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A B S T R A C T

The Safe and Sustainable by Design (SSbD) concept integrates safety and sustainability of chemicals and ma-
terials, throughout their entire life cycle and minimizes their environmental footprint. The European Commission 
(EC) in 2022 developed a framework to practically apply SSbD. This study investigated the knowledge on SSbD 
and the operationalization of such framework among the partners of the Partnership for the Assessment of Risks 
from Chemicals (PARC) program. Forty-one responses from 32 PARC Institutions were collected through a 21 
item-online survey. Seventy-three % of the respondents had knowledge of SSbD, although only 49 % reported to 
have been directly engaged into SSbD projects. The EC-SSbD framework was applied by the 26 % of participants 
and in 47 % of cases it included a (re)design phase. With respect to the safety and sustainability, the assessment 
of the hazard, the human health and safety aspects in the production and processing, and the human health and 
environmental aspects in the final application of the chemical/material was addressed by the 74 %, 52 % and 
65 % of the respondents. Lower percentages of positive responses regarded the environmental, social and eco-
nomic sustainability assessment: 35 %, 20 % and 13 %, respectively. Overall, while the framework provided the 
necessary building blocks and opportunities for SSbD, concerted and iterative Research, Industry, and Academia 
efforts are necessary to develop/improve assessment methods, models and tools to make SSbD as an approach to 
chemical risk assessment and management to protect human health and the environment, and ensure to operate 
within the planetary boundaries.

1. Introduction

With the European Green Deal, the European Commission (EC) aims 
to transform the EU’s economy for a more sustainable future (EC, 2019), 
focusing on climate, biodiversity, circularity as well as improving 
measures for protecting human health and the environment. This is part 
of an ambitious approach to tackle pollution from all sources and move 
towards a zero-pollution economy for a toxic-free environment. The 
above, are fully in line with the EC Chemicals Strategy for Sustainability 
(CSS), published in 2020, aiming at human health and environment 
protection, while Safe and Sustainable by Design (SSbD) is a key pillar 

towards this direction (EC, 2020a). According to the CSS: “SSbD can be 
defined as a pre-market approach to chemicals that focuses on providing 
a function (or service), while avoiding volumes and chemical properties 
that may be harmful to human health or the environment, in particular 
groups of chemicals likely to be (eco) toxic, persistent, bio-accumulative 
or mobile. Overall sustainability should be ensured by minimizing the 
environmental footprint of chemicals in particular on climate change, 
resource use, ecosystems and biodiversity from a life cycle perspective” 
(EC, 2020b). The concept promotes such a holistic approach that in-
tegrates safety and sustainability of chemicals and materials, throughout 
their entire life cycle and minimizes their environmental footprint 
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(Caldeira, 2022a).
Finding strategies to practically apply SSbD is an issue currently 

addressed by policy, academic, and industrial players around the EU 
(Sudheshwar et al., 2024). SSbD is proposed to develop into a voluntary 
action that supports current regulations such as the Registration, Eval-
uation, Authorization, and Restriction of Chemicals (ECHA, 2024), the 
Corporate Sustainability Reporting Directive (EC, 2023), the EU taxon-
omy (European Commission, 2020b), and the Sustainable Product 
Initiative (EC, 2020c). To fulfill these ambitions, the EC developed a 
framework for the definition of criteria for SSbD chemicals and materials 
that was announced in a Commission Recommendation of the 8th of 
December 2022 (EC, 2022).

The framework encompasses both safety and sustainability assess-
ment, and aims to steer the innovation process towards the green and 
sustainable industrial transition; substitute or minimize the production 
and use of substances of concern, in line with, and beyond existing and 
upcoming regulatory obligations; minimize the impact on health, 
climate and the environment during sourcing, production, use and end- 
of-life of chemicals, materials and products (EC, 2022b; OECD, 2020).

