
 

 

 

 

 
 

 
 

 
Joint Research Centre 

Safe and Sustainable by 
Design Chemicals and 
Materials. Revised framework 
(2025) 

      

Garmendia Aguirre, I., Abbate, E., Bracalente, G., Mancini, L., Cappucci, G.M., Tosches, D., Rasmussen, K., 

Sokull-Kluettgen, B., Rauscher, H., Sala, S. 

2025 



 

 

 

This document is a publication by the Joint Research Centre (JRC), the @pmjk`\i >jhhdnndji½n n^d`i^` \i_ fijrg`_b` 

service. It aims to provide evidence-based scientific support to the European policymaking process. The contents of this 

publication do not necessarily reflect the position or opinion of the European Commission. Neither the European 

Commission nor any person acting on behalf of the Commission is responsible for the use that might be made of this 

publication. For information on the methodology and quality underlying the data used in this publication for which the 

source is neither Eurostat nor other Commission services, users should contact the referenced source. The designations 

employed and the presentation of material on the maps do not imply the expression of any opinion whatsoever on the 

part of the European Union concerning the legal status of any country, territory, city or area or of its authorities, or 

concerning the delimitation of its frontiers or boundaries. 

Contact information 

Name: Serenella Sala 

Address: Via E. Fermi, 2417, Ispra (VA), Italy 

Email: serenella.sala@ec.europa.eu 

Tel.: 0039 0332786417 

The Joint Research Centre: EU Science Hub  

https://joint-research-centre.ec.europa.eu  

JRC143022 

EUR 40399 

 

PDF  ISBN 978-92-68-30330-6  ISSN 1831-9424  doi:10.2760/5103785  KJ-01-25-394-EN-N 

Luxembourg: Publications Office of the European Union, 2025 

© European Union, 2025 

 

The cover image was created using ChatGPT 

 

 

The reuse policy of the European Commission documents is implemented by the Commission Decision 2011/833/EU of 12 

December 2011 on the reuse of Commission documents (OJ L 330, 14.12.2011, p. 39). Unless otherwise noted, the reuse 

of this document is authorised under the Creative Commons Attribution 4.0 International (CC BY 4.0) licence 

(https://creativecommons.org/licenses/by/4.0/). This means that reuse is allowed provided appropriate credit is given and 

any changes are indicated.  

For any use or reproduction of photos or other material that is not owned by the European Union permission must be 

sought directly from the copyright holders. 

How to cite this report: Garmendia Aguirre, I., Abbate, E., Bracalente, G., Mancini, L., Cappucci, G.M. et al., Safe and 

Sustainable by Design Chemicals and Materials. Revised framework (2025), Bracalente, G., Abbate, E. and Garmendia 

Aguirre, I. (editors), Publications Office of the European Union, Luxembourg, 2025, 

https://data.europa.eu/doi/10.2760/5103785, JRC143022. 

 

https://joint-research-centre.ec.europa.eu/
https://creativecommons.org/licenses/by/4.0/


 

1 
 

Contents 

Abstract ...................................................................................................................................................................................................... 3 

Authors ........................................................................................................................................................................................................ 5 

Acknowledgements ....................................................................................................................................................................... 5 

1. Introduction ....................................................................................................................................................................................... 6 

2. Background concepts ................................................................................................................................................................... 8 

3. The SSbD principles ................................................................................................................................................................... 10 

4. Definitions and terms ............................................................................................................................................................... 11 

5. Overall structure of the SSbD framework .................................................................................................................... 12 

6. Scoping analysis .......................................................................................................................................................................... 14 

6.1. Intended innovation ......................................................................................................................................................... 14 

6.2. Definition of the system under study ................................................................................................................... 16 

6.3. Description of the intended innovation and design principles ................................................................ 18 

6.4. Engagement with the actors along the life cycle ........................................................................................... 20 

7. Identification of the SSbD scenario .................................................................................................................................. 22 

8. Safety and sustainability assessment ............................................................................................................................ 26 

9. Intrinsic physico-chemical properties .............................................................................................................................. 29 

10. Safety assessment .............................................................................................................................................................. 31 

10.1. Aspects, and indicators definition ................................................................................................................. 33 

10.2. Safety assessment in innovation .................................................................................................................. 35 

10.3. Uncertainty considerations in Safety assessment .............................................................................. 46 

10.4. Process-related safety ........................................................................................................................................ 51 

11. Environmental sustainability assessment ............................................................................................................. 57 

11.1. Aspects, criteria and indicators ...................................................................................................................... 57 

11.1.1. ?`adidodji ja oc` ºkmjst» m`a`m`i^` ........................................................................................................... 61 

11.1.2. Definition of the benchmark ........................................................................................................................ 63 

11.2. Assessment and evaluation system throughout the innovation ................................................. 64 

11.3. Process-related sustainability ......................................................................................................................... 68 

12. Socio-economic sustainability assessment ........................................................................................................... 70 

12.1. Rationale and objectives .................................................................................................................................... 70 

12.2. Aspects, indicators and criteria definition ................................................................................................ 71 



 

2 
 

12.2.1. Development of reference scales and scoring system ................................................................. 79 

12.3. SSbD as a strategic lever for competitiveness and financial resilience ................................. 80 

12.4. Data sources, uncertainty and limitations ............................................................................................... 81 

12.5. Synergies with other socio-economic analyses .................................................................................... 83 

13. Evaluation ................................................................................................................................................................................. 85 

13.1. Trade-offs and decision-making in the SSbD framework............................................................... 85 

13.2. Uncertainty in the SSbD framework ............................................................................................................ 87 

13.3. Example of a dashboard to visualise SSbD results ............................................................................ 88 

13.4. Aggregation of results ¸ Multi-Criteria Decision Analysis (MCDA) ............................................. 92 

14. Documentation ...................................................................................................................................................................... 93 

15. Conclusions .............................................................................................................................................................................. 98 

List of Abbreviations ........................................................................................................................................................................ 99 

References .......................................................................................................................................................................................... 101 

List of boxes....................................................................................................................................................................................... 110 

List of figures .................................................................................................................................................................................... 111 

List of tables ...................................................................................................................................................................................... 113 

Annexes ................................................................................................................................................................................................ 115 

Annex 1. List of Definitions and terms used in the SSbD framework ........................................................ 115 

Annex 2. Examples of the scoping analysis .............................................................................................................. 120 

Annex 3. Design principles and examples of indicators ..................................................................................... 121 

Annex 4. European Regulatory Frameworks linked with chemical safety ............................................... 126 

Annex 5. Description of the Environmental Footprint 3.1 Impact Categories ....................................... 128 

Annex 6. Example of evaluation with references for medium/high TRL................................................... 130 

Annex 7. Further aspects on data quality .................................................................................................................. 131 

Annex 8. Reference scales and monetisation factors for the socio-economic assessment ......... 133 



 

3 

Abstract  

The Safe and Sustainable by Design (SSbD) framework for chemicals and materials was developed 

by the European Commission Joint Research Centre (EC-JRC) in 2022, as the scientific basis for the 

European Commission Recommendation of 2022. The first version of the framework has since been 

tested in different contexts and by different stakeholders, providing a solid basis for the announced 

revision. The core concept of the SSbD framework is to ensure safety and sustainability 

throughout the entire life cycle of chemicals and products and to steer innovation to design or 

redesign chemicals, materials, processes and products by identifying potential safety 

issues, sustainability impacts and trade-offs early-on. The revised SSbD framework, 

presented here, maintains the core concept while introducing novel aspects: 

1. SSbD framework principles: as the backbone of the framework, principles are listed to 

enhance clarity. 

2. Scoping analysis: It is the process of identifying and prioritising the key issues associated 

with the intended innovation. The scoping analysis has been structured towards defining 

scenarios to tailor the application of the SSbD framework. The importance of engaging with 

the actors along the life cycle is emphasised. Methodological criteria are proposed to guide 

the SSbD practitioner to adhere to SSbD principles.  

3. New structure of the safety and sustainability assessment parts:  

(a) The safety part is focused on the risks associated with the chemical/material and 

the related processes and uses. To this end, it combines the evaluation of the 

^c`hd^\gn½ intrinsic properties with that of occupational/professional, consumer, and 

environmental exposure. The Steps 1, 2 and 3 of the 2022 framework are now 

merged in one holistic safety part. To guide the selection of safer production 

processes and to enable a comprehensive evaluation of different pathways to 

produce the same chemical/material, there is a specific process-related safety sub-

chapter. 

 

(b) The environmental sustainability part addresses the entire life cycle of the 

chemical/material (raw materials, production, use, and disposal process) and it is 

based on the application of Life Cycle Assessment. To simplify the SSbD application 

at low innovation maturity levels, this part proposes screening level assessments 

and LCA based benchmarks. To guide the selection of more sustainable production 

processes and to enable a comprehensive evaluation of different pathways to 

produce the same chemical/material, there is a specific process-related 

sustainability sub-chapter. 

 

(c) The socio-economic sustainability assessment part, which is significantly 

expanded compared with the 2022 framework, addresses the social fairness and 

competitiveness dimensions of the chemical/material supply chain. These include 

aspects related to supply chain vulnerabilities and life cycle costs, also linked to risk 

governance and financial stability. 
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4. Evaluation: this part illustrates an approach to evaluate the implementation of the SSbD 

framework, to identify trade-offs between the different safety and sustainability aspects 

and uncertainties of the assessment according to the available information. An example of 

visualisation of the results of the evaluation is provided as a dashboard, serving as a 

compass to identify hotspots and critical elements to guide the innovation along the life 

cycle of chemicals and materials.  

5. Documentation: The framework also includes a chapter on documentation, aiming at 

systematically and transparently recording the key elements of the implementation of the 

SSbD approach. 
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1. Introduction  

Europe is the 2nd largest chemical producer in the world with sale of Õ650 billion in 2023. The 

chemical industry is the fourth largest manufacturing industry with 7% of EU manufacturing 

turnover, 1.2 million direct highly skilled jobs, with 3.6 million indirect jobs and 19 million jobs 

across all value and supply chains1. Moreover, the chemical industry is at the heart of many value 

chains: more than 50% of chemicals are sold to other industries. The sector is among the largest 

CO2 emitters, as the global direct CO2 emission from primary chemical production in 2022 equals 

935 Mt2.  

Similarly, materials are a central element of the economy, and more and more are expected to be 

developed to respond to new competitiveness and technological challenges. For example, the 

European Commission's Communication on "Advanced Materials for Industrial Leadership," adopted 

in February 2024, outlines a strategy to position the EU as a global leader in advanced materials. 

Recognizing these materials as crucial enablers for the green and digital transitions, the 

Communication emphasises the importance of strengthening the EU's research, innovation, and 

production ecosystem.  

Since its publication, the European Green Deal has been one of the priorities of the European 

Commission (EC). The European Green Deal aims to transform the EU's current economy into a 

greener and more sustainable one (EC, 2019). Within the Green Deal, the Chemicals Strategy for 

Sustainability (CSS) (EC, 2020a) identified several actions contributing to the reduction of negative 

impacts on human health and the environment associated with the production and use of 

chemicals, materials, products and services commercialised or imported in the EU. Among them, 

there are different actions to support innovation for safe and sustainable chemicals in the EU. The 

development of a framework to define safe and sustainable by design (SSbD) chemicals and 

materials can be considered as a key enabler for these actions.  

In parallel, President Ursula von der Leyen, in preparation of her potential second term of mandate 

asked Mario Draghi to prepare a report on competitiveness of the European Union. The subsequent 

Competitiveness Compass transformed the recommendations of the Draghi report (Draghi, 2024), 

together with the conclusions of the Letta report (Letta, 2024) on the single market, into a 

roadmap. 

The EU Competitiveness Compass outlines the strategic priorities for strengthening Eurok`½n 

industrial base. It is structured around three core pillarsÖinnovation, decarbonisation, and economic 

securityÖalongside a set of cross-cutting enablers. This demonstrates that innovation is and will 

m`h\di \ api_\h`io\g kdgg\m ja oc` @pmjk`\i >jhhdnndji½n kmdjmdod`n' an ambition to which the 

revised SSbD framework strongly contributes, as illustrated in Figure 1.  

 

 

 

 

 

1 As reported by CEFIC fact and figures of European chemical industry ¸ 2024 (https://cefic.org/facts-and-figures-of-the-
european-chemical-industry/) 

2 As reported by IEA (https://www.iea.org/energy-system/industry/chemicals) 
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Figure 1. Contributions of the SSbD framework to the EU industrial competitiveness. 

 

Source: Own elaboration 

The transition to safer and more sustainable chemicals/materials is a competitiveness driving 

concept which is increasingly recognised as a priority at global level, as reiterated also by the recent 

efforts on the Global Framework on Chemicals (UNEP, 2023), and the Stockholm declaration on 

chemistry for the future (The Stockholm Declaration on Chemistry for the Future, 2025).  

Moreover, the recent Communication on the European Chemicals Industry Action Plan (EC, 2025), 

further supports strengthening the need for concrete measures, to secure the global 

competitiveness of the European chemicals industry, to maintain a strong European production base 

and to upgrade it. Among the actions, there are those related to alternative feedstocks (such as bio-

based), to unlock secondary materials markets, and to identify options for reducing energy demand. 

The SSbD framework is expected to play an important role in driving the innovation of the chemical 

industry towards safer and overall, more efficient (from resources and environmental performance 

point of view) chemical industry. 

The purpose of this report is to present a revised SSbD Framework that enhances its support for 

innovation while improving its relevance, reliability, and operability. The revised framework also 

considers the need for a simplified approach in the early stages of innovation, for Small and 

Medium-sized Enterprises (SMEs) and for companies first approaching the SSbD concept. By 

integrating safety and sustainability from the earliest stages of innovation, the SSbD 

framework can support more resilient, competitive and innovation based, future-proof 

industrial ecosystems.Since its publication in 2022, the SSbD Framework developed by the JRC 

(Caldeira et al., 2022b) has been tested in different applications and contexts. The Framework was 

first tested by the JRC in collaboration with industrial partners in three case studies (Caldeira et al., 

2023). Subsequently, the Recommendation (EC, 2022) addressed to EU Member States, industry, 

academia, and research and technology organisations (RTOs) invited them to test the SSbD 

framework and provide feedback over a two-year testing period (Abbate et al, 2024; Garmendia et 

al, 2025). The aim of the testing was to gather information and gain experience to revise the 

Framework and improve its relevance, reliability and operability.  
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2. Background concepts  

The concept of sustainable development came from the idea of reconciliating economic growth 

with environmental limits and social justice. Defined in the Brundtland Report as meeting Ʌrfc lccbq 

of the present generations without compromising the ability of future generations to meet their own 

needs» (WCED, 1987), it introduced the three sustainability pillars: economy, environment and 

society. This concept also forms the basis for the sustainability definitions outlined in ISO Guide 

82:2019 (ISO, 2019). 

