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Executive summary

Context

Within the European Green Deal, the Chemicals Strategy for Sustainability (CSS) (EC, 2020a) identified a number
of actions to reduce negative impacts on human health and the environment associated with chemicals,
materials, products and services commercialised or introduced onto the EU market. In particular, the ambition
of the CSS is to phase out the most harmful substances and substitute, as far as possible, all other substances
of concern, and otherwise minimise their use and track them. This objective requires novel approaches to
analysing and comparing, across all life cycle stages, effects, releases and emissions for specific chemicals,
materials, products and services, and move towards zero-pollution for air, water, soil and biota.

The European Union (EU) CSS action plan foresees the development of a framework to define safe
and sustainable by design (SSbD) criteria for chemicals and materials that should contribute to achieve
the Green Deal ambitions, going beyond current regulatory compliance. This report aims at proposing such
a framework, presenting the dimensions, aspects, methods, and indicators that can be used to assess
chemicals and materials and how criteria can be defined in order to identify those that are SSbD.

The aim of the SSbD framework is to support the design and development of safe and sustainable
chemicals and materials with research and innovation (R&I) activities. The SSbD framework will be
tested, via the execution of case studies that will support the refinement of the framework and criteria. This
phase will aim to identify and collect bottlenecks, and measures to address them will be explored.
Research outputs generated by implementing the SSbD framework and criteria will feed into relevant EU
policies/initiatives.

The information presented in this report is the wider scientific and technical input for the European
Commission’s work on developing recommendations for Safe and Sustainable by Design, which might
not necessarily include all elements herein presented.

Objectives of the framework

The application of the SSbD framework aims at:

- Promoting the application of the Safe and Sustainable by Design approach to chemicals and
materials and steering innovation towards the green industrial transition, resulting in the EU
becoming a global reference for safety and sustainability targets;

- Providing guidance on criteria development for the design of ‘safe’ and ‘sustainable’
chemicals/materials;

- Driving innovation towards the substitution or minimisation of the production and use of substances
of concern, in line with and beyond upcoming regulatory obligations;

- Minimising or, as far as possilbe, eliminating the impact on human health, climate and the
environment (air, water, soil) along the entire chemical’s and material’s life cycle;

- Enabling comparative assessment of chemicals and materials based on safety and sustainability
performance for a given function or application context.

Definitions (presented in Annex 1)

When applied in the context of chemicals/materials, the concept of sustainability could be formulated as the
ability of a chemical/material’ to deliver its function without exceeding environmental and
ecological boundaries along its entire life cycle, while providing welfare, socio-economic benefits
and reducing externalities.

The safety concept is transversal to all sustainability dimensions {(environmental, social and economic) and it
is related to the absence of unacceptable risk (in line with REACH art 68 (EU, 2006)) for humans and the

This definition also applies to products and services.



environment, preferably ensured by avoiding chemicals and materials with intrinsic hazard
properties.

Principles underpinning the framework

A set of principles were defined underpinning the development of the new framework and that are essential for
its (future) operationalisation:

1 Define a hierarchy between safety and other sustainability dimensions to avoid regrettable
substitution;

1 Move from relative (safer and more sustainable) to absolute? (safe and sustainable) improvements
ensuring that chemicals and materials are produced and used without exceeding acceptable
boundaries;

9 Define cut-off criteria for the design of chemicals and materials to stimulate sustainable research &
innovation, based on data beyond the current regulatory information requirements;

9 Establish close links to ‘functionality oriented’ research on alternatives development;

9 Focus on continuously and iteratively minimising environmental pressures, using dynamic boundaries
and cut-offs, so that the framework may become a tool of management of improvements along the
innovation trajectory. This enables a process of continuous improvement (contrary to static one-time
improvement);

9 Optimal use of the full data-space on adverse effects. For every (new) chemical/material a similarity
comparison should be made with the full spectrum of structurally or functionally similar substances
to assess the expected potential to cause negative impact. According to the precautionary principle,
each indication of a potential adverse effects should stimulate further assessment. This should serve
as a basis for further action;

T Communicate SSbD actions taken, including data, throughout the supply chain (including yearly
reports); make all data available in FAIR (findable, accessible, interoperable and reusable) format, to
enhance also the transparency, accountability and duty of care;

1 Promote the use of a coherent framework across different policies such as REACH, Sustainable
Finance, Sustainable Products Initiative (SPI) and others.

Framework features

The proposed SSbD framework to assess chemicals and materials follows a hierarchical approach in which
safety aspects are considered first, followed by environmental, social and economic aspects. The last two are
included in the framework to be explored as methods still need to be further developed.

The SSbD framework proposed is a general approach for the definition of criteria for SSbD for
chemicals and materials. It is broadly applicable allowing the definition of a set of operational criteria that
can be implemented and that increase or ensure compliance with reference targets for safety and sustainability
of chemicals and materials. It can be applied to newly developed chemicals and materials or to existing
ones. For the latter, the framework can be used i) to support the redesign of their production processes
by evaluating alternative processes to improve their safety and sustainability performance, or ii) to compare
them on the basis of SSbD criteria (e.g. for innovation by substitution with better performing
chemicals/materials, in terms of safety and sustainability, or selection in downstream application).