The framework is composed of two components: a (re)design phase 
in which design guiding principles and indicators are proposed to sup-
port the design of chemicals and materials, and a safety and sustain-
ability assessment phase in which the safety, environmental and socio- 
economic sustainability of the chemical/ material are assessed. The 
stepwise approach for the safety and sustainability assessment, is 
composed of different steps:

- Step 1: Hazard assessment of the chemical/material, that looks at the 
intrinsic properties of the chemical or material in order to under-
stand its hazardous profile;

- Step 2: Human health and safety aspects in the chemical/material 
production and processing phase, referring to occupational health 
and safety aspects from raw material extraction to production of the 
chemical or material including recycling or waste management;

- Step 3: Human health and environmental aspects in the final appli-
cation phase, that relies on evaluating whether the final use of a 
chemical or material poses any risk to human health or the 
environment;

- Step 4: Environmental sustainability assessment, assessing the im-
pacts along the entire chemical/ material life cycle (e.g., on climate 
change and resource use).

A fifth step addressing the social and economic sustainability 
assessment along the chemical life cycle has been proposed although it is 
in a still under exploration. This step may include the evaluation of a 
variety of aspects, such as equity/equality, human wellbeing, human 
rights, livelihood, the attention to the local context and governance and 
the integration of different stakeholders and community perspectives, 
together with the assessment of the possibility to achieve an economic 
growth considering the resource-constrained world’s environmental and 
social implications (e.g. product cost, profitability, life cycle cost, and 
market-related criteria) (Caldeira et al., 2022b)

Case studies have been already conducted by the EC’s Joint Research 
Centre (JRC) (Caldeira et al., 2023) to test the applicability of the SSbD 
framework. Some practical challenges emerged from this first exercise. 
However, the SSbD framework provides a first attempt to combine 
assessment building blocks from the perspective of safety, sustainability 
and socio-economic assessment. Moreover, the comprehensive nature of 
the framework, although promising in the future is time-consuming and 
expensive in the short term and demands a high level of expertise for the 
SSbD assessment (Sudheshwar et al., 2024). In this view, although the 
need for an SSbD approach for chemicals, materials and products has 
been extensively discussed in the scientific community, no literature 
data are currently available on awareness and practical applicability of 
the more recent framework promoted by the EC in the framework of an 
international setting of researchers involved in chemical risk assessment 

and management.
Therefore, our study aimed at mapping and analyzing the current 

knowledge on the SSbD concepts and the operationalization of the EC 
framework in case studies among the scientific community engaged in 
the Partnership for the Assessment of Risks from Chemicals (PARC). 
PARC is an EU-wide research and innovation partnership program, 
aimed at supporting EU and national chemical risk assessment and risk 
management bodies with new data, knowledge, methods, networks and 
skills to address current, emerging and novel chemical safety challenges 
(Marx-Stoelting et al., 2023).

2. Methods

2.1. The investigated population and data collection

A “PARC internal survey on Safe and Sustainable by Design case 
studies” was conducted between the 20th of April and the 30th of June 
2023. It has been performed among the activities of the Work Package 8 
- Concepts and toolboxes; Task 8.1, SSbD; Activity 8.1.3 SSbD toolbox 
operationalization: Use cases & indicators. Specific aims of the activity 
included the identification of the most relevant use cases to explore 
different types of applications of the SSbD, to test the methodology 
developed by the EC and to supplement the use cases developed by the 
EC. In this scenario, the survey was developed with the aim to achieve 
valuable inputs from PARC participants for the SSbD use cases in-
ventory, with the additional purpose to identify criteria for setting 
suitable PARC case studies to test the operationalization of the toolbox 
developed under the 8.1.2 Activity.

All the partners engaged in the PARC Consortium were asked to 
participate in the survey completing a specifically targeted question-
naire via Google form. The survey was accompanied by a letter 
explaining the aims of the research and how the information collected 
could be useful for the scopes of the PARC project. In any case, voluntary 
participation was assured by all the co-leads of the 8.1.3 promoting task. 
No exclusion criteria were applied to the participation. The collected 
information has been treated confidentially according to the re-
quirements of the General Data Protection Regulation (GDPR). Data 
obtained from this survey have been saved, stored, and processed by the 
8.1.3 activity co-leads.