The sustainability principles have been enunciated over time in various international documents, 

including the United Nations' Sustainable Development Goals (SDGs) outlined in the 2030 

Agenda (UN, 2015). The 17 SDGs, including 169 targets and 231 indicators, cover the different 

dimensions of sustainability, providing principles and a reference for policy at different levels (local, 

national and regional level) and for business and corporate decision makers.  

The transition towards SSbD chemicals and materials will contribute horizontally to several SDGs, 

especially SDG 3 Good Health and Wellbeing, SDG 12 Sustainable Consumption and Production, and 

SDG 6 Water Quality (UN, 2015). Figure 2 illustrates how the different aspects of the SSbD 

assessment are mapped against the SDGs, and its centre highlights that safety is an important 

aspect of the three sustainability pillars. While the safety and sustainability aspects are intrinsically 

linked, for ease of use, the framework addresses them separately.  

Figure 2. Dimensions considered in the SSbD and related SDGs targets. 

 

Source: Caldeira et al., 2022 

To design safe(r) and environmentally (more) sustainable chemicals/materials, several principles 

have been proposed over time. The proposed principles are those considered in e.g. green 

chemistry (Anastas & Warner, 1998), green engineering (P. T. Anastas & Zimmerman, 2003), 

sustainable chemistry (Blum et al. 2017; ISC3, 2021; UBA, 2009; UNEP, 2021), circular 

chemistry (Keijer et al., 2019) and safe by design (OECD, 2020), as well as those linked to policy 
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related ambitions (e.g. transition to a circular economy (EC, 2020b) or to a bioeconomy (EC, 2018a) 

and to zero pollution (EC, 2021a).  

Many of these principles include both safety- and resources-related considerations. They intend to 

help the design or redesign of chemicals, materials and their related manufacturing processes and 

supply chains (Dekkers et al., 2020; Jantunen et al., 2021; OECD, 2020; Tavernaro et al., 2021), as 

well as their circularity aspects. 

Another key concept underpinning the SSbD framework is Responsible Research and Innovation 

(Yaghmaei & Van De Poel, 2020). The Responsible Research and Innovation concept steers and 

manages innovation to connect the basic concerns of business with the global societal challenges. 

Moreover, it emphasizes the development of solutions to environmental and social problems 

through improved products, services, and business models (Halme & Korpela, 2014).  

Finally, Life Cycle Thinking (LCT) is another key concept underpinning the SSbD framework. It 

aims to assess and consequently reduce emissions and resources use, as well as associated 

environmental impacts all along the entire life cycle of products - from raw material extraction to 

the end of life.  
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3. The SSbD principles 

The SSbD framework serves as an approach to guide innovation towards safe and sustainable - or 

at least safer and more sustainable, as presently applied - chemicals and materials life cycles. The 

framework helps innovators to identify the necessary information to support safety and 

sustainability related decision-making, while minimising inherent uncertainties. This framework is 

built on four SSbD principles described below and shown in Figure 3.    

o Assessments consider the entire SSbD system including chemicals /materials, processes 

and products under study and their related life cycles. 

o The SSbD concept builds on multidisciplinary engagement of the life cycle actors and 

company experts to ensure that both safety and sustainability are considered throughout the 

entire innovation. It fosters collaboration to deliver the highest impact of the innovation type 

being considered, together with safety and sustainability performance.  

o Safety and sustainability aspects are addressed with a holistic perspective 

throughout the innovation. The iterative approach in innovation also takes into 

consideration the inherent uncertainties and trade-offs in each iteration. SSbD is not static, but 

evolves over time, in function of new information on hazards and uses, new challenges and 

needs and new available innovative solutions. The tiered approach implies the gradual 

reduction of uncertainties by identifying information needs and gathering or generating data for 

each iteration, as the innovation process progresses. 

o The SSbD concept implies transparency of the assessment and traceability of the 

fulfilment of the principles throughout the entire innovation. 

Figure 3. SSbD framework principles. 

 

Source: Own elaboration 
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4. Definitions and terms  

The complete list with definitions and terms is provided in Annex 1. 

o By (re)design: In the context of SSbD for 

chemicals and h\o`md\gn' oc` o`mh ¼]t-_`ndbi½ 

can be interpreted as Molecular (re)design, 

Process (re)design, Product (re)design.  

o Chemical: Substances and mixtures as 

defined in the Regulation (EC) No1907/2006 

(EC, 2006) (hereafter, REACH).  

o Criteria: Set of values (e.g. reference or class 

performance) on which a decision may be 

based.  

o Iterative approach: At each innovation 

iteration SSbD is applied to the level of detail 

that can be achieved with the data and 

information available at that point in time. 

The SSbD structure is followed in each 

iteration.  

o Material: 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.   

o Maturity of the innovation: will be defined 

and evaluated by the SSbD practitioner 

according to the used approach, for example 

Cooper stage-gate, Technological Readiness 

Level (TRL), low-medium-high or regulatory 

readiness level.  

o Maturity of SSbD: While the maturity of the 

innovation will be defined and described by 

the SSbD practitioner according to different 

criteria, the maturity of the SSbD 

implementation reflects the completeness of 

the fulfilment of the SSbD principles: 

simplified, intermediate or full. 

o Methodological criteria: set of structured 

conditions to support building from one SSbD 

scenario to another to fulfil the SSbD 

principles and full SSbD implementation. 

o Mixture: is defined in REACH as a mixture or 

solution composed of two or more 

substances.   

¶ Process: series of interconnected steps or 

operations (chemical and physical 

transformations) that take place between the 

raw materials extraction and the finished 

product, or that transform one type of material 

into another, including its End of Life (EoL). 

¶ Product: Any good or service which is supplied 

for distribution, consumption or use. Definition 

adjusted from EU Ecolabel (EC, 2010). 

¶ SSbD practitioner: Refers to any individual or 

group of professionals from the diverse 

disciplines required to implement the Safe and 

Sustainable by Design (SSbD) approach (e.g., 

innovators, chemists, toxicologists, materials 

scientists, engineers, sustainability experts). 
An SSbD practitioner is a professional who, 

regardless of their specific technical 

background, is capable of adopting a holistic 

and systems-oriented perspective on 

innovationÖintegrating safety, sustainability, 

and functionality considerations across the 

entire life cycle of a chemical, material, or 

product. 

¶ SSbD system: skeleton of the system under 

assessment, including chemicals/materials, 

processes, and products and their related life 

cycles according to the intended innovation. 

¶ SSbD scenario: the specific and real set of 

conditions (scoping analysis elements) that 

define the context in which the SSbD 

assessment is carried out. 

¶ 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. 

¶ Tiered approach: approach built on a 

gradually increasing amount and quality of 

data generated and collected as the innovation 

progresses in the SSbD implementation.
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5. Overall structure of the SSbD framework 

The circular structure of the SSbD framework emphasises the iterative nature of its implementation 

throughout the innovation process. Below is a brief description of all the components, with detailed 

explanations provided in the following chapters. 

ü Intended innovation - design/redesign: The aim of the SSbD is to guide chemicals and 

materials innovation from the (re)design, along all the innovation stages, scaling up from 

prototyping, to market readiness. Assessing the innovation in terms of its capacity of delivering 

safer and more sustainable solutions the SSbD acts as a compass throughout the innovation 

process, since applying design principles (Annex 3) in the (re)design phase alone is not 

enough. To ensure safety and sustainability it is essential to perform an assessment 

as means to unveil hotspots and trade-offs, to be addressed during the innovation. 

ü Scoping analysis (Chapter 6): defines the objectives, principles and decision rules of the 

intended innovation. It includes the description of the initial SSbD system under study, the 

contextualization of the intended innovation, including the (re)design, and identification of the 

actors along the life cycle. 

ü SSbD scenario (Chapter 7): represents the outcome from the scoping analysis and identifies 

the entry point to the SSbD assessment, which allows to tailor the safety and sustainability 

assessments accordingly. 

ü Safety and Sustainability assessment (from Chapter 8 to Chapter 11.3): includes the 

holistic assessment of safety and sustainability aspects along the entire life cycle of the 

chemical/material, for both environmental and socio-economic aspects. 

ü SSbD evaluation (Chapter 13): presents the outcome of the safety and sustainability 

assessment, and compares the results in an iterative manner with the objectives, principles and 

decision rules defined in the scoping analysis. A proposal for visualizing the results in a 

dashboard is proposed. 

ü Documentation (Chapter 14): proposes a possible template for recording the implementation 

of the SSbD Framework in a traceable and transparent manner, outlining the actions and 

objectives for the subsequent iteration. 

The overall structure of the SSbD framework is shown in Figure 4 below. 



 

13 

Figure 4. Overall structure of the SSbD framework. 

 

 

Source: Own elaboration 
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6. Scoping analysis 

This section frames the intended innovation (6.1) as an entry point to the SSbD. The scoping 

analysis contextualises the intended innovation to which the SSbD framework will be applied. Figure 

5 summarises the elements of the scoping analysis that rationalises the SSbD prior to proceeding 

with the safety and sustainability assessment. 

Figure 5. Elements of the scoping analysis. 

 

Source: Own elaboration 

The scoping analysis includes: 

¶ The description of the initial SSbD system under study (6.2),  

¶ The description of the intended innovation ¸ including design principles that can guide the 

innovation (6.3) 

¶ Engagement with the actors along the life cycle to obtain a complete set of information on 

the SSbD system (6.4).  

The three building blocks are necessary, but their implementation order depends on the actual case.  

6.1. Intended innovation 

The SSbD framework is intended for any organisation innovating in the context of 

chemical/materials and their life cycles. Furthermore, by linking the SSbD framework principles with 

the innovation strategy and management, organisations may build a governance model that 

inherently values safety and sustainable practices and align their innovation strategy with broader 
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objectives such as regulatory compliance, market differentiation or responsible resource use 

(Stoycheva et al., 2025). 

Innovations can be triggered for example by the need of improving existing portfolios, new 

market/consumer requests, new ambitions and priorities and/or policy priorities (Figure 6). 

The alignment of the innovation strategy and management with SSbD ensures that safety and 

sustainability considerations are embedded in every strategic decision. The application of the SSbD 

framework should not only reduce the likelihood of costly missteps, resource use, accidents, 

regrettable substitutions of chemicals, processes or materials, but should also position the company 

as a leader in responsible innovation and related innovation in the use of data systems ¸ including 

supply/downstream stages - \i_ a\^dgdo\o` a\no ^jhkgd\i^`' rdoc oc` \nnj^d\o`_ ºadno hjq`m» 

competitive advantages, where relevant to the level of innovation being proposed. 

The SSbD framework can be applied to: 

¶ Existing cases or systems (e.g. existing portfolios) to check and assess safety and 

sustainability performance (according to the EC SSbD Framework). The goal in these 

cases can be the identification of information and data gaps or the prioritisation of the 

chemical/material for innovation in a portfolio. 

¶ Innovations that can be: 

- Incremental innovations, consisting of continuous enhancements and refinements 

of any of the aspects (e.g. functionality, process efficiency, safety, sustainability etc) 

of existing chemicals, materials, products, services, or processes  

- Disruptive/breakthrough innovations, introducing ground-breaking solutions, 

challenging existing market norms and creating new value propositions. 

Figure 6. Definition of the innovation in the context of SSbD. 

 

Source: Own elaboration 
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6.2. Definition of the system under study 

The definition of the SSbD system under study includes the chemicals/materials, processes and 

products under study, and their related life cycles according to the intended innovation (Box 1). 

Box 1. Consideration of life cycles to define the SSbD system. 

Substances, mixtures, materials, and products form a nested, interdependent hierarchy within industrial 

value chains. A substance is the basic chemical entity. Substances are combined to form mixtures or 

transformed into materials with specific structures and functions. These mixtures and materials are then 

incorporated into products, which deliver the final service to users. 

Because each level builds on the previous one, their life cycles are intrinsically interconnected. The life cycle 

of a substanceÖcovering synthesis, formulation, use, and wasteÖfeeds directly into the life cycle of the 

mixture or material in which it is used. In turn, the life cycle of a product incorporates the life cycles of all 

materials and substances from which it is composed.  

Mixtures and materials may be addressed within the substance life cycle (e.g. during formulation or as a 

product), yet they may also be assigned distinct life cycles, as their intrinsic propertiesÖand consequently 

their safety considerationsÖare specific to their own chemical, physical and structural characteristics.  

This creates a complex system in which decisions made at the substance level can influence performance, 

safety, sustainability, and end-of-life behaviour at the material and product levels. Likewise, product design 

and use conditions can determine how substances behave, are released, or can be recovered.  

Moreover, the interplay across these levelsÖcombined with diverse value chains, multiple actors, and 

numerous transformation stepsÖmeans that addressing safety and sustainability requires a system-wide 

perspective, rather than treating substances, materials, and products in isolation. 

Life cycle stages in the SSbD system 

 

Source: Own elaboration 

 

Oc` no\modib kjdio ja oc` _`adidodji ja oc` ntno`h oj ]` \nn`nn`_ rdgg _`k`i_ ji oc` km\^ododji`m½n 

position in the life cycle. The SSbD system should always cover the three elements 

(chemical(s)/material(s), process(es) and product(s)) that are needed to define the 

boundaries for the assessment.  

The key elements for the definition are listed in Table 1, while examples of possible compilation of 

the scoping analysis are provided in Annex 2 of the document. 
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Table 1. Key elements for the definition of the system under study. 

Identification 

of 
               Why it is needed 

What should the SSbD practitioner 

consider 

Chemical/ 

material  

The definition of the chemical/material is 
fundamental in order to define the SSbD 
system as the rest of the elements will be 
linked to it. 
The identification and characterisation of the 
chemical/material is key as its intrinsic 
properties are determinant for both safety 
and sustainability assessment. 
The identification of the chemical/material 
will also support the identification of the 
processes and products of which it is a part 
and in which its intrinsic properties will have 
an impact.  
 
 

Á Chemical/material identification: Molecular 
structure, compositioi' d_`iodad`m¶) 

Á Physico-chemical properties: molecular 
weight, solubility, pH, boiling/melting point, 
vapor pressure, partition coefficient, and 
m`\^odqdot¶) 

Á Purity and impurities: main components and 
dhkpmdod`n' \__dodq`n' no\]dgdn`mn¶   

Á Morphology and structure: particle size, 
nc\k`' npma\^` \m`\' ^mtno\g nomp^opm`¶) 

Á Stability and transformation: changes under 
relevant environmental or biological 
conditions (e.g. oxidation, degradation, 
dissolution). 

Process(es)  

While the intrinsic properties of the 
chemical/material remain unchanged during 
the entire life cycle, the impact of the 
chemical/material will be specific to how it is 
used and manufactured. 
Identifying the raw material extraction, any 
further processing and end of life, the SSbD 
practitioner will be able to assess the 
chemical/material impact to the exposed 
humans and/or environment in these 
activities. 

Á Activities of the first actor in the life cycle of 
a chemical/material, the 
manufacturer/producer of the 
chemical/material, and includes processes by 
which the chemical/material is produced 
from raw materials.  

Á Processing activities like formulation where 
relevant, and/or other activities undertaken 
by workers.  