2 The term absolute sustainability refers to the possibility of a chemical to comply with safety and to carry limited
environmental impacts, namely within planetary boundaries. Moving from comparative consideration (A better than B)
to absolute considerations (A is absolutely sustainable) requires to include elements of the use (which use and how
much) which goes beyond what is currently proposed in the framework. However, several elements of the framework
are enabling consideration which are going beyond the mere comparison of chemicals and are moving the assessment
towards more boundary oriented assessment.



The framework foresees the assessment of the entire life cycle of a chemical or material, including the
design phase and considering among others its functionality and end-use(s). Therefore, even if the
evaluation of products is outside the scope of this framework, the use of the chemicals/materials in products
is considered.

Framework structure: a stepwise approach

The SSbD framework entails two components:
1. a (re)design phase in which design guiding principles are proposed to support the design of
chemicals and materials, and
2. a safety and sustainability assessment phase in which the safety, environmental and socio-
economic sustainability of the chemical/ material is assessed.

The safety and sustainability assessment herein presented allows the identification of SSbD chemicals and
materials, in particular how criteria can be defined. It comprises 5 Steps that can be carried out sequentially
or in parallel, depending on the data and tools availability and the specific purpose of the exercise. Moreover,
the assessment can be done and, in many cases, should be done iteratively to optimise the results. The steps
are:

Step 1 - Hazard assessment of the chemical/material

The first step looks at the intrinsic properties of the chemical or material in order to understand their hazard
potential before further assessing the safety during use.

Step 2 - Human health and safety aspects in the chemical/material production and processing phase

In this step, the health and safety aspects related to the chemical/material production and processing are
assessed. It covers all processes from the raw material extraction (from natural resources) to production (e.g.
substance manufacturing), processing (e.g. mixing), recycling or waste management. And addresses
occupational safety and health (OSH) related aspects in each of them.

Step 3 - Human health and environmental aspects in the final application phase

This step assesses the application/use-specific exposure to the chemical/material and the associated risks, both
for human health and the environment.

Step 4 - Environmental sustainability assessment

The fourth step considers impacts along the entire chemical/ material life cycle by means of Life Cycle
Assessment, assessing several environmental impact categories such as climate change and resource use.

Step 5 - Social and economic sustainability assessment

The fifth step relates to Social and Economic Sustainability assessment, to provide information on the scientific
basis and available approaches for the assessment of socio-economic impacts. Given the limited level of
implementation and methodological maturity this step is in an exploratory phase.

Evaluation

The evaluation of the chemical/materials will be performed considering:
1. The adherence to the SSbD principles;

2. The sustainability assessment, namely the detailed figures on the performance of the
chemical/material against the SSbD criteria.
A dashboard summarising the results of the sustainability assessment is proposed as a tool to facilitate
informed conclusions/decisions based on a holistic assessment. The result of the evaluation can be expressed
either as a class of SSbD (poor, good, very good) or with a numerical score derived from the combination
of the individual scores of each aspect (subject to e.g. weighting). The evaluation procedure shall take into
account the lack of data and data uncertainty inherent to the assessment.



Abstract

Within the European Green Deal, the Chemicals Strategy for Sustainability (CSS) (EC, 2020b) identified a number
of actions to reduce negative impacts on human health and the environment associated with chemicals,
materials, products and services commercialised or introduced onto EU market. The EU CSS foresees the
development of a framework to define Safe and Sustainable by Design (SSbD) criteria for chemicals and
materials that should contribute to achieve the Green Deal ambitions.

This report presents a framework to develop criteria for chemicals and materials in the context of the EU CSS.
It presents the dimensions, aspects, methods and indicators that can be used to assess chemicals and materials
and how criteria can be defined in order to identify those chemicals and materials that are SSbD. An evaluation
procedure is proposed to rank chemicals and materials to identify ‘best in class’ on sustainability performance
and those that call for improvements or even need to be substituted or phased out.

The SSbD framework entails a (re)design phase in which design guiding principles are proposed to support the
design of chemicals and materials, and a safety and sustainability assessment phase in which the safety,
environmental and socio-economic sustainability of the chemical/ material is assessed. The overall safety and
sustainability assessment comprises five steps. The first three steps assess safety aspects such as the hazard
properties (Step 1), the human health and safety aspects in the chemical/material production and processing
phase (Step 2), and the human health and environmental effects in the final application phase (Step 3). Further,
Step 4 assesses impacts along the entire chemical/ material life cycle, and Step 5 explores socio-economic
aspects, focusing on the available approaches and suggesting potential streamlined assessment methods. The
present report is focused on the definition of criteria for assessing chemicals/materials for safety and
environmental sustainability.

The aim of the SSbD framework is to support the design and development of safe and sustainable chemicals
and materials within the research and innovation (R&l) phase. The SSbD framework will be tested, via the
execution of case studies that will support the refinement of the framework and criteria. This phase will aim to
identify and collect bottlenecks, and measures to address them will be explored. Research outputs generated
by implementing the SSbD framework and criteria will feed into relevant EU policies/initiatives.

The information presented in this report is the wider scientific and technical input to the European Commission’s
work on developing recommendations for Safe and Sustainable by Design, which might not necessarily include
all elements herein presented.



