevertheless, several limitations should be considered when interpreting Ecotoxicity, freshwater
results. First, characterization factors are influenced not only by the intrinsic toxicity of
substances but also by their modelled environmental fate and exposure pathways; therefore,
highly toxic substances may receive lower overall characterization factors if their environmental
persistence or exposure potential is limited (Andreasi Bassi, et al., 2023).

Second, the USEtox framework relies on large-scale environmental modelling assumptions and
generic environmental conditions, which may not accurately represent site specific exposure
situations or regional ecological sensitivities. Therefore, results are generally more suitable for
comparative assessments than for predicting actual ecological damage at a specific location
(Fantke, et al., 2017); (Owsianiak, Fantke, Frischknecht, Jolliet, & Verones, 2019).

Furthermore, uncertainties remain regarding ecotoxicological data availability, particularly for
emerging ingredients, substances and certain inorganic compounds, requiring the use of proxies
and extrapolation approachesin some cases. This can lead to the risk of potential overestimation
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of environmental impacts for substance groups that are currently insufficiently represented in
the framework.

Finally, the indicator quantifies potential impacts on freshwater ecosystems only and does not
explicitly address impacts on marine ecosystems, terrestrial ecosystems, or biodiversity loss
beyond freshwater ecotoxic effects (Andreasi Bassi, et al., 2023).

Alternative

USEtox and ProScaleE are both life-cycle-oriented approaches for assessing toxicity-related
impacts of chemicals, but they answer different questions and are designed for different decision
contexts. USEtox is primarily a LCIA model that characterizes potential human toxicity and
Ecotoxicity, freshwater impacts from chemical emissions, using fate, exposure and effect
modelling to calculate characterization factors. ProScaleE, in contrast, is a risk-oriented
chemical footprinting method that combines substance hazard, exposure potential, person-
hours and mass flows to assess direct chemical exposure potentials along product life cycles.

USEtox primarily addresses far-field emissions and their impacts via the environment: it
estimates potential damage or impact from emissions via the environment, typically expressed
as comparative toxic units for human toxicity and ecotoxicity. It is therefore highly valuable for
comparative LCA studies where emissions to air, water or soil are inventoried and translated into
potential impacts.

ProScaleE is exposure- and risk-oriented and primarily addresses near-field exposure situations:
it focuses on the potential for direct exposure to the environment by hazardous substances
during production, use, service life and end-of-life stages. It uses regulatory and workplace-
relevant information such as GHS/CLP H-phrases, occupational exposure limits, PNECs,
process categories, exposure modifiers, risk management measures, person-hours and mass
flows. This makes ProScaleE closer to the way chemical risks are already managed in industrial
practice. The approach is described in detail in the Annex of this document.

Impact pathway and methodological approaches

Formula

For the assessment of Ecotoxicity, freshwater according to the Environmental Footprint (EF 3.1)
method, the following approach is used (European Commission, JRC, 2024):

Ecotoxicity, freshwater quantifies the potential impact of chemical emissions on freshwater
aquatic ecosystems. The impact result is expressed in Comparative Toxic Units for ecosystems
(CTUe), representing the potentially affected fraction of species integrated over time and volume.
The calculation of Ecotoxicity, freshwater is as follows:

N
EcT = Z( m; X CF;)
i=1

Formula 23: Ecotoxicity, freshwater calculation
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Where:

— EcT: Ecotoxicity, freshwater impact result (EF 3.1), reported as CTUe (Comparative
Toxic Units for ecosystems).

— N: Number of elementary flows (emissions to air, water, or soil) in the inventory that
have a matching EF 3.1 Ecotoxicity, freshwater CF and are therefore included.

— i:Index that labels each included elementary flow from 1 to N.

— m; Inventory quantity of emitted substance i, expressed in kilograms (kg).

— CFi: EF 3.1 Ecotoxicity, freshwater CF for substance i, expressed in CTUe/kg emitted.
The CF is specific to the substance and emission compartments (air, freshwater,
seawater, agricultural soil, industrial soil, etc.).

For the sake of understanding, the following formula shows how the characterization factor used
in EF 3.1, derived from the USEtox 2.1 model, combines the environmental fate, exposure, and
effects of a substance:

CF, = FF, x XF, x EF, X RF,

Formula 24: Characterization factor calculation for Ecotoxicity, freshwater

Where:
— FFi: Fate Factor, representing the persistence and distribution of the substance in the
environment.
— XFi: Exposure Factor, representing the bioavailable fraction reaching freshwater
ecosystems.
— EF:: Effect Factor, representing the toxicity of the substance to aquatic species.
— RFi: Robustness Factor applied within the EF 3.1 characterization framework.
Thus, the total Ecotoxicity, freshwater impactis calculated as the sum of all emitted substances
multiplied by their respective EF 3.1 Ecotoxicity, freshwater characterization factors, resulting in

afinal score expressed in CTUe (Fantke, et al., 2017).

Characterization factors in EF method

EF 3.1 provides characterization factors derived from the USEtox model. These factors represent
the potential impact of a chemical substance on human health and freshwater ecosystems and
are calculated based on three components: environmental fate, exposure, and toxic effects. The
resulting CFs allow to evaluate and compare the toxicity impacts of thousands of chemical
emissions. The EF method continuously updates these factors using high-quality
physicochemical and toxicological data sources to improve scientific robustness, transparency,
and coverage of substances.

EF 3.1 provides regionalized as well as average CFs for “Ecotoxicity, freshwater”. Furthermore,
they distinguish between inorganics and organics as well as emission to air, soil or water. The
impactis expressed in CTUe (Comparative Toxic Units for ecosystems).

Table 35 present some exemplary and non-exhaustive examples CFs for Ecotoxicity, freshwater.
Link to download the full list of CFs for Ecotoxicity, freshwater can be found under: EF 3.1
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Table 35: EF3.1 Ecotoxicity, freshwater CFs, expressed in CTUe per kg emissions to air, soil and

water (EF3.1)

Flow Emission to’ CF[CTUe per kg]
Acetaldehyde Air 1.12
Soil 34.46
Water 192.93
Arsenic Air 1196.48
Soil 1725.89
Water 3263.33
Hexane Air 0.001
Soil 0.061
Water 298.96
Lead Air 27.77
Soil 40.34
Water 68.26
Nickel Air 9671.49
Soil 13934.09
Water 27049.48
Toluene Air 0.272
Soil 10.094
Water 973.20
Methylene chloride Air 0.781
Soil 4.49
Water 141.60

"unspecified

138




The Environmental Sustainability Guideline for the Chemical Industry

15.2.2. LCI Flows

As the list of LCI flows to be considered is very long, Table 36 presents a selection of grouped
flows that are particularly relevant to the chemical industry.

Table 36: Description of relevant and exemplary LCI flows concerning Ecotoxicity, freshwater

LCI Flow Description of Flow

Metals and metal compounds Metal emissions are among the most
important contributors to Ecotoxicity,
(e.g. Copper, Zinc, Nickel, Chromium (VI), | freshwater due to their inherent toxicity,
Mercury, Cadmium) persistence, and potential bioavailability in
aquatic environments.

Organic solvents Industrial  solvents released to the
environment can exert acute and chronic
(e.g. Benzene, Toluene, Ethylbenzene, | toxic effects on aquatic organisms and may

Xylenes, Chlorobenzenes) contribute through emissions to air, water, or
soil.
Auxiliary and process chemicals Various chemicals used in manufacturing

processes may enter the environment
(e.g. Phenol, Styrene, Formaldehyde, Acetic | through process losses, fugitive emissions, or
acid, Process-specific organic intermediates) | wastewater discharges and contribute to
aquatic toxicity.

Combustion-related PAHs Polycyclic aromatic hydrocarbons (PAHSs) are
generated during incomplete combustion
(e.g. Naphthalene, Anthracene, | processes and are often persistent,
Phenanthrene, Fluoranthene, | bioaccumulative, and toxic to aquatic
Benzo[a]pyrene) organisms.
Wastewater emissions of specific organic | Organic substances discharged to freshwater
substances via wastewater streams can directly affect
aquatic ecosystems, particularly when they
(e.g. Nonylphenol, Chlorophenols, | exhibit toxicity, persistence, or limited

Phthalates, Surfactants, Specific process- | biodegradability.
related organic compounds)

The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1

15.2.3. Data granularity

In EF 3.1, Ecotoxicity, freshwater characterization is strongly driven by the identity and speciation
of emitted substances, because characterization factors are predominantly substance specific
and can differ by orders of magnitude between chemicals (Saouter E. D., 2018) (European
Commission, 2023). Therefore, the Ecotoxicity, freshwater results are highly sensitive to
inventory resolution: emissions have to be modelled at the most disaggregated elementary flow
level available (substance specific flows, and where relevant, ionic form/metal species), and the
use of generic or aggregated categories (e.g., “unspecified organics,” “heavy metals,
unspecified,” or grouped pesticides/solvents) have to be avoided whenever possible.

In addition to substance identity, the receiving compartment is critical: CFs are defined per
elementary flow and typically differ for emissions to air, water, and soil due to different fate,
transport, and exposure pathways (Fantke, et al., 2017). Therefore, emissions should be
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assigned to the correct compartment specific elementary flows (e.g., “substance X, to
freshwater” vs “substance X, to air”), and “unspecified” emission compartments should be
avoided as they may lead to inappropriate CF selection and biased results.

EF 3.1 may provide CFs with different levels of geographical resolution depending on the impact
category and the implementation in the LCA software/database. For Ecotoxicity, freshwater
regionalized as well as global CFs are available, however regionalized values only for elementary
flows belonging to the flow class "emissions to air".

15.3. Assessment Examples

CF (Ecotoxicity, freshwater organics): 0 CTUe/kg 2.0*E-5 kg Methanol emission
CF (Ecotoxicity, freshwater inorganics): 4.72 CTUe/kg to air

107ke 3.5*E-5 kg Formaldehyde emission

to air
Ecotoxicity, freshwater total: 1.2 CTUe
Ecotoxicity, freshwater inorganics: 1.1 CTUe
Ecotoxicity, freshwater organics: 0.1 CTUe

Air 0.53 kg 1.0 kg o aldehvde

Ecotoxicity, freshwater total: 0 CTUe
Ecotoxicity, freshwater inorganics: 0 CTUe
Ecotoxicity, freshwater organics: 0 CTUe

0.002 kg
Fe/Mo-catalyst

Ecotoxicity, freshwater total: 470 CTUe
Ecotoxicity, freshwater inorganics: 430 CTUe 2.2*E-7kg
Ecotoxicity, freshwater organics: 40 CTUe Molybdenum-trioxide emission
to water
CF (Ecotoxicity, freshwater total): 4.72 CTUe/kg
CF (Ecotoxicity, freshwater inorganics): 4.72 CTUe/kg
CF (Ecotoxicity, freshwater organics) : 0.0 CTUe/kg

Consider the production of formaldehyde by methanol oxidation via the Formox process. Per
kilogram of formaldehyde, 1,07 kg of methanol is required, which is oxidized by oxygen from air
using a mixed iron/molybdenum-oxide based catalyst. Note that the amount of catalyst in this
example is the amount that needs to be replenished.

Figure 20: Exemplified flows in formaldehyde production relevant for Ecotoxicity, freshwater. This example is for
illustration purposes and contains fictious numbers.

The contributions of each input and output flow to the Ecotoxicity, freshwater potential are listed
below.
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Table 37: Contribution of flows to Ecotoxicity, freshwater organics and Ecotoxicity, freshwater inorganics.

air

CTUe

kg formaldehyde to air
=630*E —3CTUe

* 179.86

Flow Contribution to Ecotoxicity, freshwater | Contribution to Ecotoxicity,
organics freshwater inorganics
i CTUe
Methanol input 107 kg methanol + 0.1 ———— = 0.11 CTUe 1.07 kg "g%f”ol
g methano +1.1——————— =118 CTUe
kg methanol
Air input 0 0
- i CTUe
Fe/Mo-catalyst input 0.002 kg catalyst = 40.0 - - 0.08 CTUe 0.002 kg caé;lg:t
g catalyst %4300 ————— = 0.86 CTUe
kg catalyst
Methanol emissions to air 2.0E — 5 kg methanol to air 0
0.35 CTUe
* 0.
kg methanol to air
=7.00+«E —6CTUe
Formaldehyde emissions to 3.5E — 5 kg formaldehyde to air 0

Molybdenum-trioxide 0 2.2E — 7 kg MoO3 to water
emissions to water CTUe
*4.72
kg MoO3 to water
=104*xE—-6
Total 0.20 CTUe 2.04

Ecotoxicity, freshwater total

0,20 CTUe + 2,04 CTUe = 2,24 CTUe
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16.Human toxicity (cancer & non-cancer)

16.1. General Description

16.1.1. Issues of Concern

Human toxicity assessment aims to evaluate the likelihood of adverse health outcomes resulting
from exposure to hazardous substances. Human exposure to toxic chemicals can occur through
inhalation, ingestion, and dermal contact, originating from industrial activities, agricultural
practices, consumer products, and environmental contamination (World Health Organization
(WHO), 2023). Human toxicity is generally categorized into carcinogenic (cancer) and non-
carcinogenic (non-cancer) effects, both of which are widely assessed in environmental risk
assessment and Life Cycle Assessment (LCA) frameworks (Rosenbaum R. K., 2008). The rapid
growth in chemical production and consumption has increased the release of hazardous
substances into the environment. According to the European Environment Agency (European
Environment Agency, 2022), thousands of chemicals are currently used in industrial and
commercial applications, many of which have not been fully evaluated for long-term human
health effects. Consequently, understanding and assessing human toxicity has become a priority
for sustainable environmental management. Modern assessment frameworks such as USEtox
provide scientifically robust methods for evaluating these impacts within environmental and life
cycle assessment studies (Rosenbaum R. K., et al., 2008) (Fantke P. C., 2021).

Despite significant progress in toxicity assessment, several challenges remain. Therefore, when
interpreting the results of this potential impact calculation, these deficits need to be
appropriately considered as they lead to higher uncertainties. Many chemicals currently in
commerce lack comprehensive toxicological data, making risk estimation uncertain (European
Chemicals Agency, 2023). Furthermore, humans are exposed to complex mixtures of chemicals
rather than individual substances, yet most toxicity assessments evaluate chemicals separately
(Fantke P. C.,2021). Emerging contaminants such as per- and polyfluoroalkyl substances (PFAS),
microplastics, pharmaceuticals, and engineered nanomaterials present additional concerns
due to their persistence, bioaccumulation potential, and uncertain long-term health effects
(European Environment Agency, 2022). Future research should focus on improving exposure
assessment, integrating biomonitoring data, and developing cumulative risk assessment
methods capable of addressing combined chemical exposures (Fantke P. C., 2021).

16.1.2. Key Components of Potential Impact

Human toxicity potential is determined by the interplay of three core components: fate,
exposure, and effect, which together describe the pathway from the emission of a substance to
the occurrence of adverse health outcomes in humans (Rosenbaum R. K., et al., 2008) (USEtox,
2026). These components represent sequential stages linking environmental behavior, human
intake, and toxicological response across multiple environmental compartments and exposure
pathways.

The fate component describes how a substance distributes, persists, and transforms in the
environment after release. It includes processes such as transport between air, water, and soil,
as well as degradation and partitioning. These mechanisms determine how long a substance
remains in the environment and how widely it can spread, thereby influencing the likelihood of
human contact (Rosenbaum R. K., et al., 2008). In advanced LCIA approaches, fate modelling
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also considers interactions between different environmental compartments to capture broader
spatial and temporal dynamics of substance dispersion (Fantke, et al., 2018).

The exposure component reflects the extent to which humans come into contact with a
substance. It accounts for multiple pathways, including inhalation, ingestion of contaminated
food and water, and dermal contact. Importantly, exposure modelling increasingly distinguishes
between far-field exposure (e.g., environmental dispersion) and near-field exposure (e.g., indoor
or consumer-related exposure), which together determine overall human intake (Fantke, et al.,
2018).

The effect component represents the inherent toxicity of a substance and describes how the
absorbed dose leads to adverse health outcomes. It distinguishes between cancer and
non-cancer effects, which differ in their toxicological behaviour. Cancer effects are typically
associated with probabilistic responses, where even low doses may contribute to an increased
risk over time, whereas non-cancer effects are commonly characterized by threshold-based
responses, where effects occur only above a certain exposure level. This distinction reflects
differences in dose-response relationships and health endpoints considered in toxicity
assessment (Rosenbaum R. K., et al., 2008).

Together, these three components define the overall potential for a substance to impact human
health. A significant impact arises when a substance combines environmental persistence,
effective exposure pathways, and sufficient toxic potency, highlighting the importance of
considering fate, exposure, and effect jointly rather than in isolation (Rosenbaum R. K., et al.,
2008) (Fantke, et al., 2018).

16.1.3. Regulatory Compliance

Regulatory compliance for human health impacts generally means demonstrating that a
product, process, chemical, or activity meets applicable legal requirements designed to protect
human health (European Commission, 2006) (European Chemicals Agency, 2023).

In a chemical and sustainability context, this usually covers (European Commission, 2006)
(European Chemicals Agency, 2023):

e Hazard classification and communication
Compliance with classification, labelling and safety data sheet requirements, e.g.
CLP/GHS, including H-statements, pictograms, signal words, and exposure warnings.

e Chemicalregistration and risk assessment
For the EU, this includes REACH obligations such as substance registration, exposure
scenarios, Derived No-Effect Level (DNELs), risk characterization, restrictions,
authorization requirements, and safe-use conditions.

e Occupational health protection
Compliance with workplace exposure rules, such as occupational exposure limits
(OELs), workplace risk assessments, personal protective equipment, ventilation,
monitoring, and worker training.

e Consumer and downstream-user safety
Ensuring that uses of substances, mixtures, or articles do not create unacceptable risks
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for consumers or professional users under intended and reasonably foreseeable
conditions.

¢ Product-specific regulations
Depending on the product, additional rules may apply, for example cosmetics, food-
contact materials, biocides, pharmaceuticals, toys, medical devices, or detergents.

¢ Environmental releases with human health relevance
Human exposure via air, water, soil, food chains, or waste streams may be regulated
through permitting, emission limits, wastewater rules, waste legislation, or
environmental quality standards.

e Documentation and traceability
Compliance typically requires documented evidence: safety data sheets, exposure
assessments, toxicological data, risk management measures, supplier declarations,
monitoring results, and regulatory dossiers.

For human health impact assessment within LCA, used in Safe and Sustainable by Design
(SSbD), regulatory compliance usually represents a minimum legal baseline: substances or
processes must not violate REACH, CLP (Classification, Labelling and Packaging), OELs,
restrictions, authorization conditions, or sector-specific safety requirements. However,
compliance alone does not necessarily mean low impact; additional assessment methods such
as ProScale, USEtox, exposure modelling, or mixture assessment may still be needed to
compare alternatives or identify improvement potential (Rosenbaum R. K., et al., 2008).

Under REACH — the EU Regulation on the Registration, Evaluation, Authorisation and Restriction
of Chemicals — companies have obligations to ensure that chemicals are manufactured,
imported, used, and placed on the EU market without unacceptable risks to human health or the
environment (European Commission, 2006).

The central principle of REACH is: “no data, no market.” A substance generally cannot be
manufactured or imported at =1 tonne/year per legal entity unless it is registered, unless an
exemption applies. The Registration obligations are different depending on the sales of the
product.

Registration is required mainly for: EU manufacturers of substances, EU importers of substances
or mixtures, EU importers of articles if a substance is intentionally released from the article, and
only representatives appointed by non-EU manufacturers.

Registration normally applies when a substance is manufactured orimported at one tone or more
per year per registrant.

The registration dossier must be submitted to ECHA and includes information on:

e substance identity,

e manufacture and use,

e classification and labelling,

e physicochemical properties,

e toxicological and ecotoxicological information,
e guidance on safe use,
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e and exposure information depending on tonnage and hazard profile.

This information is openly available and can be utilized for human toxicity impact assessmentin
LCA studies (European Chemicals Agency, 2021).

16.1.4. Importance for the Chemical Industry

Human toxicity is an important impact category in Life Cycle Assessment (LCA), particularly for
the chemical industry. It quantifies the potential harm that chemical emissions — released
during production, use, or disposal — may have on human health (Hauschild M. Z., 2015). Given
that chemical manufacturers handle hazardous substances throughout their value chain, this
category plays a meaningful role in building a comprehensive environmental and health risk
profile. Within established LCA methodologies such as ReCiPe or USEtox, human toxicity is
divided into carcinogenic and non-carcinogenic effects, enabling a more differentiated
assessment of substance-specific risks (Rosenbaum R. K., et al., 2008). For the chemical
industry, this granularity can be valuable, as many intermediates and by-products exhibit
complex toxicological profiles. Integrating human toxicity into LCA can therefore support both
compliance efforts and the drive toward safer chemical design and process optimization.

16.2. Methodology of characterization

16.2.1. Chosen method: EF

In line with the EF 3.1 framework, this guideline recommends applying the USEtox method, as it
is the toxicological assessment method for calculating human toxicity impacts, including both
cancer and non-cancer effects. USEtox is endorsed as a scientific consensus model under the
UNEP/SETAC Life Cycle Initiative and is used in the EU Environmental Footprint context for
toxicity-related impact categories.

The USEtox method considers human exposure in consumer and indoor environments as well as
emission-related outdoor environments. It accounts for intake via inhalation, dermal and oral
exposure pathways. Recent USEtox developments explicitly integrate near-field exposure from
chemicals in products with far-field exposure from environmental emissions. Sources of human
contact with harmful chemicals may include emissions to the environment, chemicals present
in products and, where relevant, chemical fractions released back into the environment after
human intake, for example via exhalation (Fantke P. A., 2018) (Fantke P. C., 2021).

The results are calculated using characterization factors that combine fate, exposure and effect
information. For human toxicity, results are expressed in CTUh, Comparative Toxic Units for
humans, which represent potential disease cases per kilogram of emitted or product-contained
chemical, depending on the modelled exposure pathway (Fantke, et al., 2017).

Human toxicity indicators should be interpreted alongside data quality and uncertainty
information and not be used in isolation for procurement decisions.