Á Processing of semi-finished products with 
the aim of producing the final product (e.g. 
calendering, spraying, extrusion).  

Á Activities related to the End of Life (waste 
disposal or recovery) are also considered. 

Product/ 

application(s) 

The identification of the final 
product/application enables the assessor to 
explore how the chemical/material is used 
and also assists the understanding of the 
role/impact of the chemical/material in the 
safety, sustainability and functionality in the 
end product and application, notably for the 
population using the product and being 
exposed to it. 

Á The identification of the industry sector and 
type of product, as well as the function (or 
service) that the chemical/material provides 
to the product/application. 

Á Regulatory requirements related to safety 
and functionality performance that the 
product/application must fulfil for the 
innovation to be placed on the market.  
 

Source: Own elaboration adapted from Abbate et al., 2024 
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6.3. Description of the intended innovation and design principles 

The description of the innovation includes information such as the goal(s) of innovation, the type of 

innovation (see chapter 5), and the nature of the (re)design. Moreover, whenever possible, during 

this phase the SSbD practitioner may also define decision rules and uncertainty aspects for the later 

stage of the evaluation. See chapter 13 for a comprehensive description of the decision-making 

rules and evaluation procedure. 

Goals should reflect why the SSbD is applied e.g. what safety and sustainability aspects are driving 

the organisation to innovate. The nature of the (re)design will identify the specific actions (e.g. 

indicators, design principles etc.) toward the achievement of these goals and the decision rules will 

identify the indicators to measure the success of the action towards achieving these goals. 

The SSbD framework covers (re)design activities comprising: 

¶ Molecular design: 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 deliver specific 

functionalities and/or to be safe(r) and (more) sustainable. 

¶ Process design: the design of new or improved processes to produce and process 

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. 

¶ Product design: 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. 

In the scoping analysis, it is important to take into consideration that, depending on the nature of 

(re)design, one or more life cycle stages could be affected. Thus, the importance is thus stressed of 

the engagement with actors along all the life cycle stages.  

The decision rules and the indicators measure the success of the action towards achieving these 

goals. In addition, decision rules will take into consideration aspects like uncertainties related to the 

assessment of these and other indicators. They will set the basis for the decision making during the 

evaluation by defining for example quantitative or qualitative criteria for the relevant aspects 

and/or indicators as well as weighting rules. 

Design principles to guide safer and more sustainable innovation 

Design principles can guide innovation by defining specific goals, the nature of the (re)design action 

applied (Table 2) and an example of the indicators to measure the success of the action towards 

achieving these goals (Table 3).  

These design principles mainly include safety and resource related aspects during the process, as 

well as circularity aspects through EoL consideration. Once applied in the innovation process, the 

assessment of safety and sustainability assessment should ensure the proposed innovation is safer 

and more sustainable.  
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Table 2. Some SSbD design principles and associated definitions, and examples of actions and indicators that 

can be used in the design phase (table terminology explained below). 

SSbD principle (based on) Definition 

SSbD1 Material efficiency 

(GC2, CC2, GC8, GC9, GC5, CC5, GC1, 

SC2) 

Pursuing the incorporation of all the chemicals/materials used in a 

process into the final product or full recovery inside the process, 

thereby reducing the use of raw materials and the generation of 

waste. 

SSbD2 Minimise the use of 

hazardous chemicals/materials  

(GC3, SC1, GR1, GC4, GE1, GR3, 

GC5) 

Preserve functionality of products while reducing or avoiding the use 
of hazardous chemicals/materials where possible. 

SSbD3 Design for energy 

efficiency  

(GC6, CC4, GE4, GE5, CC8, GE8, 

GE10, GE3, GR7, GC8, GC9, CC10) 

Minimise the overall energy used to produce a chemical/material in 
the manufacturing process and/or along the supply chain. 

SSbD4 Use renewable sources 

(GC7, CC3, GE12, SC2) 

Target resource conservation, either via resource closed loops or 
using renewable material / secondary material and energy sources. 

SSbD5 Prevent and avoid 

hazardous emissions 

(GE11, GC11, CC6, SC2) 

Apply technologies to minimise and/or to avoid emission of hazardous 
pollutants into the environment. 

SSbD6 Reduce exposure to 

hazardous substances 

(GC12, GR4, SC1) 

Reduce or eliminate exposure to chemical/material hazards from 
processes as much as possible. Chemicals/materials which require a 
high degree of risk management should be avoided where possible 
and the best technology should be used to avoid exposure along all 
the life cycle stages. 

SSbD7 Design for end-of-life 

(GC10, CC1, CC7, GE11, CC9, GE9, 

GE6, GE7) 

Design chemicals/materials in a way that, once they have fulfilled 
their function, they break down into products that do not pose any 
risk to the environment/humans.  
Design for preventing the hindrance of reuse, waste collection, sorting 
and recycling/upcycling.  
Design to promote circularity. 

SSbD8 Consider the whole life 

cycle 

(GE6, GR2, SC3, GR6, GR8) 

Apply the other design principles thinking through the entire life cycle, 
from supply chain of raw materials to the end-of-life in the final 
product 

SSbD9 Ensure responsible 

sourcing and minimise social 

risks 

Avoid that procurements are linked with severe human rights and 
labour rights abuses, as well as other unethical practices. 
Perform a suppliers½ assessment based on social performance and 
risk. 
Include ESG performance as a criterion for suppliers½ selection 
Scrutinise suppliers operating in conflict-affected and high-risk areas  
 

GC: Green Chemistry Principle, GE: Green Engineering Principles, SC: Sustainability Chemistry Criteria, GR: UBA Golden Rule, 

CC: Circularity Chemistry Principles. 

  Source: Own elaboration adapted from Caldeira et al 2022b 
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These design principles build upon those developed in different contexts, e.g. in green chemistry (GC) (P.T. 

Anastas & Warner, 1998), green engineering (GE) (P. T. Anastas & Zimmerman, 2003), circular chemistry (CC) 

(Keijer et al., 2019), the Golden Rules (GR) developed in UBA (German Environment Agency, 2016) , 

sustainable chemistry (SC) (UBA, 2009), and safe by design (OECD, 2020) as well as policy related ambitions 

(e.g. transition to a circular economy (EC, 2020b), to a bio-economy (EC, 2018), to zero pollution (EC, 2021a) 

etc.).  

Table 3. Example on how design principles define the specific goal, (re)design action and indicators and 

decision rule/criteria. 

SSbD principle 

(based on) 
Goal (re)design actions Indicator  Decision 

rule/criteria 

Use renewable 

sources  

(GC, CC, GE, 

SC) 

 

Target resource 
conservation, either 
via resource closed 
loops or using re-
newable material / 
secondary material 
and energy sources. 

Verify the possibility 
of selecting 
feedstocks that: 
- are renewables or 
secondary materials 
-  do not create land 
competition 
and / or processes 
that: 
- use energy 
resources which are 
renewable and with 
low carbon emissions 

 
 
 
- Renewable or fossil 
feedstock? (yes/no) 
- Recycled content (%) 
- Share of Renewable 
Energy (%) 

 

Decision rule: 
the 3 criteria 
must be me: 
- Yes 
 
- No 
- 15%-30% 

 

Source: from Caldeira et al 2022b 

The list is illustrative and not exhaustive. The design principles goals, actions, and indicators are 

presented in Annex 3. They can be adapted by the developers to suit their innovation purposes.  

6.4. Engagement with the actors along the life cycle 

The scoping analysis helps to understand the position of an organisation in the life cycle and assists 

in identifying and engaging with actors/stakeholders along the life cycle early in the R&I process. 

The SSbD framework goes beyond a single stakeholder and envisages the involvement and 

collaboration of stakeholders along the life cycle. All the actors involved in the life cycle of a 

chemical/material have a role in ensuring that the chemical/material, process, and product is safe, 

sustainable, and functional (Figure 7).  

The engagement with life cycle actors also contributes to a better understanding on the technical 

and legal requirements related to the proposed innovative solutions. The SSbD practitioner may 

consider these requirements in the decision rules in order not to jeopardise oc` kmj_p^o½n successful 

entry in the market at the end of the innovation. Chapter 14 provides a checklist on how to engage 

with stakeholders along the life cycle to collect the needed information for the scoping analysis. 

Further explanation regarding the engagement with the life cycle is provided in section 3.5.2 of the 

Methodological guidance (Abbate et al., 2024). Additional considerations are reported in Box 2. 
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Box 2. Consideration of direct and indirect consequences of (re)design action in the SSbD system. 

Ideally engagement with actors in the life cycle would help to understand the SSbD system to the detail is 

needed and to understand the potential consequences of the (re)design in this entire SSbD system. 

Depending on the nature of (re)design, one or more SSbD systems could take part of the innovation. 

Moreover, the SSbD practitioner should bear in mind that depending on the type of nature of the (re)design, 

this can have direct or indirect consequences in the overall life cycle safety and sustainability performance.  

 

Source: Own elaboration 

However, in most of the cases the implementation of the SSbD starts with a single actor in the value chain 

innovating. 

The methodological criteria (Figure 7 and Figure 9) build on the different potential scenarios and provides 

guidance on how to reach the goal according to the SSbD principles. 
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7. Identification of the SSbD scenario 

The SSbD scenario represents the outcomes from the scoping analysis that define the context in 

which the SSbD assessment is carried out. SSbD assessment should be understood as the 

fulfilment of the SSbD principles (simplified, intermediate or full SSbD). The SSbD scenario is built 

based on the scenarios identified for each of the elements of the scoping analysis summarised in 

Table 4. The outcome of the scoping analysis will define the entry point (in the first iteration) to the 

SSbD implementation. The following iterations of the scoping will reflect the progress in the 

fulfilment of the SSbD principles and define the new scenario for the next iteration.  

Table 4. Example of possible scenarios identified for each of the elements of the scoping analysis and building 

on the fulfilment of the SSbD framework principles3. 

SSbD System Innovation Actors in life cycle 
Link with the documentation 

(Chapter 14) 

Simplified SSbD system: 

One element of the system 

is defined to the detail and 

certainty (reality) needed. 

while others remain generic 

and conservative 

Single innovation: The 

innovation will be limited 

to the specific life cycle 

stage (element of the 

SSbD system) in which the 

innovation takes place. 

Single SSbD 

practitioner: The SSbD 
implementation will be 
limited to the specific life 
cycle stage of the SSbD 
practitioner. 

Simplified SSbD: Through the 
scoping analysis the SSbD 
practitioner will define the 
scenario applicable to the SSbD 
and the starting point of the 
SSbD implementation. 

Intermediate SSbD 

system: Some elements of 

the system will be defined 

to the detail and certainty 

(reality) that is possible 

while others remain generic 

and conservative 

Collaborative innova-

tion: This initial innova-
tion might affect near life 
cycle stages and trigger 
innovation considerations 
upstream and down-
stream. 

Collaboration SSbD 

practitioner: The SSbD 
implementation will be a 
collaboration of several 
life cycle actors. 

Intermediate SSbD: In each 
iteration of the implementation 
of the SSbD the new knowledge 
acquired in the previous iteration 
will be added to the new one. 
This will serve to refine the 
scoping analysis, to then define 
the new scenario. 

Full SSbD system: The 
whole SSbD system is 
defined to the detail and 
certainty (reality) that is 
possible 

Full life cycle 

innovation: Full life cycle 
innovations are 
considered. Safety and 
sustainability 
performance of the full 
SSbD system is ensured. 

Full SSbD practitioner: 
As far as possible all life 
cycle actors are engaged 
and contribute to the 
overall SSbD 
implementation. 

Full SSbD: At the end of the 
innovation the documentation 
should illustrate the progress in 
the SSbD implementation 
throughout the different 
iterations of the SSbD. 

 

Source: Own elaboration 

Methodological criteria are a set of structured conditions to support building from one 

scenario to another to fulfil the SSbD principles. Figure 7 provides an illustrative example on how 

the implementation of the SSbD can start with a single actor in the value chain innovating on a 

specific stage of the life cycle. However, to fulfil the SSbD principles the methodological criteria 

guide towards the consideration and engagement with all actors in the life cycle. 

 

 

3 This table aims to illustrate examples of the scoping analysis elements that will result in simplified, intermediate or full 
SSbD principles completeness. It is, by no means, exhaustive. 
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Figure 7. Types of actors involved along the life cycle. 

 

Source: Own elaboration 

Methodological criteria accompany the evolution of the SSbD scenario towards a full SSbD 

assessment (Figure 8). 
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Figure 8. Methodological criteria addressing SSbD principles. 

 

 

Source: Own elaboration 

The more advanced the innovation, the greater the understanding and certainty will be with regard 

to the scenario and the safety and sustainability data and quality.  

Figure 9 provides a flow chart illustrating how the different elements of the scoping analysis 

support the SSbD practitioner in identifying the scenario and thus the entry point to the assessment. 

It also illustrates how the methodological criteria accompany the evolution of the assessment 

towards a full SSbD implementation. 
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Figure 9. Flow chart illustrating how the outcomes of the scoping analysis feed into the definition of the 

specific scenario.  

 

The figure also illustrates how the methodological criteria accompany the evolution towards a full SSbD 

implementation. Several SSbD aspects (safety and sustainability assessment, SSbD evaluation and 

documentation), which are not included in this figure, are addressed between the different scoping analysis 

iterations (see Figure 4). 

Source: Own elaboration 
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8. Safety and sustainability assessment 

Safety and sustainability assessments are the methods for characterisation of the systemic 

environmental and toxicological impacts of processes, products, and their associated chemical 

releases. Recognising the fundamental differences between safety and sustainability but also the 

strengths that make each approach unique is important in the context of SSbD. The two approaches 

should be understood as complementary to each other and should be developed separately to 

produce a robust, reliable and adequate SSbD assessment. The safety and sustainability 

assessment part consists of: 

¶ Intrinsic physical and (physico-)chemical properties (Chapter 9): As common 

ground for safety and sustainability assessment, it covers the collection of physical and 

chemical characteristics of chemicals and materials. These properties determine how 

chemicals and materials behave under different conditions and how they interact with 

other chemicals and materials. These properties are influenced by the molecular 

structure, substance composition, physical dimensions and other properties. 

¶ Safety assessment (Chapter 10): Safety assessment quantifies both the potential of 

exposure and hazard associated with a specific chemical or material in specific 

scenarios to generate an absolute estimate of risk and reports results relative to 

maximum threshold levels, where these are available. The chapter focuses on chemical 

safety covering the analysis of the intrinsic properties of the chemical/material to 

understand its hazard profile in combination with the exposure (human health and 

environment), aspects throughout the life cycle, including the production, manufacturing 

processes, other downstream processes (including End of Life) and final application and 

use of the product which the chemical/material is part of. Process related safety is an 

example of the holistic safety from a specific life cycle stage. SSbD includes all process-

related safety considerations identified in the innovation scenario, from e.g. chemical 

risks associated with the (re)designed chemical or material as well as its precursors and 

other chemicals employed, to safety considerations of the technologies behind the 

processes. 