1. Introduction

The European Green Deal is one of the priorities of the European Commission (EC), which aims to transform the
EU's current economy into a greener and more sustainable one (EC, 2019a). Within the Green Deal, the
Chemicals Strategy for Sustainability (CSS) (EC, 2020a) identified a number of actions intended to reduce
negative impacts on human health and the environment associated with chemicals, materials, products and
services commercialised or introduced onto the EU market. In particular, the ambition of the CSS is to phase
out the most harmful substances (unless they are proven to be essential for the society and there are no safer
alternatives) and substitute, as far as possible, all other substances of concern (defined in Article 2(28) of the
Sustainable Products Initiative (SPI) proposal (EC, 2021b; EC, 2022a)), and otherwise minimise their use and
track them. This objective requires novel approaches to analysing and comparing, across all life cycle stages,
effects, releases and emissions for specific chemicals, materials, products and services, moving towards zero-
pollution for air, water, soil and biota.

The EU CSS action plan foresees the development of a framework to define safe and sustainable by
design (SSbD) criteria for chemicals and materials that should contribute to achieve the Green Deal ambitions,
beyond current regulatory compliance. The SSbD is an approach to support the design, development, production,
and use of chemicals and materials that focuses on providing a desirable function (or service), while avoiding
or minimising negative impacts to human health and the environment. The SSbD concept integrates aspects
from the domain of safety, circularity and functionality of chemicals and materials with sustainability
considerations throughout their entire lifecycle, in order to minimise their environmental footprint. SSbD aims
at facilitating the industrial transition towards a safe, zero pollution, climate-neutral and resource-efficient
production and consumption, addressing adverse effects on humans, ecosystems and biodiversity from a
lifecycle perspective (EC, 2020a).

At this stage, safe and sustainable by design can be defined as a pre-market approach to chemicals
and materials design that focuses on providing a function (or service), while avoiding volumes and
chemical and material properties that may be harmful to human health or the environment, in
particular groups of chemicals likely to be (eco)toxic, persistent, bio-accumulative or mobile.
Overall sustainability should be ensured by minimising the environmental footprint of chemicals and
materials in particular in relation to climate change, resource use, and protecting ecosystems and
biodiversity, adopting a lifecycle perspective (adapted from EC (2020a)).

Hence, the SSbD approach targeted by the CSS goes beyond traditional green chemistry innovation approaches
by integrating life cycle and safety aspects into the design phase of systems and processes for the production
and use of chemicals and materials. Such an approach would augment tangible benefits for society and the
environment in the global value chain, avoiding unintended shifts of impacts on human and environmental
health. To fulfil these ambitions, there is the need to develop a new framework for the definition of safe and
sustainable by design criteria for chemicals and materials (Gottardo et al., 2021).

The application of the SSbD framework aims at:

Promoting the application of the Safe and Sustainable by Design approach to chemicals
and materials and steering innovation towards the green industrial transition, outlining
which and how safety and sustainability should be considered in the design phase and innovation
process of chemicals and materials, resulting in the EU becoming a global reference for safety and
sustainability targets. Applying SSbD criteria in the research and innovation phase of chemicals and
materials will help industry to prioritise innovation according to policy priorities and future
developments. Morevover, it will minimise undesired environmental and health impacts and increase
beneficial ones. This will reduce substantial and expensive modifications in later phases of the
development process, as it is more effective to integrate such aspects in early stages of the design



phase. This aim is closely linked to policy priorities related to Industrial Strategy, Green Deal and
Sustainable finance.?

- Providing guidance on how to develop criteria for the design of ‘safe’ and ‘sustainable’
chemicals and materials and how to assess them against those criteria.

- Driving innovation towards the substitution or minimisation of the production and use of
substances of concern, in line with and beyond upcoming regulatory obligations. The use of SSbD
criteria will help avoiding regrettable substitutions (i.e. solving one problem and creating others) and
ensure the availability of consistent, transparent and updated information on properties and uses of
chemicals and materials across the value chain (in support to other Commission policies like
Sustainable Products Initiative, REACH revision, revision of product specific legislation and the zero
pollution ambition).

- Minimising or, as far as possilbe, eliminating the impact on human health, climate and the
environment (air, water, soil) along the chemical’'s and material’s entire life cycle, ensuring
sustainable circularity (aligned with Circular Economy Action Plan, Climate neutrality, Zero Pollution
Action Plan, Farm to Fork Strategy, Bioeconomy Strategy). Chemicals release during the life cycle is
also considered.

- Enabling comparative assessment of chemicals and materials based on safety and
sustainability performance for a given function or application context.

The aim of the SSbD framework is to support the design and development of safe and sustainable
chemicals and materials within the research and innovation (R&l) phase. The SSbD framework will
be tested, via the execution of case studies that will support the refinement of the framework and criteria. For
the testing and demonstration of the SSbD framework, data generated using new approach methodologies
(NAMs) should be prioritised and included as much as possible in the case studies, while fulfilling the data
quality criteria as well as the principles on findable, accessible, interoperable and reusable (FAIR) data.