2.2. The “PARC internal survey on safe and sustainable by design case 
studies”

The survey was developed by the PARC task 8.1.3 co-leads to collect 
information concerning knowledge regarding the SSbD concepts and 
possible application into projects or specific case studies, together with 
data on the operationalization of the EC framework. It consisted of 21 
items divided into multiple choices and open questions and required, in 
total, about 15–30 minutes to be completed. The survey included a first 
section focused on the respondent information, including affiliation 
category (Private companies, Research Institutions, Universities) and 
the geographical origin of the participants. The knowledge on the SSbD 
concept was explored through a yes/no question. The direct involve-
ment of the respondent into any project applying safety and sustain-
ability aspects into the development of materials, products or processes 
was also investigated through a yes/no item. The priority sectors 
addressed by the above-mentioned project were also asked. The cate-
gories proposed in the survey were extrapolated from the priority sectors 
listed in the EC recommendation and in the JRC reports: textiles, food 
contact materials, information and communication technologies, con-
struction materials, low-carbon mobility, batteries or renewable energy 
sources; cosmetics, and others. The survey also explored whether the 
participants applied the SSbD framework proposed by the EC or any 
other SSbD framework, as well as in which use cases/case studies these 
were applied and which were the chemicals/materials investigated. As 
regards the framework components, specific items explored whether the 
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case/study included a (re)design stage for chemical or materials and 
which principles have been followed in such phase. Specifically focusing 
on the safety and sustainability assessment, yes/no questions were 
included to understand whether the case study included a hazard 
assessment for chemicals and materials; human health and safety as-
pects of production and processing; human health and environmental 
aspects in the final application phase of the chemical/material in 
question; an environmental, social and economic sustainability 
assessment.

3. Results

Forty-one responses were received for the survey. Twenty-nine 
(70 %) from representatives of Research Institutions and 12 (30 %) 
from University researchers. Overall, these responses come from 32 out 
of the 201 Institutions participating in PARC (16 %). The geographical 
spread of the respondents was wide, with 1 or 2 respondents per country 

(Fig. 1).
At the general question “Do you have knowledge about the safe and 

sustainable by design concept?”, in 30 responses (73 %), the participants 
reported a positive response meaning that awareness on the SSbD 
concept was quite widespread among the investigated sample (Table 1).

However, only 20 respondents (49 %) reported any knowledge of or 
direct engagement into projects applying safety and sustainability as-
pects into the development of materials, products or processes.

In terms of projects’ priority sectors, 27 responses were collected. 
Among those, the most frequently reported sector of application was the 
food contact materials (8 responses; 30 %). In only two cases, respec-
tively, batteries or renewable energy sources (7 %), and cosmetics (7 %) 
were mentioned as fields of SSbD interest. A miscellaneous of other 
fields have been reported in 15 additional responses (56 %), including 
recycling of plastics, chemicals in utensils, pharmaceuticals, drinking 
water production, epoxy resins, sprays/paints, and nano-medicine 
(Fig. 2).

Italy: 3 

Austria: 1 

Belgium: 5  

France: 1 

Spain: 1 

Slovenia: 1 

Croatia: 1 

Czech Republic: 2 

Luxemburg: 1 

Germany: 2 

Greece: 2 

Finland:  3 

Denmark: 2 

The Netherlands: 5 

United Kingdom: 2 

Sweden: 5 

Switzerland: 1 

Portugal: 1 

Slovakia: 2 

Fig. 1. Number of responses retrieved for country.
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In only 9 responses (26 %), participants declared to have applied the 
EC SSbD framework in their projects, and a comparable percentage of 
responses (10 %) reported the employment of other SSbD tools. Seven-
teen responses were provided on specific use case/case studies on SSbD 
in the above-mentioned projects. These use cases specifically regarded 
plasticizers in flooring materials, plastic additives, recycling plastics, 
PFOS, cosmetics and food contact materials, high-performance large 
area organic perovskite devices for lighting, energy and pervasive 