¶ Sustainability assessment focused on the overall processes related to the 

chemical/material and its life cycle: 

- Environmental sustainability assessment (Chapter 11): it evaluates the 

environmental impacts along the entire chemical/material life cycle by means of 

Life Cycle Assessment (LCA), assessing several impact categories such as climate 

change and resource use, for, among others, the production, the downstream 

processes and final application and use of the chemical/material. Process-related 

sustainability, provides an example of how environmental hotspots could be 

identifiable in early stage of the technological and process innovation; moving 

toward higher stage, the identification of environmental pressures and impacts 

associated with the industrial plants will be also possible. 
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- Socio-economic sustainability assessment (Chapter 11.3): it describes how to 

assess aspects related to social fairness (e.g. working conditions and human rights) 

and competitiveness (e.g. vulnerabilities in the supply chain, skills shortages and 

Life Cycle Costs). The assessment includes both social risk assessment, the 

identification of Critical Raw Materials and the assessment of societal costs during 

the life cycle of a chemical or a material. 

The safety and sustainability assessments can be tailored based on the identified scenario (Chapter 

7). Safety and sustainability assessment can be performed in parallel, in an iterative and tiered 

manner, as information becomes available along the life cycle of the chemical/material and 

depending on the specificity of the assessment (as illustrated in the Figure 10 below).  

Figure 10. Iterative and tiered approach of the SSbD framework. 

 

 

Source: Own elaboration 

A set of general scenarios for the safety and sustainability assessment is shown in Figure 11. These 

scenarios are tailored according to the maturity of the innovation4, and the related availability of 

information/data, reflecting the iterative and tiered nature of the SSbD framework.  

Since the SSbD scenario identified is case specific, the practitioner will need to complement this 

representation of the tiered approach according to the specificity of the identified scenario. Indeed, 

further adjustments will depend on the other elements identified through the scoping analysis such 

 

 

4 The maturity of the innovation will be defined and evaluated by the assessor or innovator according to different used 
approach, such as Cooper stage-gate, Technological Readiness Level (TRL), or regulatory readiness level 
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as the innovator and its position along the life cycle, key goal of the (re)design, the sector where the 

SSbD framework is implemented. 

Further information about the tiered assessment for safety and sustainability aspects are provided 

in chapters 10 and 11. 

Figure 11. Tiered approach of the SSbD assessment based on the maturity of the innovation and the 

availability of the data. 

 

Source: Own elaboration 
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9. Intrinsic physico-chemical properties 

An important element that forms the basis for both the safety and sustainability assessment is the 

physico-chemical characterisation of the chemical/material under assessment. 

Physico-chemical properties describe the combination of physical and chemical characteristics of a 

chemical or material. These properties are influenced by the molecular structure, substance 

composition, physical dimensions and other properties. 

They determine the reactivity of the chemical/material, how it behaves under different conditions 

and how it interacts with other chemicals and materials, as well as its ¼om\inajmh\odji kmj_p^on½ 

(Box 3) and its performance with regard to safety and sustainability aspects.  

Hence, a good characterisation of the intrinsic physico-chemical properties of the 

chemicals/materials in the SSbD system is of paramount importance for finding innovative solutions 

that provide a desired function while ensuring their safety and sustainability throughout their entire 

life cycle.  

Box 3. Consideration of ¼transformation products½ in the chemical/material characterisation. 

< ¼om\inajmh\odji kmj_p^o½ (TP) is an element, ion or molecule formed from a particular chemical or 

material as a result of metabolism, chemical reactions or environmental processes5.  

The consideration of TPs in the safety and sustainability assessment is critical to ensure a comprehensive 

environmental and human health protection, as some TPs exhibit higher (eco)toxicological risk than the 

parent chemical/material (Scheringer, 2011), and vice versa.  

Within the SSbD framework, early identification of possible TPs might be useful, for example to re-orient 

the innovation. In any case, when considering the uncertainty related to the safety assessment, TPs should 

be considered.  

Examples of physico-chemical properties of chemicals that affect e.g. their safety, can be found in 

current legislation, but properties not yet explicitly addressed in a regulatory context may also be 

relevant for the SSbD practitioner. 

In the context of safety, physico-chemical data are used to assess the physical hazards (e.g. 

flammability) and help predict possible toxicological or environmental hazards. 

They also help to predict fate and behaviour relevant in the determination of exposure to humans 

and the environment in the different stages of the chemical/material lifecycle (Example in Box 4). 

 

 

 

 

 

5 Based on EFSA definition (https://www.efsa.europa.eu/en/glossary/transformation-product) 



 

30 

Box 4. Example of how information on physico-chemical data may help to understand the fate and behaviour 

of a chemical. 

A chemical"n j^o\ijgɛr\o`m k\mododji ^j`aad^d`io #Fow) represents a measure of its hydrophilicity/lipophilicity. 

It can help to predict: 

Á outcomes of other physico-chemical tests: Kow is generally inversely related to water solubility. In 

general, Kow tends to increase with the molecular weight of a substance. Generally, substances with a 

high log Kow will be hydrophobic and have low water solubilities. Substances with negative log Kow will 

be hydrophilic and have high water solubilities.  

Á the toxicokinetic behaviour: Kow indicates the potential for absorption across biological membranes and 

for passive diffusion (e. g. useful for prediction of dermal absorption). It provides information on the 

potential for accumulation in the body.   

Á environmental behaviour: Kow is a very important parameter for predicting the distribution of a 

substance in environmental compartments (water, soil, sediment, air, biota, etc.). Substances with high 

Kow values tend to adsorb more readily to organic matter in soils or sediments because of their low 

affinity for water. 

The octanol¸water partition coefficient (Kow) is not well-suited for nanomaterials, as their behaviour is 

driven by particle properties like size and surface characteristics rather than partitioning at molecular level. 

Measuring Kow for nanomaterials is also problematic due to issues like agglomeration, sedimentation, and 

poor reproducibility, making it an unreliable indicator of their environmental fate or bioaccumulation 

potential. 
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10. Safety assessment 

Safety assessment is the process by which the potential risks posed by chemicals and materials to 

human health and the environment throughout their life cycle are systematically evaluated. The 

process seeks to ensure that chemical and materials can be developed, used, and managed at end 

of life in a safely manner. 

From a holistic perspective, safety assessment can be approached from multiple angles, 

depending on its goal and scope (Figure 12). It may focus on the inherent properties of the chemical 

or material itself (see section 10.2), or on specific life cycle stages, such as process safety during 

manufacture (see section 10.4), formulation safety, or product safety during use. It can also be 

framed from the perspective of different exposed populations or environmental receptors, including 

occupational safety for workers, consumer safety for product users, and environmental safety for 

ecosystems. 

Together, these perspectives provide a comprehensive understanding of potential hazards, exposure 

routes, and risks, enabling informed decision-making to ensure safe design, handling, and disposal 

of chemicals and materials. 

  

Figure 12. Safety components and perspectives in SSbD. 

 

Source: Own elaboration 

Numerous legal and regulatory frameworks have been established at national and international 

levels to address these safety aspects. These frameworks aim to protect human health and the 

environment, promote safer products, and ensure transparency and accountability in chemical 

development, processing and use. In Europe it encompasses various legal frameworks with a focus 

on identifying, evaluating, and minimizing potential risks to humans and the environment and 

addressing different sectors and duty holders. Annex 4 gives examples of the most relevant 

legislations established in the EU to assess chemical safety, workplace safety, environmental 

safety, process safety and product safety.  
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The Figure 13 below, illustrates in a simplified manner the European safety framework related to 

chemicals. In the European Union, REACH and CLP can be considered as the overarching chemical 

and material safety regulations. Other legislative frameworks are based on elements of REACH and 

CLP to further develop specific process and product safety requirements like for example SEVESO 

and IED (Industrial Emission Directive) addressing major chemical accidents and environmental 

aspects in processes, OSH (Occupational Safety and Health) addressing workers safety in 

workplaces, Toys and Cosmetic Products Regulations addressing consumer safety in products and 

other regulations addressing specific products like BPR (Biocidal Product Regulation) or medical 

devices. 

Figure 13. Simplified illustration of the safety framework related to chemicals with examples of relevant 

legislation. 

 

 

Source: Own elaboration 

The individual pieces of legislation vary in their objectives and scope, which means that also e.g. 

data requirements, chemical/material life cycle stages and target populations or ecosystems vary. 

Despite these differences, all are underpinned by a common scientific methodology and the 

elements to perform a safety assessment are in all cases the same (Hazard identification, likelihood 

and severity of the exposure, assessment and management of the risk). Understanding this 

common base is essential for ensuring consistency and fostering innovation in chemical and 

materials safety across diverse domains.  

However, the SSbD practitioner should be aware of these differences as the innovation progresses, 

and the market scenarios become clearer. In addition, the practitioner should consider the added 

value of the innovation within a holistic perspective, going beyond individual hazards, chemicals or 

sustainability performance. Box 5 provides an example of how a holistic perspective supports the 

implementation of the SSbD framework.  
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Box 5. Example of how a holistic perspective supports the implementation of the SSbD framework.  

Biocidal products are often perceived as problematic from a safety and sustainability perspective, primarily 

because their active substances are often inherently hazardous, (designed to kill or control harmful 

organisms for example insects, micro-organisms or rodents), and risk management relies on controlling the 

exposure (e.g. the amount). Similarly, if considered in isolation from the active substance½n life cycle 

perspective, without context to their broader societal benefits, some biocidal products may appear to have 

a high environmental burden due to their formulation, use, and end of life impacts. 

Biocidal products provide significant and indispensable benefits. These products contribute directly to public 

health, hygiene, food safety, and infrastructure protection, and by doing so, support the achievement of 

multiple UN Sustainable Development Goals (SDGs) (UN, 2015) . For example: 

Disinfectants used in hospitals and public settings play a vital role in preventing infections (SDG 3), 

reducing the spread of diseases like COVID-19, and other healthcare-associated infections. 

Preservatives extend the life of materials such as paints, construction products, and wood, reducing the 

need for frequent replacement and thereby supporting sustainable consumption and production (SDG 12). 

Biocidal treatments in water systems, like legionella control in cooling towers, are essential for maintaining 

safe and clean water (SDG 6). 

The holistic and integrated implementation of the SSbD framework allows the development of products like 

biocides by optimising their efficacy, while minimising exposure, and managing life cycle impacts. While 

biocidal products must be carefully assessed and controlled due to the inherent hazards of most of their 

active substances, they should also be evaluated considering their societal and environmental value. 

10.1. Aspects, and indicators definition 

Despite differences in the legal and procedural context, chemical safety assessments across sectors 

follow a shared, four-element process: 

¶ Hazard Identification: Determination of whether the intrinsic properties of a chemical 

may cause harm (e.g. carcinogenicity, reproductive toxicity, ecotoxicity). 

¶ Hazard Characterisation (or Dose·Response Assessment): Establishes the 

relationship between the dose or concentration of a chemical and the severity or 

probability of adverse effects. This includes identifying critical effects and determining 

reference tolerable exposure limit. 

¶ Exposure Assessment: Estimates the magnitude, frequency, duration, and route of 

exposure to the chemical for humans or environment for the relevant exposure pattern 

(population, route, and duration of exposure) and each relevant health effect (local and 

systemic effects) under realistic or worst-case scenarios. 

In order to ensure safety, actions or controls to reduce the likelihood or severity of 

harmful effects arising from the hazard and exposure can be implemented (Risk 

Management Measures)  
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¶ Risk Characterisation: Integrates hazard and exposure information to estimate the 

likelihood and severity of harm under specific use conditions. Safety can be expressed 

based on Risk Characterisation Ratios (RCRs) which compare the estimated exposure to 

a chemical with the tolerable exposure limit, where the latter are available. 

Each of the four elements relies on various aspects. Their characterisation requires integrating 

diverse data streams from multiple sources (Figure 14). 

Figure 14. Aspects to be considered for the hazard identification and characterisation, exposure assessment 

and risk characterisation. 

 

Source: Own elaboration 

In a Full SSbD approach, these aspects must, in principle, be considered at each stage life cycle 

stage of the SSbD system (see Box 1), taking into account the different chemicals and materials 

involved together with their intrinsic properties, and the diverse exposure scenarios and the 

contributing activities that may lead to potential exposure. 

Since there is no ºone-size-fits-all" approach for safety assessment, the assessor must make 

several methodological choices at each step of the innovation process. These choices can lead to 

potentially different conclusions, thus guiding innovation through different pathways. Therefore, for 

transparency and traceability purposes documenting the different decisions taken during the 

innovation process is paramount. 

The problem formulation (Box 6) improves transparency and traceability by laying out assumptions, 

limitations, and reasoning in each iteration of the assessment. 
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Box 6. The importance of Problem formulation for safety assessment to improve efficiency and transparency. 

Problem formulation is the essential step in any safety assessment. It defines the purpose, scope, and 

strategy of the assessment. It defines what is being assessed, why, and how, ensuring that the assessment 

is focused and efficient. Without clear problem formulation, safety assessments risk becoming too broad, 

unfocused, or misaligned with the goals.  

In each iteration of the innovation the problem formulation:  

Á Clarifies the Purpose: Specifies whether the assessment is intended to support overall safety or to 

address a specific aspect or indicator resulting from the (re)design action. It also defines the focus of 

the assessmentÖsuch as a particular chemical or material, life cycle stage, exposed population, or 

environmental receptorÖas well as the type of assessment to be conducted (qualitative, semi-

quantitative, or quantitative) and the associated uncertainty considerations. 

Á Frames the scope (the system) by specifying what chemicals, materials, processes and products are 

addressed, as well as the scenarios, populations, and effects that are relevant. 

Á Identifies goals: What aspects need to be assessed and/or improved. 

Á Defines criteria to align with the goal and the purpose: weighting, decision rules etc. 

Á Selects and focuses the assessment on relevant hazard endpoints or exposure routes, population 

exposed in the pn` #kmj^`nn`n' kmj_p^on¶)$, etc. 

Á Helps to identify which data to collect or generate, avoiding unnecessary testing and focusing on 

priority uncertainties. 

Á Determines the approach (deterministic or probabilistic), data sources, models, and assumptions to be 

used. 

A robust problem formulation allows for a tiered approach starting with existing data, or 

conservative models for initial screening, and refining with new data and use of higher-tier models 

when needed.  

Importantly, problem formulation also frames uncertainty and variability, helping assessors decide 

when expert judgment, sensitivity analysis, or probabilistic modelling should be employed. 

The problem formulation in innovation must be understood as an iterative process that takes place 

as data and information become available and refinement is possible. These iterations support a 

tiered safety assessment in innovations. 

The tiers represent the progression in the confidence of the assessment, determined by the 

availability and quality of data, the robustness of the methods used, the strength of supporting 

evidence, the time investment required, and the expertise necessary for data collection and 

interpretation. 