This phase will aim to identify and collect bottlenecks, and measures to address them will be explored.
Research outputs generated by implementing the SSbD framework and criteria will feed into relevant EU
policies/initiatives.

The information presented in this report is the wider scientific and technical input for the European
Commission’s work on developing recommendations for Safe and Sustainable by Design, which might
not necessarily include all elements herein presented here.

Figure 1 illustrates the approach taken for the development of the SSbD framework. The first step was a review
of existing frameworks for SSbD and related concepts, which aimed at identifying what safety and sustainability
dimensions are included in existing frameworks as well as the methods, models, tools, and indicators used to
address the key issues at stake. Several frameworks were reviewed including initiatives from research, industry,
governmental agencies and NGOs (Caldeira et al,, 2022).

3 The SSbD framework should be harmonised, as far as possible, with other relevant initiatives that are implemented or are
being developed such as the EU Ecolabel (EU, 2010), the EU Green Public Procurement (EC, 2021b), the Ecodesign
requirements for energy-related products (EU, 2009), the framework for energy labelling (EU, 2017), and the Sustainable
Products Initiative (EC, 2021c; EC, 2022b) and the related proposal for a regulation for establishing a framework for setting
ecodesign requirements for sustainable products (EC, 2022a). Regarding the latter, it is recognised that the actions
translated in the EU Action Plan Towards zero pollution for air, water and soil and the Chemicals Strategy for Sustainability,
imply that chemicals, materials and products have to be as safe and sustainable as possible by design and during their life
cycle, leading to non-toxic material cycles. It is important to consider as well other actions being developed in the context
of CSS such as: development of an indicator framework (i.e. Key Performance Indicators action) to measure the industrial
transition towards the production of safe and sustainable chemicals, REACH and CLP as revised, establishing i.e. essential
use, one substance one assessment approach and substitution of substances of concern, and policy commitments to phase
out most harmful substances in consumer products and professional uses, and to minimise production and use of
substances of concern. Moreover, other EU initiatives such as the EU Sustainable Finance (Platform on Sustainable Finance.,
2021), including the EU taxonomy for sustainable activities, are also relevant in the context of SSbD.



Figure 1. Overview of the SSbD framework development process
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Building on the learnings from the review and considering the aims of the framework, a set of principles was
defined underpinning the development of the new framework:

1 Define a hierarchy between safety and other sustainability dimensions to avoid regrettable
substitution;

1 Move from relative (safer and more sustainable) to absolute* (safe and sustainable) improvements
ensuring that chemicals and materials are produced and used without exceeding acceptable
boundaries;

9 Define cut-off criteria for the design of chemicals and materials to stimulate sustainable research &
innovation, based on data beyond the current regulatory information requirements;

9 Establish close links to ‘functionality oriented’ research on alternatives development;

9 Focus on continuously and iteratively minimising environmental pressures, using dynamic boundaries
and cut-offs, so that the framework may become a tool of management of improvements along the
innovation trajectory. This enables a process of continuous improvement (contrary to static one-time
improvement);

9 Optimal use of the full data-space on adverse effects. For every (new) chemical/material a similarity
comparison should be made with the full spectrum of structurally or functionally similar substances
to assess the expected potential to cause negative impact. According to the precautionary principle,
each indication of a potential adverse effects should stimulate further assessment. This should serve
as a basis for further action;

9 Communicate SSbD actions taken, including data, throughout the supply chain (including yearly
reports); make all data available in FAIR (findable, accessible, interoperable and reusable) format, to
enhance also the transparency, accountability and duty of care;

9 Promote the use of a coherent framework across different policies such as REACH, Sustainable Finance,
Sustainable Products Initiative (SPI) and others.

4 The term “absolute sustainability” refers to the possibility of a chemical to comply with safety and to carry limited
environmental impacts, namely within planetary boundaries. Moving from comparative consideration (A better than B)
to absolute considerations (A is absolutely sustainable) requires to include elements of the use (which use and how
much) which goes beyond what is currently proposed in the framework. However, several elements of the framework
are enabling consideration which are going beyond the mere comparison of chemicals and are moving the assessment
towards more boundary oriented assessment.



Considering the above, a new framework was developed - including a methodology for the definition of possible
SShD criteria and implementation mechanisms- following the iterative process reported in (Figure 2). After the
initial scoping phase, the framework has been built via:

1. Defining the assessment dimensions to be considered in the SSbD framework;

2. Establishing the hierarchical principle underpinning the SSbD framework;

3. Defining the structure of the framework and the aspects to be included in each assessment step;
4. Establishing the methodology for criteria definition;

5. Establishing the procedures for evaluating the criteria (e.g. scoring system, levels).

These steps will then be tested and refined within the dedicated case studies in the next phase of the project.

Figure 2. Overview of the iterative process established for the SSbD framework development
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This report contains six additional sections. Section 2 covers the basic concepts underpinning the framework;
Section 3 presents the building blocks of the proposed framework, including definitions and dimensions
covered; Section 4 describes the structure of the framework and the steps envisaged; Section 5 covers the
evaluation procedure; Section 6 addresses data availability and quality; finally, Section 7 provides some
concluding remarks.



2. Background concepts underpinning the SSbD framework

The Safe and Sustainable by Design framework builds on different underpinning concepts and approaches as
illustrated in Figure 3 and described in the following sub-sections.