However, despite several years of method development (Fantke P. A., 2018) (Fantke P. C., 2021),
some methodological limitations and uncertainties remain, for example:

¢ Metals and inorganic substances remain challenging to model, as their potential
impact on human health depends strongly on chemical form, speciation, complexation,
bioavailability and other physicochemical characteristics. In the EF method update,
robustness factors were introduced partly to reduce the dominance of metals and to
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o
address the inappropriate modelling of non-organic compounds in USEtox (Sala,
Biganzoli, Sanye Mengual, & Saouter, 2022)

¢ Results are highly influenced by fate and exposure assumptions, including the
relevant exposure routes and environmental compartments. Consequently, comparative
assessments may yield substantially different results when exposure pathways differ,
even for the same substance. This is particularly relevant for chemicals in products,
where near-field exposure during product use may dominate total human exposure
(Fantke P. C., 2021).

o Data gaps remain despite the use of official and regularly updated databases, such
as REACH, European Food Safety Authority (EFSA), and Pesticides Properties DataBase
(PPDB) data sources. The EF update improved the reliability of input data by using
databases from EU agencies, but limited measured toxicity data still require
extrapolation, in-silico estimates or additional robustness considerations for many
substances. In addition, REACH registration obligations generally apply from one tonne
per year per manufacturer or importer, meaning that substances below this threshold
may not be covered by the standard registration requirements (Saouter E. B., 2020).

e The lack of Human Toxicity and Ecotoxicity, freshwater characterization factors for
certain Substance of Very High Concern (SVHC) substances requires the use of generic
proxies, which may lead to inaccurate impact estimates and invalid comparative
assertionsAdequate coverage of substance-specific characterization factors,
particularly for SVHCs, is essential to ensure consistent assessments and to avoid the
potential underestimation of impacts associated with chemicals of high concern.

For the future, it may be beneficial to establish criteria for evaluating the completeness and
robustness of Characterization Factors (CFs) derived within the USEtox framework, with particular
attention to high-production-volume chemicals. Where ecotoxicity data are insufficient to derive
reliable HC20 values from Species Sensitivity Distributions (SSDs), scientifically defensible
approaches for deriving new or supplementary CFs should be explored. This would support broader
chemical coverage while maintaining transparency regarding data limitations and associated
uncertainties.

As an alternative assessment method, ProScale has been developed to overcome these
challenges.

USEtox and ProScale are both life-cycle-oriented approaches for assessing toxicity-related
impacts of chemicals, but they answer different questions and are designed for different decision
contexts. USEtox is primarily a life cycle impact assessment model that characterizes potential
human toxicity and Ecotoxicity, freshwater impacts from chemical emissions, using fate,
exposure and effect modelling to calculate characterization factors. ProScale, in contrast, is a
risk-oriented chemical footprinting method that combines substance hazard, exposure
potential, person-hours and mass flows to assess direct chemical exposure potentials along
product life cycles.

USEtox characterization factors are built on fate + exposure + effect modelling, so exposure is
also an integral part of USEtox. It can be summarized as:
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@ CHEM-
o USEtox primarily addresses far-field impacts via environmental emissions (ambient air,
drinking water, food chain, etc.) and is therefore well suited for classic LCA emission-to-
impact modelling; while
o ProScale primarily addresses near-field/direct exposure situations and is therefore closer to
workplace-/use-condition decision contexts.

In that sense, the key difference is less “impact vs exposure” and more the exposure setting and
target population covered by the currently applied modules.

ProScale is exposure- and risk-oriented: it focuses on the potential for direct human exposure to
hazardous substances during production, use, service life and end-of-life stages. It uses
regulatory and workplace-relevant information such as GHS/CLP H-phrases, occupational
exposure limits, DNELs, process categories, exposure modifiers, risk management measures,
person-hours and mass flows. This makes ProScale closer to the way chemical risks are already
managed in industrial practice.

Table 38 shows for different aspects the differences between the two models:
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[
Table 38: Comparison of USEtox and ProScale methods
Aspect USEtox ProScale
. L . Assessment of direct exposure-
Primary Characterization of human toxicity and . ) . )
L . ) related toxicological potentials in
purpose Ecotoxicity, freshwater impacts in LCA. ) )
a life-cycle perspective.
Fate, exposure and effect modelling of | Combination of hazards,
Core logic emissions into environmental | exposure potential, person-hours
compartments. and mass flow.
L . ProScale scores for substances,
) Characterization factors and impact .
Main output . . , unit processes and product
scores, e.g. comparative toxic units.
systems.
Regulatory and operational data
. . such as H-phrases, OELs, DNELs,
. Substance properties, environmental i
Data basis process categories, exposure
fate, exposure and effect data. . .
conditions, and risk management
measures.
- L Direct exposure potential for
Mostly indirect exposure from emissions
Exposure workers, consumers,

perspective

into the environment, including human
and ecosystem exposure pathways.

professional users and potentially
end-of-life actors.

Scientifically robust but can be data-
intensive and less directly connected to
workplace risk management.

Practical, transparent and aligned
with information already used in
chemical safety and regulatory
workflows.

dominate the decision.

Industry USEtox CFs are readily available in LCA | For ProScale, however,
usability tools for selected chemicals and substance-specific
connected to standard LCl databases. For | t5ctors/scores typically must be
new compounds that are not available in | s5|culated separately, as a full
databases, USEtox needs to calculate CF | 50| implementation is not yet
separately. broadly available
Strong scientific consensus model for | Strong practical decision-support
Strength environmental toxicity impact | tool for comparing chemical risks
assessmentin LCA. in products and processes.
Can be difficult to apply where direct
) . PPY Less focused on detailed
Typical exposure, risk management measures or , . .
R . . . multimedia fate modelling of far-
limitation process-specific occupational conditions

field environmental emissions.

Despite the clear advantages of one assessment method over the other, USEtox is
recommended in this document to ensure consistency with the EF 3.1 methodology. Further
details on ProScale are provided in Chapter 6.2.
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. EM

Formula

Nhtc

_ htc htc
Human Tox_cancer = 2 (q i X CF )
j=1
Formula 25: Equation for “human toxicity cancer” calculation (adapted from Fantke et al., 2017)

Where:

Where:

Nhnee: Number of human tox cancer flows in the inventory that have a matching EF 3.1
human tox cancer characterization factor and are therefore included.

j: Index that labels each included Human tox cancer flows from 1 t0 Np.

g™e: Inventory quantity of Human tox cancer j, expressed in kg.

CF"°: EF 3.1 characterization factors (CTUh/kg) for FF Fate Factor (kg*day/kg emitted) *
XF Exposure Factor (kg intake/day per kg in environment) * EF Effect Factor (cases per
kg intake).

Nhtn

Human Tox_Non — cancer = 2 (q}”" X CF]ht")

j=1

Formula 26: Equation for “human toxicity Non- cancer” calculation (adapted from Fantke et al.,
2017)

Nhnw: Number of human tox non-cancer flows in the inventory that have a matching EF
3.1 human tox non-cancer characterization factor and are therefore included.

j: Index that labels each included Human tox non-cancer flows from 1 to Npn.

g™": Inventory quantity of Human tox non-cancer j, expressed in kg.

CF"": EF 3.1 characterization factors (CTUh/kg) for FF Fate Factor (kg*day/kg emitted) *
XF Exposure Factor (kg intake/day per kg in environment) * EF Effect Factor (cases per
kg intake).

Characterization factors in EF method

For Human Toxicity, cancer, and Human Toxicity, non-cancer in the Environmental Footprint (EF)
(Zampori & Pant, 2019) method, the characterization factors are derived from USEtox
(Rosenbaum R. K., et al., 2008) (Fantke, et al., 2017) and represent the potential increase in

cancer

cases resulting from the emission of a chemical. The characterization factor (CF) is

expressed in CTUh/kg emitted, where CTUh (Comparative Toxic Unit for humans) represents the
estimated increase in cancer disease cases or non-cancer disease cases in the human
population per kilogram of substance emitted (Sala, Biganzoli, Sanye Mengual, & Saouter, 2022).
USEtox calculates CTUh for a product, combining the life-cycle emissions of substances with
their human-toxicity characterization factors. The product itself does not have an intrinsic CTUh

value.

For each emission, select the appropriate human toxicity characterization factor:
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CF;
with units: CTUh per kg emitted

The CF must match substance, emission compartment, impact category, and method version.
For human toxicity, there are separate factors defined for: cancer effects, non-cancer effects.
For cancer only global CF and for non-cancer global and regionalized CF are applied. CTUh is
derived by linking emissions to human health effects through the USEtox impact pathway (Fantke
etal., 2017):

emission mass — environmental fate - human exposure/intake — health effect

The characterization factor is built from fate, exposure, and effect modelling:

CF,. = 2 F Fypi X XFy 1y X EF,,
ir

Formula 27: Equation for human toxicity characterization factor calculation (adapted from Fantke et al., 2017)

where:

— FF=fate factor, describing how the chemical is distributed and persists in
environmental compartments

— XF=exposure factor, translating environmental presence into human intake
— EF=effect factor, translating intake into expected disease cases
— I=receiving or intermediate environmental compartment

— r=exposure route, such as inhalation, drinking water, or food ingestion

The fate and exposure parts can also be combined into an intake fraction:

iFe = ) F Fye X XEyy
iLr

Formula 28: Intake fraction for human toxicity as part of the characterization factor calculation (adapted from
Fantke et al., 2017)

CTU is derived from CF as follows:

CTUh,, = Z My cni X CFy
x,Cc

Formula 29: Calculation of CTUh with mass flows
Where:

— CTUh: Comparative Toxic Unit human

— my = emitted mass of substance x to compartment c, kg per functional unit.
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o
— CFy. = characterization factor for substance x emitted to compartment c, in CTUh per kg

emitted

In simple terms:
o m X FF gives time-integrated environmental presence
e mX FF X XF gives human intake
e mXFF X XF X EF gives potential disease cases, expressed as CTUh

¢ Summing across all substances, compartments, receiving media, and exposure routes
gives the total CTUh per functional unit

Where endpoint assessment is performed, midpoint disease cases can be converted to damage
using severity factors:

Damage = CFmidpoint x SF
Here,
e SFis aseverity factor, for example expressed in DALY per disease case.

Endpoint results are more assumption-dependent than midpoint results and should be
interpreted with additional caution. Therefore, this guideline refers only to the midpoint factors
to be consistent with the methodological approaches used in EF 3.1.

An overview is shown in Table 39.

Table 39: Input factors for USEtox assessments

Calculation Level Formula Meaning Typical Unit

Mass of chemical x emitted
Inventory emission My.c to compartment c¢ per | kg/FU
functional unit.

Persistence, transport and | day or kg-day/kg emitted,

Fate Factor FF distribution of chemicals in | depending on
the environment. formulation
Human intake er | k intake/k in

Human Exposure . P g g

Eactor XF environmental mass or | compartment, or related
concentration. route-specific unit

Fraction of emitted
Intake fraction iF=FFxXF | oonon Of GMIMEd Mass | . ntake/kg emitted
taken in by humans.

Cancer/non-cancer EF Expected human health

/kg intak
Effect Factor effect per unit intake. cases/kgintake
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[
Ch terizati CF = iF x| Potential h toxicit
aracterization i . otentia uma'n oxicity CTUh/kg emitted

factor EF impact per kg emitted.

Total potential human

CTuh = 2 L .

Impact score m x CF toxicity impact per functional | CTUh/FU

unit.

Practical calculation workflow (Fantke et al 2017):

ok owbd-=

identify the emitted substance and compartment;

multiply the emission mass by the characterization factor;
repeat for all substances and compartments; and
sum all results to obtain CTUh per functional unit.

This workflow is described in more detail in chapter 6.2.

retrieve or calculate the corresponding USEtox characterization factor;

Table 40 summarizes all inputs that are needed to calculate a new USEtox data set for a

substance that cannot be found in secondary databases or where the company did not calculate

a primary dataset.

Table 40: Data needs in CTUh calculation in USEtox assessments

Data Category

Examples of Required Inputs

Purpose in USEtox

CAS number, name, molecular | Correct mapping of
Substance identity formula, ion or metal species, | inventory flows to model

molecular weight. substances.

Mass emitted, life cycle stage, . .

L . y . g Calculation of life cycle
Emission inventory emission compartment, functional | .
it impact scores.
unit.

Physicochemical
properties

Vapor pressure, solubility, partition
coefficients, Henry’s law constant,
dissociation behavior.

Environmental
partitioning, multimedia
fate and transport.

Degradation and

removal

Half-lives or degradation rates in air,
water, soil and sediment;
transformation processes.

Persistence and time-
integrated environmental
mass.

Bioconcentration or bioaccumulation

Bioaccumulation and | . . o . Human intake through
. indicators, partitioning to biota, food
food-chain parameters | . . food pathways.
intake assumptions.
Inhalation rates, drinking water intake, | Estimation of intake
Exposure parameters food consumption, population | fraction and exposure
exposure assumptions. factor.
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Cancer slope factors, non-cancer
Toxicity data dose-response values, effect
concentrations or benchmark doses.

Derivation of human
effect factors.

Disease severity, duration and | Conversion from cases to
Severity data disability weighting where endpoint | DALY or other damage
modelling is used. indicators.

Table 41 shows examples of characterization factors for human toxicity.

Table 41: Selected EF 3.1 characterization factors for human toxicity, cancer.

Compound CF Human toxicity, cancer
[CTUh/kg]
acetaldehyde 7,80E-08
arsenic 3,75E-05
benzene 8,62E-08
hexane 1,71E-10
lead 7,66E-06
nickel 1,74E-05
toluene 9,88E-10
methylene chloride 3,08E-08

1: characterization factors for elementary flow category “emissions to soil, unspecified”. Different CFs exist for emissions into soil,
water and air.

16.2.2. LCI Flows
Table 42 shows the LCI flows that are used in USEtox calculations.

Table 42 LCI Flows for human toxicity assessment in USEtox.

LCI Flow Description of Flow (Adapted from Rosenbaum et al., 2008; WHO,
2023)
Heavy Metals Emissions of toxic metals such as mercury (Hg), cadmium (Cd), and

lead (Pb). These substances are persistent in the environment, can
accumulate in the food chain, and may cause neurological,
developmental, kidney, and other chronic health effects in humans.

Chromium VI Emissions of hexavalent chromium compounds. Chromium VI is

Compounds highly toxic and classified as carcinogenic, with potential impacts
including respiratory diseases, organ damage, and increased cancer
risk.

Arsenic Compounds | Releases of arsenic-containing substances to air, water, or soil.
Human exposure can occur through drinking water, food, and
inhalation, potentially leading to cancer and other long-term health
effects.

Carcinogenic Emissions of substances such as benzene, vinyl chloride, and 1,3-
Organic Compounds | butadiene. These pollutants may contribute to increased cancer risk
through inhalation or other exposure pathways.
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Non-carcinogenic Emission of non-carcinogenic organic substances such as toluene,
Organic Compounds | xylene and phenol to air, water, or soil over the life cycle, contributing
to potential human health impacts through environmental fate,
human exposure, and toxic effects that do not result in cancer. (LC-
IMPACT, n.d.)

Persistent Organic | Emissions of substances such as dioxins and furans. These pollutants
Pollutants (POPs) are highly persistent, bioaccumulate in the food chain, and may cause
cancer, reproductive disorders, and other chronic health impacts.

PFAS and Other Emissions of highly persistent, fluorinated chemicals that resist
Persistent environmental degradation. Long-term exposure may lead to
Fluorinated accumulation in humans and is associated with potential impacts on
Compounds immune, endocrine, and other biological systems.

Toxic Organic Emissions of volatile organic compounds from manufacturing,

Solvents and VOCs | processing, coatings, and solvent use. Depending on the substance,
exposure through inhalation may contribute to irritation, respiratory
effects, and chronic toxic impacts on human health.

The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1

Given the high influence of Ecotoxicity, freshwater on weighted EF results for chemical-based
products, the uncertainty associated with the normalization factor should be explicitly
considered. As inventory completeness and characterization factor coverage continue to evolve,
a mechanism for periodic reassessment and revision of the Ecotoxicity, freshwater
normalization factor should be considered to ensure that it remains representative, scientifically
robust, and aligned with the latest available emissions and toxicity data.

16.3. Assessment Examples

The following examples illustrate the calculation based on existing CF. If new CF must be
calculated, the process described above should be followed. Table 43 gives an overview of the
results.

Table 43: Generic product calculation of USEtox results

1 kg of product A, cradle-to-gate

Emission Amount emitted per kg | CF CTUh contribution
product [CTUh/kg] [Amount x CF]
Benzene to air 1.0x10° kg 2.0x107* 2.0x107"°CTUh
Formaldehyde to | 2.0 x 107" kg 5.0x107° 1.0x 107" CTUN
air
Chromium VI to | 1.0x 10" kg 1.0x 107" 1.0 x107"° CTUh
water
Total:

20x 10719 + 1.0 x 107 + 1.0 x 1071% = 3.1 x 1071° CTUh per kg product A

Formaldehyde process
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o
In the fasil process, formaldehyde is synthesized through the catalytic oxidation of methanol. The
primary reactions are partial oxidation of methanol (1), and methanol dehydrogenation (2) (Franz
etal 2016).

(1) CH3OH + 1/2 02 > CHzO + Hzo
(2) CHsOH » CH.0 + H,

This exothermic chemicalreaction is facilitated by a silver catalyst at high temperatures, typically
around 600-650 °C (Millar et al 2017). The excess energy from the exothermic reaction is used to
generate steam by burning the hydrogen-rich tail gas in a boiler or thermal oxidizer.

This simplified assessment demonstrates how the formaldehyde process can be translated into
a USEtox human toxicity calculation. The values below are illustrative only and should be
replaced by official USEtox characterization factors and process-specific emission data for areal
LCA study. The results are shown in Table 44.

Table 44: Formaldehyde process calculation of USEtox with illustrative figures

Emis USEtox USEtox Non
. CF, Cancer Total
L. sion L. . CF, non- | cancer .
Emission Emission | cancer | contrib . contribut
comp . R K cancer contribu | |
source artm mass in ution in in tion in ion to
CTUh/k | CTU/k CTUh/k
ent g g CTUh/kg | CTUh/kg g
Urb 2.52E-
Formaldehyde | = o | 0.050 kg 3.0E-7 |4.0E-6 |2.0E-7 |5.0E-7
n air 05
Fresh 1.17E-
Formaldehyde 0.005 kg 6.0E-9 8.0E-7 4.0E-9 1.0E-8
water 07
Urb
Methanol n;: 0.100kg |0 0 5.0E-7 |5.0E-8 | 5.0E-8
Fresh
Methanol 0.020 kg 0 0 1.0E-7 2.0E-9 2.0E-9
water
Indus
S t Fe/M
pent PO trial | 0.001kg |1.0E-6 |1.0E-9 |4.0E-6 |4.0E-9 |5.0E-9
catalyst loss )
soil
All
listed
Total ) — — 3.07E-7 | — 2.60E-7 5.67E-7
emiss
ions

Calculation: Human toxicity impact score = 2 emission mass x USEtox characterization factor =
5.0E-7 + 1.0E-8 + 5.0E-8 + 2.0E-9 + 5.0E-9 = 5.67E-7 CTUh per functional unit which is defined as
the production of 1 kg Formaldehyde in Europe.


https://en.wikipedia.org/wiki/Catalytic_oxidation
https://en.wikipedia.org/wiki/Hydrogen
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The summary and main contributions to the overall results can be found in Figure 21.

Human toxicity contributions for formaldehyde production

Formaldehyde to urban air 5.0E-7
Methanol to urban air

Formaldehyde to freshwater

Spent Fe/Mo catalyst loss to industrial soil

Methanol to freshwater 2.0E-9

0.0E+00 1.0E-7 2.0E-7 3.0E-7 4.0E-7 5.0E-7 6.0E-7
Contribution to CTUh per functional unit
Total = 5.67E-7 CTUh

Figure 21: Human toxicity contributions for formaldehyde production.
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17.Normalization and weighting, single scoring in
LCA

Normalization

Normalization converts the characterized results of each impact category into dimensionless
values so that categories with different units (kg CO, eq, CTUh, CTUe, m® world eq, etc.) can be
compared. This is done by dividing each characterized result by a corresponding normalization
factor.

In EF 3.1 (Environmental Footprint method), normalization, weighting, and single score are
optional interpretation steps used to make the results of different impact categories more
comparable and easier to communicate. However, individual impact category results may give
detailed information on environmental impacts and should be considered first hand.

Normalization Inventory: EF3.1 adopts a global normalization inventory, which is described in
Sala et al. 2017. This inventory uses as much as possible available statistics on environmental
emissions and resource use, complemented by modelled data. The current normalisation set
uses aninventory setin 2010 and largely based on EU statistics. When data is collected at the EU
level, data is extrapolated globally based on GDP, following the methodology outlined in
Cucurachi et al. 2014. The EF 3.1 uses the following normalization and weighting factor scheme
as described in Table 45 and Table 46 (Andreasi Bassi S. B., 2023).

17.1. Characterized results: the starting point

First, the life cycle inventory is converted into characterized impact results for each EF impact
category.

Examples:
Impact category Unit
Climate change kg CO, eq
Acidification molH" eq
Ecotoxicity, freshwater | CTUe
Land use dimensionless soil quality index
Resource use, fossils MJ

At this stage, the results are still in different units, so they cannot be directly added.

17.2. Normalization: “How large is this impact compared with
areference?”

Normalization expresses each characterized result relative to a reference value, usually the
annual impact of an average person in a reference region.

In EF 3.1, global normalization factors are provided for each impact category.

The basic formulaiis:

Characterized result;

Normalized result; = —
Normalization factor;
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Formula 30: Equation the calculation of a normalized value
Where:
— I[=impact category
— Characterized result = your product’s result in category-specific units
— Normalization factor = reference impact for that category

The result is typically expressed in person equivalents.

Example
If a product has:
e Climate change result =100 kg CO, eq
¢ Normalization factor = 8,000 kg CO, eq/person/year

Then:

100 _ 0.0125
8,000

This means the product contributes about 0.0125 person-equivalents per year for climate
change.

Purpose of normalization
Normalization helps answer:

Is this impact category large or small compared with the overall environmental burden of an
average person?

It makes different categories more comparable, but it does not yet say which category is more
important.

17.3. Weighting: “How important is this impact category?”
Weighting applies a value-based importance factor to each normalized impact category.
The formulais:

Weighted result; = Normalized result; X Weighting factor;

Formula 31: Formula to calculate a weighted result with normalized results

Weighting factors reflect the relative importance assigned to different environmental impact
categories in the EF method. For example, climate change, particulate matter, toxicity, land use,
and resource use all receive different weights.
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Purpose of weighting

Weighting defines which impact categories matter most in the overall EF result. Unlike
normalization, weighting involves a value choice, because it assigns relative importance to
impact categories often derived by polls or other accepted methods.

