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Safe-and-sustainable-by-design (SSbD) is a pre-market approach that integrates innovation with safety and

sustainability along the entire life cycle. It aims to (i) steer the innovation process towards a sustainable

industrial transition; (ii) minimise the production and use of substances of concern and phase them out

in material and product flows; and to (iii) minimise the impact on health, climate and the environment

during sourcing, production, use and end-of-life of chemicals, materials and products. The aim of this

perspective is to share reflections on how an SSbD approach can accelerate the industrial transition

towards safer and more sustainable chemicals, materials, processes, and products, and circular value

chains. To achieve the speed, efficacy and efficiency needed to support this urgently required transition,

an efficient science–policy–industry interface is imperative. It is essential that the safety and

sustainability knowledge generated in research supports policy and, more importantly, is taken up by

industry. Bridges are needed between research, policy, investment, and industry through closer

collaboration. But there is also a need for internal collaboration within companies along the life cycle of

products. This means a stronger alignment between research and development (R&D), sustainability,

design, business, and production departments. To bridge these different silos, a community and platform

is needed as a multi-sectoral “one-stop-shop” to bring the field of innovation closer to the fields of

safety and sustainability (environmental, social, economic). Policy needs to set goals, related criteria and

methodologies, and incentives; academia and research need to support the development of knowledge,

data, and tools needed and provide critical interdisciplinary education; and industry has to make its

information on chemical impacts and choices transparent and institutionalise it in a systematic and

thoughtful way.
Sustainability spotlight

To operate within the planetary boundaries and ensure human well-being, innovations need to be safe-and-sustainable-by-design (SSbD) from the very
beginning of the development of (new) chemicals, materials, processes, and products. For this, an efficient science–policy–industry interface is necessary to
link the eld of innovation directly to the elds of safety and sustainability (environmental, social, economic). SSbD can contribute to the Sustainable
Development Goals (SDGs) with expected positive impacts on e.g. ‘good health and wellbeing’ (SDG3), ‘water quality’ (SDG6), ‘decent work and economic
growth’ (SDG8), ‘responsible consumption and production’ (SDG12), ‘climate action’ (SDG13), ‘life below water’ (SDG14), and ‘life on land’ (SDG15).
Furthermore, this perspective also contributes to ‘quality education’ (SDG4), ‘industry, innovation and infrastructure’ (SDG9), and ‘partnership for the goals’
(SDG17).
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Introduction

Safe-and-Sustainable-by-Design (SSbD) is a voluntary innovation
approach to guide the development of new chemicals and
materials, processes, and products.1 This approach aims to steer
the innovations towards a sustainable industrial transition. A key
objective of SSbD is to minimise the production and use of
substances of concern and to phase them out in material and
product ows by developing SSbD alternatives, in line with, and
beyond existing and upcoming regulatory and market obliga-
tions. Another ambition is to reduce the volumes of chemicals
and materials and to ultimately minimise the impact on health,
RSC Sustainability, 2025, 3, 2185–2191 | 2185
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§ The European Commission has organised two SSbD bootcamps in 2023 and
2024; https://research-and-innovation.ec.europa.eu/research-area/industrial-
research-and-innovation/chemicals-and-advanced-
materials/safe-and-sustainable-design_en.

RSC Sustainability Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ri
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

8/
01

/2
02

6 
5:

54
:0

5 
PG

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
climate and the environment during sourcing, production, use
and end-of-life of chemicals, materials, and products.2–4 SSbD is
not a new approach, but has its roots in decades of effort around
cleaner production, green chemistry,5 sustainable chemistry,6,7

and benign by design.8–12 What makes it pertinent today is the
increased urgency and its incorporation as a key approach in the
European Chemicals Strategy for Sustainability.13