Custainability SciencD

Safe and
Absolute Sustainability SUSta i na b]e
considerations (e.g. planetary .
boundaries) by Design
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O 7, |
O L Life Cycle Assessment i ,_\ reY
: Green Chemistry assessment »
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EU Industrial Strategy

Figure 3. Underpinning principles and approaches informing the Safe and Sustainable by Design framework
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NEe==ar. A
Sustainable chemistry

2.1 Sustainability, safety, and sustainable development goals

The idea that economic growth could be compatible with environmental limits and social fairness and justice
led to the concept of sustainable development, defined in the Brundtland Report of the World Commission
on Environment and Development, Our Common Future, as the humanity's ability of meeting “the needs of the
present generations without compromising the ability of future generations to meet their own needs” (WCED,
1987). While this definition leaves space for different interpretations, it was pivotal in shaping the most
common representation of the sustainability concept, i.e. the composition and interactions between three pillars:
economy, environment and society. This definition also underpins the definition of sustainability considered in
the ISO Guide 82:2019 providing guidelines for addressing sustainability in standards where “sustainability
refers to a state of the global system, encompassing the environmental, social and economic subsystems, in
which the needs of the present are met without compromising the ability of future generations to meet their
needs.” (IS0, 2019).

The ability of current and future generation to meet their needs is associated to a development which remains
within the limit of the planet. Indeed, the need to operate within a safe space respecting Earth’s ecological limits
was translated into the so-called Planetary Boundaries (PB) framework developed by (Rockstrém et al.,
20093, b). This framework defines the preconditions for sustainable development by identifying and quantifying
environmental planetary boundaries that must not be transgressed by human activities thus avoiding
unacceptable environmental change. Assessing a system in term of contribution to transgressing planetary
boundaries, means to perform an Absolute Environmental Sustainability® Assessment. The PB framework

> The term “absolute environmental sustainability” refers to the possibility of a chemical to comply with safety while limiting
the environmental impacts, kept within planetary boundaries. Moving from comparative consideration (A better than B)
to absolute considerations (A is absolutely sustainable) requires to include elements of the chemical use (which use

10



defines nine planetary boundaries: Climate Change, Biosphere Integrity, Stratospheric Ozone Depletion, Ocean
Acidification, Biochemical Flows, Land-system change, Freshwater use, Atmospheric aerosol loading, and Novel
Entities (previously called ‘chemical pollution’ (Rockstrom et al., 2009b). From these PB, Functional diversity (as
part of Biosphere integrity), and Atmospheric aerosol loading are not yet quantified as per the 2015 PB update
(Steffen et al. 2015). . However, in a recent publication by Persson et al. (2022), the authors ‘submit that the
safe operating space of the PB of Novel Entities is exceeded since annual production and releases of a
continuously increasing number and amount of chemicals and other novel entities are increasing at a pace that
outstrips the global capacity for assessment and monitoring’, including the management of risks, which
emphasises the urgency in transforming the chemical economy beyond relative improvements. Another critical
point identified by the authors is the diversity of chemical entities which requires the development of a flexible
SSbD framework. On this point, Fenner and Scheringer (2021), advocate for a “chemical simplification”, in which,
in agreement with Kummerer et al. (2020), the number of chemicals used in many products, in particular in
consumer products, needs to be reduced. This would minimise human and environmental exposure on a large
scale and contribute to the achievement of a circular economy as materials that are designed for recycling need
to be chemically simple.

Recently, the boundary on the freshwater has been updated, flagging another critical overcoming of
sustainability threshold (Wang-Erlandsson et al, 2022). It should be noted however that at present there is
limited knowledge about where these boundaries lie, in particular with respect to the production and release of
man-made chemicals.

Besides the environmental, social and economic considerations, the integration of additional pillars related to
institutional, cultural, and technological issues has also been proposed (e.g. (O’Connor, 2006; Vos, 2007).
Partnership and peace were recognised as critical components of sustainability (UN, 2015). Furthermore,
awareness of the interplay between all the sustainability pillars and related goals and targets has increased.

Hence, the concept of sustainability has evolved over time, leading to the development of the so-called
sustainability science® which is translating sustainability principles into practical solutions. The concern about
the use of natural resources in relation to the population growth dates back to the 18th century, when political
economists such as Thomas Robert Malthus drew attention to the use of natural resources in this context (Purvis
et al, 2019). The modern concept of sustainability originated in the 1970s, being popularly attributed to the
Club of Rome’s report “Limits to Growth” (Meadows et al., 1972). One of the arguments of the popular essay
was that the modern growth-based economy was unsustainable on a finite planet. It is interesting to note that
around 1967, the safety of chemicals was addressed at the EU level by the agreement of the Dangerous
Substances Directive (Directive 67/548/EEC). Since then, chemicals legislation has evolved and expanded
significantly, based on a deeper understanding of effects of chemicals on human health and the environment.