17.4. Single score: adding the weighted results

The impact categories analyzed may differ in relative importance across the alternatives. To
ensure that the mostrelevantimpact categories are addressed for each alternative, those impact
categories with the largest relative importance are included in the analysis, ensuring that they
collectively cover at least 80% of total impact.

Before generating a single score a meaningful number of impact categories shall be defined, itis
recommended to cover at least 80% of the environmental impacts. A relevance check shall be
done to evaluate if a significant number of impacts is covered. In some studies, the 80% can be
reached with 3 or 4 impact categories, some studies need to cover 8 or 9 impact categories
depending on the single contribution to the final results of the impact categories. The single
score is calculated by summing all weighted normalized results across impact categories:

) Characterized result; o
Single score = ( X Weighting factori>

Normalization factor;
i

Formula 32: Formula to calculate a single score as summary of impact category results

The workflow is:

Characterized result - Normalized result — Weighted result — Single score

The single score is often expressed in points or dimensionless aggregated EF points.

17.5. Simple numerical example
Table 45 shows the calculation of a single score as an illustrative example

Table 45: Example of normalization and weighting of LCIA results to a single score

Impact Characterized | Normalization | Normalized | Weighting | Weighted

category result factor result factor result
eg/personyear | person year

Climate 100 kg CO,-eq 8,000 0.0125 21.06% 0.00263

change

Acidification | 0.5 molH"-eq 55 0.0091 6.20% 0.00056

Land use 300 units 90,000 0.0033 7.94% 0.00026

Single score calculation:

0.00263 + 0.00056 + 0.00026 = 0.00345

The product’s aggregated EF result would be 0.00345 points in this simplified example.
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The largest contribution comes from climate change, followed by acidification and land use.

Table 46: Contributions of normalized and weighted results to the single score

Impact category Weighted result Contribution to
single score

Climate change 0.00263 76%

Acidification 0.00058 16%

Land use 0.00026 8%

17.6. Interpretation

A higher single score means a higher overall environmental burden according to the EF
normalization and weighting set.

However, it is important to interpret the single score carefully:
e |tcan hide reducing impacts in one category while increasing it in another
e |tdepends onvalue-based weighting factors.
e |tshould not replace the category-level results.

¢ Toxicity and ecotoxicity categories from USEtox often have higher uncertainty.
Therefore, according to EF 3.1 they should be excluded from the generation of single

Scores.

e The EF method recommends reporting both characterized results and
normalized/weighted results. ChemX follows this recommendation.

17.7. Practical meaning
In practice:

e Characterized results are best for technical analysis.
¢ Normalized results show relative relevance compared with a reference (person year).
o Weighted results show contribution to the overall EF profile.

¢ Single score is useful for communication, screening, and overall ranking alternatives.

A good EF 3.1 interpretation should usually show:
1. Characterized results by impact category
2. Normalized and weighted contribution analysis
3. Single score aggregates all single indicators

4. Sensitivity or uncertainty discussion where relevant
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Normalization factors were developed and published in EF 3.1 for all impact categories. For
transparency, all impact category results should be included and compared to the results
without the impact categories rated with a low reliability factor. Table 47 shows the normalization
factors for the EF 3.1 impact categories. Normalization and weighting factors are published by
JRC under:
https://eplca.jrc.ec.europa.eu/permalink/EF3_1/Normalisation_Weighting_Factors_EF_3.1.xlsx

Table 47: Weighting factors as defined in EF 3.1

EF impact category Weighting factor
Climate change 21.06%

Ozone depletion 6.31%

Human toxicity, cancer 2.13%

Human toxicity, non-cancer 1.84%
Particulate matter 8.96%

lonising radiation, human health 5.01%

Photochemical ozone formation, human health | 4.78%

Acidification 6.20%
Eutrophication, terrestrial 3.71%
Eutrophication, freshwater 2.80%
Eutrophication, marine 2.96%
Land use 7.94%
Ecotoxicity, freshwater 1.92%
Water use 8.51%
Resource use, fossils 8.32%
Resource use, minerals and metals 7.55%
Total 100.00%

17.8. Other alternative approaches using normalization and
weighting

Alternative approaches exist butare notin line with EF 3.1. The following text is given as additional
information taking into consideration other LCIA methods: Swiss Ecoscarcity 2021 and Eco-
Efficiency Analysis (EEA).

Swiss Ecoscarcity 2021

The method of ecological scarcity — sometimes called Swiss Ecoscarcity or Swiss Ecopoints
method - allows a comparative weighting and aggregation of various environmental interventions
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o
by use of so-called eco-factors. The method supplies these weighting factors for different
emissions into air, water and top-soil/groundwater as well as for the use of energy resources. The
eco-factors are based on the annual actual flows (current flows) and on the annual flow
considered as critical (critical flows) in a defined area (country or region). The eco-factors were
originally developed for the area of Switzerland (see references below). There, current flows are
taken from the newest available statistical data, while critical flows are deduced from the partly
scientifically supported goals of the Swiss environmental policy, each as of publication date.
Later, sets of eco-factors were also made available for other countries, such as Belgium and
Japan etc.

In the ecological scarcity method, an impact assessment of life cycle inventories is performed
according to the 'distance-to-target' principle. The key metrics of this method are eco-factors,
which indicate the environmental burden of an emission, resource use or other substance flows
in the form of Ecopoints (UBP) per unit of quantity. An eco-factor is derived by relating the current
situation to the tolerated maximum emission or use. The ecological scarcity method, for
convenience also referred to as the eco points method, was first published in 1990.

This method is taken from (Frischknecht, Steiner, Braunschweig, Egli, & Hildesheimer, 2006),
with adaptations by PRé as described below. The CFs have first been implemented by ESU-
services Ltd. All files are provided without liability’. Ecological Scarcity 2006 is a follow-up of
the Ecological scarcity 1997 method, which is called Ecopoints 97 (CH) in the SimaPro method
library (superseded) and was lastly updated in 2021 (Federal Office for the Environment (FOEN),
2021).

The ecoinvent implementation contains seven specific impact categories, with for each
substance a final UBP (environmental loading points) score as CF. This method only contains the
impact category natural resources containing only water resources.

There are three important differences and reasons for not using it in the Chem-X guideline:

e The Ecopoint system does not use a specific classification. It assesses impacts individually.
Although this allows for a detailed and very substance-specific method, it has the
disadvantage that only a few impacts are assessed.

e TheEcopoint system uses a different normalization principle. It uses target values rather than
current values.

e The Ecopoint system is based on Swiss policy levels instead of sustainability levels. Policy
levels are usually a compromise between political and environmental considerations.

The following data are necessary in calculating a score in Ecopoints for a given product:

e quantified impacts of a product;

e total environmental load for each impact type in a particular geographical area;

e maximum acceptable environmental load for each impact in that particular geographical
area.

Alternative Approach (Example): Eco-Efficiency Analysis

Eco-Efficiency Analysis is an alternative approach that uses LCA results, normalize them and
apply a weighting scheme. In eco-efficiency analysis, normalization converts environmental
impacts and costs into comparable relative values. Weighting then combines the environmental

9 Contact info: http://www.esu services.ch/address /
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impact categories according to theirimportance. The resulting environmental score is compared
with the cost score to identify the alternative that provides the best balance between low
environmental impact and low cost. Because Eco-Efficiency Analysis combines costs and
environmental impact it is out of scope of this cradle-to-gate guideline that focusses on
environmental impacts. However, it can be an alternative approach addressing sustainability
impacts and is therefore listed in this chapter.

An eco-efficiency modular framework was therefore developed to accommodate a range of
expectations in sustainability assessments (Grosse-Sommer, Grinenwald, Paczkowski, van
Gelder, & Saling, 2020) called Eco-Efficiency Analysis (EEA). In contrast to earlier practice, a multi
assessment tool was identified to be adequate for the expanding variety of business applications
and analytical questions. EEA6 and EEA10 prescribe specific environmental indicators and
impact assessment models, results from different studies that can be compared on a common
methodological basis. EEA10 covers Climate change, Ozone depletion, Human toxicity,
Photochemical ozone formation, Acidification, Eutrophication freshwater, Eutrophication
marine, Land use, Resource depletion water, Resource depletion mineral, fossil. EEA6 covers
Climate change, Human toxicity, Photochemical ozone formation, Acidification, Eutrophication
freshwater and marine, Resource depletion mineral, fossil.

Environmental materiality is safeguarded through a relevance check designed to prevent
selective reporting and unintended greenwashing. The check supports alignment with the goal-
and-scope requirements of ISO 14040 and ISO 14044 by requiring the choice of impact
categories, indicators, and characterization models to be both justified and consistent with the
intended application of the assessment. Accordingly, the selected categories should cover the
environmental issues that are material to the product system, while the suitability of each
characterization model should be explained in relation to the study’s goal and scope.

The procedure begins by normalizing the ten EEA impact categories against annual European
reference data. The normalization factors are taken from the EU Product Environmental Footprint
framework (Benini, et al., 2014) (Benini, Sala, & Pant, Normalization and Weighting Factors for
Testing, 2015).

In the second stage, the normalized scores of all impact categories are added to obtain the
overall unweighted environmental impact. Each dimensionless category score is then reported
as a share of this total. For every alternative, the analysis retains the categories that contribute
most strongly until they collectively represent at least 80% of its total impact. The impact
categories analyzed may differ in importance across the alternatives; however, all categories are
considered until they collectively account for 80% of the total impact. By concentrating on the
dominant contributors, the toolbox directs the assessment toward the environmental aspects
that are most relevant to the comparison.

Once the relevance check has identified the pertinent impact categories, the normalized scores
for these categories—together with any additional categories considered useful—are combined
with their respective weighting factors. The resulting weighted scores are then added to obtain
an overall measure of environmental impact. This procedure follows the established aggregation
sequence of external normalization and subsequent weighting (Huppes & van Oers, 2011)
(Guinée et al., 2002).

Because each process or product is evaluated against external reference values, the calculated
results do not depend on the other alternatives included in the comparison.
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@® CHEM-

The aggregate normalized and weighted environmental impact is reported in units of “person
time.” This unit is derived during normalization, when each impact-category result is divided by
the relevant annual impact associated with a specified region and population. Per-capita
normalization is a well-established approach (Laurent, Olsen, & Hauschild, 2011) and is also
described as a “person equivalent” (Stranddorf, Hoffmann, & Schmidt, 2005). Depending on the
scale of the functional unit, person time may be stated in person-years, person-days, or person-
hours. The normalized person-time values are then multiplied by their respective weighting
factors and aggregated to determine the overall environmental impact as single score.
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18.Glossary

18.1. Overview of abbreviations, terms and definitions

Abbreviation

Term

Definition

Source

Activity data

“Activity data are quantified
measures of a level of activity that
results in environmental impacts™*.
Activity data can be measured,
modeled, or calculated.

There are two categories of activity
data: process activity data and
financial activity data.

Process activity data are physical
measures of a process that results
in environmental impacts. These
data capture the physicalinputs,
outputs, and other metrics of the
product’s life cycle (e.g. energy,
mass, volume etc). Financial activity
data are monetary measures of a
process that results in
environmental impacts.

Alternatively, from ISO:

quantitative measure of an activity
that results in an environmental
impact

TfS PCF
Guideline
v3.0

ISO 14033

Allocation

Partitioning the input or output
flows of a process or a product
system between the product system
under study and one or more other
product systems.

TfS PCF
Guideline
v3.0

Annualization
Period

which the
associated with land-use change are

Period over impacts

allocated to subsequent production;
a 20-year assessment period is

commonly applied in product

carbon-footprint and land-use

accounting

(BSI, 2011;

(GHG
Protocol
Product
Standard,
2011)

165




The Environmental Sustainability Guideline for the Chemical Industry

o
Background Data that is indirectly measured,
data calculated or obtained quantified (1SO14064:1
value of a unit process or activity ,2018)
and related information within a
product system or company, not
based on specific original source
measurements
Bill of A structured list of all the TfS PCF
materials components, and their quantities Guideline
(BOM) that make up an assembly or v3.0
product.
Biogenic Fraction of carbon mass classified Derived
carbon as biogenic (out of total material from ISO
content mass). 59020:2024
Note 1: Can be attributed by means | Note 1:
of a mass balance chain of custody | basedon
model as defined in ISO 22095, ISO
where applicable by sector specific | 59020:2024
rules. .
section
Note 2: If analytically measurable A.2.1
via 14C-analysis, it can be classified | “Introductio
as “bio-based carbon content” . nto
Note 3: If not analytically resource
measurable via 14C-analysis (e.g., 'rTﬂOW i
b lying mass balance chain-of- circularity
y applying - ”
custody model), it can be classified !ndlcators ’
as “bio-attributed carbon content”. wifhnalogy
“Biogenic carbon content” will be “renewable
used as leading term in this content”
document.
Biogenic CO; and CH. emissions from the TfS PCF
emissions combustion or biodegradation of Guideline
biomass. v3.0,
adopted
Biogenic The sequestration or absorption of TfS PCF
removals GHG emissions from the Guideline
atmosphere, which most typically v3.0

occurs when CO: is absorbed by
biogenic materials during
photosynthesis.
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Biodiversity The variability among living (Convention
organisms, encompassing diversity | on
within species, between species, Biological
and of ecosystems Diversity,
1992; IPBES,
2019)
Biomass Material of biological origin, ISO
excluding material embedded in 14067:2018
geological formations and material
transformed to fossilized material.
Note 1: Biomass includes organic
material (both living and dead), e.g.
trees, crops, grass, tree litter, algae,
animals, manure and waste of
biological origin.
Note 2: Excludes peat.
Burden PEF assesses environmental (European
Shifting impacts across a comprehensive Commission
set of 16 categories, each capturing | (EC))
a different dimension of
environmental harm. These
categories ensure that
improvements in one area do not
come at the expense of degradation
in another, a phenomenon known as
burden shifting.

CAS number Chemical A CAS Registry Number (CAS RN®) is | TfS PCF
Abstracts a unique and unambiguous Guideline
Service identifier for a specific substance v3.0
Registry that all‘ows clear communiogtioh https:// WWwW
Number gnd, with the help of.CAS scientists, CaS.018/Cas

links tog;]etrl;er ?l:havtallaé)lcta data and _data/cas-
research about that substance. .
Governmental agencies rely on CAS registry
Registry Numbers for substance

identification in regulatory

applications because they are

unique, easily validated, and

internationally recognized.

CCS Carbon CCSinvolves the capture of carbon | TfS PCF
Capture dioxide (CO2) emissions from Guideline
and Storage industrial processes, such as steel | v3.0



https://www.cas.org/cas-data/cas-registry
https://www.cas.org/cas-data/cas-registry
https://www.cas.org/cas-data/cas-registry
https://www.cas.org/cas-data/cas-registry
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on Factor

characterization model which is
applied to convert an assigned life

[
and cement production, or from the
burning of fossil fuels in power
generation. This carbon is then
transported from where it was
produced, via ship or in a pipeline,
and stored deep underground in
geological formations.

CCu Carbon Carbon capture and utilization TfS PCF
Capture (CCU) involves the capture of the Guideline
and greenhouse gas CO, from point v3.0
Utilization sources or ambient air and its

subsequent conversion into
valuable products.

CFP Carbon See Product Carbon Footprint TfS PCF
footprintofa | (PCF). Guideline
product v3.0

CFCs Chlorofluoroc | See Greenhouse Gas definition. TfS PCF
arbon Guideline

v3.0
Collective This is the sum of the individual (NRC, 2026)
dose doses received in a given period by a
specified population from exposure
to a specified source of radiation

CSRD Corporate EU directive requiring companies (European
Sustainability | within its scope to disclose material | Parliament
Reporting sustainability impacts, risks, and and Council
Directive opportunities in accordance with , 2022)

European Sustainability Reporting
Standards
CH, Methane See Greenhouse Gas definition. TfS PCF
Guideline
v3.0

CMP Contract Contract manufacturing occurs TfS PCF
manufactured | when a company outsources part of | Guideline
products the manufacturing process to a v3.0

third-party company to reduce the
expenses of production.
Characterizati | Factor derived from a ISO 14044
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cycle inventory analysis result to the
common unit of the category
indicator

NOTE

The common unit allows calculation
of the category indicator result.

them to the equivalent amount of
CO..

Cradle-to- An assessment that includes part of | TfS PCF
gate the product’s life cycle, including Guideline
material acquisition through the v3.0
production of the studied product
and excluding the use or end-of-life
stages.
Cradle-to- A cradle to grave assessment TfS PCF
grave considers impacts at each stage of | Guideline
a product’s life cycle, from the time | v3.0
natural resources are extracted
from the ground and processed
through each subsequent stage of
manufacturing, transportation,
product use, recycling, and
ultimately, disposal.
Conformity Demonstration that specified TfS PCF
assessment requirements relating to a product, | Guideline
process, system, person or v3.0
organization are fulfilled.
Note 1 to entry: Adapted from
ISO/IEC 17000: 2004, definition 2.1.
ISO/TS 14441:2013(en), 3.13
Consumption | This approach focuses on the TfS PCF
mix domestic production and the Guideline
imports taking place. These mixes v3.0
can be dynamic for certain
commodities (e.g., electricity) in the
specific country/region.
CO-e Carbon Carbon dioxide equivalent, or CO.e | TfS PCF
Dioxide is a metric measure representing all | Guideline
Equivalent greenhouse gases by converting v3.0
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Endpoint
characterizati
on models

Estimate the ultimate effects (or
“endpoints”) of environmental
impacts on areas of protection,
such as human health, ecosystem
quality, and resource availability.
These models extend the analysis
further along the cause-effect
chain, translating inventory data
through midpoint categories into
final damage categories. In this
sense Human health (DALYs),
ecosystem damage (species loss),
resource depletion are endpoint
categories.

TfS PCF
Guideline
v3.0

C14-method

Radiocarbon
dating

A form of radiometric dating used to
determine the age of organic
remains in ancient objects, such as
archaeological specimens,

on the basis of the half-life of
carbon-14 and a comparison
between the ratio of carbon-12 to
carbon-14 in a sample of the
remains to the known ratio in living
organisms.

TfS PCF
Guideline
v3.0

DU

Declared Unit

Quantity of a product for use as a
reference unit in the quantification
of a partial LCA

Note: Typically, the declared unitis
referring to a physical quantity, for
chemicals for example “1 kg of
product (unpacked)”

ISO
14067:2019

DMP

Digital
Material
Passport

A structured digital record for a
material that contains detailed
information about sustainability and
circularity, as well as required and
potentially optional declarations,
certificates, and additional material
information.

It focuses on intermediate materials
in the value chain which may not be
subject to regulation, but whose
data are required to enable the
issue of regulated Digital Product

Chem-X
Definition
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Passports (DPPs). DMPs are
designed to interoperate with one or
more DPPs.

plants, animals and
microorganisms and their non-living

DPP Digital A structured digital record for a Chem-X
Product product that contains detailed Definition
Passport information about sustainability and

circularity, as well as required and

potentially optional declarations, Note 1:

certificates and additional product | basedon

information. DPP
definition in

It foouse.s ona regulatec! end ‘ ESPR.

product in the value chain. Both its

information content and technical

requirements follow regulatory

requirements and/or standards

delegated by the legislator to

designated standardization bodies.

dLUC Direct Land- change in the human use of land ISO 14050
Use Change within the relevant boundary
Disease Disease incidence is the occurrence New  York
incidence of cases of a disease or health State

condition in a defined population Department
over a specified period of time. Itis | of  Health,
commonly expressed as a rate or 2017
proportion and reflects the risk of

developing the disease.

DUNS Dun and The Dun & Bradstreet D-U-N-S TfS PCF
Bradstreet Number is a unique nine-digit Guideline
Number identifier for businesses. v3.0
Ecological A distance-to-target LCIA method (Frischknec
Scarcity that weights environmental htetal.,
Method pressures according to the 2021)

relationship between current
conditions and legally or politically
defined environmental targets; its
land-use indicator is linked to
biodiversity and policy objectives
Ecosystem dynamic complex of communities of | ISO 14050
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drawn from the environment without

o
environment, interacting as a
functional entity

Ecosystem benefit people obtain from ISO 14055-

Services ecosystems (3.1.9) 1:2017,
Note 1 to entry: Benefits include | 3 9 o
provisioning services such as food
and water; regulating services such
as flood and disease control;
cultural services such as spiritual,
recreational, and cultural benefits;
and supporting services, such as
nutrient cycling, that maintain the
conditions for life on Earth.

ECICS European See table 4.2 TfS PCF
Customs Guideline
Inventory of v3.0
Chemical
Substances

EEIO Environmenta | Environmentally extended input- TfS PCF
lly extended output analysis (EEIOA) is used in Guideline
input and environmental accounting as atool |v3.0
output which reflects production and

consumption structures within one
or several economies.

EF Environmenta | Itis a multi-criteria measure to TfS PCF
L Footprint calculate the environmental Guideline

performance of a product, service v3.0

or organization ba!sed on a life cycle adopted
approach. EF 3.1 is the currently

official used approach for

Environmental Footprint in the EU.

Effective dose | The effective dose is the total (BfS, 2026),
amount of equivalent doses to the adapted
total health of the whole body under
consideration of the different
sensitivities of the single organs and
tissues for stochastic radiation
effects.

Elementary Material or energy entering the ISO 14044

flow system being studied that has been Amd 2: 2020



https://www.iso.org/obp/ui#:term:3.1.9
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which humans come into contact
with radionuclides present in the
environment. It includes parameters
such as inhalation rates, ingestion
rates (food and water), occupancy
times, and behavioral patterns that
influence the magnitude and

[
previous human transformation, or
material or energy leaving the
system being studied that is
released into the environment
without subsequent human
transformation
Energy flow Input to or output from a unit ISO 14044
process or product system, | onq2:2020
quantified in energy units
EoL End of Life End-of-life describes the end of the | TfS PCF
life cycle of a product. Here one can | Guideline
distinguish between different v3.0
treatment methods: Recycling,
landfill and incineration
ERP system Enterprise Enterprise resource planning is a TfS PCF
resource system that helps automate and Guideline
planning manage business processes across | v3.0
system finance, manufacturing, retail,
supply chain, human resources,
and operations.
ESPR Ecodesign for | EU regulation establishing a (European
Sustainable framework for product-specific Parliament
Products ecodesign circularity, resource and
Regulation efficiency, and overall Council,
environmental 2024)
sustainabilitycircularity, resource
efficiency, and overall
environmental sustainability
EU European The European Unionis a TfS PCF
Union supranational political and Guideline
economic union of 27 member v3.0
states that are located primarily in
Europe.
Exposure The exposure factor describes the (ICRP, 2007)
factor pathways and mechanisms through
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Kyoto Protocol, an environmental
agreement adopted by many of the
parties to the United Nations
Framework Convention on climate

[
duration of exposure. Exposure
factors are used in radiological
protection to estimate radiation
doses to individuals or populations
from environmental contamination.