Humanity is operating outside six of the nine planetary
boundaries14 highlighting the need for a system change in
innovation to meet the United Nation's (UN) Sustainable
Development Goals (SDGs).15 The size of the global chemical
industry is projected to quadruple between 2020 and 2060,16

while consumption and production are rapidly increasing in
emerging economies. Global sustainability is progressively
more challenging with the increased complexity in global
supply chains and the trade of chemicals and products.
Hazardous chemicals and other pollutants (for instance plastic
or electronic waste) threaten human health and ecosystems.17

Given the urgency to transition towards a safer and more
sustainable way of innovating, preventive concepts like SSbD
can accelerate this transition. Now is the right timing to bring
this concept to practice to have a profound industrial impact.
From a policy perspective, at least in Europe, the European
Commission has developed a framework2 along with a recom-
mendation3 and a methodological guidance4 to support SSbD
implementation. Industry, all value chain actors – particularly
chemical manufacturers but also some downstream users – and
industry associations are engaged in the process, too. For
instance, the European Chemical Industry Council (Cec) has
published several reports,18–20 including a guidance to unleash
the transformative power of innovation,20 to support the
development of a practical SSbD approach. From a policy
perspective, the OECD has published several reports on the
Safe(r) and Sustainable Innovation Approach (SSIA), which
combines SSbD with Regulatory Preparedness.21 From a science
perspective, there is an increasing number of publications on
SSbD methodology,22–24 tools,25,26 and case studies.27,28 Given the
importance of these stakeholder groups in accelerating the
industrial transition, an efficient science–policy–industry
interface is a necessity. This will address the urgency of making
SSbD implementable and applicable, not just for industry
giants but also for small and medium-sized enterprises (SMEs).

The goal of this perspective is to share reections on how an
SSbD approach can accelerate the industrial transition towards
safer and more sustainable chemicals, materials, processes,
and products, and circular value chains. The ideas for this
perspective were formed during a webinar organised by the EU-
funded project IRISS† about trends and possibilities with SSbD
(28th of May 2024). During the webinar, examples from the
industry were highlighted and the IRISS SSbD community‡ –

a permanent network bringing together all stakeholders
working on or interested in SSbD – was launched.
† IRISS is the international ecosystem for accelerating the transition to
Safe-and-Sustainable-by-Design materials, products and processes;
https://iriss-ssbd.eu/iriss.

‡ The IRISS SSbD Community; https://iriss-ssbd.eu/iriss/become-a-member.

2186 | RSC Sustainability, 2025, 3, 2185–2191
Strengthening science–policy–
industry interface
Science

Research. From a research perspective, a common under-
standing of how to apply SSbD in practice is needed. Stakeholder
consultations showed that it is vital that SSbD is pragmatic,
exible and applicable to a wide range of applications and users
early in the innovation process.29 SSbD is an opportunity to
leverage the state-of-the-art toxicological approaches, including
new approachmethodologies, early in the design process.30–35 For
early sustainability assessment, further development is needed
on ex-ante and prospective life cycle assessment (pLCA).
Furthermore, tools and methods are needed to easily and
consistently evaluate all important safety and sustainability
dimensions within the innovation process and in an imple-
mentable way along the whole value chain. At this point, there is
inconsistency in how companies across sectors evaluate various
sustainability attributes beyond safety.36 Data management
needs to be at the core of safety and sustainability assessment
with ndable, accessible, interoperable, and reusable (FAIR)
data. Five areas have been identied to be highly dependent on
implementation of the FAIR principles: (i) digitalisation to
leverage innovation towards a green transition; (ii) improving
existing data sources and their interoperability; (iii) navigating
SSbD with data from new scientic developments; (iv) trans-
parency and trust through automated assessment of data quality
and uncertainty; and (v) “seamless” integration of SSbD tools.37