The sustainability principles have been enunciated in terms of specific goals for humankind, the United Nations'
Sustainable Development Goals (SDGs). The 17 SDGs, including 169 targets and 231 indicators, are defined
in the Agenda 2030 (UN, 2015) and set out a vision for a future global society. The 2030 Agenda for Sustainable
Development covers the different dimensions of sustainability, providing principles and reference for policy at
different levels (local, national and regional level) and for business and corporate decision makers. The European
Union has committed to play a pivotal role in SDGs achievements (EC, 2016) and to align its development policy
with the SDGs (EC, 2019b). In recent years, the academic and political community is moving away from the
“triple bottom line" model for sustainability towards models, where economics (as an arbitrary, human-
introduced feature) receives less importance, and where the societal domain (which encapsulates economic

and how much) which goes beyond what currently proposed in the framework. However, several elements of the
framework are enabling consideration which are going beyond the mere comparison of chemicals and are moving the
assessment towards more boundary oriented assessment.

& A solution-oriented discipline that studies the complex relationship between nature and humankind, conciliating the
scientific and social reference paradigms which are mutually influenced- and covering multi temporal and spatial
scales. The discipline implies a holistic approach, able to capitalize and integrate sectorial knowledge as well as a
variety of epistemic and normative stances and methodologies towards solutions’ definition’ (Sala et al. 2013a)
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markets) is itself embedded in the wider, more overarching environmental domain of sustainability as illustrated
in the "doughnut model") (Raworth 2017 ; Rockstrém, 2015).

The transition towards SSbD chemicals and materials will contribute to several SDGs as depicted in Figure 4. In
particular, SDG 3 Good Health and Wellbeing Target 3.9 ‘By 2030, substantially reduce the number of deaths
and illnesses from hazardous chemicals and air, water and soil pollution and contamination’, SDG 12
Sustainable Consumption and Production Target 12.4 '‘By 2020, achieve the environmentally sound
management of chemicals and all wastes throughout their life cycle, in accordance with agreed international
frameworks, and significantly reduce their release to air, water and soil in order to minimise their adverse
impacts on human health and the environment’, and SDG 6 Water Quality Target 6.3 ‘By 2030, improve water
quality by reducing pollution, eliminating dumping and minimising release of hazardous chemicals and
materials, halving the proportion of untreated wastewater and substantially increasing recycling and safe reuse
globally’ (UN, 2015).

The SSbD concept literally emphasises safety and sustainability, nevertheless this distinction in not crystal
clear as safety is an inherent element of both environmental (pollution) and social (health) aspects
of sustainability, and it has an economic component as well. In the regulatory context, "Safety" is defined
based on thresholds for human or environmental impacts. Indeed, the challenge is to understand (and define
metrics and criteria for) how thresholds for "Safety" can or should be aligned with physically derived targets or
limits for impacts on human health and environment, which is the prevailing concept in the "Environment"
dimension.

While recognising that safety is an integral part of the three sustainability dimensions, in this report we
specifically address the safety component and therefore this is reflected as the four dimensions underpinning
the SSbD, as illustrated in Figure 4. This helps in mapping the different aspects that are covered to ensure a
comprehensive SSbD assessment.

Figure 4. Dimensions considered in the SSbD and related SDGs targets
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In the sustainability science debate, there are proposals to present the SDGs giving emphasis to the role of
environment and ecosystems as building blocks for socio-economic development (Figure 5). This is in line with
the so-called “strong sustainability” approach, where the conservation of the natural capital is the main objective
and where the increase in economic and social capital should not happen at the expense of natural capital.
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Figure 5. A presentation of the economy and society related SDGs as dependent upon the biosphere and its integrity (credit:
Azote Images for Stockholm Resilience Centre)
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2.2 Green chemistry, sustainable chemistry, circular chemistry, green engineering, safe by
design

To design a safe and environmentally sustainable chemical/material, several principles have been proposed
over time. The proposed principles are those considered e.g. in green chemistry (Anastas and Warner, 1998)
green engineering (Anastas and Zimmerman, 2003), sustainable chemistry (Blum et al. 2017; ISC3, 2021;
UBA, 2009; UNEP, 2021a), circular chemistry (Keijer et al. 2019) and safe by design (OECD, 2020) (a list is
available in Annex 2) as well as policy related ambitions (e.g. transition to a circular economy (EC, 2020b) to a
bioeconomy (EC, 2018a); to zero pollution (EC, 2021d). Many of these principles includes both safety and
resources related considerations and intend to help the design or redesign of chemicals, materials and their
related manufacturing processes and supply-chains.

With regards to safety, the safe by design (SbD) concept is integrating safety in the design process (Dekkers
et al, 2020; OECD, 2020; Jantunen et al, 2021; Tavernaro et al, 2021). In the context of Safe Innovation
Approach (SIA), developed specifically for nanomaterials (Soeteman-Hernandez et al.,, 2019; OECD, 2020), SbD
refers to identifying the risks and uncertainties concerning humans and the environment at an early phase of
the innovation process. The SbD approach addresses the safety of the material/product and associated
processes through the whole life cycle within three pillars of design: safe(r) material/product, safe(r) production
and safe(r) use and end-of-life.

These principles underpin frameworks for alternative assessment for safer chemicals. Due to a growing concern
regarding sustainability of chemicals, environmental aspects have been gaining more prominence and they are
starting to be considered in addition to chemical safety in frameworks for assessment of alternatives.