communication; energy storage systems in green and circular economy, 
materials for solar desalination devices, nanomaterials and nano- 
cellulose. Concerning the chemicals/materials addressed in the use 
case/case studies: bisphenol A alternatives, different plasticizers, gra-
phene, metal oxides, carbon nanofibers, titanium dioxide, silica dioxide, 
zinc oxide, lipid based nanoparticles, silica nanobeads; advanced ma-
terials, including biocides, paint formulations, papermaking, catalysts 
and facade insulation, and perovskites have been reported.

Forty-seven% of the responses indicated that the use case/case study 
included a (re)design phase (Table 1). Principles addressed in the case 
study were primarily (21 responses retrieved): to minimize the use of 
hazardous chemicals or materials (43 %) followed by considering the 
whole life cycle of chemicals, materials and products (14 %); preventing 
and avoiding hazardous emissions (9 %) and considering the material 
efficiency (4 %). In some cases, respondents indicated that a series of 
principles have been considered without a suitable detail (30 %).

With respect to the safety and sustainability assessment (Table 1; 
Fig. 3), 74 % of the retrieved responses reported that the use case/case 
study under investigation included a hazard assessment step. Human 
health and safety aspects of production and processing were reported to 
have been included in 52 % of the responses; 65 % reported the inclu-
sion in case studies of a specific focus on human health and environ-
mental aspects in the final application phase of the chemical/material in 
question. More limited percentages of responses, 35 %, 20 % and 13 % 
resulted positive with respect to the inclusion of an environmental, so-
cial and economic sustainability assessment, respectively.

4. Discussion

This pilot study represents the first attempt to address the knowledge 
on SSbD concepts among partners of the European PARC project and the 
application of the EC SSbD framework in case studies outside PARC.

Concerning the collected response rate, only 32 out of 201 in-
stitutions engaged in PARC participated into the survey (16 %). This low 
rate of response may be related to the unfamiliarity of the overall PARC 
partners with respect to the SSbD concept. In fact, multiple aspects of the 
chemical risk assessment, also different from the SSbD approach, are 
addressed in the various PARC work packages, thus limiting the number 
of those partners dedicated to the SSbD operationalization. This may 
have prevented a greater participation of partners due to the diverse 
priority areas of research.

Interestingly, most of the respondents (73 %) reported to have 
knowledge on the SSbD concept, although less than a half of them 
(49 %) declared to have been involved into the practical application of 
such concepts in the development of materials, products, or processes. 
Additionally, although there was a general awareness concerning the 
SSbD, a limited rate of participants (26 %) reported applying the EC 
framework in their projects. This may be explained by the fact that the 
SSbD framework was announced by the EC in the Recommendation of 
the 8th of December 2022, and our survey started only 4 months af-
terwards. This timeframe may be considered too short to allow Research 
Institutions and Universities a formal operationalization of the frame-
work. Longitudinal studies on all these aspects could be helpful in un-
derstanding how the wide spreading of the SSbD concepts and the 
increasing awareness of the scientific community on such approach and 
its application into the chemical risk assessment and management pro-
cesses may change the obtained results.

Additionally, although the framework may be beneficial for long- 
term societal and environmental wellbeing, its comprehensive nature 
demands a high level of expertise combined with multiple scientific 
domains as well as elevated costs for its application that could have 
functioned as obstacles to its prompt application (Sudheshwar et al., 
2024). This may be the case of both small medium enterprises, that often 
face resource, personnel and time restrictions, but also of large com-
panies that may suffer from the SSbD hazard-based restrictions in the use 
of most dangerous chemicals that are used otherwise precisely for their 

Table 1 
Number of responses retrieved for item.

Survey item Number of 
retrieved 
responses for item

Yes n. 
(%)

No n. 
(%)

Do you have knowledge about the 
“safe and sustainable by design” 
concept

41 30 
(73 %)

11 
(27 %)

Do you know or are you directly 
involved in any project applying 
safety and sustainability aspects in 
the development of materials, 
products or processes?