Skills, competencies and education. Interdisciplinary SSbD
education and training are key elements to support the imple-
mentation of SSbD across sectors, now and in the future.
Training and up-skilling opportunities for professionals (for key
stakeholders in industry, regulators, decision-makers in policy,
and other stakeholders along the life cycle) and the integration
of SSbD into university curricula will equip the current and next
generations with the required multi-disciplinary skillset.
Shorter education offerings such as bootcamps§ or Summer
Schools{ can complement this. At the university level, SSbD
integration into the curriculum should not be limited to just
natural sciences and engineering disciplines. It is equally
important to educate university students in health and social
sciences and business management, as they may be in future
leadership positions in industry and inuence company
culture, business model, and company operations, or in lead-
ership roles in governments and regulatory authorities. Orga-
nisations such as Beyond Benignk and the International
{ The Leuphana University of Lüneburg, Germany, organised an Summer School
on Sustainable Chemistry and SSbD in 2024;
https://www.leuphana.de/en/institutes/insc/summer-
school-sustainable-chemistry/summer-school-2024.html.

k https://www.beyondbenign.org/.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Sustainable Chemistry Collaborative Centre** are working at
the forefront of curriculum and skills to prepare the next
generation chemistry and engineering workforce to lead SSbD
implementation. In addition, societal education and tools
(creating consumer demand for SSbD products) should not be
neglected to support informed consumer choices.

Workforce training. Up-skilling the current workforce is
a necessity in order to address the multiple pressures of
research & development (R&D). In addition to high demand on
cost-effective performance, R&D scientists and technicians
increasingly need to consider safety and sustainability
elements. This also applies to business leaders who are oen
focused primarily on cost and revenue generation over
sustainability. So skills are also needed to co-create pragmatic
solutions and innovations that support safer and more
sustainable options. SSbD up-skilling should be further tailored
to specic industries and value chains to accommodate their
respective safety and sustainability needs.
Policy

A solid international risk management framework. The UN
Global Framework on Chemicals (GFC) for a Planet Free of
Harm from Chemicals and Waste38 promotes initiatives to
enhance the sound management of chemicals and waste. The
GFC is a multi-stakeholder and multisectoral framework
involving all relevant sectors, including environment, health,
agriculture, and labour, and stakeholders across the life cycle of
chemicals at the local, national, regional, and global levels, as
well as consideration of environmental and social aspects that
are critical to the sound management of chemicals and waste.
SSbD should be embedded in this GFC in order to support the
right balance between carrots (incentives, so regulation) and
sticks (regulations). This would accelerate the industrial tran-
sition towards chemicals, materials, processes, and products
that are safe and sustainable by design and ultimately trans-
form policy, education, and the marketplace.39

Carrots – incentives. For SSbD to be implemented in practice,
there is a need for policy incentives. Given the nature of SSbD as
a voluntary approach, without incentives there will be little drive
for companies to change their corporate strategies and to invest in
embedding SSbD in R&D. Supportive policies such as those created
under the US Ination Reduction and recognition programs such
as the US EPA's Safer Choice40 can both stimulate supply and
demand for SSbD (particularly when coupled with regulation and
procurement). Safer Choice is a Pollution Prevention program that
helps consumers, businesses, and purchasers tond products that
perform and contain ingredients that are safer for human health
and the environment. It includes practices that reduce, eliminate,
or prevent pollution at its source, such as using safer ingredients in
products.Market creating policies, such as the USCreatingHelpful
Incentives to Produce Semiconductors (CHIPS)41 Act can drive
competitiveness and new markets when simultaneously linked to
sustainability and SSbD, given the impact of many chemistries
utilized in semi-conductor production in driving circularity.
** https://www.isc3.org/.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Integrating SSbD to reporting requirements, such as those under
the Corporate Sustainability Reporting Directive (CSRD) in Europe
can provide an additional incentive for implementation. Other
incentives could be fast-track or accelerated approval or permitting
procedures for demonstrating SSbD solutions. Transparency of
criteria and assessments, along with third-party review, can
increase trust in SSbD innovations, ensure incentives are offered to
the best SSbD solutions, and avoid “greenwashing”.