FF Fate factor The fate factor indicates the (LC-Impa!ct,
distribution and transformation of a  spatially
chemicals or radionuclides differentiate
released into the environment, and | d life cycle
their transport among impact
environmental compartments (e.g., | assessment
air, water, soil). It thereby method,
determines the concentrations 2019;
available for exposure. Building on Paulillo,
this, the exposure factor relates McKone, &
dissolved to total chemical mass in Fantke,
the environment, the ecotoxicity 2023)
effect factor indicates potential
ecotoxicity effects per unit of
dissolved chemical mass in the
environment, and the damage factor
finally relates potential effects to
damages on ecosystem quality.

Functional A functional unit describes the TfS PCF
unit function of a product in question. Guideline
For example, for a laundry v3.0
detergent, the functional unit could
be defined as “washing 4.5 kg of dry
fabric with the recommended
dosage with medium-hard water”.
Understanding the functional unit is
essential for comparability between
products with the same function, as
it provides the reference to which
the input (materials and energy) and
output (such as products,
byproducts, waste) are quantified.
GHG Greenhouse Greenhouse gases constitute a TfS PCF
Gases group of gases contributing to global | Guideline
warming and climate change. The v3.0
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change (UNFCCC)in 1997 to curb
global warming, nowadays covers
seven greenhouse gases:

The non-fluorinated gases:
Carbon dioxide (CO)
Methane (CH.)

Nitrous oxide (N2O)

The fluorinated gases:
Hydrofluorocarbons (HFCs)
Perfluorocarbons (PFCs)
Sulphur hexafluoride (SF6)
Nitrogen trifluoride (NF3)

Converting them to carbon dioxide
(or CO,) equivalents makes it
possible to compare them and to
determine their individual and total
contributions to global warming.

GHG protocol | Greenhouse International Standard on how to TfS PCF
Gas calculate Greenhouse Gases. Guideline
Protocol v3.0
Standard
GLO Global TfS PCF
Guideline
v3.0
GWP Global Global Warming potentialisaterm | TfS PCF
Warming used to describe the relative Guideline
Potential potency, molecule for molecule, of | v3.0
a greenhouse gas, taking account of
how long it remains active in the
atmosphere.
HCFCs Hydrochlorofl | See Greenhouse Gas definition. TfS PCF
uorocarbon Guideline
v3.0
HEFs Fluorinated Liquid Chemical. TfS PCF
ethers Guideline

v3.0
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HFCs Hydrofluoroc | See Greenhouse Gas definition. TfS PCF
arbons Guideline

v3.0

HS Harmonized See table 4.2 TfS PCF
Commodity Guideline
Description v3.0
and Coding
Systems

IEC International Founded in 1906, the IEC TfS PCF
Electrotechni | (International Electrotechnical Guideline
cal Commission) is the world’s leading | v3.0
Commission organization for the preparation and

publication of international
standards for all electrical,
electronic and related technologies.

ILCD International | The International Reference Life TfS PCF
Life Cycle Cycle Data System is an initiative Guideline
Data System developed by JRC and DG ENV since | v3.0

2005, with the aim to provide
guidance and standards for greater
consistency and quality assurance
in applying LCA.

ISO International | The International Organization for TfS PCF
Organization | Standardization is an international Guideline
for standard development organization | v3.0
Standardizati | composed of representatives from
on the national standards

organizations of member countries.

ISOPA European ISOPA is the European trade TfS PCF
Diisocyanate | association for producers of Guideline
and Polyol diisocyanates and polyols, the main | v3.0
Producers building blocks of polyurethanes.

Association

ISO 14067: ISO standard | ISO 14067: 2018 specifies TfS PCF

2018 on principles, requirements and Guideline
Greenhouse guidelines for the quantification and | v3.0
gases — reporting of the carbon footprint of a
Carbon product (CFP), in a manner
footprint of consistent with International
products — Standards on life cycle assessment
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Requirements | (LCA) [ISO 14040 [ISO 14040: 2006]
and and ISO 14044].
guidelines for
quantification
IT Information TfS PCF
technology Guideline
v3.0
kg Kilogram TfS PCF
Guideline
v3.0
kWh Kilowatt-hour TfS PCF
Guideline
v3.0
Land Land‘occupation refers to'the (Koellner,
Occupation phys!cal area of lan‘d‘ reqwrsad foran 2013)
activity over a specified period,
commonly expressed in m>-year. It
captures the ongoing pressure on
ecosystems caused by agricultural,
forestry, industrial, or urban land
use and is explicitly addressed in
UNEP SETAC land use impact
assessment guidelines and the EF
3.1 methodology
Land Land tra‘nsformation involves the (Koellner,
Transformatio | SONVersion of land from one use or 2013)
n (Land Use cover type to another (e.g., forest to
Change) cropland or}eran land). Such
transformations can cause long
lasting or irreversible ecological
impacts and are treated separately
from land occupation in LCA to
reflect their distinct impact
pathways and regeneration
dynamics
LCA Life Cycle The compilation and evaluation of TfS PCF
Assessment the inputs, outputs, and the Guideline
potential environmental impacts of | v3.0
a product system throughout its life
cycle [ISO 14040: 2006].
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LCI

Life Cycle
Inventory

The phase of life cycle assessment
involving the compilation and
quantification of inputs and outputs
for a product throughout its life
cycle [ISO 14040:2006].

TfS PCF
Guideline
v3.0

LCIA

Life Cycle
Impact
Assessment

The phase of life cycle assessment
aimed at understanding and
evaluating the magnitude and
significance of the potential
environmental impacts for a
product system throughout the life
cycle of the product [ISO
14040:2006].

TfS PCF
Guideline
v3.0

Midpoint
characterizati
on model

Approaches that assess the
potential environmental impacts of
a product or process at an
intermediate stage in the cause-
effect chain. Examples are climate
change, acidification,
eutrophication, ozone depletion.

TfS PCF
Guideline
v3.0

LHV

Lower heating
value

The lower heating value (LHV; net
calorific value; NCV, or lower
calorific value; LCV) is another
measure of available thermal energy
produced by a combustion of fuel,
measured as a unit of energy per
unit mass or volume of substance.
In contrast to the HHV, the LHV
considers energy losses such as the
energy used to vaporize water.
Lower heating value (LHV) is defined
as the amount of heat released
when a fuel is combusted, starting
from 25°C and with the combustion
products returned to 150°C,
excluding the latent heat of
vaporization of water.

(Boyce,
2012)

NACE

Nomenclatur
e of Economic
Activities

NACE (Nomenclature of Economic
Activities) is the European statistical
classification of economic
activities. It is established by law.

TfS PCF
Guideline
v3.0
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because of human activity and are
controlled under Annexes A, B, C, or
E of the Montreal Protocol. These
include, among other CFCs, CCl4,
CH3CCIl3, halons, CH3Br and
HCFCs. These ODSs typically have
sufficiently long atmospheric
lifetimes to reach the stratosphere
after being emitted at the surface.
Methyl bromide is the shortest-lived
of the controlled substances and
has natural and anthropogenic
sources. Other substances
contribute chlorine and bromine to
the atmosphere but are not

o
NFs Nitrogen See Greenhouse Gas definition. TfS PCF
triflouride Guideline
v3.0
N-O Nitrous oxide | See Greenhouse Gas definition. TfS PCF
Guideline
v3.0
Nutrient Nutrient loading refers to the (Aalto,
Loading increased input of nutrients, Decaesteck
particularly nitrogen (N) and er, &
phosphorus (P), into the Pulkkinen,
environment, which alters 2015; K.E.
ecological dynamics and can Limburg,
impact the quality of resources 2013)
available to organisms, including
hosts and parasites. So, nutrient
loading fuels the ecosystem.
Excessive loading results in a
catastrophic collapse when the
resulting increase in metabolism
exceeds the available oxygen supply
of the river.
OCF Organizationa | Carbon Footprint of an TfS PCF
L Carbon Organisation. Guideline
Footprint v3.0
OoDS Ozone- It refers to gases containing either (WMO,
depleting chlorine or bromine that are 2022)
substance released to the atmosphere
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controlled under the Montreal
Protocol for various reasons.

Partial carbon
footprint of a
product

Sum of GHG emissions and GHG
removals of one or more selected
process(es) in a product system,
expressed as CO2 equivalents and
based on the selected stages or
processes within the life cycle.

Note 1 to entry: A partial CFP is
based on or compiled from data
related to (a) specific process(es) or
footprint  information  modules,
which is (are) part of a product
system and can form the basis for
quantification of a CFP. More
detailed information on information
modules is given in ISO 14025:2006,
5.4.

Note 2 to entry: “Footprint
information modules” is defined in
ISO 14026:2017, 3.1.4.

Note 3 to entry: The results of the
quantification of the partial CFP are
documented in the CFP study report
expressed in mass of CO2e per
declared unit.

ISO
14025:2006,
5.4.;1SO
14026:2017,
3.1.4.

Primary data

Sometimes also called activity data.
Data that concerns processes
inside the operational control of the
company or data from specific
processes in the product life cycle.

A partial LCIA is considered primary
data if the measure of the activity
data and the measure of the
emission factor are based on data
where the data generators have a
direct access to via direct
measurements or assessments
where they have a direct control.

TfS PCF
Guideline
v3.0
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“Data pertaining to a specific
product or activity within a
company’s value chain. Such data
may take the form of activity data,
emissions or emission factors.
Primary data is site-specific,
company-specific (if there are
multiple sites for the same product)
or supply chain-specific. Primary
data may be obtained through meter
readings, purchase records, utility
bills, engineering models, direct
monitoring, material or product
balances, stoichiometry or other
methods for obtaining data from
specific processes in the value
chain of the company”

[Path 2021:41]

footprint communications for one or
more product categories. [ISO
14025:2006] . [ISO 14027]

Primary Primary particulate matter consists | (U.S.
particulate of solid particles or liquid droplets Environment
matter that are emitted directly into the al Protection
atmosphere from identifiable Agency
sources, such as combustion (EPA), 2025)
processes, industrial activities,
construction sites, road dust, and
wildfires.

PCF Product The Product Carbon Footprintis the | TfS PCF
Carbon most established method for Guideline
Footprint determining the climate impactofa | v3.0

product, considering the total
greenhouse gas (GHG) emissions
caused to produce a product,
expressed as carbon dioxide
equivalent. The PCF can be
assessed from cradle-to-gate
(partial PCF) or from cradle-to-grave
(total PCF).

PCR Product Set of specific rules, requirements, | TfS PCF
Category and guidelines for developing Type Guideline
Rules Il environmental declarations and v3.0
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PFCs Perfluorocarb | See Greenhouse Gas definition. TfS PCF
ons Guideline
v3.0
PFPEs Perfluoropoly | Perfluoropolyethers (PFPE) are a TfS PCF
ethers group of plastics, usually liquid to Guideline
pasty at room temperature, thatare | v3.0
fluoropolymers consisting of
fluorine, carbon and oxygen.
PM,, Particulate PM,, refers‘to inhalable particula'se (U.S.

Matter,, matter with an aerodynamic Environment
diameter of 10 micrometers or | 5 protection
smaller. These particles can| Agency
penetrate the upper respiratory tract | (EPA), 2025;
and are associated with adverse | Fantke, et
respiratory and cardiovascular | al., 2016)
health effects.

Often itis not well defined if PM10
refers to particles between 2.5
micrometers and 10 micrometers or
if particles of 2.5 micrometers and
smaller are included. However,
Fantke et al. (2016) distinguish
between “fine PM” as PM 2.5 and
“coarse PM” as particle fraction
between 2.5 and 10 micrometer.
PM, .. Particulate PM,.q refers to fine particula'se (U'S.'

Matter, .. matter with an aerodynamic | Environment
diameter of 2.5 micrometers or | al Protection
smaller. Due to their small size, | Agency
these particles can penetrate deep | (EPA), 2025)
into the lungs and enter the
bloodstream and are considered the
most harmful fraction of particulate
matter in terms of long-term health
impacts.

PRODCOM Production See table 4.1 TfS PCF

Communauta Guideline

ire v3.0

(Community
Production)
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Production
mix

This approach focuses on the
domestic production routes and
technologies applied in the specific
country/region and individually
scaled according to the actual
production volume of the respective
production route. This mixis
generally less dynamic.

TfS PCF
Guideline
v3.0

Programme
operator

Body or bodies that conduct an
environmental declaration
programme or footprint
communication programme. A
programme operator can be a
company or a group of companies,
industrial sector or trade
association, public authorities or
agencies, or an independent
scientific body or other
organization. [ISO 14027]

TfS PCF
Guideline
v3.0

Removal

The sequestration or absorption of
GHG emissions from the
atmosphere, which most typically
occurs when CO2 is absorbed by
biogenic materials during
photosynthesis.

TfS PCF
Guideline
v3.0

Secondary
data

secondary data

data obtained from sources other
than primary data (3.2.2)

Note 1 to entry: Such sources can
include databases and published
literature validated by competent
authorities.

“Data that is not from specific
activities within a company’s value
chain but from databases, based on
averages, scientific reports or other
sources.”

[Path 2021:41]

TfS PCF
Guideline
v3.0,
adopted

ISO 14064-1

Secondary
particulate
matter

Secondary particulate matter is not
emitted directly, but forms in the
atmosphere through chemical
reactions of gaseous precursor

(U.S.
Environment
al Protection



https://www.iso.org/obp/ui#:term:3.2.2

The Environmental Sustainability Guideline for the Chemical Industry

pollutants—such as sulfur dioxide
(SO,), nitrogen oxides (NO,),
ammonia (NH,;), and volatile organic
compounds (VOCs)—resulting in
fine particles, often in the PM,.; size
range.

Agency
(EPA), 2025)

Very High
Concern

Concern) refers to chemicals
identified under the EU REACH
Regulation as posing serious risks—
such as carcinogenic, mutagenic,
reproductive toxicity, PBT, vPvB, or
endocrine-disrupting properties—
and listed by ECHA on the official
Candidate List.

SFe Sulphur See Greenhouse Gas definition. TfS PCF
hexafluoride Guideline
v3.0
SIC Standard The Standard Industrial TfS PCF
Industrial Classification (SIC) is a four-digit Guideline
Classification | classification system that classifies | v3.0
industries according to business
activities.
SMILES Simplified See table 4.2 TfS PCF
Molecular Guideline
Input Line v3.0
Entry System
SOC Soil Organic Carbon contained in soil organic (Vidal-Legaz
Carbon matter and frequently used as an , Sala,
indicator of soil condition. Anton, &
Mila i Canal,
2016)
Spot A spot transaction is the sale of a TfS PCF
transaction commodity, asset or right, under the | Guideline
terms of which delivery is scheduled | v3.0
to be made within the longer of the
following periods: (a) 2 trading days;
(b) the period generally accepted in
the market for that commodity,
asset or right as the standard
delivery period.
SVHC Substance of | SVHC (Substance of Very High
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The Envirc

System Expanding the product system to TfS PCF

expansion include the additional functions Guideline
related to the co-products. System | v3.0
expansion is a method used to avoid
co-product allocation.

TUV Technischer TfS PCF
Uberwachung Guideline
sverein (engl.: v3.0
MOT)

Unit process | Smallest element considered inthe | ISO
life cycle inventory analysis for 14040:2006
which input and output data are
quantified.

UNSPSC United See table 4.2 TfS PCF
Nations Guideline
Standard v3.0
Products and
Services Code
Utilities The term “utilities” includes here: TfS PCF

Electricity, process steam, excess Guideline
steam, cooling water, demineralized | v3.0
water, process water, compressed

air and nitrogen.

Validation the process of evaluating a system TfS PCF
or component to ensure Guideline
compliance with the functional, v3.0
performance and interface
requirements.

[ISO/IEC 14776: 2010]

VAT Value Added
Tax
Verification Confirmation, through the provision | TfS PCF

of objective evidence, Guideline
that specified requirements have v3.0
been fulfilled.

[ISO 9000: 2005; ISO 14025:2006]
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Waste

Any substance or object which the
holder discards or intends or is
required to discard

Note 1: A substance or object
resulting from a production process
the primary aim of which is not the
production of that substance or
objectis considered not to be
waste, but to be a by-product if the
following conditions are met:

(a) further use of the substance or
objectis certain;

(b) the substance or object can be
used directly without any further
processing other than normal
industrial practice;

(c) the substance or object s
produced as an integral part of a
production process; and

(d) further use is lawful (i.e., the
substance or object fulfils all
relevant product, environmental
and health protection requirements
for the specific use and will not lead
to overall adverse environmental or
human health impacts).

(EU, 2008)

WBCSD

World
Business
Council for
Sustainable
Development

The World Business Council for
Sustainable Development (WBCSD)
is a business-led organization that
focuses exclusively on business and
sustainable development.

TfS PCF
Guideline
v3.0
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@® cCcHEM-X

19.Information Model

[The version 0.9 of Chem-X DMP information model, including sustainability metrics described
in this Guideline, is currently subject to a parallel public consultation process.

A link to the final documents will be provided in the published final version of this Guideline .]
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21.Appendix
21.1. Downloading EF 3.1

The full list of LCI flows (incl. respective CFs) can be found under the following link: EF 3.1.

To check the full LCI flows, please click on the link EF 3.1 and select “Download file”.

€ Wew cpened you Sie for quick st aay veveng sgrt n Mermo® Edgm Choome Downicad fie # o wart 10 une ¢ e [ESEETIRTEES

B-LO0AMethod CFEF 3 1)

Then check your downloads and open the file.

Downloads P oa e %2 %

B EF-LCIAMethod_CF(EF-v3.1) (1).xlsx
Open file

Click on “Allow content”.

@ SECURITY WARNING External Data Connections have been disabled = Enable Content

Then, you will be able to select the impact category in the excel file and see all related flows and
their CF:
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H159023 v fr Emissions 1o air
A ] C 0

FLOW_uuid - FLOW_name * LCIAMethod_uuid EF3.1 * LCIAMethod_name
! 2905c640.6556-11dd-ad8b-0800200c9366  ammonia D5c61106-def3-1106-0/01e5513503483 A A Soatoz
| 08291070-3ddc11dd.9620-0050c2490048  ammonia b5c61166-def3 11e6.101.40551350348 A
| 08a91¢70-3ddc-11dd-96a¢ 00502490042 ammonia bSc611c6-def3-11e6-b01-fe5513503413  Ad Z| SotZtoA
+ 2905c64e.6556-11dd-ad8b-0800200c3265 bSC611c6-def3-11e6-5/01-1e5513503413 A
» 2905cH4e-6556-11dd-3d8b-0800200c2a66 bSc611c6-def3-11e6-6f01-fe5513503413 A Sort by Color
! 08291670 3ddc- 11dd-22a9-0050c2490048 bSCE1166 def3 1106 601 05513503413 A
| 0891¢70-3ddc-11dd-960e-0050c2490048 bSCE116-def3-11e6-6001-e5513503413 A
) 08a91670-3ddc-11dd-9626-0050¢2490048 b5c611c6-def3-11e6-b0011551350140 A
0 08291070 3ddc 11dd.96af 0050c2490048 b5c61166 dof3 1106 bI01 05513503413 A
1 2005c64e 6556-11dd-ad8b 08002009966 b5C61166 def3 1166 6101 5513503413 A Filter by Color
2 0891670-3ddc-11dd-224-0050c2490048 bSC6116-def3-1166-5001-1e5513503413 A
3 08a91070.3ddc-11dd.a22a 0050c2490048 bSC61166.dof3 1106 01 05513503 A Text Eilters
4 2905c64e 6556 11dd adBb 08002009066 b5SC61166 def3 11¢6 6101 55135043 A
5 2905c646-6556-11dd-ad8b-0800200c9465 b5C611c6-def3-1166-b001-1e5513503413 A
6 08a91070-3ddc-11dd-962¢ 00502490048 b5C611c6-def3- 1106501 05513503413 A e AD 0015 GR
7 083916 70-3ddc-11dd-a249-0050¢2490048 bSc5116-def3-11e6-5101-45513503403 A 0,568 LT
B 08a91670-3ddc-11dd.9626-0050¢2490048 bSC61166-def3-1106-5101.60551350140 A “ Addification 0,405 £F
9 08291070 3ddc-11dd 223 0050c2490048 bSc611c6 dof3 1106 6101 0551350343 Ac ¥ Climote change 1,059 1€
0 2905c64e-6556-11dd-0d8b 0800200c9066 bSc611c6 def3 11e6 601 0551350343 Ac #IClimate change-Biogenic 0,04 BG
1 12905¢640-655611dd-adBb-0800200c9a66 b5C611c6-def)11e6 bi01 6551350040 A 1 Climate change-Fossi 0,455 1lU
2 0891670-3ddc-11dd-96a-0050c2490048 b5C611c6-def3-11e6.501. 05513503413 A 1 Climate change-Land use and land 0428 v
3 08a91e70-3ddc-11dd-96ae-0050c2490048 b5cH11c5-def3-1166-0f01-fe55135034f3 A @) Ecotonidity, freshwater 02751
# 0891070-3ddc-11dd. 960 0050¢2490048 bSC611c6.dof3 1106 b01. 0551350343 A ¥ Ecotoxicy,freshwaterinorganis 0,076 €5
5 08a91670-3ddc-11dd-2203-0050c2490048 b5C611c6-def3-11e6.b101 05513503413 A 2 Ecotonly, freshmate_organcs 0455 HU
6 2905c646-6556-11dd-ad8b-0800200c9a66 b5G611c6-def3-11e6-5101-155135013 A - 0,151 HR
7 08391070 3dde-11dd 963000506 2490048 b5e61166.dof3. 1106 501 0551350143 A IEF-purtiouele Matier 3,655 2
8 08291¢70-3ddc-11dd-2209-0050c2490048 b5c611c6 def3 1166 bf01 fe5513503413 A I Eutrophication marine 2,347 K
9 08391¢70-3ddc-11dd-96ae-0050c2490048 bSCH11c5-def3-11e6-0101-45513503403 A  Eutrophication, freshwater 0,125 MD
0 2905¢640.6556-11dd-adBb. 08002003266 bSC61166.dof3.1106 501055135048 Ad s 0,023 MK
1 08391¢70-3ddc-11dd 960 0050c2490048 556116 def3 11¢6 501 551350343 Ad 0,124 RO
2 08a91670-3ddc-11dd-9641-0050c2490048 b5C611c6-del3-11e6-5101-4e551350343 A (o8 (Conea 0,058 PT
3 2905¢640.6556-11dd-38b.0800200c9366 b5e61166.dof3.1106 501055135010 A ) 0,568 LT
4 08391670 3ddc- 11dd 96ae 0050c2490048 556116 def3 1166 5101 fe5513503413  Achummmeuor 2501 68
5 2905c64e-6556-11dd-adBb-0800200c3266 b5cH11c6-def3-116-bf01-45513503413  Acidification 0,088 BA
© 08291070-3ddc-11dd-3229.0050¢2490048 bSC61166-dof3-1106 010551350343 Acidification 1,054 5
7 2905¢64e 6556-11dd-adsb 0800200c9266 556116 def3 1166 01 fe55135034f3  Acidification 0428 v
B 2905c64¢-6556-11dd-adBb-0800200c9266 b5611c6-def3-11e6-5101-4e5513503413  Acidification 302
9 08291070-3ddc-11dd-2239.0050¢2490048 b5c61166-dof3-1106.bf01-f0551350343  Acidification 0,058 T
0 08291070 3ddc 11dd 2223 0050c2490048 b5C611c6 def3 1106 bf01 05513503413 Acidification 0,023 MK
1 08a91670-3ddc-11dd-96(-0050c2490048 b5c611c6-def3-1166-5101-1e5513503413 idification 2501 GB
2 08291070-3ddc-11dd-3223-0050c2490048 b5C51166-def3-1106-bf01-0551350343  Acidification 1,72 AT
3 2905c64e 6556-11dd 2d8b 0800200c9266 b5C611c6 def3 1166 101 fe5513504f3  Acidification 0747 CH
4 2905c64¢-6556-11dd-2d8b-0800200c3266 b5611c6-def3-11e6-5101-4e5513503413  Acidification 2347 0K
5 08391070 3ddr-114d.9Raf NS IANNMR Acidification 0405 £

hints  flows  flowsOther

SR 10k Aol L1 ToA hiN1-f6551 1503413

pes

21.2. Resource Use, fossils

‘-

21.2.1. Other LCIA methods: Resource Use, fossil

An overview of existing midpoint methods is given in Table 49. (Drielsma, et al., 2016) have
compared the definitions used by the Committee for Mineral Reserves International Reporting
Standards (CRIRSCO) with definitions of reserves as used in the ADP (Resource use, fossils) (Van
Oers, De Koning, Guinée, & Huppes, 2002).
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Table 49: Overview of Midpoint assessment methods