10.2. Safety assessment in innovation 

Therefore, the decision of the best approach to be taken for the safety assessment will depend on 

the entry point of the innovation into the assessment process. This will be defined in each iteration 

with the different elements of the scoping analysis. Among these elements, the system definition, 

the type of innovation (incremental vs breakthrough) and the applied (re)design (molecular, process 

or product) has a special importance for the safety assessment (Box 7). 
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Box 7. The importance of a robust characterisation of the chemical/material for the safety assessment. 

Chemical and material characterisation is the cornerstone of safety assessment. It ensures that what 

is being assessed is well understood, enables accurate modelling and testing, and supports transparent, 

science-based decision-making throughout the risk assessment process.  

Single, pure chemicals and materials do not exist in the real world, instead substances can be mono or 

multi-constituent chemicals, UVCB substances (substances of unknown or variable composition, complex 

reaction products or of biological material) and materials can be multicomponent materials or Advanced 

Materials. Without a robust characterisation, any subsequent hazard, exposure, or risk assessment may be 

unreliable or misleading (ECHA, 2023). Safety assessment of UVCB substances (substances of unknown or 

variable composition, complex reaction products or of biological material) or Advanced Materials, such as 

nanocomposites, hybrid materials, and functionalised surfaces, requires a tailored and often more complex 

approach than assessment of chemicals that have only one molecular structure. Chemicals such as UVCB 

substances and Advanced Materials are often composed of multiple components with distinct properties, 

functions, and interactions, which may not be predictable from the characteristics of the individual 

components alone. Therefore, the approach for the assessment is usually to start with a comprehensive 

h\o`md\g ^c\m\^o`mdn\odji) < _`o\dg`_ pi_`mno\i_dib ja oc` h\o`md\g½n ^jhkjndodji' nomp^opm`' kctnd^j-

chemical properties and transformations under realistic conditions is fundamental for the assessment. The 

characterisation must consider not only the pristine material, but also its form in relevant media and after 

environmental or biological interactions. 

The problem formulation complements the scoping analysis by adding granularity and considering 

additional information. Figure 15 illustrates how the safety assessment is tailored based on the 

scoping analysis and problem formulation elements.  

Figure 15. Path tailoring based on the scoping analysis elements and complemented with the problem 

formulation mentioned in Box 6. 

 

 

Source: Own elaboration 

Two main approaches can be considered depending on the different elements and available data 

and information at the beginning of the innovation, hazard-based (also called generic) risk approach 
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and exposure-based risk approach. Regardless of the initial approach, a comprehensive and robust 

safety assessment should be pursued as the innovation progresses and data and information are 

generated. 

In the hazard-based risk approach, the nature of the hazard will determine the possible use(s) of a 

chemical/material. Thus, the hazard is identified and characterised first. A hazard-based approach 

can be a straightforward starting point for safety assessment, especially when the innovation refers 

to substances and mixtures already on the market, thus already classified. Regulation 1272/2008 

on Classification, Labelling and Packaging of substances and mixtures (CLP Regulation) (EC, 2008a) 

builds on criteria based on (eco)toxicological gathered and generated during the hazard 

identification (see Hazard identification) data and assigns hazard classes and categories 

accordingly. 

SSbD hazard-based criteria (Table 5) are also based on these CLP hazard classes and categories. 

The purpose of the hazard-based SSbD criteria is to raise early awareness on certain aspects that 

the innovator/SSbD practitioner should consider when innovating to prevent or anticipate future 

consequences and requirements in alignment with EU policy objectives.  

Table 5. Hazard-based SSbD criteria and considerations in alignment with the EU policy objectives. 

Hazard-based SSbD 

Criteria 

Related Considerations - relevant for decision making on the role of the chemical or 
material in the innovation, and for the scoping analysis in the initial and subsequent iterations 
of the SSbD cycle 
 

Criterion H1 that 
includes the most 
harmful substances 
(according to CSS (EC, 
2020a), including 
substances meeting 
hazard criteria that 
can be used to 
identify substances of 
very high concern 
(SVHC) according to 
REACH Art. 57(a-f) 
(EC, 2006). 
 

Innovators should consider impacts of the identified properties and be aware that chemicals 
and materials which do not pass the Criterion H1 are subject, or could become subject, to 
legislation that: 
 
Á Bans, restricts or at least discourage their use, except for derogated uses, e.g, those 

considered essential for society  
Á Imposes conditions on safely use and requires emissions/exposure to be controlled along 

the whole life cycle  
Á Requires that activities are undertaken to identify or develop alternatives as soon as 

possible, so they can be substituted and their use phased out as soon as alternatives are 
available that are less hazardous, more sustainable and economically and technically 
viable. 

Á Implies their use and presence has to be tracked through their life cycle. 
Á Requires them to be (re-)designed to reduce their adverse effects 

 
Criterion H2 that 
includes substances 
of concern, as 
described in CSS (EC, 
2020a), defined in the 
Article 2(27) of ESPR 
(EC, 2024a) and that 
are not already 
included in Criterion 
H1.  

Innovators should consider impacts of the identified properties and be aware that the 
chemicals and materials that do not pass Criterion H2 are subject, or could become subject, to 
legislation that: Imposes conditions on safe use and requires emissions/exposure to be 
controlled along the whole life cycle: 

Á Requires that they are substituted as soon as alternatives are available that are less 
hazardous, more sustainable and economically and technically viable   

Á Implies their use and presence has to be tracked through their life cycle   
Á Requires them to be (re-)designed to reduce their adverse effects 

 
Criterion H3 that 
includes the other 
hazard classes not 
part already in Criteria 
H1 and H2.  
 

Innovators should consider impacts of the identified properties and for the chemicals and 
materials that do not pass Criterion H3 consider:   

Á To flag them for internal review to find methods to use them in ways that reduce their 
toxic effects   

Á How to ensure their safe use along the life cycle until alternatives are available that are 
less hazardous, more sustainable and economically and technically viable.  

Source: Own elaboration 
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Hazard-based criteria can be used for screening and flagging hazard related issues, especially in 

process and product related innovations in which the (re)design actions are focused on either 

reducing the exposure or using already on the market chemical alternatives. 

However, this approach is not applicable to chemicals and materials for which classification 

information might not yet be available and other approaches to the safety assessment might be 

considered more appropriate (e.g. tiered hazard identification approach or exposure identification 

approach). Moreover, hazard classification does not provide specific data needed to support the 

hazard characterisation for a robust safety assessment which, together with the sustainability 

assessment, provides the holistic SSbD assessment (Box 5). 

Exposure assessment 

In safety assessment, the exposure determines the risk as much as the hazard. In the exposure-

based risk approach, exposure is known, and hazards can be assessed in a targeted way based on 

this exposure. 

To understand and estimate the exposure it is important to specify the use. Any activity for which 

there is a potential for human or environmental exposure to a chemical/material is defined under 

REACH (European Parliament and the Council, 2006), as ºpn`». Use means any processing, 

formulation, consumption, storage, keeping, treatment, filling into containers, transfer from one 

container to another, mixing, production of an article or any other utilisation. Although not regarded 

as uses under REACH, the life stages of manufacturing and waste must be considered in the SSbD 

chemical safety assessment as well. 

The exposure assessment therefore starts with the identification of the use case and the 

development of the exposure scenarios that raise a concern about the safety to the human 

health and / or the environment (including human health through the environment). The 

development of the exposure scenarios starts by describing the use in the different life cycle stages 

to the extent that is possible. Methods such as the use descriptors developed in the context of 

REACH can support the SSbD practitioner in defining the exposure scenarios relevant for the 

processes in which the chemicals and materials are used and the products and applications in which 

they are part of, in a harmonised manner. These descriptors define the  life cycle stage (LCS) in 

which the use takes place (Box 8), the process conditions (PROC), the product category (PC), the 

sector of use (SU), environmental release category (ERC) in which the use take place, the article 

category, and the technical function (TF).  
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Box 8. Example of a Life cycle of a substance described in guidance for the EU REACH Regulation. 

According to REACH guidance R12 there are four basic steps or stages in the life cycle of a substance 

(LCS) to which a use can be assigned: manufacture, formulation or re-packing, end-use (article) service life 

and waste as illustrated below. 

The life cycle starts with the activities of the first 

actor in the life of a substance, the 

manufacturer. It continues with the description of 

the activities of formulators, where relevant. 

Then activities undertaken by different end-users 

of the substance as such or in a mixture i.e. 

industrial workers, professional workers or 

consumers are to be described. The last stage of 

the life cycle of the substance to be considered 

for use description purposes is the end-use or the 

service life.  

End of life of the substance is when is consumed 

in a process by reaction during use (including 

intermediate use), is emitted to waste streams or 

the environment or is included into an article. 

Source: Own elaboration 

The waste stage (disposal or recovery operations,) as io dn ijo ^jind_`m`_ \ ºpn`» di M@<>C' dn ijo ^jq`m`_ 

by the guidance R.12 guidance but for the purpose of safety assessment and in the context of the SSbD 

should be regarded as a downstream process or activity. 

The safety requirements for recovered and recycled chemicals and materials (secondary 

chemical/materials) are the same as the those for primary chemicals and materials.  

Not all descriptors are always needed like for example for intermediates, where the life cycle is 

often short and confined to closed systems within industrial settings (Box 9).  

Box 9. Intermediates as short life cycle substances. 

Intermediates are substances that are manufactured for and used solely for chemical processing to be 

transformed into another substance (according to Art 3(15) of REACH). In the context of the SSbD system, 

intermediates can be considered also as precursors. 

The safety assessment of intermediate substances follows the same methodology that is applied to final 

chemical products. However, the life cycle of intermediates is often short and confined to closed systems 

within industrial settings. They should never have any service life described, as by definition they are 

transformed during industrial use into another substance. Therefore, they typically do not enter consumer 

or environmental pathways. 

The risk assessment for intermediates focuses on the specific conditions of manufacture and use, with 

particular attention to whether the substance is handled under strictly controlled conditions (SCCs). 

In the context of applying the SSbD Framework, at the early stages of innovation, one or more 

pieces of information regarding the use of the chemical/material under assessment are often 

missing. Table 6 illustrates how Information on use and exposure evolves along the life cycle, 

becoming more detailed as exposure scenarios are developed and refined. As innovation progresses 

and engagement with actors across the life cycle increases, both upstream and downstream 
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information becomes more complete and more reliable. Starting with the exposure scenarios of 

single actor/innovator and core SSbD practitioner and the exposure scenarios are expanded 

upstream and downstream in the value chain as innovation progresses to align with the SSbD 

framework principles. 

Table 6. Level of application of considering the life cycle of a chemical/material. 

 

LOW-MEDIUM-HIGH 

Source: Own elaboration 

Besides describing the use, the physico-chemical properties (see chapter 9), the operational 

conditions in which these uses take place and the Risk Management/Mitigation Measures (RMM) 

need to be considered for the exposure scenario and estimation. 

Operational conditions and the risk management measures (Table 7) will determine the risk of 

exposure of workers, consumers, and the environment.  

Table 7. Generic Operational Conditions and Risk Management measures 

Operational conditions Risk Management/Mitigation Measures 

Amount (i.e. percentage (w/w)) of chemical/material 
in the process or product  
Physical form  
Duration and frequency of the exposure (processing 
or use) 
Place of use. The environment in which the exposure 
takes place 
Operating/use temperature  

Containment of the process/Use 
Room ventilation  
Local exhaust ventilation  
Personal protective Equipment: Respiratory 
protection, dermal protection, face and eye 
protection  
Best Available Techniques 
Instructions/communication of safe use for 
consumers 

The exposure assessment can be performed in a tiered approach as information to build the 

exposure scenarios becomes more realistic (Figure 16). In Tier 1, exposure is assessed using worst-

case assumptions o quickly identify red flags. This tier is intentionally conservative and requires 

minimal input data (e.g. default values, generic use scenarios). If no risk is identified, the 

assessment may stop here. If potential concerns are flagged, the assessment moves to Tier 2, 

where more realistic use conditions and risk management measures, refined models, and measured 

or scenario-specific data are incorporated (real concentrations, frequency of use, or site-specific 
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release factors). Tier 3 involves the highest level of refinement, often using quantitative monitoring 

data, advanced exposure modelling, and occupational/environmental measurements.  

Figure 16. Exposure assessment tiered approach. 

 

Source: Own elaboration 

Hazard assessment 

Hazard assessment is the combination of the hazard identification that determines whether a 

chemical can cause harm based on its inherent properties, and hazard characterisation that 

describes the nature and severity of the adverse effects and defines the dose¸response 

relationship. For processes hazard assessment also includes e.g. identification of failure of 

processing equipment.  

Hazard identification 

The hazard identification follows a tiered approach starting with screening approaches in Tier 1. If 

the chemical/material is already on the market existing data sources can be used, such as Safety 

Data Sheets (SDS), regulatory classification, public databases, and QSAR models or read across 

from structurally similar substances. The focus is on quickly flagging substances with known or 

suspected hazardous properties. When working with existing substances, much of this information 

may already be available in databases, e.g. hosted by ECHA. For new or modified materials, 

particularly at early innovation stages, data may be sparse, and hazard identification relies on 

conservative assumptions and predictive tools to identify potential areas of concern. 

As the innovation progresses and more information becomes available, the process moves into 

higher tiers, involving more refined and targeted testing strategies. Tier 2 may include in vitro 

methods or validated new approach methodologies (NAMs) for specific endpoints, while Tier 3 may 

involve more comprehensive in vivo studies or integrated approaches to testing and assessment 

(IATAs) where justified and ethically permissible (Figure 17).  
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Hazard characterisation 

A toxicological dose-response descriptor is the term used to identify the relationship between a 

specific effect of a chemical substance and the dose at which it takes place. Dose-response 

descriptors are usually expressed as Lethal Concentration 50% (LC50), Lethal Dose 50% (LD50), No 

Observed Adverse Effect Level (NOAEL), No Observed Adverse Effect Concentration (NOAEC) etc.  

Hazard characterisation builds on the (eco)toxicological test data and dose-response descriptors to 

define specific criteria for safety assessment and setting this way the absolute boundaries for 

humans and environment, based on the scientific state of the art. The dose-response descriptors 

are used for deriving the no-effect threshold levels for human health (i.e. DNEL) and the Predicted 

No Effect Concentration (PNEC) for the environment. These are the levels above which a particular 

human population (e.g. workers, consumers) and the environmental compartments (soil, sediment, 

water, air, etc.) should not be exposed. DNELs are derived for each relevant exposure pattern 

(population, route, and duration of exposure) and each relevant health effect (local and systemic 

effects). They will vary for each population, since some (e.g. children, pregnant women) require 

more protection than others, for each different route of exposure (oral, dermal, inhalation), and 

possibly also depend on the level, duration and frequency of the exposure. Table 8 gives an 

overview of exposure patterns for humans and the environment. 