Financial support from investors is also needed to comple-
ment public sector funding and policy incentives.

Finally, support for SMEs in implementing SSbD, for
example through government-supported initiatives (CHIPS Act,
SPINE†† network), is a critical policy need given the limited
resources in many companies.
Industry

In order to meet policy, investor and market ambitions,
companies across sectors increasingly need to integrate safety
and sustainability in their corporate strategy and core organ-
isational values. This can help to create a corporate structure
that supports champions in rms that will drive SSbD. Impor-
tantly, SSbD can play a role in addressing multiple sustain-
ability goals, given most products and processes rely on
chemistry. This cultural change within industry will allow for
innovating the R&D process and production. A corporate risk
and sustainability governance process is needed with allocation
of resources to facilitate the internal organisation of companies
to implement SSbD (for instance bring together R&D with ESG/
nance, sustainability and regulatory affairs). The combination
of a multi-disciplinary R&D ecosystem can help to future-proof
companies and support the ‘fail early, fail cheap’ way of
working. To support SSbD implementation, companies can also
innovate their business models, including “service” models
needing no or less chemical products. Recently, a conceptual
framework was developed embedding SSbD into sustainable
business model innovation and new product development; and
in the training for innovation managers via the integration of
SSbD in the innovation management professional designa-
tion.42 SSbD closely aligns with new business approaches
around sustainable competitiveness, which involves conditions
where businesses thrive, the health and environment are pro-
tected, sustainability goals are met, and everyone has an equal
chance at success.20,43

The practical application of SSbD in the business innovation
process and across the value chain and life cycle of a product can
be improved and accelerated through: (i) better communication
and collaboration internally and externally (for example by asking
the right safety and sustainability questions);43–47 (ii) sharing best
practices; and (iii) having clear & exible criteria and tools to avoid
paralysis by analysis. Here, initiatives such as the EU Digital
Product Passport can support in the traceability along the value
chain.48 SSbD products are likely to have additional (initial) costs
in terms of time andmoney due to the required SSbD assessments
and (potential) changes needed in R&D, production processes,
†† SSbD International Policy Network (SPINE).

RSC Sustainability, 2025, 3, 2185–2191 | 2187
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reformulation, etc.49 In addition, changes along the entire value
chain are required and collaboration and coordination is needed
between suppliers, formulators, manufacturers, and retailers to
nd compromises that will result in benets for all.

Beyond resources, industry needs support in applying the
SSbD framework in practice in the form of harmonized criteria,
guidance, and tools. Currently there are two guidance reports:
one from the European Commission4 and one from Industry.20

The recent guidance on SSbD from industry,20 pays extra
attention to product–application combinations, regional and
sectoral differences, and transparently identifying and
addressing trade-offs along the value chain and lifecycle. For
additional practical support, an SSbD toolbox‡‡ is under
development in the PARC project§§ and can be broadly applied
by industry (SMEs and large companies alike).
Conclusions

SSbD has great potential to be a catalyst for the industrial
transition to safer, more sustainable and circular chemicals,
materials, processes, and products. In order to achieve the
speed, efficacy, and efficiency needed to support this transition;
an efficient science–policy–industry interface is imperative. It is
essential that the safety and sustainability knowledge generated
in research supports policy and, more importantly, has indus-
trial uptake and use. Bridges are needed between research,
policy, investment, and industry through closer collaboration.
Collaboration is also needed within the companies and between
companies along the product life cycle. This means a stronger
internal corporate alignment between R&D, sustainability and
business teams on design and production of chemicals, mate-
rials, processes, and products. External stakeholder alignment
is also needed with authorities, customers, users, recyclers and
other end of life sectors such as the water sector.