41 20 
(49 %)

21 
(51 %)

Have you applied the SSbD 
framework proposed by the 
European Commission in your 
work?

35 9 
(26 %)

26 
(74 %)

Have you applied any other SSbD 
tools in your work?

34 10 
(29 %)

24 
(71 %)

Does your use case/case study 
include a (re)design stage for 
chemicals or materials?

30 14 
(47 %)

16 
(53 %)

Does your use case/case study 
include an hazard assessment for 
chemicals and materials?

31 23 
(74 %)

8 
(26 %)

Does your use case/case study 
include human health and safety 
aspects of production and 
processing?

31 16 
(52 %)

15 
(48 %)

Does your use case/case study 
include human health and 
environmental aspects in the final 
application phase of the chemical/ 
material in question?

31 20 
(65 %)

11 
(35 %)

Does your use case/case study 
include an environmental 
sustainability assessment?

31 11 
(35 %)

20 
(65 %)

Does your use case/case study 
include a social sustainability 
assessment?

30 6 
(20 %)

24 
(80 %)

Does your use case/case study 
include an economic sustainability 
assessment?

31 4 
(13 %)

27 
(87 %)

Fig. 2. Priority sectors of SSbD projects.
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inherent toxic functionality. In this view, future investigation should be 
focused at defining strategies and tools that promote the use of New 
Approach Methodologies (NAMs) and artificial intelligence for the EC 
framework application that need to be rapid, cost-effective, and 
accepted by regulatory and industry communities, nongovernmental 
organizations, and the public.

Interestingly, although a limited number of positive responses were 
retrieved concerning the application of the EC framework, a greater 
number of respondents declared to have been engaged into the haz-
ardous assessment steps of the same framework. This suggests that some 
kinds of assessment, particularly those related to the safety evaluation of 
chemicals, products and processes have been done in several projects, 
apart from the pathway proposed by the EC. Regarding the percentages 
of responses relative to the application of the different safety and sus-
tainability framework’s steps into case studies, some interesting results 
emerged. In fact, while more than a half of the respondents reported that 
the use case/case study under investigation included an hazard assess-
ment step, an evaluation of human health and safety aspects of pro-
duction and processing and an evaluation of human health and 
environmental aspects in the final application phase of the chemical/ 
material in question; more limited percentages of responses, one third or 
less, resulted positive with respect to the inclusion of an environmental, 
social and economic sustainability assessment.

Overall, this may suggest that efforts made on health and safety are 
different to those devoted to sustainability. Safety by Design aims at 
addressing safety issues already during the research and development 
and design phases of new technologies. The Safety by Design has 
increasingly become popular in the last few years for addressing the 
risks of emerging technologies like nanotechnology and synthetic 
biology (van de Poel and Robaey, 2017). Additionally, the common idea 
that safety can also harm the environmental, economic, and social pil-
lars of sustainability, may be at the basis of the retrieved discrepancies. 
Linking safety and sustainability is not a novel idea. Scientific evidence, 
in fact, suggests the importance of safety in supporting sustainable 
development (Syaifullah et al., 2022). Other than the obvious benefit of 
safety, keeping humans and the environment safe can also improve 
sustainability outcomes (Nawaz et al., 2019). On the other side, sus-
tainability operationalization, attempting to achieve a balance between 
economic growth, social development, and environmental protection, is 
hard to comprehend. The EC framework, in this scenario, may provide 

guidance in opening new possible paths for safety and sustainability 
research. Tools, methods and techniques should be developed to help 
industries identify the issues with their current production processes and 
to establish specific measures of progress along with the direction of the 
sustainable production (Swarnakar et al., 2021; Mech et al., 2022).