Table 8. Overview of exposure patterns for human population and environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Human health 

Population Duration Effect 

Workers Acute dermal, local effects 
inhalation, local effects 
inhalation, systemic effects 

Long term dermal, systemic effects 
inhalation, systemic effects 
dermal, local effects 
inhalation, local effects 

Consumers/General Public Acute dermal, local effects 
inhalation, local effects 
inhalation, systemic effects 

Long term dermal, systemic effects 
inhalation, systemic effects 
oral, systemic effects 
dermal, local effects 
inhalation, local effects 

Environment Compartment 

Aquatic compartment Fresh Water 

Marine Water 

Sediment Fresh water sediment 

Marine sediment 

Terrestrial (Soil) compartment 

Sewage treatment plant micro-organisms 

Air compartment Biotic 

Abiotic 

Predator Fish eating predators 

Worm eating predators 

Man via environment Inhalation 
Ingestion 

Source: ECHA R.8 
2012), R.10 (2008) 
and R16 (2016) 
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It is not always necessary to derive DNELs for every human population or exposure route or 

exposure duration. Depending on the exposure pattern and health effects, only relevant DNELs have 

to be derived. For many local effects (e.g. irritation), DNELs cannot be derived. This may also be the 

case, for example, for non-threshold mutagens / carcinogens where no safe threshold level can be 

obtained. In these cases a semi-quantitative value, known as the DMEL or Derived Minimal Effect 

Level may be developed.  Similarly, the PNEC is the maximum level above which a particular 

environmental compartment (e.g. soil, water, air) should not be exposed. The DNELs are calculated 

from the toxicological dose descriptors applying an assessment factor. Since dose descriptors are 

usually obtained from animal studies, an assessment factor is required to allow extrapolation to 

real human exposure situations and to consider uncertainties. 

Other type of exposure threshold levels for specific product applications life the Tolerable Daily 

Intake (TDI) are also derived from these toxicological dose-response descriptors.  

The occupational exposure limits (OELs) are other types of maximum levels above which, in this 

case, workers should not be exposed and that can be used for Risk Assessment purposes for 

existing chemicals for which these levels have been established. OELs are established at EU and 

national level and are typically derived by independent scientific expert committees which consider 

available scientific information; they are complemented by information on exposure monitoring, 

such as sampling methodology, measurement methods and measurement systems. OELs are not 

available for all chemicals and materials. 

In the risk characterisation these values (DNEL, PNEC, OEL) are compared against the measured 

exposure (if existing) or predicted exposure concentrations based on the fate properties and the 

exposure scenarios. For processes, historical equipment failure data forms the basis for predicting 

failure rates of specific processes. 

Figure 17. Hazard assessment tiered approach. 

 
Source: Own elaboration 

 

 

 

 

 

 

http://www.chemsafetypro.com/Topics/CRA/how_to_derive_dmel_derived_minimal_effect_level.html
http://www.chemsafetypro.com/Topics/CRA/how_to_derive_dmel_derived_minimal_effect_level.html
http://www.chemsafetypro.com/Topics/CRA/how_to_derive_dmel_derived_minimal_effect_level.html
http://www.chemsafetypro.com/Topics/CRA/Toxicology_Dose_Descriptors.html
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Risk characterisation 

The risk characterisation establishes the probability of the adverse effect occurring based on the 

likelihood of exposure. It is characterised as a combination of the chemical/material hazards 

characterisation and the exposure assessment to the human health and the environment, and it is 

expressed as Risk Characterisation Ratio (RCR). The RCR is calculated for each relevant exposure 

pattern (population / compartment, route, and duration of exposure) and each relevant health effect 

(local and systemic effects). 

Human Health:  RCR = Measured or predicted exposure concentration / DNEL or  

RCR = Measured or predicted exposure concentration / DMEL or 

RCR = Measured or predicted exposure concentration / OEL 

Environment:    RCR = Predicted Environmental Concentration (PEC) / PNEC 

The results of the RCR can be: 

¶ If the RCR < 1 the exposure levels are lower compared to the no-effect levels for the 

relevant time and spatial scales for each of the protection targets: occupational, 

consumer and environment (OEL, DNEL, DMEL, PNEC). Hence it demonstrates that the 

risk is controlled.  

¶ Da oc` M>M ɦ , oc` mdnf dn*^\iijo ]` ^jiomjgg`_' \i_ apmoc`m \^odjin i``_ oj ]` o\f`i oj 

ensure that the risk is controlled 

An SSbD practitioner assessing safety in the context of an SSbD approach can build additional 

criteria, based on the RCR, for the applicable protection target and exposure routes for the purpose 

of self-evaluation/conformity (Table 9). 

Table 9. Examples of additional criteria that the practitioner could consider depending on the type of 

innovation and the ambition. 

Examples of 

additional criteria 
SSbD application 

RCR < 1 
Cases where SSbD is applied to ensure safety (i.e. safety assessment of an 
existing SSbD system or breakthrough innovation) 

New RCR < current 
RCR  

Cases where SSbD is applied in the (re)design to improve current system½n safety 
(incremental innovation) 

New RCR < best RCR 
Cases where SSbD is applied in the (re)design to be the best safety option 
(incremental and breakthrough innovation) 

Source: Own elaboration 

The risk characterisation is performed in a tiered approach from a qualitative to a quantitative 

assessment as information both for the hazard and the exposure become available (Figure 18).  
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Figure 18. Risk characterisation tiered (qualitative, semi quantitative, quantitative) approach. 

 

Source: Own elaboration 

When full data sets are lacking, simplified models (e.g., control banding) can be used to perform a 

qualitative assessment. These models vary in detail and conservatism but support early-stage 

decisions. Figure 19 is an example of this so-called control banding approach. Based on the 

likelihood of the exposure to take place and the severity of the effect different Risk levels are 

assigned (High, Medium-High, Medium, Low-Medium and Low). Risk level= likelihood of exposure X 

severity of effect. 

Figure 19. Control banding Risk Matrix. 

 

Source: Adapted from (Risk Assessment Software | RiskPal.) 

Quantitative methods are based on the RCR in a tiered approach based on the exposure scenarios 

building and quality of data. In Tier 1, exposure is assessed using worst-case assumptions to quickly 

identify red flags. This tier is intentionally conservative and requires minimal input data (e.g. default 

values, generic use scenarios). If no risk is identified, the assessment may stop here. 
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If M>M ɦ , the assessment moves to Tier 2, where more realistic use conditions and risk 

management measures, refined models, and measured or scenario-specific data are incorporated 

(real concentrations, frequency of use, or site-specific release factors).  

Tier 3 involves the highest level of refinement, often using quantitative monitoring data, advanced 

exposure modelling, and occupational/environmental measurements.  

10.3. Uncertainty considerations in Safety assessment 

Uncertainty is inherent in all components of safety assessmentÖproblem formulation, 

chemical/material characterisation, hazard identification, hazard characterisation, exposure 

assessment, and risk characterisation (Figure 20) and uncertainty in safety assessment combines 

uncertainties of all individual components Each involves deriving or estimating parameters, values, 

assumptions, and qualities that reflect the chemical/materials ¼nature and use. This includes 

intrinsic properties, exposure estimates, and risk levels, all of which carry uncertainties due to data 

quality, methods used, or model assumptions. 

Figure 20. Uncertainties in Safety assessment. 

 

Source: Own elaboration 

Uncertainties in the overall safety assessment arise from the integration of information from 

hazard and exposure assessments and from the assumptions, models, and data used throughout 

the process. These include uncertainties about the representativeness and completeness of 

available data, the appropriateness of default values or assessment factors, and the cumulative 

impact of multiple uncertainties on final risk conclusions. Decisions made under limited or evolving 

dataÖcommon in early innovation phasesÖcan introduce systemic uncertainty. It is essential to 

address these through structured uncertainty analysis, sensitivity analysis, and transparent 

documentation of assumptions and data sources.  

Uncertainties can emerge as early as the problem formulation. At this point, incomplete 

information about the chemical/material, its intended use, life cycle, or potential alternatives can 

limit clarity in framing the assessment. These uncertainties can lead to wrong assumptions and 

definition of the system boundaries, misdirected data collection or misinterpretation of risk. To 

address them, it is essential to ensure early and continuous engagement with life cycle actors, 
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apply a transparent and iterative scoping analysis, and revisit problem formulation as more 

information becomes available. Documenting all assumptions and rationale clearly from the 

beginning supports flexibility and transparency throughout the assessment. 

Uncertainties in chemical and material characterisation derive from limitations in 

understanding the composition, structure, properties, and behaviour of the chemical or material 

under assessment. This includes for example variability in: composition of multicomponent 

chemicals (e.g. UVCB substances), purity, presence of impurities or by-products, particle size 

distribution (especially for nanomaterials), and stability under different conditions. Inconsistent 

identification or insufficient characterisation can lead to mismatches between the material tested 

and the material used in real-world applications, affecting the reliability of the hazard and exposure 

assessments. Where full characterisation is not possible, conservative assumptions and clear 

documentation of uncertainties are essential.  

In hazard identification, uncertainties arise from test data and methods, sample quality, and use 

of alternative or predictive models. Especially in early innovation stages or with new 

chemicals/materials, data may be limited. A conservative approach should be applied, using all 

available information to flag potential hazards. Data qualityÖaccuracy, reliability, completeness and 

relevanceÖis critical. In the context of the SSbD also timeliness, i.e. the needed data is available at 

the relevant point in time, can be also an important attribute, especially at low maturity levels of 

innovation where rapid screening, red-flag raising is more important that the quality of the data 

used. These attributes of quality can be weighed differently depending on the innovation maturity. 

Integrated approaches to testing and assessment (IATAs) can combine multiple data sources to 

improve predictions and guide further testing. 

In hazard characterisation, uncertainty may be linked to the choice of test species, endpoints 

measured, extrapolation between dose levels, or translation from in vitro to in vivo contexts. When 

data are derived from non-standardised or emerging methodologies, this adds further uncertainty. 

Additionally, the selection and application of assessment factors (e.g., to derive DNELs or PNECs) 

introduce judgement-based uncertainty. These factors should be transparently justified, particularly 

when relying on alternative methods or limited datasets. Data quality again is crucial in reducing 

uncertainty and supporting robust conclusions. 

For exposure assessment, uncertainty derives from incomplete exposure scenarios, particularly in 

early innovation. As innovation progresses, knowledge improves. When realistic data is lacking, the 

use of a worst-case or representative scenario is common practice in safety assessment. For 

transparency and clarity, the selection of the chosen worst-case should always be documented. The 

World Health Organisation provides guidance for identifying and addressing exposure-related 

uncertainties. SSbD system definition and life cycle actor engagement is key to shaping exposure 

assessments. 

Risk characterisation is an iterative process that evolves with the accumulation of hazard and 

exposure data. Uncertainty analysis helps test robustness and identify critical data gaps, guiding 

efficient data collection. A tiered approach can be takenÖfrom qualitative to quantitativeÖas data 

becomes available. 

Uncertainty plays a critical role in comparative assessments, as these evaluations often involve 

comparing the safety, of multiple chemicals, materials or products based on diverse and sometimes 

incomplete data sets. Differences in data quality, availability, and reliabilityÖespecially when using 

alternative methods, including read-across and modellingÖcan introduce significant uncertainty 

that affects the outcome of the comparison. If not properly addressed, such uncertainty can result 
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in misleading conclusions about which option is safer. Therefore, transparently identifying, 

analysing, and communicating uncertainties is essential to ensure that decisions in comparative 

assessments are robust and scientifically justified.  

Figure 21 provides a summary of the qualitative, semi qualitative/quantitative and the quantitative 

safety assessments based on the aspects, elements and uncertainty considerations described in 

this chapter. 
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Figure 21. Tiered approach for the safety assessment. 
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Source: Own elaboration 
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10.4. Process-related safety 

Chemical safety focuses on the identification of the hazard properties of the chemical/material and 

the estimation of the risks associated with the exposure along its entire life cycle, for both human 

and environment. Normally this includes many safety considerations associated with the particular 

process; for manufacturing of a chemical or material, the properties of the chemical, its precursors, 

residual waste and specific operational conditions associated with the technology employed are all 

necessary to consider in the assessment and as necessary address/mitigate any associated risks.  

The life cycle stages can also be assessed by themselves, to identify and integrate any aspects 

related to the protection of human health and the environment that are not directly associated to 

the manufactured chemical or material and may have been missed. A holistic approach to SSbD 

safety assessment expects consideration and integration of any such further process-related safety 

aspects. 

Process-related safety can be considered for the use of the chemical/material (e.g. manufacturing 

plant) and the end-of-life stage (e.g. waste management operations, including recycling, recovery 

and disposal (EC, 2008b). One relevant aspect here is that by applying a holistic perspective we can 

identify safety issues not identified when assessing the chemical/material like for example safety 

issues related to the alternative manufacturing processes (for example, a biotechnological process) 

(Nakhal Akel et al., 2025; Wessberg et al., 2008).   

By incorporating elements that focusses on process/technological hazard and risk, SSbD 

practitioners can better align safety objectives along the innovation of the process design (as 

reported in the Figure 22 below). 
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Figure 22. Process safety scheme. 

 

 

Source: Own elaboration 
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The assessment of process-related safety starts with the scoping analysis and the identification of 

the chemical/materials used and their properties together the relevant processes activities (Figure 

22). Through the scoping analysis the different elements can be identified regarding the process e.g. 

the precursors, process conditions, and operational parameters involved throughout the production 

lifecycle, such as auxiliary materials (e.g. solvents, catalysts), and specific operating conditions (e.g. 

high pressure, elevated temperature, exothermic reactions). The chemical safety aspects are already 

covered in sections 10.1, 10.2. and 10.3. However, process safety integrates other safety 

considerations to ensure the protection of human health and environment6, and these elements 

needs to be assessed as well7.  

From this perspective, a process safety assessment can combine the chemical hazard identification 

rdoc \nn`nnh`io ja mdnfn ja oc` ¼c\m_r\m`½' d)`) oc` kmj_p^odji a\^dgdot) Do aj^pn`n ji km`q`iodib 

equipment failure in facilities that use, process, storage and handle hazardous chemicals/materials. 

It addresses the design, operation, maintenance, and management of chemical processes to avoid 

fires, explosions, accidental chemical releases. These equipment failure risks are especially pertinent 

in chemical process development and should be considered from the earliest stages of 

technological innovation, onwards.  

A HAZOP (Hazard and Operability Study) is a structured approach used to examine how deviations 

from the intended process design can lead to hazardous situations or operational issues. It analyses 

the causes by identifying the hazards that could harm workers, equipment, or the environment and 

operability problems that might cause plant shutdowns or product quality issues. It evaluates the 

adequacy of existing safeguards (alarms, interlocks, relief systems) and it recommends actions to 

eliminate or reduce risks. Do½n otkd^\ggt k`majmh`_ _pmdib oc` _`ndbi kc\n` ja \ i`r kmj^`nn #jm rc`i 

modifying an existing one) and is often required by safety regulations (IEC, 2016). 