To bridge the different silos, it is necessary to build a multi-
sectoral community of practice and a platform as a “one-stop-
shop” to bring the eld of innovation closer to the elds of safety
and sustainability (environmental, social, economic). This is the
aim of the recently launched IRISS SSbD Community{{. Policy
needs to set criteria and provide support, goals, and incentives;
researchers methodology to support the development of knowl-
edge, data, and tools needed; industry the practical knowhow and
collaboration to drive SSbD innovations in the marketplace. There
is a need for transparency in criteria, assessment, and data
including FAIR data and information, to drive and implement
SSbD in a trusted, systematic and thoughtful way.
Data availability

No primary research results, soware or code have been
included and no new data were generated or analysed as part of
this perspective.
‡‡ SSbD Toolbox; https://parc-ssbd.eu.

§§ Partnership for the Assessment of Risks from Chemicals (PARC);
https://www.eu-parc.eu/.

{{ Join the IRISS SSbD Community; https://iriss-ssbd.eu/iriss/become-a-member.
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N. Hadrup, A. S. Jiménez, C. Micheletti, B. S. Merino,
J. M. Brignon, J. Bouillard and R. Hischier, Integrative
approach in a safe by design context combining risk, life
cycle and socio-economic assessment for safer and
sustainable nanomaterials, NanoImpact, 2021, 23, 100335,
DOI: 10.1016/j.impact.2021.100335.

25 L. Pizzol, A. Livieri, B. Salieri, L. Farcal, L. G. Soeteman-
Hernández, H. Rauscher and D. Hristozov, Screening
level approach to support companies in making safe and
sustainable by design decisions at the early stages of
innovation, Clean. Environ. Syst., 2023, 10, 100132, DOI:
10.1016/j.cesys.2023.100132.

26 W. Peijnenburg, A. G. Oomen, L. G. Soeteman-Hernández,
M. Groenewold, A. J. A. M. Sips, C. W. Noorlander,
J. A. B. Kettelarij and E. A. J. Bleeker, Identication of
emerging safety and sustainability issues of advanced
materials: Proposal for a systematic approach, NanoImpact,
2021, 23, 100342, DOI: 10.1016/j.impact.2021.100342.

27 I. Furxhi, M. Perucca, A. J. Koivisto, R. Bengalli,
P. Mantecca, A. Nicosia and A. Costa, A roadmap
towards safe and sustainable by design nanotechnology:
Implementation for nano-silver-based antimicrobial textile
coatings production by ASINA project, Comput. Struct.
Biotechnol. J., 2024, 25, 127–142, DOI: 10.1016/
j.csbj.2024.06.013.
RSC Sustainability, 2025, 3, 2185–2191 | 2189