Overall, sustainability cannot be as an add-on in the chemical risk 
assessment, the EC framework dictates that sustainability becomes a 
way of thinking. The concept of SSbD should be comprehensively un-
derstood as an approach to risk analysis or risk assessment, implying 
that risks for human health, society, and the environment are already 
assessed in the design phase; a specific risk management strategy; i.e., 
addressing safety and sustainability by design measures, or by built-in 
safety and sustainability; or as a result of the design process implying 
absolute safety and sustainability when the technology is implemented.

An integrated evaluation of safety, functionality and sustainability at 
any innovation stage should be pursued so that any critical issue could 
be addressed early enough into the process. In this context, aligning 
corporate SSbD decision making process to the Agile Stage-Gate inno-
vation model may represent a possible strategy to facilitate the SSbD 
operationalization (Hristozov et al., 2023; Pizzol et al., 2023). In such an 
industrial model, the innovation process is divided into five stages: 
scoping, business case, technical design, testing and validation, and 
launch. SSbD analysis at each step can inform decisions that may 
include: termination, whether the technical or commercial probability 
of success are compromised, or if unacceptable environmental, health 
and safety risks have emerged; reiteration of the stage, with the aim to 
improve the safety, performance and/or sustainability of the chemical or 
product being developed; progression to the next stage if the above 
mentioned parameters fill in the desired ranges. According to this 
approach, safer, functional and more sustainable chemicals can be 
cost-efficiently developed (Hristozov et al., 2023; Pizzol et al., 2023).

Concerning the fields of the SSbD application in the case studies, 
different settings, including food contact materials, information and 
communication technologies, cosmetics, and others have been reported, 
implying that several chemicals/materials have been addressed in the 
use case/case studies. This large operationalization scenario requires 
joint and specifically tailored actions focused on promoting the frame-
work application in setting-oriented national research and innovation 
programmes when developing chemicals and materials. Increasing the 
availability of findable, accessible, interoperable, reusable (FAIR) data 

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

Economic sustainability assessment

Social sustainability assessment

Environmental sustainability assessment

Assessment of human health and environmental aspects in the final application phase
of the chemical/material

Assessment of human health and safety aspects of production and processing

Hazard assessment for chemicals and materials

Safety and sustainability assessment

Yes No

Fig. 3. Safety and sustainability assessment.
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for SSbD assessment should be pursued to support such aims (Wilkinson 
et al., 2016). In this context, industry, research and technology organi-
zations as well as the academia should strongly support the improve-
ment of assessment methods, models and tools in a concerted manner. 
Stakeholders’ feedback on different actions should be carefully consid-
ered in an iterative, and improvement-oriented process. The develop-
ment of professional training and educational curricula on skills related 
to safety and sustainability of chemicals and materials should be also 
encouraged. In this view, the strength of our pilot study, although 
certainly constrained by the limited number of retrieved responses, re-
lies on the provided picture on “SSbD culture and operationalization” 
among the PARC partners, who primarily engaged in chemical risk 
assessment and management with different expertise. The retrieved re-
sults underline the need to promote, inside and outside PARC, the 
development of relevant scientific knowledge on SSbD, effective trans-
disciplinary alignment and optimal use of research data and tools for 
SSbD to facilitate its effective application into policy, standards and 
regulation, keeping pace with innovation (Hristozov et al., 2023). This 
also points out the relevance for risk governance actors to be aware of a 
SSbD framework that may represent a rigorous, reproducible, and 
transparent methodology for a comparative assessment of chemicals in 
terms of safety and sustainability criteria and indicators. This is 
important to support a suitable dialogue and knowledge sharing be-
tween innovators, regulators, producers, downstream users and other 
stakeholders along all the value chain to ensure the SSbD assessment for 
chemicals before entering the market and prompt governance actions.

The SSbD framework provides the necessary building blocks and 
opportunities for new products and is a necessary step in the direction of 
sustainability, protecting human health and the environment, and 
ensuring that we operate within the planetary boundaries. Overall, the 
practical SSbD operationalization will be useful to support the ongoing 
policy transition towards a prevention-risk governance of chemicals, 
materials and processes.
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