HAZOP expands risk coverage beyond chemical/operational aspects and includes mechanical, 

control, fire, and explosion hazards linked to process deviations. Biological agents like bacteria, 

fungi, or their toxins (e.g. endotoxins, mycotoxins) can introduce additional layers of complexity to 

process safety. Improper handling, temperature fluctuations, or waste accumulation can lead to 

microbial contamination, pressure build-up, or even biogas explosions. Specific indicators related to 

these risks can be included in the process design, such as on the efficiency of sterilisation systems 

in place or on unintended release of biological material. 

 

 

6 It should be noted that the exposure to a single, pure chemical does not exist in the real world, instead the chemical 
pollution is characterised by complex multi-component mixtures that can easily comprise dozens or even hundreds 
of chemicals (Bopp et al., 2015). 

7 This approach is also aligned with the Chemicals Management System and chemicals inventories foresees by Art. 14a of 

the Industrial Emissions Directive (EC, 2024b) that emphases reducing chemical and process risk at source by virtue 

of moving towards less intrinsically hazardous chemicals, and also via reducing the volumes/ masses present and 

used in reactions onsite. 
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The identification of hazards and risks hotspots, as related to processes and operations, goes 

beyond the exposure to chemical(s) and includes, among others, the exposure to physical and 

biological agents8. HAZOP supports OSH (Occupational Safety and Health) by identifying risks from 

process deviations (e.g., leaks, overpressure¶). Supports worker protection programs, PPE selection, 

and training. 

A HAZOP study feeds into the environmental risk assessments by identifying and analysing 

potential pathways through which industrial processes could impact air, water, and soil 

compartments. It bridges process safety and environmental protection by identifying, assessing, and 

mitigating all routes to potential pollution. A HAZOP study detects how process deviations could lead 

to leaks, spills, or emissions (e.g., valve failure, overpressure venting, thermal runaway) causing 

harm to ecosystems and natural habitat. These findings can provide essential input, for example, to 

the Environmental Management System (EMS) under the Industrial Emissions Directive (IED), 

ensuring process integrity and environmental protection.  

Risk arising from accidental releases should be also considered9. HAZOP results are used as input 

for hazard identification and Safety Report documentation contribute to SEVESO compliance for 

prevention and mitigation of major accidents.  

The integrated safety management combines and manages all safety aspects under one system.  It 

provides traceability and compliance assurance across the life cycle and ensures continuous 

monitoring and improvement. 

The process safety can be performed in a tiered approach. At low innovation maturity levels, 

completeness and quality of the information/data, precise information about tonnages, storage 

conditions, and full-scale process parameters is generally not available. However, the early design 

phase offers the most effective opportunity to embed safety principles. Implementing a process-

oriented risk evaluation at this stage can support the identification and prioritisation of safer 

process alternatives. An example of screening of process related safety is reported in Box 10. 

 

 

 

 

8 The way in which these risks are identified and indicators are built, can leverage on the existing procedures for risk 
evaluations such has the HAZOP (Hazard and Operability) which is a structured and systematic approach use to 
identify potential hazards and operability problems in complex systems and processes. 

9 Such as the Directive (EU) 2012/18, the Seveso III Directive on the prevention of major accidents, and reduction of 
associated hazards and risks involving dangerous substances, or the (EU) Directive 2009/41 on the contained use of 
genetically modified micro-organisms.  
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Box 10. Screening of process-related safety at early stage of process development. 

The same chemical or material, having the same hazard profile, might lead to significant differences in the 

overall safety assessment when produced using different feedstocks or by means of different production 

processes. And for that reason, process (re)design plays an important role in the context of the SSbD. 

For example, the figure below presents a comparison between two manufacturing processes to produce 

maleic anhydride. Historically, maleic anhydride was primarily produced by the catalytic oxidation of 

benzene (Lohbeck et al, 2000). Today, the preferred industrial process for producing maleic anhydride is the 

catalytic oxidation of n-butane. Using the basic information available already at early stage (i.e. raw 

materials, catalyst and possible operating conditions) the two processes can be compared to identify red 

flags to understand which process pose more risk at plant-level. 

 

Source: Own elaboration 

Avoiding hazardous precursors might be an improvement of the process from the safety perspective but if 

generates large volumes of difficult-to-treat waste downstream, its overall environmental benefit 

diminishes. Similarly, one process might seem more efficient than the other, but if it uses highly hazardous 

raw materials, or if its byproducts pose long-term environmental hazards, this may represent, potentially, 

an unacceptable trade-off. 

By assessing chemical processes in their entirety, we can identify hidden environmental burdens and 

potential risks that would otherwise be missed. This holistic approach includes: 

- Risk Management: Identifying and addressing potential hazards associated with raw materials, 

auxiliary materials, products, and waste streams in early innovation 

- Optimisation: Finding the most sustainable pathways by minimising impact across the entire value 

chain. 

The safety assessment of the process reduces the likelihood of industrial impact and accidents and 

fosters a safety culture where prevention is built into innovation, ensuring that new technologies 

are both effective and aligned with long-term sustainability goals. To ensure the operational 

effectiveness of this approach, it is essential that practitioners implement qualitative and 
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quantitative indicators and assessment criteria tailored to the specific context to cover, as far as 

possible, the relevant sources of risk. 

A systematic assessment of potential hazards, including component failure, and the implementation 

of appropriate risk reduction measures can lead to better pricing of risk. This is fundamental to 

access to credit and reduce its cost as well as cost of insurance. Thus, early integration of risk 

evaluation supports both operational resilience and cost-effective capital management, affecting 

chemical industries overall competitiveness. 

Incorporating safety assessment into process development not only enhances safety and regulatory 

compliance but also contributes to financial stability and resilience. 
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11. Environmental sustainability assessment 

The environmental sustainability of chemicals and materials is performed by means of Life 

Cycle Assessment (LCA), to identify hotspots along the life cycle of the chemical/material and to 

steer the innovation towards feedstock and processes that could minimize the environmental 

footprint. Indeed, when SSbD design principles are applied, including those that are expected to 

improve the overall sustainability of the innovation, the resulting innovation should be assessed in 

terms of the sustainability performance, identifying as early as possible, hotspot of impacts and 

trade-offs to be minimised.  

The environmental sustainability assessment within the SSbD context can only be performed if the 

intended use(s) is considered. Therefore, a function-based LCA including the entire life cycle must 

be conducted. It is recommended to conduct the LCA following the existing EC guidelines10.  

Nevertheless, a tiered approach for the LCA is here introduced and described to support the 

assessment of the environmental impact assessment throughout the innovation of the 

chemical/material ¸ also when the intended use(s) is unknown or undefined. In all cases, the LCA 

results should be presented stating clearly the assumptions and data sources used.  

The following chapters address: 

¶ Aspects, indicators and criteria to consider 

¶ Assessment and evaluation system throughout the innovation 

11.1. Aspects, criteria and indicators 

Environmental sustainability embraces a variety of different aspects11. Some aspects are widely 

modelled, such as those translated into the impact categories considered in the Environmental 

Footprint (EF) Impact assessment method with the respective indicators12 (current version EF3.1.). 

Figure 23 shows those indicators from the EF and included in the SSbD framework corresponding to 

the total 16 impact categories that are related to several policy objectives such as protection of 

human health and of biodiversity. Other aspects (e.g. environmental impact due to release of 

microplastics) can be further integrated into future LCA practices and might need to be addressed 

on a case-by-case basis by the criteria developer, addressing possible indicators and ranges. 

It is important to note that the aspects are interlinked as, for example, pollution and climate change 

are key drivers of impacts on biodiversity loss and human health. 

 

 

10 It is recommended to refer to existing EC guidelines, i.e. the Product Environmental Footprint (PEF) method (EC, 2021b), 
which is the European Commission recommended method to assess the life cycle environmental performance of 
products on the market. The method is inspired by the ISO 14040 and 14044 (ISO, 2006, 2020) standards and it is 
providing further guidance and requirements to ensure the replicability and comparability of the LCA results, at the 
level of data (format and nomenclature), modelling principles for inventories, impact assessment methods and 
related characterisation factors, normalisation, and weighting. Moreover, it provides general rules for multi-
functional process (i.e., processes that produce more than one valuable output). 

11 See e.g. the taxonomy of impacts proposed by (Bare & Gloria, 2008). 
12 This method is recommended by the European Commission for the LCA of products (EC, 2021b) and could be 

considered as a minimum set of impacts to be addressed when conducting an LCA study. 
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The EF 3.1 method (Andreasi Bassi et al., 2023) includes human toxicity (cancer and non-cancer) 

and ecotoxicity impact, which refer to impacts due to all chemicals being emitted along the product 

life cycle, which ultimately may impact humans and the environment via environmental 

compartments (e.g. soil, water, air). The focus of the human toxicity and ecotoxicity impact 

assessment is on the indirect impacts via different compartments and on the overall toxicity 

footprint, rather than a specific focus on direct exposure which differ from the aspects covered in 

the safety assessment (chapter 10).  

Figure 23. Environmental Footprint (EF) impact categories, and their link to key issues considered in the 

Chemicals Strategy for Sustainability (CSS). 

 

Source: Own elaboration adapted from Caldeira et al. 2022b 

Toxicity and ecotoxicity impact categories also relate to pollution. Aside from the three impact 

categories related to toxicity, the EF method includes 13 additional impact categories, providing a 

broader view on the overall life cycle environmental impact. The 16 impact categories relate to the 

CSS objective of minimising the environmental footprint of chemicals, in particular regarding 

climate change, resource use, ecosystems and biodiversity (Figure 23). A short description of each 

impact category covered in the EF method is provided in Annex 5. 

The 16 impact categories result from modelling the life cycle of the chemical, from raw material 

extraction up to the end of life. The impacts result from the multiplication of the emissions and 

resources used along the life cycle as well as of the chemicals in the given material/product 
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application (elementary flows /pressures13) by the characterisation factors (CFs) associated to each 

of them. The 16 indicators may optionally also be expressed also as a single score, as part of the EF 

method. However, it is suggested retaining the 16 individual indicators for fuller reporting, to better 

illustrate the potential trade-offs between them, taking into account the main hotspots. 

The impact categories included in the SSbD Framework may be subject to updates, following 

updates in the EF method. These updates refer to the continuous future advancement of LCA, via 

including additional, or refined impact categories. For instance, presently, there is not a fully agreed 

impact category in the EF method which addresses biodiversity loss. Nevertheless, the EF method 

accounts for the main drivers for biodiversity loss, such as Climate Change or Land Use. Hence, EF 

results could be considered a proxy of \ ºbiodiversity footprint» via the means of evaluating the 

above-mentioned underpinning drivers of loss. It should be noted that several Life Cycle Impact 

Assessment (LCIA) methods to estimate impacts on biodiversity have been developed, however14. 

In the EF Life Cycle Impact Assessment (LCIA), the characterized results undergo a normalization 

step and, optionally, a weighting step.15 The weighted impact categories can then be summed to 

obtain the EF single overall score (Andreasi Bassi et al., 2023). These steps support the 

interpretation (e.g. identification of hot-spots and dealing with trade-offs among impact categories) 

and communication of the results of the analysis.  

Within the SSbD context, it is suggested that the impact categories are addressed separately at 

characterization level to enhance the identification of hot spots and area for improvement. 

Optionally, the practitioner could decide to consider the normalization and weighting steps, up to the 

single overall score, when deemed applicable. (see section 11.2 for more details on the results 

interpretation). 

Aspects and indicators are accompanied by the definition of criteria to support the interpretation 

of the LCA results. The criteria serve to guide the innovation by providing reference values ¸ such 

as thresholds or targets ¸ that enable comparative assessment to determine how the innovation is 

performing with respect to the environmental sustainability.  

Expanding and adjusting the definition provided by the PEF Recommendation the SSbD studies 

could consider a reference16, against which comparisons with the performance (e.g. impact result 

from LCA application) of the chemical under assessment could be made, to support inputs to the 

process of decision making.  

Such a reference cannot be unique and fixed for all types and instances of SSbD implementation, 

since the comparison is performed for the functional unit (and this varies according to the specific 

 

 

13 (Environmental) Pressures are all emissions (to air, water, and soil), resource use (minerals, fossil fuel, renewables) as 
well as physical emissions such as noise and radiation resulting from human activity (Caldeira et al., 2022b). 

14 IMPACTworld (Bulle et al, 2019), LC-IMPACT (Verones et al., 2020) or ReCipe2016 (Huijbregts et al., 2017)) that are 
being assessed to be used in the context of the EF method. 

15 In the normalization, the results are divided by the overall inventory of a reference unit, e.g., the entire world, to convert 
them in relative shares of the impacts of the analysed system. In the weighting, each impact category is multiplied 
by a weighting factor to reflect their perceived relative importance (Andreasi Bassi et al., 2023). 

16 The reference for an LCA study has been already introduced and defined in the PEF Recommendation, and the PEF 
ijh`i^g\opm` dn oj ^\gg do \ º=`i^ch\mf»' m`a`mmdib oj Ʌrfc _tcp_ec cltgpmlkclr_j ncpdmpk_lac md rfc pcnpcqclr_rgtc 
npmbsar qmjb gl rfc CS k_picrɆ. The representative product is a real or virtual (non-existing) product. The virtual 
product should be calculated based on average European market sales-weighted characteristics for all existing 
technologies/materials covered by the product category or sub-category (EC, 2021b). 
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application / context). Moreover, the reference evolves throughout the implementation of the SSbD 

framework, in accordance with the iterative and tiered approach of the SSbD framework. Figure 24 

illustrates the various references for the environmental sustainability assessment along with the 

related definitions and where ¸ along the innovation ¸ it is more suitable to be defined. Note that 

there can be situations where the representative system can be used as reference already at the 

early stage of innovation. 

Figure 24. Reference for the environmental sustainability assessment along the innovation of the 

chemical/material. 

 

Source: Own elaboration 

Once the reference is defined, the related classes of performance of the innovation are identified 

(Table 10). Each class of performance potentially comprise upper and lower limit values delimiting a 

range of e.g. reference LCA impacts. This enables the practitioner to assess how good or bad the 

LCA results of the chemical under assessment are compared to the reference. A score can be 

subsequently assigned to each class of performance to simplify the interpretation of the results and 

visualisation. Further details regarding the range of values for the benchmark and proxy reference 

are reported in sections 11.1.1 and 11.1.2. 

Based on the classes of performances, it is then possible to compare the obtained results of the 

chemical under assessment against the defined reference (Table 10). As shown in the Figure 25, the 

classes of performances can be built differently according to the choice of the practitioner. In the 

example, the classes of performances in the case of the proxy/benchmark are defined according to 

quartiles and maximum value of a set of average impact results (see sections 11.1.1 and 11.1.2 for 

more details), and the representative system are defined according to a selected level of 

improvement. 
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Table 10. Criteria and scores to be applied to the LCA result of the chemical under assessment for each 

impact category, according to the reference identified. 