ILCD Handbook: Recommendations for Life Cycle Impact Assessment in the European context First edition

Midpoint method Underlying model Reference

Swiss Ecoscarcity
(energy and gravel)

Frischknecht et al. (2008)

Exergy CEENE: Cumulative exergy extraction from  Dewulf et al. (2007)
the natural environment
CML2002 Guinée and Heijungs, 1995 Guinée et al. (2002)
EDIP1997 (2004 EDIP 1997 (Nedermark) Hauschild (1998, updated in 2004)
update)

MEEUP (water) Kemna et al. (2005)

Swiss Ecoscarcity Frischknecht et al. (2006b)

(water)

Endpoint method

Eco-indicator 99

Muller-Wenk (1998b)

Muller-Wenk (1998b) and Goedkoop

(E199) (1999)
EPS2000 Steen (1999)
IMPACT 2002+ Fossil fuels: IMPACT2002+; Minerals as in Jolliet (2003)
EI99
ReCiPe Goedkoop and De Schryver (2008), De
Schryver and Goedkoop (2009¢)
Exergy

This method is based on (Dewulf, et al., 2007). They used Exergy as a key element in their
assessment. Exergy, often referred to as "available energy" or "useful work potential", is a
fundamental concept in the field of thermodynamics and engineering. It plays a crucial role in
understanding and quantifying the quality of energy within a system and its potential to perform
useful work. Exergy analysis has widespread applications in various fields, including energy
engineering, environmental science, and industrial processes. Exergy values have been
determined for a list of resources covering fossil fuels, minerals, nuclear energy, land resources,
renewable resources (e.g. wind power and hydropower), atmospheric resources and water
resources. The method addresses several shortcomings of earlier exergy methods, like double
counting in bio-based fuels and confusing exergy loss in ores with exergy loss in the minerals that
contain the metals being exploited.

Although this method involves the exergy concept thoroughly, it does not reflect the scarcity of
resources. Exergy is a thermodynamic concept and simply put, it's used to measure the quality
or usefulness of energy or materials. As such, for instance, fossil resources have high exergy
values and release plenty of useful energy. Nevertheless, it doesn’t mean these resources are
abundant or easily accessible. Even if this concept is interesting, we decided to follow the EF of
the European Commission in sense of harmonization.

EDIP 1997

This method was updated in 2004 and includes non-renewable resources (fossil fuels and
minerals). The amount of resources extracted is divided by the 2004 global production of the
resource and weighted according to the quantity of resources in economically exploitable
reserves. Effectively, this means that global annual production drops out, so that the
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o
characterization model is based on the economic reserves only. The CFs are expressed in
person-reserve, meaning the quantity of the resource available to an average world citizen. That
is not very often used in many LCA, so we do not use this method either. Furthermore, it is a
normalized figure and not a clear midpoint-related approach. That does not fit with the other
recommended methods. Due to harmonization, this method is not recommended to be used.

21.3. Resource Use, minerals and metals

21.3.1. Current Scientific Discussion

The Joint Research Centre (JRC) has acknowledged several limitations of the assessment of
Resource Use, minerals and metals in both scientific literature and methodological discussions
(JRC, 2020). As a result, alternative approaches based on resource dissipation have been
proposed and are currently under evaluation.

Nevertheless, Resource Use, minerals and metals using CML characterization factors remains
the method currently recommended by both the European Commission and the United Nations
Environment Programme (UNEP) Task Force on Mineral Resources.

Although the Product Environmental Footprint (PEF) methodology generally defines
characterization factors only for elemental resources, the JRC recognizes that certain borderline
cases exist where assigning a characterization factor of zero or simply summing elemental
characterization factors may not adequately represent resource use. Sodium chloride is one
example of such a case. However, no universally accepted guidance is currently available for
handling these situations.

Consequently, the reviewed JRC publications provide valuable context regarding the limitations
of current methods but offer limited practical guidance for resolving individual modelling cases.

21.3.2. Aggregates and Mineral Resources in Life Cycle Inventory Modelling

The UNEP-SETAC Life Cycle Initiative defines mineral resources broadly, allowing different
interpretations within Life Cycle Assessment studies. This flexibility is reflected in current Life
Cycle Inventory (LCI) practice.

For example, a mineral such as chalcopyrite (CuFeS,) may be represented as:
e the mineralitself,
e its constituent elements (Cu, Fe, and S),
e orboth.

Each representation may be considered valid because the mineral and its constituent elements
can provide value to the technosphere (Berger M., 2020).

Current databases reflect different modelling philosophies. In ecoinvent, metal extraction is
generally recorded based on the quantity of target metal contained within the ore (Weidema,
2013). However, where a mineral or aggregate has value in its own, such as gypsum, sand, or
sodium chloride, the mineral or aggregate itself may be considered the relevant elementary flow
in LCA (Berger M., 2020).
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21.3.3. Proposed Hierarchical Decision Hierarchy

To improve consistency when assessing aggregates and compounds, the following hierarchy is
proposed:

1. Pure elements: Use the characterization factor provided in EF 3.1.

2. Modelled secondary datasets available: Use a representative secondary dataset from
an established LCA database. The dataset source, assumptions, and modelling
approach should be documented.

3. Aggregates and compounds without suitable datasets: Calculate the characterization
factor from the sum of the constituent elemental characterization factors. However, this
approach is not compliant to the EF 3.1 methodology.

4. No suitable data available: Apply a scientifically justified proxy and clearly document
the rationale and limitations.

Where multiple approaches are available, the use of the most conservative and transparent
value is recommended to avoid underestimating the potential depletion of abiotic resources.

Scientifically justified proxies could be, e. g., characterization factors derived from comparing
global reserves of mineral commodities to the global reserves of antimony which can be
extracted from the (U.S. Geological Survey, 2026) which are exemplarily outlined in Table 50:

Table 50: Approach to derive CFs from global mineral reserves stated in (U.S. Geological Survey, 2026) in comparison
to CFs given in EF 3.1 and CML 2016

USGS factor related to

Element Reserves Sb reserves (kg/EF 3.1 CF CML 2016 CF
(metric tons) Antimony/ kg element) |(kg Sb-eq./kg)|(kg Sb-eq./kg)
Antimony|(Sb 2,000,000 1.00E+00 1.00E+00 1.00E+00
Nickel |Ni 140,000,000 1.43E-02 6.53E-05 6.53E-05
~ almost unlimited (no
quantification, gypsum
and anhydrite given as
potentially unlimited
Sulfur S | sources for sulfur) 1.93E-04 1.93E-04

Although, the usage of characterization factors derived from (U.S. Geological Survey, 2026) may
close some gaps as the report also contains high commodity minerals such as bauxite or
minerals like lime, sand, and gravel, there remain gaps as elements like sulfur, chlorine or
oxygen. It should be mentioned that USGS addresses reserves that are mainly determined by
economic factors and influences. The figures can change over time, depending on uses of the
reserves and influenced by market changes. The CML and EF 3.1 figures are based on
availabilities in the earth crust with a much higher (theoretical) availability of the element
compared to economically used materials.
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21.4. Water Scarcity

21.4.1. Example 1: Water scarcity impact for product with value chain in
different countries

2.6m? 0.4m? 0.3m? 0.25m?
- - - -
Water from
v v '
Company A Company B
Netherlands Germany
P e =
3 2
2 A ;
; v
Water from supply Water returned to Water from supply Water returned to
system environment system environment
v v v v
1.4m? 3.4m? 0.8 m* 0.95m?

Figure 22: Example 1: Water scarcity impact for product with value chain in different countries.

Total Water Input CompanyA=2.6+1.4=4m?®
Total Water Output Company A=3.4+0.4+(0.2x1)=4m?
Water Balance: Checked!

Consumptive Water Company A=4-(3.4)=0.6 m?
CF (NL) =1.17 m®world eq./m?
Water scarcity Impact Product A=0.6 x1.17 =0.702 m* world eq. / ton

Total Water Input Company B=(0.2x1)+0.3+0.8=1.3m?
Total Water Output Company B=0.25+0.95+(0.1x1)=1.3m?
Water Balance: Checked!

Consumptive Water Company B =1.1-(0.95)=0.15m?

CF (DE) =1.36 m3 world eq./m?®
Water scarcity Impact Product B =0.702 + (0.15 x 1.36) = 0.906 m® world eq.
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21.4.2. Example 2: Water scarcity impact when input water country of origin
is different from output water

Production of 1 ton
Product A
3 m®Water from
environment | e '
(DE)

2.5 m*Water
................ » returned to
environment (PL)

B33 13

Figure 23: Example 2: Water scarcity impact when input water country of origin is different from output water.

CF, (DE) = 1.36 m® world eq./m?®

CF; (PL) = 1.96 m® world eq./m?®

Water scarcity impact = (Total water inputs x CF;) — (Total water returned to environment x CF,) =
(3x1.36)-(2.5x1.96)=-0.82

In this case, the water scarcity impact is negative because transferring the water from Germany
to Poland even if not fully returned, it causes a credit due to different water stress level.

21.4.3. Examples on Corrective Considerations for Surplus Water Outputs

Table 51 represents the water inventory obtained after data collection.

Table 51: Input-output process water inventory before water balance correction (example 4)

Input Output
Raw materials 10 | ton Product 9 ton
Cooling materials 5 |m? Steam condensate 1.5 m?
Water for steam |2 |m?® Process water to WWTP 0.9 m?®
generation
Process water 1 m? Cooling water returned to | 5.5 m?
environment
Water loss (evaporation) 1.6 m?®

Total Water Input=5+2+1=8m?
Total Water Output=1.5+0.9+5.5+1.6=9.5m?
Water Output Surplus =9.5-8=1.5m?

e After confirming the water content of raw materials, 10% water content has been
estimated to be included in raw materials.

e |thas been also confirmed that due to having open facilities, rainwater has been entered
into the network and returned into environment along with the cooling water. Therefore,
the rainwater amount should be deducted from inventory based on the water imbalance.

The updated inventory is as follows:

Table 52: Input-output process water inventory after water balance correction (example 4)
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Input Output
Raw materials (dry) 9 ton Product 9 ton
Water content in raw | 1 ton Steam condensate 1.5 m?®
materials
Cooling water 5 m? Process water to| 0.9 m?
WWTP
Water for steam | 2 m? Cooling water returned | 5 m?
generation to environment
(rainwater excluded?)
Process water 1 m?® Water loss | 1.6 m?®
(evaporation)
Rainwater  to be | 0.5 m?
deducted!

Total Water Input=5+2+1+1=9m?
Total Water Output=1.5+0.9+5.5+1.6-0.5=9m?®
Water Balance: Checked!

21.4.4. Examples on Corrective Considerations for Surplus Water Inputs

Table 53 represents the water inventory obtained after data collection.

Table 53: Input-output process water inventory before water balance correction (example 5)

Input ‘ ‘ Output
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Raw 10 ton Product 9 ton
materials
(dry)
Process 4 m?® Solid waste to | 2 ton
water incineration
Water for | 2 m?® Steam 1.5 m?3
steam condensate
generation

Process Water | 3 m?®

to WWTP

Total Water Input=4+2=6m3
Total Water Output=1.5+3=4.5m?®
Water Input Surplus =6-4.5=1.5m?

e After confirming the water content of solid waste, 50% water content has been estimated
to be included in the solid waste.

e The water loss due to evaporation also has been confirmed for the steam. Therefore,
evaporated water has been added to output flows based on the water imbalance.

The updated inventory is as follows:

Table 54: Input-output process water inventory after water balance correction (example 5)
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Input
Raw materials (dry) 10 | ton
Process water 4 | md
Water for steam generation 2 | md
Output
Product 9 | ton
Solid waste to incineration 1 | ton
Water content in the solid waste 1 |md
Steam condensate 1.5 | md
Water loss (evaporation) 05 | md
Process water to WWTP 3| m

Total Water Input=4+2=6m3
Total Water Output=1+1.5+0.5+3=6m?
Water Balance: Checked!

21.5. Acidification Potential

21.5.1. Other LCIA methods: Acidification Potential

In the ILCD Handbook (Hauschild, et al., 2011) different LCIA methods containing different
models on midpoint level assessing the AP have been described and evaluated:

e TRACI APs are derived from (Norris, 2003) model, which offers generic, spatially
differentiated CFs for the U.S. It employs the ASTRAP fate model to connect emissions to
land deposition, accounting for AP across all land and inland water areas, regardless of soil
and ecosystem sensitivity. The model's dose-response curve is set to 1. While TRACI
effectively evaluates acidifying chemicals, it is limited to terrestrial acidification in the U.S.
and does not fully address soil sensitivity to acidifying deposition. Enhancing environmental
relevance could involve adding soil fate factors to differentiate sensitive from non-sensitive
areas. Additionally, the ASTRAP model used for atmospheric fate is considered outdated.
(Hauschild, et al., 2011)

e MEEUP (Kemna, Van Elburg, W., & Van Holsteijn, 2005) is aligned with European legislation
and the Gothenburg protocol, focusing on AP based on H" releases. It does not consider the
chemical fate of emissions in air and soil, treating all emissions and depositions as equalin
generating AP, with an implicit dose-response curve of 1. The method lacks environmental
relevance due to its disregard for atmospheric fate and soil sensitivity, and it does not allow
for regional differentiation (Hauschild, et al., 2011).

e CML 2002 employs the Hazard Index (HI) method (Huijbregts, Verkuijlen, Heijungs, &
Reijnders, 2001) to provide spatially specific CFs for acidifying and eutrophying air pollutants
in Europe. These CFs indicate the marginal change in the hazard index across European
ecosystems by comparing actual loads to critical loads, weighted by ecosystem and region.
The European RAINS model (Amann, Cofala, Heyes, Klimont, & Schopp, 1999) is used to
assess atmospheric transport and deposition. The HI method assumes a dose-response
slope that is inversely proportional to the critical load. While CML 2002 offers a solid
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evaluation, it is less current and holds less stakeholder relevance compared to other

methods. (Hauschild, et al., 2011)

ReCiPe is a midpoint-endpoint method that utilizes the Base Saturation method developed
by (Van Zelm R., et al., 2007) to assess atmospheric fate using the EUTREND model (Van
Jaarsveld, Van Pul, & De Leeuw, 1997), focusing solely on terrestrial ecosystems. It employs
the SMART 2 simulation model (Kros, 2002) to evaluate soil sensitivity at the midpoint level
through changes in soil base saturation, with data currently available only for Europe.
ReCiPe provides a solid foundation for future acidification methods based on the Base
Saturation factor, offering an alternative to critical load approaches. However, the concept
needs to be expanded to include ecosystems beyond forests, and further exploration is
required to create consistent CFs for other continents, including potential proxies for effect
factors. (Hauschild, et al., 2011)

LIME (Hayashi, Okazaki, Itsubo, & Inaba, 2004)is a midpoint-endpoint method that uses the
Atmospheric Deposition Factor to express the SO, equivalency, indicating an increase in H*
deposition per unit area due to additional acidifying emissions. The fate of these emissions
is assessed using an atmospheric transport model or empirical data, depending on the
chemical, and it focuses solely on terrestrial ecosystems. While LIME generally meets
scientific criteria at the midpoint level, its selected indicator lacks sufficient environmental
relevance, as it only models the cause-effect chain up to the deposition of acid equivalents
without considering sensitive and non-sensitive areas. (Hauschild, et al., 2011)

Payet (2006) proposed a dose-effect relationship to evaluate changes in pH concentration
in non-buffered water bodies, focusing on the fraction of affected or lost species, as part of
the European NOMIRACLE project and IMPACT 2002+ developments. This method has not
been operationalized or validated with field measurements and requires a fate model for
further development. However, it could provide a valuable foundation for assessing the
impact of acidifying chemicals on aquatic ecosystems. (Hauschild, et al., 2011)
ImpactWorld+ enhances existing regional modeling capabilities by extending them to a
global scale, enabling consistent evaluation of regional life cycle emission inventories within
the framework of a global economy (Jungbluth, 2025). This methodology serves as an update
to the IMPACT 2002+, LUCAS, and EDIP methods. ImpactWorld+ employs a midpoint-
damage framework that offers four complementary perspectives to illustrate an LCIA profile:
(1) midpoint impacts, (2) damage impacts, (3) damages affecting human health, ecosystem
quality, and resource & ecosystem service areas of protection, and (4) damages related to
water and carbon concerns. The assessment of terrestrial and freshwater acidification
impacts combines global atmospheric source-deposition relationships with the sensitivity
of soil and water ecosystems at a resolution of 2° x 2.5° (latitude x longitude) (Bulle C. , et
al., 2019). By utilizing more scientifically robust and advanced models, ImpactWorld+
delivers more accurate and environmentally relevant LCA results. Additionally, it
incorporates uncertainties related to CFs and impact categories, employing cutting-edge
characterization modeling. Notably, it is the first global regionalized method that allows for
the assessment and differentiation of the same emission occurring in various geographical
locations worldwide (Jungbluth, 2025).
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21.6. Ozone Depletion Potential

21.6.1. Other LCIA methods: Ozone Depletion Potential

In a review of (Oever, et al., 2024) 15 LCIA methods covering ODP as impact category have been
reviewed. An overview is shown in the following table:

Table 55: Description of the 15 LCIA methods selected for this review. Legend: M = midpoint, E = endpoint, n.a. = not
available (Oever, et al., 2024)

Impact assessment method # of N20 Time horizon Type  Endpoint effectsincluded  Normalization Weighting
substances included
TRACI 2.1 (Bare, 2011) 920 No Infinite M No US and Canadian n.a.
ODS emission 2008
EPS2015d (Steen, 2015) 101 No Infinite E Skin cancer, cataract na. Willingness-to-pay
CML-IA baseline (Oers, 1. van, 23 No Infinite M n.a. Per capita global ODS  n.a.
2016) emissions 1995
CML-IA non-baseline (Oers, L. 15 No 5,10,15,20,25,30,40 M n.a. Per capita global ODS  n.a.
van, 2016) years emissions 1995
ReCiPe 2016 -Individualist ( 22 Yes 20 years M/E Skin cancer (Hayashi na. n.a.
Huijbregts et al., 2016) etal, 2006)
ReCiPe 2016 -Hiérarchisch ( 22 Yes 100 years M/E Skin cancer (Hayashi na. n.a.
Huijbregts et al., 2016) etal., 2006)
ReCiPe 2016 -Egalitarian ( 22 Yes Infinite M/E Skin cancer, cataract ( na. n.a.
Huijbregts et al., 2016) Hayashi et al., 2006)
Environmental prices (De Bruyn 25 No 100 years M/E  Skin cancer, agricultural na. Damage-costs
et al.,, 2018) crops (Hayashi et al,
2006)
Impact World+ (Bulle et al,, 25 No Infinite M/E Skin cancer, cataract ( Global damage 2000 n.a.
2019) (midpoint) Struijs et al., 2010) etal.,
23 2010)
(endpoint)
LC-IMPACT all effects, infinite ( 21 Yes Infinite E Skin cancer, cataract na. n.a.
Verones et al., 2020) Hayashi et al., 2006)
LC-IMPACT all effects, 100 years 21 Yes 100 years E Skin cancer, cataract ( na. n.a.
(Verones et al., 2020) Hayashi et al., 2006)
LC-IMPACT certain effects, 21 Yes Infinite E Skin cancer (Hayashi na. n.a.
infinite (Verones et al., 2020) et al.,, 2006)
LC-IMPACT certain effects, 100 21 Yes 100 years E Skin cancer (Hayashi na. n.a.
years (Verones et al., 2020) et al.,, 2006)
Ecological scarcity 2021 (FOEN, 42 No Infinite M n.a. Swiss emissions 2021 Distance-to-target
2021) (Swiss emissions
2040)
Environmental Footprint 3.1 ( 23 No Infinite M na. Per capita global Hybrid evidence-
Andreasi et al., 2023; Fazio emissions 2010 based and expert-
et al., 2018) judgement

Forthe DMP, only the midpoint categories are relevant. Therefore, the abovementioned endpoint
including EPS 2015d and LC-IMPACT (incl. all the variations) will not be considered in the
discussion.