2.3 Life Cycle Assessment

Assessing sustainability requires integrated approaches, able to model complex systems and to capitalise the
best knowledge on impact assessment. Moreover, they should allow comparison between different options, be
reproducible and transparent, highlighting trade-offs. Among the available approaches to sustainability
assessment, Life Cycle Thinking (LCT) and the life cycle-based approaches applying LCT can play a pivotal role
in comparing options and solutions in terms of sustainability (Sala et al., 2013a). Life cycle thinking is a basic
concept referring to the need of assessing burden and benefits associated to products/sectors/projects adopting
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a holistic perspective, from raw material extraction to end of life. LCT can be applied to assess the
environmental, social, and economic pillars using the Life Cycle Assessment (LCA), the Social Life Cycle
Assessment (S-LCA), and the Life Cycle Costing (LCC) methodology. The Life Cycle Sustainability Assessment
(LCSA) combines the three above mentioned methodologies to provide a holistic assessment of the implications
of a product life cycle. The three methodologies have various levels of availability and maturity, which in turn
influence their level of implementation (Valdivia et al, 2021). LCA is the most established and mature
methodology, having implemented characterisation models with justified impact pathways. A compendium on
LCA providing guidance on how to apply LCA is provided by Hauschild et al. (2018). S-LCA and LCC are less
developed, especially concerning the impact assessment phase.

The importance of employing a life cycle perspective in assessing sustainability of production and consumption
systems has been increasingly acknowledged in the EU policies since the early 1990ies (Sala et al,, 2021). The
European Green Deal (EC, 2019a), for instance, includes several policy initiatives which explicitly cite and
mention LC thinking and methods. In the Chemical Strategy for Sustainability (EC, 2020a) a life cycle perspective
is required in the identification and minimisation of potential negative impacts linked to chemicals and
materials.

Figure 6 shows the main elements of the LCA methodology, an internationally standardised tool (ISO, 2006) for
the integrated environmental assessment of products (goods and services). As for the other LC-based
methodologies (i.e., the Social Life Cycle Assessment and the Life Cycle Costing) four main phases are included
in the methodology:

1. Goal and scope: describing the reason for executing the study, a definition of the studied product
and its life cycle and the defining of system boundaries;

2. Inventory: listing all emissions released into the environment and resources extracted from the
environment along the whole life cycle of the product under investigation;

3. Impact assessment: results or indicators of potential environmental and human health impacts are
translated, with the help of an impact assessment method, into environmental impacts;

4. Interpretation: necessary for identifying, quantifying, checking and evaluating information from the
results of the inventory and/or the Life Cycle Impact Assessment.

Figure 6. Main elements of the Life Cycle Assessment methodology
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2.4 Sustainable Innovation and Responsible Research and Innovation

Aside principles that guide the development of SSbD chemicals and materials as for example the green
chemistry principles or circular chemistry and tools that assess the performance of chemicals and materials
allowing to identify those that are SSbD such as Life Cycle Assessment, other key concepts underpinning the
SSbD framework are Sustainable Innovation, which are those innovations that can reconcile economic, social
and environmental goals in order to achieve a “win-win-win” situation (Afeltra et al. 2021) and Responsible
Research and Innovation (RRI).

Innovation can take many forms, for example product innovation (change in products/services offered by a
company), process innovation (change in the way products/services are offered or presented to the consumer),
the innovation of position (change in the context in which the products/services are introduced in the market)
and paradigm innovation (change in the basic mental models that guide the actions of the company) (lakovleva
et al. 2021). There is a growing literature referring to RRI (Yaghmaei et al. 2021), which is framed as a way to
steer and manage innovation development, and to connect the basic concerns of business with the global
challenges of society, i.e., the challenge for companies in this increasingly competitive world to innovate in order
to generate economic benefits, but also to generate sustainable social value. Definition of RRI includes
‘Responsible innovation refers to a new or significantly improved product, service, or business model whose
implementation at the market solves or alleviates an environmental or a social problem’ (Halme et al. 2014).
Hence, principles of RRI include anticipation of societal needs and reflection of concerns (Owen et al. 2012),
which calls for new innovation policies. The RRI has led to the development of a possible framework of
implementation, including for SMEs (Gonzales-Gemio et al. 2020).
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3. Definitions and sustainability dimensions in the proposed SSbD framework

In this section, the definitions adopted in the framework and the sustainability dimensions addressed are
presented. Annex 1 gives an overview of the definitions of the terms used.

3.1 Definitions

Sustainability and safety

When applied in the context of chemicals/materials, the concept of sustainability could be formulated as the
ability of a chemical/material’ to deliver its function without exceeding environmental and
ecological boundaries along its entire life cycle, while providing welfare, socio-economic benefits
and reducing externalities.

The safety concept is transversal to all sustainability dimensions (environmental, social and economic) and it
is related to the absence of unacceptable risk (in line with REACH art 68 (EU, 2006)) for humans and the
environment, preferably ensured by avoiding chemicals with intrinsic hazard properties.