Range of values 
Score 

Class of performance 
(2) 

 
Benchmark (1) Representative system 

LCA result > maximum 

value 
No improvement / Worsening 0 CP5 Fail the 

criteria 
LCA result > Q3  Improvement + 5% 1 CP4 

Q2 < LCA result ɥ Q3 Improvement + 5% to 20% 2 CP3 
Pass the 

criteria 

 

Q1 < LCA result ɥ Q2 Improvement + 20% to 40% 3 CP2 

LCA result ɥ Q1 Improvement > 40% 4 CP1 

(1) ɅOɆ kc_lq Ʌos_prgjcqɆ* _q bcqapg`cb gl section 11.1.2 
(2) Rfc gbclrgdgcb Ɇaj_qqcqɆ _pc gjjsqrp_rgtc _lb qfmsjb `c bcdglcb amlqgbcpgle rfc slacpr_glrw md rfc _qqcqqkclr,  

Source: Own elaboration adapted from (Caldeira et al., 2022b) 

Figure 25. Qualitative example of the classes of performance #º>K»$ and related score for the assigned 

reference (i.e. proxy reference, benchmark or representative system).  

 

Source: Own elaboration 

An example of use of references for the interpretation and evaluation of the results, combining 

different types of references for medium/high TRL, is reported in Annex 6. 

11.1.1. Definition of the ¹proxyº reference 

The proxy reference can be used to enable screening assessments of the innovation to 

preliminarily identify hot-spot and performances of the reaction. 

The proxy refence provides ranges of values for key indicators representing a general chemical 

reaction. Ranges of values are derived for the most common indicators of a generic chemical 

reaction, which are the mass balance and the enthalpy, and calculated based on the stochiometric 

reaction. The mass balance gives an idea about the efficiency of reaction and potential by-products; 

the enthalpy gives preliminary information about the energy, either if there is a need for energy 

supply (i.e. heating or electricity) or if there is a generation of energy (i.e. need for managing this 

excess of energy). Ranges of values for indicators can help in identifying their actual fulfilment. 

Table 11 shows an example of ranges of values for the indicators linked to the design principles, 

retrieved from existing studies on organic chemicals. 
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Table 11. Examples of ranges of values for the indicators linked to design principles proposed in the SSbD 

framework. 

Code SSbD principle Indicator Best case Worst case 
SSbD1 Material 

efficiency 
Net mass of materials consumed (kg/kg) 1 40% 
Reaction Yield (%) 100% 40% 
Atom Economy (MWproduct/MWtotal reaction) 100%  
Material Intensity index (kg materials / kg product) 100%  
Environmental impact factor - E-factor (%) (Input 
materials - product)/product 

0%  

Recycling of the solvent and purity 99 -100% 
(purity) 

 

Solvent selectivity (kgsolvent/kgproduct) 0%  
Water consumption (m3/kg) 0 2.95 
Recycling efficiency/recovery rate (%) 100%  
Total amount of waste (kg/kg) 0%  
Amount of waste to landfill (kg/kg) 0% 100% 
Critical Raw Material presence (yes/no + amount) 
 

0% 100% 

SSbD2 Minimise the use 
of hazardous 
chemicals/materi
als 

Biodegradability of manufactured chemical/Material 100% 0% 
Classification of raw chemicals/materials as SVHC 
(yes/no + amount) 
 

0% 1 kg/kg 

SSbD3 Design for 
energy efficiency 

Energy efficiency (%) Min. 
theoretical 
`i`mbt ¤B 
kJ/kg 

1.949x10^6 
kJ/kg 

Yield of extraction (mass of recovered solvent / used 
solvent) 
 

100% 0% 

SSbD4 Use renewable 
sources 

Renewable or fossil feedstock (yes/no + amount) 100% 0% 
Recycled content (%) 100% 0% 
Share of Renewable Energy (%) 
 

100% 0% 

SSbD5 Prevent and 
avoid hazardous 
emissions 

Non-Aqueous Liquid Discharge (m3/kg) 0% 100% 
Wastewater to treatment (m3/kg) 
 

0% 100% 

Amount of hazardous waste (kg/kg) 0% 1 kg/kg 
SSbD6 Reduce exposure 

to hazardous 
substances 

Biodegradability of manufactured chemical/Material 100% 0% 
Classification of raw chemicals/materials as SVHC 
(yes/no) 
 

0% 100% 

SSbD7 Design for end-
of-life 

Recyclable? (yes/no) 100% 0% 
Durability (years)  0-1 
Disassembly/reparability design (yes/no) 
 

100% 0 

SSbD8 Consider the 
whole life cycle 

Recyclable? (yes/no) 100% 0% 
Disassembly/reparability design (yes/no) 100% 0% 
Material Circularity indicator (MCI) 1 0 
Biodegradability of manufactured chemical/Material 100% 0% 

 

Source: Own elaboration 
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11.1.2. Definition of the benchmark 

The benchmark can be used as reference in simplified and intermediate assessment to enable 

comparison and preliminary decision-making of the innovation. For instance, when assessing a new 

chemical / material, or as an indication of the average environmental performance of existing 

^c`hd^\gn * h\o`md\gn' \i_ bmjpkn #`)b) ]`gjibdib oj oc` n\h` ºa\hdgt»$ ja ^c`hd^\gn * h\o`md\gn) The 

benchmark is defined as the average impact value for each impact category. Thus, the benchmark 

does not represent a real chemical but is rather a virtual representative average-impact chemical. To 

build an initial set of benchmark values to be used in SSbD, a basket of chemicals has been built, 

starting from the list of large volume organic (and some inorganic) chemicals in the Best Available 

Techniques (BAT) Reference Document for the Production of Large Volume Organic Chemicals 

provided by Falcke et al. 2017.  The average impact was calculated for the production process 

#º^m\_g`-to-b\o`»$ ja , fb ja the selected chemicals using available LCA databases and the EF 3.1 

method (Andreasi Bassi et al., 2023). The average was performed at the level of each chemical, when 

available in more databases and when different production routes (e.g. feedstock origin) were 

available. Future bencch\mf#n$ ^jpg_ `i^jhk\nn \gnj ºnk`^d\god`n»' d)`) gjr kmj_p^o qjgph` ^c`hd^\gn 

characterised by their use for specific applications. 

Based on the average LCA impact value of selected chemicals, quartiles17 and the maximum value ¸ 

are derived, which describe the increasing impact across selected chemicals and, thus, lower 

sustainability performance.  

Ultimately, the five ¹]f[mm_mº i` j_l`ilg[h]_ - reported in Table 12 ¸ are derived from the 

defined benchmark and are used for the comparison of the LCA results of the chemical under 

assessment. From the classes of performance, it is possible to create criteria for the assessment 

that cover the cradle-to-gate system, as shown in Table 10.  In practice, once the LCA results of the 

production process of 1 kg of the chemical under assessment are calculated, each result is assigned 

to a class of performance based on the ranges shown in Table 12.  

For the remainder of the life cycle of the chemical/material, other types of reference need to be 

defined, on a case-by-case basis. 

 

 

17 The quartiles are three values that divide the set of data in four intervals: Q1 (corresponding to 25th percentile of the set 

of data), Q2 (corresponding to 50th percentile of the set of data), Q3 (corresponding to 75th percentile of the set of 
data). 
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Table 12. Ranges of impact for the 16 impact categories that to define the classes of performances (CPs), 

against which the impact result for the production of 1 kg of the chemical under assessment should be 

compared.  

Impact category Unit CP1 CP2 CP3 CP4 CP5 
Acidification mol H+eq < 6.37e-03 [6.37e-03, 9.61e-03) [9.61e-03, 1.58e-02) [1.58e-02, 3.19e-02)  ɦ 3.19e-02 
Climate change kg CO2 eq < 1.97e+00 [1.97e+00, 2.88e+00) [2.88e+00, 4.50e+00) [4.50e+00, 9.44e+00) ɦ 9.44e+00 
Ecotoxicity,  
freshwater 

CTUe < 1.38e+01 [1.38e+01, 2.11e+01) [2.11e+01, 3.84e+01) [3.84e+01, 2.50e+02) ɦ 2.50e+02 

Eutrophication,  
freshwater 

kg Peq < 1.74e-04 [1.74e-04, 3.60e-04) [3.60e-04, 6.39e-04) [6.39e-04, 4.33e-03) ɦ 4.33e-03 

Eutrophication,  
marine 

kg Neq < 7.68e-04 [7.68e-04, 1.47e-03) [1.47e-03, 2.70e-03) [2.70e-03, 1.51e-02) ɦ 1.51e-02 

Eutrophication,  
terrestrial 

mol Neq < 1.21e-02 [1.21e-02, 1.72e-02) [1.72e-02, 3.41e-02) [3.41e-02, 6.98e-02) ɦ 6.98e-02 

Human toxicity,  
cancer 

CTUh < 3.10e-09 [3.10e-09, 6.36e-09) [6.36e-09, 1.31e-08) [1.31e-08, 6.43e-08) ɦ 6.43e-08 

Human toxicity,  
non-cancer 

CTUh < 1.69e-08 [1.69e-08, 2.37e-08) [2.37e-08, 4.61e-08) [4.61e-08, 6.42e-07) ɦ 6.42e-07 

Ionising radiation, 
human health 

kBq U235 < 5.78e-02 [5.78e-02, 8.95e-02) [8.95e-02, 1.53e-01) [1.53e-01, 7.05e-01) ɦ 7.05e-01 

Land use Dimensio
n-less (pt) 

< 3.14e+00 [3.14e+00, 4.48e+00) [4.48e+00, 8.52e+00) [8.52e+00, 1.13e+02) ɦ 1.13e+02 

Ozone depletion kg CFC-
11eq 

< 3.44e-08 [3.44e-08, 5.62e-08) [5.62e-08, 1.11e-07) [1.11e-07, 5.76e-06) ɦ 5.76e-06 

Particulate matter Disease 
incidences 

< 5.47e-08 [5.47e-08, 9.35e-08) [9.35e-08, 1.73e-07) [1.73e-07, 4.82e-07) ɦ 4.82e-07 

Photochemical  
ozone formation, 
human health 

kg 
NMVOCeq 

< 8.21e-03 [8.21e-03, 1.00e-02) [1.00e-02, 1.36e-02) [1.36e-02, 5.26e-02) ɦ 5.26e-02 

Resource use,  
fossils 

MJ < 5.51e+01 [5.51e+01, 6.85e+01) [6.85e+01, 8.66e+01) [8.66e+01, 1.34e+02) ɦ 1.34e+02 

Resource use,  
minerals and  
metals 

kg Sbeq < 7.50e-06 [7.50e-06, 1.15e-05) [1.15e-05, 2.33e-05) [2.33e-05, 9.79e-05) ɦ 9.79e-05 

Water use m3 world 
eq. 
deprived 
water 

< 4.35e-01 [4.35e-01, 1.15e+00) [1.15e+00, 1.87e+00) [1.87e+00, 5.50e+00) ɦ 5.50e+00 

 

Source: Own elaboration 

 

11.2. Assessment and evaluation system throughout the innovation 

A screening assessment is also considered for very initial SSbD system where it is not possible to 

perform an LCA.  Figure 11 shows the tiered approach for the implementation of the SSbD 

framework. The top left side of the figure introduces screening assessment when the maturity of 

the innovation is low, and consequently the information and data are very little. 

The screening assessment includes a narrow set of indicators of the environmental performances 

of the processes - excluding the assessment of the impact which mostly reflect the energy and 

material requirements for the production process. (See section 11.1.1). 

A possible methodology combines simplified thermodynamic calculations, reaction process 

analogies, and "green chemistry" principles to estimate and compare the potential energy intensive 

unit operations of different chemical pathways and material designs. A summary of the 

methodology is described in Table 13. 
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Table 13. Possible methodology for the screening assessment of chemical/material. 

Step Description 
1. Define System 

Boundaries and 
declared Unit. 

 

The "production process" under evaluation should be delineated to include all relevant 
unit operations, such as one or more reaction steps, heating, mixing or separation 
operations, even in cases where only a basic reaction pathway has been proposed. 
To enable comparison between alternative process design options. Commonly, this may 
refer to a defined quantity of the target productÖsuch as 1 kilogram or 1 moleÖbut 
should be selected based on the context of the assessment and the intended application 
of the results. 
The final application of the chemical may be undefined. 
 

2. Break Down the 
Process into Unit 
Operations.  

Á Reaction: Including mixing, heating/cooling, pressure change operations. 
Á Separation/Purification: Distillation, filtration, crystallisation, extraction, drying and 

other unit operation needed to increase the concentration of a desired product or 
eliminate impurities and by-products. 

Á Solvent Management: Solvent use, recovery, and disposal. 
Á Ancillary Processes: Such as pumping, stirring, vacuum, inert atmosphere, utility 

generation. 
 

3. Qualitative Hotspot 
Identification (here 
the example is based 
on the potential 
energy-intensive unit 
operations) 

Á High temperatures or pressures 
Á Multiple distillation steps 
Á Large solvent volumes 
Á Vacuum operations 
Á Recycling or purification of difficult-to-separate mixtures. 
Á Highly exothermic/endothermic reactions 
Á It is possible to use a qualitative score (e.g. low, medium, high) to prioritise data 

collection of the different unit processes. 
 

4. Definition and 
calculation of 
indicators 

 

Á Reaction Enthalpy: This gives a first indication of heating/cooling demands. 
Á Theoretical Minimum Separation Energy: For ideal separations, it provides a 

fundamental lower bound and allows for comparison of separation difficulty. 
Á Boiling Points/Vapor Pressures: Large differences generally indicate easier 

distillation. 
Á Design principles of the framework  
 

5. Evaluation and 
interpretation 

Á Identify key indicators (e.g. reaction temperature, solvent-to-product ratio, 
separation efficiency) that have a high impact on the result. these values can be 
compared with the ones provided in Table 14. 

Á Analyse the indicators change due to variation of process parameters to identify 
and prioritise R&D efforts. 

 

Source: Own elaboration 

The simplified, intermediate and full LCA reflect the iterative and tiered approach of the 

implementation of the framework when the LCA is possible to undertake, even if only partially. 

Table 14 describes the main structure of the tiered LCA along the innovation, providing the main 

characteristics. Information on Goal and Scope definition, Life Cycle Inventory and Impact 

assessment are provided in the Methodological Guidance (Abbate et al., 2024), while here below 

information on the Results interpretation is provided. 

The core of the evaluation of the environmental sustainability assessment is the interpretation of 

the LCA results, to understand how to proceed with the subsequent iteration. The evaluation should 

all look at the results from two different angles: the data quality for the Life Cycle Inventory (LCI) of 

the LCA model, and the identification of potential hotspots that should provide insights to the 

innovation. Figure 26 shows the two aspects of the evaluation with examples of questions and 

actions that aim at analysing the LCA model. Based on the information collected, the figure 

provides actions in both directions. 
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The analysis of the data quality to improve the LCI includes, among others, the analysis of the 

technological, geographical, time-related representativeness, completeness, uncertainty, and 

reliability of the data sources (further details are provided in Annex 7). 

Figure 26. Possible approach to perform the interpretation of the LCA results, combining both the analysis of 

the data (a) and the obtained results (b). 

(a) 

 
 

(b) 

 
Source: Own elaboration 
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