The UNEP Handbook for the Montreal Protocol (UNEP, 2020) enlisted 93 CFs. Despite relying on
relatively old data sources, the impact assessment method TRACI 2.1 contains the highest
number of CFs with 90 substances, followed by Ecological Scarcity 2021 with 42 substances.
While the maijority of LCIA methods (e.g., CML-IA baseline, EF 3.1, Impact World+, ReCiPe 2016)
only include 22 to 25 ODS.

(Oever, et al., 2024) discovered that of the 32 substances not regulated by the Montreal Protocol,
which are instead reported in the WMO inventory (WMO, 2022), only 5 of them are very sparsely
included inthe LCIA (e.g., N.O in ReCiPe). (Oever, et al., 2024) stated that up to now only the LCIA
method EF version 3.1 (Bassi et al., 2023; Fazio, et al., 2018) provides the most recent factors
based on a global inventory for 2010. The rest of the methods offer normalization factors, which
mostly refer to global inventories dated before 2010. However, it should be noted that the
completeness of the global emissions inventory underlying the EF 3.1 normalization factor for
ozone depletion has been estimated at below 30%; consequently, normalized and weighted ODP
results should be interpreted with considerable caution.
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Completeness of the inventory used in EF 3.1 is estimated to be below 30% (Sala S., 2019). TRACI
2.1 contains normalization factors based on US and Canadian ODS emissions of 2008. (Oever,
etal., 2024)

Three different weighting methods were presented in the review of Oever et al. (2024). Ecological
Scarcity 2021 provides a distance-to-target weighting factors, which express the normalized
results relative to the Swiss policy targets for 2040, which limits the geographic
representativeness. EF 3.1 incorporates a combination of public and expert panel-based
weighting factors. (Oever, et al., 2024)

Figure 24 illustrates the data sources and model assumptions for ODP considering the period of
publication of the LCIA method. The graph shows EF 3.1. as the most recent methodology, which
is based on (Goedkoop, et al., 2009; WMO, 2022).
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Figure 24: Overview of existing LCIA methods considering ODP in midpoint (blue ovals) and endpoint (red ovals)
methods. White ovals represent data sources for ODP and model assumptions. (Oever, et al., 2024)
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21.7. Photochemical Ozone Creation Potential
21.7.1. Other LCIA methods: Photochemical Ozone Creation Potential
Table 56 compares several existing methodologies for assessing POCP.
Table 56: Overview of LCIA methods for POCP
Method | Midpoint/ | Unit Spatial Chemicals | Coverage Models Reference
Endpoint resolution
CML M kg Country, NO;, POCP (Guinée et
2002 ethylene- Europe POCP- al., 2002)
eq. per kg factors
emitted
ReCiPe | M,E Kg NOx-eq | Europe NOx, Terrestrial Global (Van Zelm,
2016 but can be | NMVOC, ecosystem, | source- Preiss,
adapted N.O Human receptor Van
for global health model TM5- | Goethem,
FASST Van
Dingenen,
&
Huijbregts,
2016)
TRACI M (0 North Maximum Sphera
2.1 equivalent | America Incremental | LCA
and Reactivity Database
Mexico (MIR) scale Modelling
Principles
2024
EF 3.1 M Kg Europe NOx, Human LOTOS- (Van Zelm
NMVOC- NMVOC, health EUROS R. , et al,,
eq. per kg model 2008)
LIME M,E Kg Japan NO,, Human (Hayashi,
ethylene NMVOC, health, Okazaki,
eq. Into air POCP- crops, Itsubo, &
per kg factors wood Inaba,
emitted and 2004)
primary
production

As shown in the table above, the methods use different reference unit to measure POCP,
consider different groups of chemicals and utilize different underlying models. These differences
result in large variation in POCP values. This is also evident in the study conducted by Joseph, B
et al., 2024 to assess the POCP during composting using three methodologies: ReCiPe, EF 3.0

and IMPACT WORLD+ as depicted in Figure 25.
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Photochemical Ozone Formation
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Figure 25: Comparison of photochemical ozone formation values (in kg NMVOC eq.) between the three methods:
ReCiPe, EF 3.0 and IMPACT World+. (Joseph & Stichnothe, 2024)

Figure 26 highlights that the ReCiPe 2016 method yields the highest POCP value, while EF 3.0 and
IMPACT WORLD+ methodologies results in a 76% lower value. As mentioned above, this is due
tothe differencesinthe characterization models used by the three methodologies. While LOTOS-
EUROS model is used by EF 3.0 and IMPACT WORLD+ to characterize the impact of
photochemical ozone formation, ReCiPe 2016 method uses global source-receptor model TM5-
FASST. As aresult, the coverage of the POCP causing substances has also varied. For instance,
ReCiPe 2016 covers overall 134 substances, compared with 65 in EF 3.0 and 104 in IMPACT
World+. Specifically looking at the individual NMVOC emissions, ReCiPe 2016 method covers
nine ozone-forming substances compared to EF 3.0 and IMPACT World+, which covered only five
and four substances, respectively.
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Figure 26: Comparison of photochemical ozone formation values (in kg NMVOC eq.) between the four methods:
ReCiPe 2016, ILCD 2011, CML-IA baseline and IMPACT 2002+ . (Rybaczewska-Btazejowska & Jezierski, 2016)

Similar conclusion was also drawn by Rybaczewska-Btazejowska and Jezierski (2024) where
results from ReCiPe 2016, ILCD 2011, CML-IA baseline and IMPACT 2002+ were compared for

227

CHEM-X



The Environmental Sustainability Guideline for the Chemical Industry

o
POCP at midpoint level of the electricity consumption mix across European countries
(Rybaczewska-Btazejowska & Jezierski, 2016). Figure 26 clearly presents the visible trend across
the European countries, with ILCD 2011, CML-IA baseline and IMPACT 2002+ methods showing
~90% lower value on average in comparison to ReCiPe 2016.
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21.8. Particulate Matter

Methodological approaches consider different approaches on how Disease Incidence is
measured:

e Epidemiological Data: Measurement begins with the use of epidemiological studies that
track the rates of diseases, such as respiratory or cardiovascular illnesses known to be
associated with particulate matter exposure. These studies help establish baseline
incidence rates in the general population (Pope, et al., 2002).

e Exposure Assessment: Advanced models estimate population exposure based on
geographic proximity to emission sources, concentration of particulates in the air, and
demographic factors (Fantke, et al., 2016).

e Attribution of Cases: Using dose-response relationships derived from epidemiological
research, the EF method attributes a portion of disease incidence directly to particulate
matter emissions. This involves calculating the increase in disease cases per kilogram of
PM emitted, accounting for local conditions and population density (Fantke, et al., 2016).

Impact pathway and methodological approaches

The impact pathway describing health effects associated with exposure to PM, 5 originating from
emissions of primary particles or from secondary PM, s precursors (gaseous substances) that are
converted to PMs through oxidation builds on the general LCIA framework for air pollutant
characterization developed by (De Haes, et al., 2002; Jolliet, et al., 2004), as shown in Figure 27.
In this framework, the assessment of PM,s -related health impacts begin with emissions of
primary PM.s or PM,s-forming precursors into indoor or outdoor air, quantified as the mass
released to the atmosphere. These emissions undergo transport and transformation processes
within and between indoor and outdoor environments, as well as across urban and rural areas,
resulting in a time-integrated PM,s mass or concentration in air. A share of this accumulated
PM.sis inhaled by the exposed population, leading to an aggregated population-level health risk
that can be expressed in terms of expected disease cases. In many applications, this cumulative
risk is estimated directly from PM,s air concentrations, assuming inhalation by the exposed
population. Unlike numerous organic substances considered in LCIA, which are often modeled
using linear dose-response relationships, PM, s exhibits well-documented non-linear exposure-
response relationships for key health outcomes. In the final step of the impact assessment as
outlined in Figure 27, the estimated disease incidences are converted into damage indicators for
the affected population by taking disease severity into account (Fantke, et al., 2016).
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Figure 27: Impact pathway followed for assessing human health effects from particulate matter (PM) (Fantke, et al.,
2016)

The PM score in EF 3.1 (Zampori & Pant, 2019) is calculated by characterizing emissions based
on a disease incidence model. It quantifies the results as “disease incidence” due to the
emissions of PM, focusing solely on human health effects from exposure to primary and
secondary PM. It does not include ecosystem damage or climate change mechanisms within this
category.

For the PM impact category, the calculation uses characterization factors (CF) for different

substances, multiplying each substance's emission by its specific factor to represent its relative
contribution to disease incidence.

Additional information on emission factors and characterization factors:

These factors are used to calculate PM emissions and are compiled by organizations like
the U.S. EPA (EPA, 2026). Emission factors are specific to the source, pollutant, and activity,
such as PM10 or PM2.5 from burning different types of fuel or from animal feeding
operations.

o Pollutant-specific: Emission factors are specific to the type of particulate matter being
measured, such as PM10 (inhalable particles) or PM2.5 (fine inhalable particles).

e Activity-specific: They are tied to the activity causing the emission, such as burning
fuel, operating a boiler, or a specific agricultural activity.

o Representative averages: Emission factors are typically averages of available data and
represent a population average for a source category, meaning roughly half of the real-
world sources will have higher emissions and half will have lower emissions than the
factor.

e Source of factors: Emission factors are compiled from various data sources, including
source tests, material balance studies, and engineering estimates.

o Vary by source: Factors vary significantly depending on the source category. For
example, the PM emission factor for a dairy facility will be different from that of a natural
gas combustion unit.
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Examples of emission factors

e Fuel combustion: The (Kansas Department of Health and Environment, 2026) provides
examples like 1 pound of PM10 per 1,000 gallons of fuel, and 0.25 pounds of PM2.5 per
1,000 gallons of fuel.

¢ Animalfeeding operations: A study identified PM2.5 emission factors of 0.84kg per
1,000 animal days for a dairy and 8.09kg per 1,000 animal days for a feedlot during the
summer.

The general approach for calculating the Air Quality Index (AQI) (EPA, 2026) for PM involves

1. Calculating a sub-index for PM based on its concentration using segmented linear
functions,

2. calculating other sub-indices for pollutants like ozone and nitrogen dioxide, and

3. takingthe highest of all the sub-indices as the overall AQI.

e For amore real-time score, the U.S. EPA uses a NowCast calculation, which involves a
weighted average of recent PM readings.

The calculation needs to be performed for each sub-index for specific pollutants.

Ini — Lo

[= —/——
BPy; — BPj,

(C - BPlo) + I10

Formula 33: Equation for each sub-index for specific pollutants
Where:

— Cisthe concentration of the pollutant.
— BPniand BP,are the breakpoint concentrations that the value falls between.
— Inand lp,are the AQI values corresponding to those breakpoints.

Calculate for all pollutants: Repeat this process for each pollutant (e.g., PMyo, O3, CO, ...).
Take the maximum: The final AQl is the highest of all the individual sub-indices calculated.
Alternative NOWCAST method:

e Calculate the range: Find the minimum and maximum PM, s measurements over the
past 12 hours and find the difference (the range).

e Calculate the scaled rate of change: Divide the range by the maximum measurement.

o Determine the weight factor: Subtract the scaled rate of change from 1. If the result is
below 0.5, setitto 0.5. This factor must be between 0.5 and 1.

o Calculate the weighted average: Multiply each hourly measurement by the weight
factor raised to the power of the number of hours ago it was measured. Then, sum these
products and divide by the sum of the weight factor raised to the corresponding power
for each hour.

e Convert to AQIl: Use a concentration-to-AQIl converter (available on the MET ONE
website (MET 2026) to get the final score.
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e How to Calculate AQIl and NowCast Indices

21.9. lonising radiation (human health)

Impact pathway and methodological approaches

The method proposed by Frischknecht et al. (Frischknecht, Braunschweig, Hofstetter, & Suter,
2000) (Figure 28) starts with releases at the point of emission, expressed as Becquerel (Bq), and
calculates the radiative fate and exposure, based on detailed nuclear physics knowledge. The
fate and exposure analysis are generalized from site-specific modelling of the French nuclear
fuel cycle within the ExternE (“Externalities of Energy”) project, covering routine atmospheric and
liquid discharges from all steps of the cycle (Dreicer, Tort, & Manen, 1995).

For human toxicity, the exposure analysis calculates the dose that a human actually absorbs,
given the radiation levels that are calculated in the fate analysis. The measure for the effective
dose is the Sievert (Sv), based on human body equivalence factors for the different ionising
radiation types (-radiation, neutrons: 1Sv=1J/kg body weight). Data expressed in Sievert
includes physical data on energy doses and biological data on the sensitivities of different body
tissues. Man Sievert (Man-Sv) is the collective dose, calculated by multiplying the average
individual dose representative of the population, by the number of people affected and
integrating it over a specified time horizon. An intermediate stage in the calculations of doses is
often expressed as Gray (Gy). This is the measure of absorbed dose without considering the
different reaction types of body tissues. Impact pathways followed for assessing human health
effects from ionising radiation are shown in Figure 28.

The following terms and units are used in the modelling:

e Becquerel (Bq) is the unit for measuring radioactive decay: 1 Bq is equivalent to one
radioactive decay per second. Becquerel is a measure at the point of emission.

e Gray (Gy) is the measure of absorbed dose, not considering the different reaction types
of body tissues. Itis the energy absorbed per unit mass of the irradiated material (1 Gy =
1 J/kg mass) and is the fundamental dosimetric quantity in radiological protection.

e Sievert (Sv) is the unit for measuring the effective dose, based on human body
equivalence factors for the differentionising radiation types (a-, B-, y- radiation; neutrons).
1 Sv = 1 J/kg body weight. Sievert is a measure at the point of emmission. Sv contains
physical data on energy doses and biological data on the sensitivities of different body
tissues. Itis also used to quantify the committed effective dose (effective dose integrated
over 50 years) and of the average individual dose (committed effective dose received by
an average individual).

e Man Sievert (man.Sv) is the collective dose, calculated by multiplying the average
individual dose representative of the population by the number of people affected and
integrating it over a specified time horizon.
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Figure 28: Impact pathway followed for assessing human health effects from ionising radiation (IR) (Frischknecht,
Braunschweig, Hofstetter, & Suter, 2000).

21.10. USEtox for Human Toxicity assessment in LCA

Detailed Formula Derivation for Characterization factors can be found in the Annex 21.12

The CTUh (Fantke, et al., 2017) calculation can be derived from the impact pathway logic used in
USEtox: an emitted mass is distributed in the environment, a fraction of that mass reaches
humans through exposure routes, and the resulting intake is translated into expected health
effects. The derivation below uses generic notation and is intended to explain the calculation
structure rather than reproduce all model-specific matrix equations.

Step 1: Start from the inventory emission. For substance x emitted to compartment c, the life
cycle inventory provides the emitted mass per functional unit:

My,c [kg/FU]

Step 2: Calculate the time-integrated environmental mass using the fate factor. USEtox
estimates how long and where the chemical remains in the multimedia environment. For an
emission to compartment ¢ and a receiving or intermediate compartment i:

Mx,iint = mx,c x FFx,c—>i

e M,/™=time-integrated mass or presence of substance x in receiving compartment i.
o FF, s =fate factor linking emission to compartment ¢ with persistence and distribution
in compartmenti.
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In the full USEtox model, fate is represented by multimedia mass-balance relationships that
account for partitioning, degradation, intermedia transport and removal. Conceptually, the fate
factor is the proportionality term that converts a unit emission into time-integrated chemical
presence in relevant compartments.

Step 3: Translate environmental presence into human intake using exposure factors. For
exposure route r, such as inhalation, drinking water or food ingestion, the intake caused by the
time-integrated environmental presence is:

Ix,c,i,r = mx,c x FFx,c%i x XFx,i,r

Where

— Ixeir = human intake of substance x via route after emission to compartment c.
— XFyir=exposure factor translating chemical presence in compartment i into human
intake through route r.

The product of fate and exposure is commonly summarized as the intake fraction:
in,c,r = zi FFx,céi x XFx,i,r
Thus, total intake across compartments and routes can be written as:

Ix,c = mx,c x zi,r FFx,cﬁi x XFx,i,r = mx,c x in,c

Step 4: Convertintake into expected human health effect using the effect factor. The effect factor
expresses the expected number of disease cases per unit intake:

Ex,c = Ix,c X EFx
Where

— Exc = expected human toxicity effect for substance x emitted to compartment c,
expressed in disease cases per functional unit.

— EFc=human effect factor, expressed as disease cases per kg intake, derived from dose-
response information.

Substituting the intake expression gives:

Ex,c = My X zi,r FFX,C—>i X XFX,i,r X EFx,r

Step 5: Define the characterization factor. The term multiplying the emitted mass is the USEtox
human toxicity characterization factor:

CFx,c = Zi,r FFX,C—)] x XFX,i,r X EFx,r

Step 6: Aggregate across all inventory flows. The total human toxicity midpoint score for the
product system is obtained by summing all substance- and compartment-specific results:

CTUhtotal = zx,c mx,c X CFx,c = z>(,c mx,c X Zi,r FFx,c—>i x XFx,i,r x EFx,r
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Step 7: Optional endpoint derivation. If the analysis proceeds from midpoint to endpoint, the
disease-case midpoint result may be multiplied by a severity factor:

DALYtota[ = CTUhtota[ X SF

Here, SF is a severity factor expressed as DALY per disease case. This endpoint conversion is
optional and adds additional assumptions about disease severity and duration. Endpoint
calculations are not applied in this context of the document.

Table 57: Input factors for CTUh calculation in USEtox assessments

Derivation

Interpretation Typical Unit
Term

Mass of substance x emitted to compartment ¢
Miy,c . . kg/FU
per functional unit.

Time-integrated environmental presence in | kg-day/kg emitted or

FFxcoi . . . .
oo compartmenti per kg emitted to compartment c. | equivalent fate unit
XE Human intake via route r per time-integrated | kg  intake/(kg-day) or
b environmental presence in compartment i. equivalent exposure unit
Fraction of emitted mass eventually taken in by
iFxc humans across compartments and exposure | kg intake/kg emitted
routes.
Expected human health effect per kg intake via
EF,, P P g cases/kg intake

router.

Human toxicity characterization factor for
CFrc y CTUh/kg emitted
substance x emitted to compartment c.

Total comparative toxic units for humans per
CTUhww compar PEY cTUh/FU
functional unit.

Compact derivation: emission mass - time-integrated environmental presence > human intake
> disease cases. In formula form: m x FF gives environmental presence; m x FF x XF gives intake;
m x FF x XF x EF gives CTUh. Summing over substances, emission compartments, receiving
compartments and exposure routes gives the total CTUh result for the functional unit. Table 57
summarizes the data needed for a CTUh calculation.
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21.11. ProScale for Human Toxicity assessment in LCA

21.11.1. General principles

ProScale (ProScale 2017) links chemical hazard with exposure conditions and mass flows, it can
support product design, supplier engagement, material selection, safe and sustainable-by-
design assessments, procurement decisions and chemical footprinting (Holmquist, et al., 2021)
(Saling, Gelder, & Kriiger, 2019). This makes it suitable for industries that may not have deep
toxicological modelling expertise but do have access to safety data sheets, classification data,
and use descriptions and process information (Lexen, 2021).

ProScale is not only relevant for chemical producers. Many other sectors use chemicals in
products, materials, cleaning operations, coatings, electronics, construction products, textiles,
packaging, agriculture, energy technologies and consumer goods. These industries also need to
understand where hazardous substances create direct exposure potentials along the life cycle
and where improvements can be made.

USEtox and ProScale should not be seen as direct substitutes in all cases. USEtox remains highly
relevant when the objective is to quantify potential human toxicity and ecotoxicity impacts from
emissions within a conventional LCA framework. ProScale uses the common approach of
chemicalindustry when risks of chemicals to humans are evaluated. Based on the systematic of
risk assessments, ProScale addresses human tox impacts. The objective is to assess and
compare chemical exposure potentials in industrially realistic product systems, especially
where direct human exposure, process conditions and risk management measures are decisive.
This information can be used in LCA as well and harmonizes risk assessment work done for
chemicals with LCA for consistent results in EF3.1 but as well in Safe and Sustainable by Design
(SSbD) approaches of the EU commission. Based on this approach, data are generated to
compare different products in an LCA. ProScale can be used in LCA following the mass flows of
inputs and outputs and link them in the impact assessment with the ProScale results.

ProScale is a life-cycle-oriented method for assessing direct human toxicity potential associated
with chemicals in product systems. It complements conventional life cycle assessment
methods that mainly address indirect human toxicity from environmental emissions by focusing
on near-field exposure of workers, professionals and consumers along the value chain. It was
developed by a consortium of chemical companies together with IVL (IVL, 2026).

¢ Life cycle thinking: The assessment follows the product system and functional unit
used in LCA, covering relevant unit processes from raw material extraction to
production, use and, where relevant, end-of-life.

e Hazard and exposure combined: ProScale is risk-oriented rather than purely hazard-
based. It combines intrinsic hazard with modelled exposure potential, time of exposure
and substance mass flow.

¢ Route-specific assessment: Scores are calculated separately for inhalation, dermal
and oral exposure routes where relevant.

e Process specificity: Exposure is linked to process conditions, operational controls,
substance properties and use patterns.

e Aggregation: Chemical-level and process-level scores can be summed to obtain a
product-system score for a functional unit.
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[
¢ Compatibility with LCA: Results can be used alongside LCA indicators, Environmental

Product Declarations, Product Environmental Footprints and Safe and Sustainable by
Design assessments.

21.11.2. Procedure and workflow

The following text describes the workflow that is needed for the preparation of ProScale results
including guardrails and assessment approaches (Rydberg, 2023).

1. Define goal and scope: Use the functional unit, system boundaries, life cycle stages,
target audience, intended comparison and exposure routes to be considered as
outlined for other environmental impact categories.

2. Map the product system: Identify all relevant unit processes and chemicals used,
formed, emitted or present in mixtures during the life cycle.

3. Collect substance hazard data: Compile harmonised or self-classified GHS/CLP
hazard statements, occupational exposure limits, derived no-effect levels or equivalent
acceptable exposure levels.

4. Assignthe Hazard Factor: Convert route-specific hazard information and potency
information into a Hazard Factor.

5. Model exposure: Estimate exposure concentrations using ECETOC TRA or an
equivalent tiered exposure model, applying process categories, substance properties,
operational conditions and risk management measures.

6. Determine person-hours: Estimate the number of exposed person-hours per unit
output of each process. In Chem X there was a list defined for the harmonized use of
PHF, see Table 60.