Chemicals and materials

The focus of this report (aligned with the CSS) is on the development of a framework to define SSbD criteria
for chemicals and materials. The term ‘chemical’ has different interpretations. REACH (EU, 2006) and CLP (EU,
2008), the basis for EU chemicals legislation, do not define ‘chemical’, but use, defines and distinguish the legal
terms ‘substance® and ‘mixture® for chemicals. However, in daily practice, people often make an intuitive
distinction between ‘chemicals’ and ‘materials’. To facilitate general understanding, and ensure
comprehensiveness, the SSbD criteria developed in this report refer to both chemicals and materialst© .

It is important to assess the sustainability of the use of the chemical or material in the final application e.q.
where it is used as a part of or as an ingredient in a product!!. However, there are many sustainability aspects
associated with a product that are not related to its ingredients or components and that need to be taken into
account when evaluating the sustainability of a product. This report is limited to a framework for the definition
of SSbD criteria for chemicals and materials; it does not apply for the definition of criteria for ‘products’.

‘By-design’ (re-design)

In the context of SSbD criteria definition for chemicals and materials, the term ‘by-design’ can be interpreted
at 3 levels:

I Molecular design: this is the design of new chemicals and materials based on the atomic level
description of the molecular system. This type of design effectively delivers new substances, whose
properties may, in principle, be tuned to be safe(r) and (more) sustainable.

91 Process design: this is the design of new or improved processes to produce chemicals and materials.
Process design does not change the intrinsic properties (e.g. hazard properties) of the chemical or
material, but it can make the production of the substance safer and more sustainable (e.g. more energy
or resource efficient production process, minimising the use of hazardous substances in the process).
The process design includes upstream steps, such as the selection of the feedstock.

7 This definition ca also be applied to products and services

8 Substance: ‘a chemical element and its compounds in the natural state or obtained by any manufacturing process, including
any additive necessary to preserve its stability and any impurity deriving from the process used, but excluding any
solvent which may be separated without affecting the stability of the substance or changing its composition’. Please
note that a ‘substance’ can have a very complicated chemical composition, for example creosote, which is produced by
the distillation of tar from wood or coal, is a substance. (EU, 2006)

° Mixture: ‘a mixture or solution composed of two or more substances’ (EU, 2006)

10 Material = denote either substances or mixtures which may or may not yet fulfil the definition of an article under REACH
and may be of natural or synthetic origin (EC, 2021e)

11 see definition in Annex 1
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9 Product design: this is the design of the product in which the chemical/material might be used with a
specific function that will eventually be used by industrial workers, professionals or consumers.

The SSbD framework proposed in this report covers all three levels. It can be used to determine into which
direction molecular design should go (including designing an optimal production process), but it is also intended
to be useful for the engineers and scientists improving or inventing new production processes (re-design) for
already existing chemicals and materials, and for product designers, when they need e.g. to select different
chemicals and materials to meet the functional demands of the product under development.

Criteria

A criterion is defined as an aspect (e.g. climate change) with an assessment method and a minimum or
maximum threshold or target values, on which a decision may be based.

The SSbD criteria for chemicals and materials will be used to assess the overall sustainability of the use of a
particular chemical or material with a specific function in a particular application. Where SSbD is applied to
more than 1 chemical or material, any comparison among chemicals/materials will be based on (strictly)
equivalent functionality. Therefore, also the amount of chemical/material used to achieve a particular function,
which may need a larger amount of chemical A than of chemical B, should be taken into account.

3.2 Sustainability dimensions

Ideally, an SSbD framework encompass all sustainability dimensions. The main sustainability guidance and
global objectives (e.g. the sustainable development goals) (UN, 2015), as well as the review of the dimensions
addressed by existing frameworks (Caldeira et al. 2022) identified the following sustainability dimensions:

1 Safety

1 Environmental
I Social

I Economic

As mentioned above, safety is an integral element of sustainability that refers to human health and
environmental safety aspects of chemicals and materials. In the context of chemicals assessment, safety could
be referring to a certain condition where a stressor (e.g. a chemical) is unlikely to cause any adverse effect to
a receptor (e.g. humans and other organisms) (more related to intrinsic hazard properties of the stressor) or
where a receptor is protected from risk (more related to control measures or mechanisms to minimise exposure
to the stressor). In any case, the term safe involves receptors, and with that generally also requires the
consideration of the contact (i.e. exposure) between stressors and receptors as addressed in a risk assessment
context.

Current EU chemicals legislation is to a large extent based on the need to protect human health and the
environment from the risks associated with the production and use of hazardous chemicals, i.e. on ‘chemical
safety’. In the context of CSS and this report, ‘safety’ is to be interpreted as ‘chemical safety’, and refers to
issues that may arise from their intrinsic hazard properties as well as during the production, the use phase or
at the end-of-life of the chemical/material

Conceptually, (chemical) safety and sustainability are not unrelated: chemical safety is an essential
element of sustainability. Chemical pollution'? and toxicity of chemicals to human health and the
environment are obvious threats to environmental and social sustainability, and the political, economic and
legal risks associated with working with hazardous chemicals or critical raw materials are aspects of economic
sustainability.

12 Defined as the presence or increase in our environment of chemical pollutants that are not naturally present there or are
found in amounts higher than their natural background values (see Annex 1 for source)
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Within the safety dimension, several aspects are covered, from the intrinsic hazardous properties of the
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