7. Determine mass flows: Use the amount of each substance required per functional unit
in each process.

8. Calculate route-specific scores: Multiply the four factors for each substance, process
and exposure route.

9. Aggregate and interpret: Sum scores across substances and processes, identify
hotspots, compare alternatives and document assumptions and uncertainties.

21.11.3. Procedural guardrails

For a meaningful calculation of ProScale results, some procedural guardrails were defined. The
method is very flexible and can calculate many different types of products. For a harmonization
in the Chem X context, these guardrails are helpful.

¢ Avoid hazard-only conclusions: A high hazard classification alone does not determine
the ProScale result; exposure potential, person-hours and mass flow are also decisive.

¢ Keep exposure route separation: Do not combine inhalation, dermal and oral scores
unless a clearly defined aggregation or weighting approach is used.

e Use authoritative hazard data: Prefer harmonised CLP classifications, REACH
registration data, safety data sheets, DNELs and legally established OELs, documenting
the hierarchy applied.

o Respect applicability domains: ECETOC TRA-style modelling is most appropriate for
defined occupational, professional or consumer use conditions; special cases may
require expert review.
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o
¢ Document risk management measures: Ventilation, containment, personal protective

equipment, duration, concentration and process category assumptions should be
transparent. In Chem X, risk management measures were defined for harmonization
purposes. ProScale offers four levels of Local Exhaust Ventilation (LEV) influencing the
inhalative pathway of toxic substances:
o No,
o Indoors with Local Exhaust Ventilation (LEV),
o Indoors with Local Exhaust Ventilation (LEV) and good general ventilation,
o Indoors with Local Exhaust Ventilation (LEV) and enhanced general ventilation.
As proxy, Indoors with Local Exhaust Ventilation (LEV) is recommended to be
used. In specific situations and with additional knowledge of the processes,
other risk management measures may be applied.
¢ In addition, ProScale offers four levels of dermal protection of workers influencing the
dermal pathway of toxic substances:
o No,
o Gloves APF5
o Gloves APF 10
o Gloves APF 20
e Do notinterpret scores as actual disease cases: ProScale provides comparative
toxicity potential scores, not epidemiological incidence, absolute risk or regulatory
compliance proof.
e Check data quality and sensitivity: Identify dominant assumptions and test the
influence of uncertain hazard factors, exposure estimates, person-hours and mass
flows.

An overview of the elements of the assessment approach is given in Table 58.

Table 58: Summary of important key elements of ProScale assessments.

Assessment

Description Typical use
approach P yp
Screenin Uses readily available classifications, | Early hotspot identification,
g default exposure assumptions and | portfolio screening, data-gap
assessment

generic person-hour factors. prioritization.

Uses process category, operational

- . ; . Product comparisons,
Process-specific | conditions, concentration, duration,

— . . improvement studies, internal
assessment ventilation, containment and risk

decision support.
management measures.

Identifying dominant
Route-specific Calculates separate scores for | exposure pathways and
assessment inhalation, dermal and oral exposure. targeted risk reduction
options.
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@® CcHEM-

Life-cvele Sums substance-process-route scores | LCA integration, EPD or PEF-

y ) across the product system per functional | type communication,
aggregation . . .

unit. alternative comparison.

Hotspot and [ Ranks contributions by substance, | Design of safer alternatives,
contribution process, exposure route or life cycle | supplier engagement,
analysis stage. process optimization.

21.11.4. Core formulas

ProScale uses several formulas to calculate results, to aggregate results, and to support
interpretation. The following text describes relevant formulas and their use.

The basic ProScale score for a substance in a unit process and exposure route is calculated as:

PSS; = HFs, x ECFspr x PHF, x MF
Formula 34: Equation for “human toxicity” calculation in ProScale

Where:

— PSS: the ProScale Score,

— S:substance,

— P:unit process, usually open mixing, closed dosing, spraying, cleaning, formulation,
use phase

— R:exposureroute, usually inhalation, dermal, or oral exposure

— HF: Hazard Factor,

— ECF: Exposure Concentration Factor,

— PHF: Person-Hours Factor and

— MF: Mass Flow per functional unit

The route-specific score for a product system is calculated by summing all substance-process
contributions. If all exposure routes are reported together, the aggregation should remain
transparent:

PSSproduct,total = zr PSSproduct,r

Formula 35: Equation for aggregation of all exposure routes in ProScale

For contribution analysis, the share of a substance, process or route can be calculated as:

Contribution (%) = PSS; / PSSyroquct * 100

Formula 36: Equation for the identification of a product result contribution compared to the overall
result
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In this sense the following definitions apply:
Hazard Factor: HF; ,.

The Hazard Factor represents the intrinsic toxicological concern of a substance for a specific
exposure route.

It answers:
How severe or potent is the substance if exposure occurs by this route?
Typicalinputs include:

e GHS/CLP hazard classifications

e H-statements

e route-specific toxicity information

e DNELs, OELs, or comparable threshold values

e chronic versus acute effects

e systemic versus local effects
A higher HF means a substance is more hazardous or potent for that route.
Example:

e Acarcinogenic volatile solvent may receive high inhalation HF.

¢ Alow-toxicity additive may receive much lower HF.

The important point is that HF is route specific. A substance may have a high inhalation hazard
but a lower dermal hazard, or vice versa.

In ProScale a scaling approach was developed, where H-phrases are linked with a numeric score.
The classes defined have no overlap, the position of a substance in this scheme can be
influenced by the DNEL getting in every band a lower number of a factor of 10 at max. With the
influence of DNEL the classes cannot be switched.
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Hazard factor depending on the class and the OEL
100000 ‘
© Unknown OEL => the
10000 ProScale Hazard Factor =
=maximum of the class
1000 —F
HE S © No H-phrase, but
100 c identified OEL or DNEL
—B => Hazard class A
10 ' ~—* | © No H-phrase and No
/ OEL/DNEL
:;.0000 1000 100 10 1 0.1 0.01 0.001 == Hazard Factor ”O”'
OEL (mg/m?)

Figure 29: Hazard classifications of H-phrases to numerical numbers and visualization of the influence of OEL/DNEL

H-phrases have been grouped in five ProScale hazard classes

H-phrases

© The H-phrase class of a substance is established separately for each exposure route
CIaSSification © The H-phrase that corresponds to the highest class is determining the class for a substance
© EUH specific H-phrase have been added (for EU only)

ProScale Hazard class H-phrases according to GHS/CLP, grouped by exposure route

E
10 000 - 100 000 All routes : H340, H350, H360, H362
aghest hazard)
Dermal : H310
D Inhalation : H330, H334, EUH032
1000 - 10 000 Oral : H300,
All routes : H341, H351, H361, H372
Dermal : H311, H314, H317, H318, EUH070
Cc Inhalation : H331, EUH029, EUH031, EUHO71
100 - 1000 Oral : H301, H304
All routes : H370, H373
Dermal : H312, H315, H319,
B Inhalation : H332, H335
10 -100 Oral : H302
All routes : H371
A Dermal : H313, H316, H320, EUH066
1-10 Inhalation : H333, H336
(lowest hazard) Oral : H303, H305,

Figure 30: Hazard classifications of H-phrases to ProScale Hazard classes and H-phrases

Exposure Concentration Factor: ECF,, ;-

The Exposure Concentration Factor represents the relative exposure potential for a substance in
a specific process and route.

It answers:
Under the defined process conditions, how much exposure could occur?
Typical inputs include:

¢ physical state: gas, liquid, powder, solid

e vapor pressure
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dustiness

e concentration in the mixture

e process category

e temperature

e duration of handling

e openversus closed process

e ventilation

e containment

e personal protective equipment

e local exhaust ventilation

e consumer or professional use conditions
A higher ECF means the process creates a higher potential exposure.
Example:

¢ Open mixing of a volatile solvent may have a high inhalation ECF.

e Closed transfer with local exhaust ventilation may have a lower ECF.

e Adusty powder may have a relevant inhalation ECF.

e Anon-volatile liquid in a closed system may have a low inhalation ECF.

The ECF is process-specific and route-specific, because the same substance can have very
different exposure potentials depending on how it is used.

Person-Hours Factor: PHFp

The Person-Hours Factor represents the amount of exposed human time allocated to one
functional unit.

It answers:
How many person-hours of exposure are associated with producing or using one functional unit?
A simplified expression is:

ptp
PHE, =-2—TF

Qp

Formula 37: Equation for “person hour factor” calculation in ProScale

Where:

- Np=number of exposed persons in process p
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- tp=exposure time during the process
- Qp=process output linked to the functional unit
Example:

If 2 workers are exposed for 1 hour while producing 100 functional units:

2x1
PHE, = ——

100 = 0.02 person-hours per FU

Formula 38: Equation for “person hour factor” calculation of an example in ProScale

The PHF ensures that a brief, automated process is not treated the same as a labor-intensive
process with long exposure duration.

Mass Flow: MF,,

The Mass Flow represents the amount of substance used, handled, or presentin the process per
functional unit.

It answers:
How much of the substance is associated with the functional unit?
A simplified expression is:
MF;, = mg, per FU
Formula 39: Equation for “mass flow” calculation in ProScale
Where:
mg ,= mass of substance sused or present in process p

— FU =functional unit

For mixtures, the substance mass can be calculated as:
MFs,p = MFmixture,p X Cs

Where:

—  MFyixture,p= Mass of the mixture per functional unit

— ¢y=concentration or mass fraction of substance sin the mixture
Example:
If 2 kg of a mixture is used per functional unit and the substance concentration is 5%:

MF,, = 2 x 0.05 = 0.10 kg/FU

Formula 40: Equation for “mass flow” calculation example in ProScale
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Mass flow is important because even a highly hazardous substance may contribute little if used
in very small quantities, whereas a moderately hazardous substance may contribute strongly if
used in large amounts.

Product-system score for one route

To calculate the overall scores in ProScale, the following formula applies:

PSSproduct,r = E H Fs,r X ECFs,p,r X PHFp X MFS,p
: : s
p

Formula 41: Equation for “Product System Score” in ProScale including HF, ECF, PHF and MF

This formula sums all individual substance-process scores for one exposure route.
It answers:

What is the total ProScale score for the product system via one exposure route?
For example, the inhalation score of a product system is obtained by summing;:

e allsubstances

e inallrelevant processes

o fortheinhalation route
This allows hotspot analysis by:

e substance

e process

o life cycle stage

e exposure route

e supplier process

L] improvement measure

Total product score across routes

PSSproduct,total = 2 PS Sproduct,r
r

Formula 42: Equation for “Product System Score” in ProScale including different single results of
PSS depending on the exposure route

This formula sums the route-specific product scores.

It answers:
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@® cCcHEM-X
What is the total ProScale score across all considered exposure routes?

For example:

PSSproduct,total = PSSproduct,inh + PSSproduct,derm + PSSproduct,oral

Formula 43: Equation for “Product System Score” in ProScale showing different single results of
PSS depending on the exposure route

However, this aggregation should be handled carefully because inhalation, dermal, and oral
exposure may differ in toxicological relevance, data quality, and modelling assumptions.

A good practice is to report route-specific results separately and only then provide an aggregated
total.
21.11.5. Data needs and data generation

Meaningful data information is the foundation for calculation. The data will be transferred to the
calculation tooland can be automatically processed, if they are in the right format and containing
the required information. Table 59 summarizes the data needs.
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Table 59: Overview of data input needed for ProScale including proposals for the use and further explanations behind

the terms.

Data category

Examples

Purpose in ProScale

Substance identity

CAS number, EC number, substance
name, mixture composition,
concentration range.

Links chemical inventory to
hazard, exposure and
mass-flow data.

Hazard data

GHS/CLP H-statements, harmonized
classifications, self-classifications,
specific concentration limits.

Derives the Hazard Factor
by exposure route.

Potency or

Refines hazard potency and

Process information

OELs, DNELs, derived acceptable .
acceptable exposure . supports route-specific
levels, route-specific thresholds. .

data scoring.
Supports exposure
) ) Vapour pressure, physical state, PP . P .
Physicochemical i ) modelling, especially
dustiness, molecular weight, water | . .
data - inhalation and dermal
solubility where relevant.
exposure.
PROC category, operational | Defines the Exposure

temperature, duration, containment,
ventilation, concentration in mixture,
frequency of use.

Concentration Factor.

Risk management
measures

Local exhaust ventilation, closed
systems, gloves, respiratory
protection, automation.

Adjusts modelled exposure
potential.

Person-hour data

Number of workers, task duration, shift
pattern, exposed population, output
pertime.

Determines the Person-

Hours Factor.

Input amount per unit process, yield,

Determines the Mass Flow

Mass-flow data concentration, losses, amount per | and links the score to the
functional unit. functional unit.
. . Bill of materials, process flows, .
Life cycle inventory . . Enables aggregation across
supplier data, use-stage quantities,
data the product system.

recycling or disposal flows.

Ther Person Hour factor can be generated from primary data, from statistics or other sources.
They can be determined per specific product or factors out of the list as shown in Table 60 can

be used as proxy figures.
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Table 60: Overview of Person hour factors as averages from different productions
Person Hours Factors for industrial processes

Type of production process Working time Person hour per kg
(hr/ FTE*yr) (hr/kg)

Organic commodity chemicals
manufacturing, large to medium size chemical

plant
Refinery, very large chemical plant 2000 1,57E-04
Naphtha cracker 2000 1,00E-03

Organic commodity chemicals manufacturing,

small to medium size chemical plant

Production of goods as lubricants, plasticizers,

intermediates, etc. 2000 2,67E-03
Inorganic chemicals manufacturing, large to

medium size chemical plant

Inorganic production 2000 2,67E-03
Fine/specialty chemicals manufacturing, small

to medium size chemical plant

Manufacturing of fine organic chemicals such as
pigments and dyes, flame retardants, plasticisers

such as phtalate esters, pharmaceuticals etc 2000 3,39E-02
Plastics manufacturing

Polymer manufacturing 2000 2,84E-03
Plastics processing

Plastics extrusion etc 2000 1,28E-02

Mixing and blending batch processes, such
as paint manufacturing

Paint and varnish production 2000 3,43E-02
Waste management
Incineration of municipal solid waste 2000 2,80E-04

To support the generation of data that is needed in the ProScale methodology, there were some
testing initiatives initiated by the Chem X project partners. In this testing phase a prompt was
developed to be used in Al search for relevant information. With the examples included in this
prompt, harmonized data inputs were found by several testers.

The prompt is defined as the following. The products in the prompt are examples and must be
replaced by those products a ProScale result is requested to be calculated.

Start the prompt
Substance 1: Benzene,

Substance 2: Ethanol,
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Substance 3: Bisphenol A

For the following chemicals — Substance 1, Substance 2, Substance 3 — research and compile
the following data fields for each chemical, strictly aligned with ECHA registered data (CLP Annex
VI harmonised classifications, REACH dossiers, CMD Directive):

e CAS number
e H-phrases (harmonised, CLP Annex VI only)

e OEL (EU binding or indicative occupational exposure limit, 8h-TWA; include national
values such as DE MAK or UK WEL where no EU harmonised OEL exists)

o DNEL (worker inhalation long-term systemic and general population inhalation long-
term; sourced from ECHA dossiers / ECETOC / DECOS where available)

e Vapour pressure at 25 °C (in Pa)

¢ Production process type (e.g., petrochemical refining, fermentation, condensation
reaction, agrochemical formulation)

¢ Fugacity class (dominant environmental compartment: air, water, soil/sediment, or
reactive — based on Mackay Level | partitioning)

o Typicalrisk management measures (LEV, PPE, substitution requirements, regulatory
restrictions, waste disposal — aligned with REACH/CLP obligations)

Then perform the following tasks in order:

Step 1 — Build the Product Input table: Convert all compiled data into a single ProScale-ready
Excel summary table on one sheet, with one row per chemical and one column per data field
listed above. Apply the following formatting:

e Auto-filter enabled on all columns
e Headerrow frozen (row 1)

o Colour-code cells to flag: no EU harmonised OEL, @ DNEL under review or
contested (e.g., BPA endocrine disruptor status), and fugacity class colour-coded by
dominant compartment (air / water / soil / reactive)

¢ Include afooter row with source citations and a colour legend

Step 2 — Populate the Calculation sheet and provide an Excel workbook
(Benzene_ProScale_ATB2_testing.xlsx) containing a ProScale chemical exposure assessment
tool. The Calculation sheet already has Benzene filled in as a fully worked example in column F,
covering all manual input rows (CAS number, name, PROC, setting, state of substance, vapour
pressure, LEV, respiratory protection, dermal PPE, OEL) and all formula rows (H-phrase lookup,
OEL/DNEL lookup, exposure factors, hazard factors, and final ProScale scores for inhalation,
dermal, and oral routes).

Using the data compiled in Step 1, fill in the Calculation sheet for the remaining 5 chemicals in
columns G through K (Substance 1 > G, BPA > H, Substance 2 > |, Substance 3 » J), following the
exact same structure as the Benzene template in column F:
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o
o Populate all manual input rows (green cells) by mapping data from the Product Input

table

e Adapt all formula rows from column F —replace every intra-column reference (e.g.,
F$10) with the new column letter (e.g., G$10, H$10, etc.), leaving all cross-sheet
references (e.g., 'HF-Scoring'!$K$4) unchanged

¢ Where specific inputs (e.g., exact PROC number, LEV status, PPE level) are not explicitly
listed, infer them from the chemical's physical/hazard properties (state: solid vs. fluid;
vapour pressure - volatility class; H-phrases > LEV/PPE requirement) and the
supporting sheets in the workbook (H-Phrase-Database, OEL-Database, ECF-
Modification, etc.)

o Copy cell formatting (font, fill, border, alignment, number format) from column F to
each new column

Step 3 — Validate and deliver:
¢ Run formula validation across all populated columns — confirm zero errors

e Save the final output as a single Excel file containing both the Product Input summary
table and the fully populated Calculation sheet

e Deliver the file ready for immediate use in ProScale assessments

Step 4 - Build the Product Input table in Word

Stop of the prompt

Results coming out from the Prompt research look like the example shown in Table 61. The data
were transferred to the ProScale calculation tool and were used to generate the final ProScale
scores as shown in Table 62.

Table 61: Prompt results for Benzene used as input information for ProScale calculation.

CHEM-X

ProScale Chemical Reference Table | ECHA-Aligned Data (CLP Annex VI - REACH Dossiers - CMD Directive) | June 2026

H-Phrases DNEL Worker |DNEL Gen. Pop. Vapour . Risk
. OEL Production .
Chemical Name | CAS No. |(CLP Annex VI- Inh. LT Inh. LT Pressure Fugacity Class | Management
: (EU, 8h-TWA) . 3 0 Process Type
harmonised) (mg/m?3) (mg/m?3) @ 25 °C (Pa) Measures
4

LEV (mandatory,

CMR); closed
systems; RPE
Petrochemical half-mask + OV
1ppm=3.25 |0.80 mg/m? - ' . .
H225; H304; refining; ) ) cartridge; nitrile
mg/m? (0.25 ppm, 8h- . > Air dominant ! .
H315; 0.26 mg/m? industrial ) gloves; biological
Benzene 71-43-2 (BOELV, CMD | TWA; 12,690 (~95% air; L
H319; H340; ) (24h) manufacture; monitoring (S-
Dir. DECOS 2014 / . ) Mackay Level I)
H350; H372 K intermediate / PMA / TTMA);
2004/37/EC) LOA dossier) .
solvent substitution
(SVHC / Annex
XIV); waste

incineration
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Table 62: ProScale calculation and results derived from data from prompt search and integration into ProScale
calculation tool.

Gloves APF

Dermal Exposure Dermal Personal Protective Equipment (PPE) o

Final Dermal Exposure mg/(kgBW*day) 6,86E-03
Oral Exposure Final Oral Exposure mg/(kgBW*day)

Inhalative 1,18E-01

Exposure Concentration

Dermal 1,34E-06
Factors

Oral (consumer only) 0,00E+00

[ |
If no, enter OEL manuelly or
leave empty to use default value (1E-3)

OEL

=> Hazard Factors modification:
green: lower bound

orange: log-lin interp. between
low/high

red: upper bound

Hazard Factors 1,00E+05

Total

21.11.6. Interpretation of results

High ProScale scores indicate combinations of high hazard, high modelled exposure, long
exposure time and/or large substance mass flow. The result is most useful for comparing
alternatives, identifying hotspots and testing improvement options such as substitution,
exposure reduction, process redesign, lower concentration, automation or reduced mass flow.

Results should be communicated as toxicity potentials within a defined assessment context
(Karnman, 2024). They should not be interpreted as proof of unsafe use, legal non-compliance or
quantified health damage. Robust reporting should include data sources, modelling
assumptions, route-specific results, contribution analysis, uncertainty discussion and
sensitivity checks.

21.11.7. Assessment examples

Many examples of ProScale applications were worked out, some of them are published (Saling
etal 2021) (Holmquist, et al., 2021) (Karnman, 2024) (Lexen, 2021)

The following simplified example illustrates how a ProScale-type calculation can be structured.
The numbers are hypothetical and are used only to demonstrate the calculation logic; they are
not substance-specific regulatory values and should not be used for compliance or safety
decisions.

Example situation: A product system requires two chemicals in one manufacturing step to
produce one functional unit. Substance Ais a volatile solvent handled in an open mixing process,
while Substance B is a low-volatility additive handled in a mostly closed dosing step. Only
inhalation exposure is considered in this simplified example shown in Table 63.
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Table 63: Example process calculation of results in ProScale
Substance A: | Substance B:
Parameter volatile low-volatility Comment
solvent additive
Exposure route Inhalation Inhalation Simplified route-specific example
Unit process Open mixing Closed dosing Different exposure situations

Ilustrative factor derived from

Hazard Factor, HF | 100 10 route-specific hazard and potency

information

Illustrative  relative  exposure
Exposure otential after considerin
Concentration 0.50 0.05 process conditions and risﬁ
Factor, ECF P

management measures
Person-Hours Exposed working time allocated to

0.20 h/FU 0.10 h/FU . .

Factor, PHF one functional unit

A t of subst d
Mass Flow, MF 0.80 kg/FU 0.20 kg/FU mount ot substance used per

functional unit

Step 1: Calculate the inhalation score for Substance A
PSSa mixing,inh = HF x ECF x PHF x MF =100 x 0.50 x 0.20 x 0.80 = 8.0

Substance A receives a relatively high score because all four drivers point in the same direction:
high hazard factor, open handling with higher exposure potential, relevant working time and
comparatively large mass flow.

Step 2: Calculate the inhalation score for Substance B
PSSg,dosing,inh = HF x ECF x PHF x MF =10 x 0.05 x 0.10 x 0.20 = 0.01

Substance B receives a much lower score because the hazard factor, exposure potential,
exposure time and mass flow are all lower than for Substance A.

Step 3: Aggregate the product-system inhalation score
PSSproduct,inh = PSSA,mixing,inh + PSSB,dosing,inh = 80 + 001 = 801

The product-system inhalation score is therefore dominated by Substance A in the open mixing
step.

Step 4: Calculate contribution shares
Contribution, =8.0/8.01 x 100 =99.9%

Contributiong =0.01/8.01 x100=0.1%
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This contribution analysis shows that almost the entire inhalation toxicity potential comes from
Substance A. Improvement efforts should therefore first focus on reducing the score for
Substance A rather than optimizing Substance B.

Step 5: Test an improvement option

Assume that the open mixing process for Substance A is replaced by a closed system with
improved local exhaust ventilation, reducing the Exposure Concentration Factor from 0.50 to
0.10 while all other factors remain unchanged.

Improved PSSa mixinginn = 100 x 0.10 x 0.20 x 0.80 = 1.6
Improved PSSproduct,inh =1.6+0.01=1.61
Reduction=(8.01-1.61)/8.01 x 100 =79.9%

In this example, improved containment and ventilation reduce the product-system inhalation
score by approximately 80%. This illustrates how ProScale can support hotspot analysis and
compare risk-management or design options within a life-cycle framework.

Here is a detailed explanation of the formulas already included in the document.
Interpretation logic
Because the four factors are multiplied, a high score can result from different combinations:

High PSS = High HF x High ECF X High PHF x High MF

This means a hotspot may be caused by:

e very hazardous substance

high exposure potential

long worker exposure time

large mass flow
e oracombination of these
Improvement options therefore include:
e substituting a less hazardous substance, reducing HF
e improving containment or ventilation, reducing ECF
e reducing manual task duration or automation, reducing PHF
e reducing substance amount or concentration, reducing MF

The formula is powerful because it shows not only where a hotspot occurs, but also which lever
canreduce it.

Formaldehyde production example
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o
The following table uses illustrative default factors. HF values are route-integrated screening
values reflecting the most relevant occupational health classifications and potency indicators.
ECF and PHF are relative factors representing closed industrial operation with limited routine
exposure and higher exposure potential during transfers, handling, sampling, and maintenance.
The results are shown in Table 64.

Table 64: Example process calculation of Formaldehyde production with ProScale

) Main Score
Life-cycle MF per .
Substance | exposure HF ECF PHF contrib
stage FU .
route ution
Inhalation,
Meth L Meth /| fl bility-
ethano ethane ammabiity™ 1 310kg | 10 0.01 |0.002 |0.062
production natural gas related
handling
120 kg-
Carbon equiva
Methanol monoxide in lent
production . Inhalation handle | 1,000 0.005 0.002 | 1.200
synthesis
and transfer d
gas .
interna
Ly
Methanol
production, Inhalation and
Methanol 420 kg | 1,000 0.02 0.004 | 33.600
storage, dermal
transfer
Formaldehy
d thesis | F ldeh Inhalati d
© SYNthesis | rormatdeny | Inhatation and | 42416 | 10,000 | 0.03 | 0.004 | 444.000
and de dermal
absorption
Inhalation and
Product 87% dermal during [ 1,000
) formalin . g ’ 5,000 0.02 0.004 | 400.000
handling . loading/sampli | kg
solution ng

Total screening ProScale score: 878.9 relative ProScale units per tonne of 37% formalin.

In Figure 31 the contributions of all hazardous compounds to the final score are shown. The
formaldehyde production and handling are the most significant contributions. The PROC 4 was
applied in this process in the ECF calculation.
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ProScale score contributions for formaldehyde production including methanol production

Methane / natural gas *_ 0.062

Carbon monoxide in synthesis gas - 1.200

Methanol 33.600

Formaldehyde synthesis and absorption 444.000

37% formalin solution handling 400.000

1 | | | 1

0 100 200 300 400 500

Score contribution, relative ProScale units per tonne of 37% formalin

Screening-level default assumptions; total = 878.9

Figure 31: Contributions to materials to the overall result of Formaldehyde production with ProScale

Results from ProScale can be linked with other LCA impact categories, even if ProScale data are
not available from commonly use LCA data bases. That introduction can be done via
normalization of the single results to a complete LCA. Normalization factors were developed for
usage in LCA. About 60 globally important processes with respect to their global production were
assessed in this development (Rydberg, 2023).

Figure 32 shows, how these results can be integrated in the interpretation of an LCA to a single
score, with or without weighting.
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Overall approaches addressing several impacts
Life cycle assessment (LCA) I Chemicals safety
ISO 14040, ISO 14044 Responsible Care
Highest
Sus-
EF 3.1 tain:bsility, REACh
ECA lowest
impact
PCF: Acidification
ISO 14067 Potential
Eutrophication USEtox human -
Potential and eco
Summersmog
Potential

Human Toxicity _ Ecotoxicity
potential potential
—_—

—

ProScale

Figure 32: Integration of ProScale results based on REACh data and integration in overall LCA results interpretation

21.12. ProScaleE for Eco-Toxicity assessmentin LCA

Purpose. This annex summarizes the current conceptual basis of ProScale-E as an ecotoxicity
potential scoring approach for chemical footprinting, life cycle assessment, and Safe and
Sustainable by Design screening. ProScale-E extends the ProScale logic from direct human
toxicity potential toward environmental toxicity potential by combining substance-level
ecotoxicity hazard information with simplified fate or degradation information.

Introduction

ProScale-E is a screening-level ecotoxicity potential method for comparing substances,
mixtures, processes, and product systems in a life-cycle perspective. It combines an ecotoxicity
hazard factor based primarily on CLP aquatic hazard classification and potency information with
a degradation factor reflecting persistence or degradability. The resulting characterization factor
can be multiplied by mass flows and summed across the product system. The method is
intended for chemical footprinting, LCA-compatible comparison, SSbD screening, and
prioritization of data collection or substitution options. It should be interpreted as a relative
potential indicator and not as a site-specific ecological risk assessment.

21.12.1. General Principles

ProScale-E is intended to be transparent, pragmatic, regulatory-aligned, and compatible with
life-cycle thinking. The method uses data generated in regulatory and product stewardship
practice, especially CLP environmental hazard classifications, REACH registration information,
M-factors for aquatic toxicity potency, and biodegradation or persistence-related information. It
is not a substitute for detailed fate, exposure, and effect modelling such as USEtox. Instead, it
provides a conservative and practical screening indicator for cases where early-stage
comparison, chemical footprinting, or prioritization is needed.

e Assess ecotoxicity potential consistently across substances, mixtures, processes, and
product systems.
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o Useregulatory data and classifications rather than requiring extensive additional
testing.

e Provide an LCA-compatible characterization factor that can be multiplied by mass flows
or inventory flows.

o Allow conservative screening, comparison of alternatives, and identification of
ecotoxicity risk drivers.

o Support chemical footprinting and SSbD assessments at early design stages.

21.12.2. Core Procedure

1. Assign ecotoxicity hazard information. Collect CLP environmental hazard statements,
harmonized classifications where available, self-classifications where justified, and M-
factors.

2. Assign degradation or persistence information. Use ready biodegradability, inherent
biodegradability, hydrolysis, persistence indicators as e.g. high degradation rates, or
other relevant fate information.

3. Calculate substance-level ProScale-E factors. Combine hazard and degradation
factors according to the ProScale-E formula.

4. Calculate product-system scores. Multiply each substance factor by the
corresponding mass flow and aggregate across the defined system.

5. Interpret results. Identify substances, processes, and life-cycle stages that dominate
the score and evaluate improvement options.

Assessment Approaches

Substance-level screening. The simplest application uses the ProScale-E characterization
factor to rank individual substances according to their ecotoxicity potential. This is useful for
early design, alternatives assessment, and prioritization of data collection.

Product-system assessment. For life cycle or chemical-footprint applications, the
characterization factor is multiplied by the relevant mass flow and summed across substances
and life-cycle stages. This enables identification of dominant substances and stages and
supports comparison of alternatives with similar technical performance.

Tiered assessment. ProScale-E can be used as a Tier 1 or screening method. If the scoreis high,
uncertain, or decision-critical, the assessment should be refined with better substance data,
more specific degradation information, measured ecotoxicity data, or complementary LCIA
modelling.

21.12.3. Data Quality and Uncertainty

Data quality should be evaluated before interpreting the score. Key uncertainty drivers include
missing or conflicting hazard classifications, missing M-factors, incomplete (bio)degradation
information, new ecotoxicity and fate information, uncertain mass flows, and differences
between supplier SDS data and public regulatory data. For screening applications, conservative
assumptions are recommended when information is missing. For decision-critical comparisons,
uncertainty should be reduced by checking primary sources, documenting the selected
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classification basis, and testing the sensitivity of the score to alternative hazard or degradation
factors.

The calculation sections below translate the method description into practical application. They
should be read as implementation guidance; the numerical factors in the worked example are
illustrative and must be replaced by the selected ProScale-E factor scheme in real assessments.

Formulas and Units
Substance characterization factor: CFg; = HFg; x DF;
M-factor adjusted hazard factor: HFg; = HBS, x M;

where HBS; is the base hazard score derived from the CLP aquatic hazard category and M:; is the
applicable acute or chronic M-factor for substance ji. If no substance-specific M-factor is
available, M;should be set to 1 or replaced by a documented conservative default, depending on
the selected ProScale-E implementation rule.

The M-factor is not an additional mass or fate parameter; it is a potency multiplier used in CLP to
give greater weight to substances that are very toxic to aquatic organisms at low concentrations.
In ProScale-E, this means that two substances with the same aquatic hazard category can
receive different hazard factors if one of them has a higher acute or chronic M-factor. A higher M-
factor therefore increases the ecotoxicity hazard factor and can make a substance dominate the
product-system score even when its mass flow is small.

Substance contribution: Score; = MF; x CFg;
Product-system score: Scoresystem = 2(MF; x HFg; x DF;)
Expanded product-system score with M-factor: Scoresystem = 2(MF; x HBS; x M; x DF))

Total system score

Scoresystem = 2 Scor ¢;
i

Formula 44: Equation for assessing the score results in ProScaleE including different single results
of PSS depending on the exposure route

Where:
— MFi=the mass flow of substance i per functional unit,
— HFE,i =the ecotoxicity hazard factor, and

— DFi=the degradation factor. The score is relative and should be interpreted
comparatively within a consistent goal and scope

— CFE,l = the ProScale-E ecotoxicity characterization factor for substance i.
— Scorei = the Substance-level contribution to the product-system ProScale-E score.

— HBSi =the Base hazard score for substance i, derived from the selected CLP aquatic
hazard category before applying the M-factor.
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o
— M-factor =the CLP multiplying factor used to reflect very high aquatic toxicity potency.
In ProScale-E, it scales the base hazard score upward before the degradation factor and
mass flow are applied.

Graphic description for the M-factor example. The following visual is intended to make the
amplifying effect of the M-factor intuitively understandable by comparing the calculation with
and without this multiplier. The graphic should present the calculation as a simple left-to-right
flow. It starts with the base hazard score HBS, = 10. This value is then multiplied by the M-factor
Ma =10, resulting in an adjusted hazard factor HFg 4 = 100. In the next step, HFg s is multiplied by
the degradation factor DF, = 3, giving CFe 4 = 300. Finally, CFe . is multiplied by the mass flow MFa
=0.20 kg/FU, resulting in Scorea = 60. A grey comparison path should show the same calculation
without the M-factor, ending at Scorea = 6. This contrast makes the main message clear: the M-
factor causes a tenfold increase in the final score.

ProScale-E Ecotoxicity Scoring for Substance A

Base Hazard Score x M-factor Adjus;ed Hazard x Degradation Factor x Mass Flow Final Score
actor
HBS, =10 M, =10 HFe,, = 100 DF,=3 MF, = 0.20 kg/Fu Score, =60
/\

Without M-factor: M-factor causes a
tenfold increase

in the final score.

) . e ,,
HBs,=10 BN xDF,=3 MY CF,=30 N8 xMF,=020ir BY Score,=6 |

Figure 33: Stepwise illustration of the M-factor effect in the Substance A example. The blue path includes the M-factor
and results in ScoreA = 60, the grey comparison path omits the M-factor and results in ScoreA = 6.

Legend. Blue boxes and arrows show the calculation path including the M-factor. Grey boxes and
arrows show the reference calculation without the M-factor. HBS, is the base hazard score, Mais
the M-factor, HFg is the M-factor adjusted hazard factor, DF, is the degradation factor, CFga is
the characterization factor, MF, is the mass flow, and Score, is the final substance contribution.

Example application of the M-factor. Assume Substance A has the base hazard score HBS, =10
based on its CLP aquatic hazard category and an acute or chronic M-factor Ma = 10. The M-factor
adjusted hazard factor is therefore HFg o = HBSA x My =10 x 10 = 100. With a degradation factor
DFa = 3, the characterization factor becomes CFga = HFe A x DFA =100 x 3 = 300. If the mass flow
is MFA=0.20 kg/FU, the substance contribution is Score, = 0.20 x 300 = 60. Without the M-factor,
the same calculation would give HFex = 10, CFea = 30, and Scoreas = 6. The M-factor therefore
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increases the contribution by a factor of 10 and explains why highly potent aquatic toxicants can
dominate the result even at low mass flows.

21.12.4. Data Needs

Meaningful data information is the foundation for calculation. The data will be transferred to the
calculation tooland can be automatically processed, if they are in the right format and containing
the required information. Table 65 summarizes the data needs.
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Table 65: Data needs and overview of source for the generation of inputs information in ProScaleE

Data category

Typical data elements

Preferred sources

SDS, supplier data, REACH

classification

CLP environmental hazard information

Substance CAS number, EC number, substance name, . . .
. . . . . registration, internal
identity composition, impurities . .

inventories

CLP Annex VI, ECHA
Hazard H400, H410, H411, H412, H413 and related . L

dissemination, SDS,

company classifications

Potency M-factors for acute or chronic aquatic | CLP Annex VI, ECHA, SDS,
information toxicity, concentration limits where relevant | dossier information

Read biod dability, inh t
Degradation bii)e::iey radabililto egraer:islgrfce sclrr:aeiriin ECHA, OECD test reports,

& gracabiiity, - persi . & | jucLiD summaries,
and fate hydrolysis, biodegradation half-lives where | .
. literature

available

Amount of each substance per functional | Bill of materials, LCl data,
Mass flow unit, process input, output, emission, or | process engineering data,

product composition supplier data
Context Life-cycle stage, process type, use pattern, | Goal and scope definition,
information release relevance, intended comparison process maps, LCA model

For HF values, use sources that describe ecotoxicity hazard and potency:

e CLP Annex VI harmonized classification: Preferred source where available; use aquatic

hazard categories such as Aquatic Acute 1 and Aquatic Chronic 1-4.

¢ ECHA dissemination/ REACH registration dossiers: Use for registered classifications,

ecotoxicity endpoints, and supporting dossier information.

e Safety Data Sheets (SDS): Useful for supplier classifications, H-statements, and

mixture-relevant information; check consistency against ECHA/CLP.

o M-factors: Use officially assigned acute or chronic M-factors where available to reflect

high aquatic toxicity potency.

e Expert/company classification: Use only when public/harmonized data is missing or

conflicting and document the rationale.

For DF values, use sources that describe degradation, persistence, and environmental fate:

e ECHA/REACH registration data: Preferred source for ready biodegradability, inherent
biodegradability, hydrolysis, and persistence assessment information..

e OECD (bio)degradation test reports: Especially OECD
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ready biodegradability, inherent biodegradability and transformation in
water/soil/sediment tests.

IUCLID summaries: Useful for structured endpoint summaries from registration
dossiers.

Peer-reviewed literature: Use when regulatory data are missing or when additional fate
information is needed.

Persistence screening information: Use conservative DF assumptions when
degradation data are missing, conflicting, or uncertain.

A concise hierarchy would be:

1.

2.

3.

4.

5.

6.

Harmonized regulatory data

ECHA/REACH dossier data

Supplier SDS and company classifications
OECD test reports / IUCLID endpoint summaries
Peer-reviewed literature

Documented conservative assumptions

In the template, the Source/comment column should record which source was used for
both HF and DF, including any assumptions or uncertainty flags.

Guardrails, Data Hierarchy and Conservative Rules

Use harmonized CLP classifications where available and document any deviation.
Where multiple classifications exist, apply the most relevant and conservative
classification unless there is a justified reason to use another value.

Do not treat absence of classification as absence of ecotoxicity; flag data gaps
explicitly.

Use M-factors to reflect potency where available; where missing, apply a documented
default or conservative assumption.

Use conservative degradation factors where biodegradation or persistence data are
missing or conflicting.

Keep the scope consistent between alternatives; differences in mass flows, boundaries,
or omitted substances can dominate results.

Use ProScale-E as a comparative screening indicator, not as a site-specific ecological
risk assessment.

Prioritize data collection
Focus additional data gathering on substances with:
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e Conflicting classifications

¢ Run a sensitivity check
Test how the result changes using low, medium, and conservative HF/DF assumptions.
This is especially important if the substance contributes strongly to the total score.

21.12.5. Assessment examples

The following illustrative example shows how ProScale-E can be calculated for a simplified
product system containing three substances. The numerical values are hypothetical and are
used only to demonstrate the calculation logic. The example assumes that higher hazard factors
and degradation factors indicate higher ecotoxicity potential. The inputs are shown in Table 66.

Table 66: Data needs and overview of source for the generation of inputs information in ProScaleE for three different
substances

MF; CFe;
. mass HFE,i DF; & Score;
Illustrative CLP | flow per . =
Substance . . hazard | degradation = MF; x
basis functional HFe,
. factor factor CFe,
unit (kg) x DF;
Very toxic to
aquatic life with
Subst
A” StANCe 1 1ong-lasting 0.20 100 3 300 |60
effects; M-factor
considered
Toxic to aquatic
Subst
B” StANCe 1 lite  with  long- | 1.50 10 2 20 |30

lasting effects

Harmful to
aquatic life with
Substance | long-lasting

5.00 1 0.5 0.5 2.5
C effects; readily
degradable
assumption
Total 6.70 92.5

In this example, Substance A dominates the result even though its mass flow is relatively small.
This happens because its illustrative hazard factor and degradation factor are high. Substance B
contributes less despite a higher mass flow, while Substance C has the largest mass flow but a
low contribution because the assumed hazard and degradation factors are low. The calculation
therefore highlights why contribution analysis should consider mass flow, classification severity,
potency, and degradability together.
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Example calculation. For Substance A, CFea =100 x 3=300. The substance contribution is then
Scorea = 0.20 kg x 300 = 60. The total product-system score is the sum of all substance
contributions: 60 + 30 + 2.5=92.5.

Template Table for Real Substances

The simplified template below in Table 67 captures only the essential fields needed for a first
ProScale-E calculation. Additional documentation such as EC number, detailed M-factor source,
degradation test reference, and sensitivity scenarios can be kept in a separate Excel sheet or
data appendix.

Table 67: Simplified template below captures only the essential fields needed for a first ProScale-E calculation.

Mass
flow CLP aquatic
Subst HFe, | DF | CFg, | S S /
eu stanc CAS No. MF; classificatio & & core c::rl::r(:‘ieent
(kg/FU | n ' ' ' '
)

Illustrative
row; replace
with real CAS
number,

Aquatic Acute .
classificatio

0.20 1 / Aquatic | 100 | 3 300 | 60
A e . n source,
Chronic 1

and
ProScale-E
factor

scheme.

Substance | Illustrativ

Illustrative
row;
assumed
hroni
Substance | Illustrativ Aquatic c ron!c
1.50 . 10 2 20 30 aquatic
B e Chronic 2

hazard and
moderate
degradation
factor.

Illustrative
row;
assumed
lower

1 0.510.5 |25 aquatic
hazard and
readily
degradable
behaviour.

Substance | Illustrativ 5.00 Aquatic
C e ) Chronic 3
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Total reflects
the three

Total 6.70 92.5 filled
illustrative
rows.

Summary of total scores. The threeillustrative rows result in a total mass flow of 6.70 kg/FU and
a total ProScale-E score of 92.5. Substance A contributes 60 score units, corresponding to
approximately 65% of the total score; Substance B contributes 30 score units, corresponding to
approximately 32%; and Substance C contributes 2.5 score units, corresponding to
approximately 3%. The result shows that the dominant ecotoxicity contribution is driven mainly
by the combination of hazard and degradation factors, not by mass flow alone.

ProScale-E score contributions

Substance C 2.5 (3%)

0 20 40 60 80 100 100

Score contribution

lllustrative example; total score = 92.5

Figure 34: Illustrative ProScale-E score contributions for Substance A, Substance B, and Substance C. The total score
is 92.5.

Chart interpretation. The chart makes the contribution pattern visible: Substance A is the
dominant driver of the total ProScale-E score, even though it has the lowest mass flow in the
example. This indicates that its high hazard factor and degradation factor outweigh the effect of
quantity. Substance B is the second-largest contributor because its higher mass flow partly
compensates for a lower characterization factor. Substance C contributes only marginally
despite the largest mass flow, because its assumed hazard and degradation factors are low. For
improvement analysis, the first priority would therefore be to review Substance A, followed by
Substance B, before focusing on Substance C.
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o
Recommended use. Enter the substance identity, mass flow, and CLP aquatic classification
first. Then assign HFg; and DF;, calculate CFg; = HFg; x DF;, and calculate Score; = MF; x CFe,;. Use
the source/comment column to record key assumptions and data quality issues.

Use of results

A high ProScale-E score indicates that one or more substances combine relevant ecotoxicity
hazards, high potency, low degradability, and/or large mass flows. Interpretation should focus
on contribution analysis: identify which substances dominate the score, whether the score is
driven by classification severity, M-factor potency, degradation assumptions, or mass flow, and
whether improvement options exist through substitution, reduced loading, improved
containment, or better data.

Limitations

ProScale-E is a simplified ecotoxicity potential indicator. It does not provide site-specific
environmental concentrations, ecosystem-specific risk quotients, or full multimedia fate and
exposure modelling. It should therefore be understood as complementary to detailed LCIA
methods such as USEtox and to regulatory environmental risk assessment. The method is most
suitable for comparative screening, early-stage product development, chemical footprinting,
and identification of priorities for substitution or further assessment.
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