https://doi.org/10.1016/s0168-1656(01)00422-9
https://doi.org/10.1016/s0168-1656(01)00422-9
https://doi.org/10.1021/bk-1996-0640.ch008
https://doi.org/10.1039/B618298B
https://doi.org/10.1021/acssuschemeng.1c02243
https://doi.org/10.1039/D2GC03178G
https://doi.org/10.1039/D3SU00217A
https://doi.org/10.1039/D3SU00217A
https://doi.org/10.1126/sciadv.adh2458
https://digitallibrary.un.org/record/3923923?v=pdf
https://digitallibrary.un.org/record/3923923?v=pdf
https://www.oecd.org/en/topics/chemical-safety-and-biosafety.html
https://www.oecd.org/en/topics/chemical-safety-and-biosafety.html
https://www.unep.org/resources/report/global-chemicals-outlook-ii-legacies-innovative-solutions
https://www.unep.org/resources/report/global-chemicals-outlook-ii-legacies-innovative-solutions
https://www.unep.org/resources/report/global-chemicals-outlook-ii-legacies-innovative-solutions
https://cefic.org/app/uploads/2021/09/Safe-and-Sustainable-by-Design-Report-Boosting-innovation-and-growth-within-the-European-chemical-industry.pdf
https://cefic.org/app/uploads/2021/09/Safe-and-Sustainable-by-Design-Report-Boosting-innovation-and-growth-within-the-European-chemical-industry.pdf
https://cefic.org/app/uploads/2021/09/Safe-and-Sustainable-by-Design-Report-Boosting-innovation-and-growth-within-the-European-chemical-industry.pdf
https://cefic.org/app/uploads/2021/09/Safe-and-Sustainable-by-Design-Report-Boosting-innovation-and-growth-within-the-European-chemical-industry.pdf
https://cefic.org/app/uploads/2022/04/Safe-and-Sustainable-by-Design-Guidance-A-transformative-power.pdf
https://cefic.org/app/uploads/2022/04/Safe-and-Sustainable-by-Design-Guidance-A-transformative-power.pdf
https://cefic.org/app/uploads/2022/04/Safe-and-Sustainable-by-Design-Guidance-A-transformative-power.pdf
https://cefic.org/app/uploads/2024/03/Safe-and-Sustainable-by-Design-a-guidance-to-unleash-the-transformative-power-of-innovation.pdf
https://cefic.org/app/uploads/2024/03/Safe-and-Sustainable-by-Design-a-guidance-to-unleash-the-transformative-power-of-innovation.pdf
https://cefic.org/app/uploads/2024/03/Safe-and-Sustainable-by-Design-a-guidance-to-unleash-the-transformative-power-of-innovation.pdf
https://www.oecd.org/en/topics/sub-issues/nanomaterials-and-advanced-materials/safer-and-sustainable-innovation-approach-ssia-nano-enabled-and-other-emerging-materials.html
https://www.oecd.org/en/topics/sub-issues/nanomaterials-and-advanced-materials/safer-and-sustainable-innovation-approach-ssia-nano-enabled-and-other-emerging-materials.html
https://www.oecd.org/en/topics/sub-issues/nanomaterials-and-advanced-materials/safer-and-sustainable-innovation-approach-ssia-nano-enabled-and-other-emerging-materials.html
https://www.oecd.org/en/topics/sub-issues/nanomaterials-and-advanced-materials/safer-and-sustainable-innovation-approach-ssia-nano-enabled-and-other-emerging-materials.html
https://www.oecd.org/en/topics/sub-issues/nanomaterials-and-advanced-materials/safer-and-sustainable-innovation-approach-ssia-nano-enabled-and-other-emerging-materials.html
https://doi.org/10.1016/j.envint.2023.108305
https://doi.org/10.1016/j.envint.2023.108305
https://doi.org/10.1016/j.cogsc.2023.100876
https://doi.org/10.1016/j.impact.2021.100335
https://doi.org/10.1016/j.cesys.2023.100132
https://doi.org/10.1016/j.impact.2021.100342
https://doi.org/10.1016/j.csbj.2024.06.013
https://doi.org/10.1016/j.csbj.2024.06.013
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00809j


RSC Sustainability Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ri
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

8/
01

/2
02

6 
5:

54
:0

5 
PG

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
28 L. G. Soeteman-Hernandez, C. F. Blanco, M. Koese, A. Sips,
W. Noorlander and W. Peijnenburg, Life cycle thinking and
safe-and-sustainable-by-design approaches for the battery
innovation landscape, iScience, 2023, 141267, DOI: 10.1016/
j.isci.2023.106060.

29 C. Apel, A. Sudheshwar, K. Kümmerer, B. Nowack,
K. Midander, E. Strömberg and L. G. Soeteman-
Hernandez, Safe-and-sustainable-by-design roadmap:
identifying research, competencies, and knowledge sharing
needs, RSC Sustainability, 2024, 2, 2833, DOI: 10.1039/
d4su00310a.

30 A. Haase, J. Barroso, A. Bogni, S. Bremer-Hoffmann,
V. Fessard, A. C. Gutleb, J. Mast and F. Cubadda, Review
of New Approach Methodologies for Application in Risk
Assessment of Nanoparticles in the Food and Feed Sector:
Status and Challenges, EFSA J., 2024, 21, 9, DOI: 10.2903/
sp.efsa.2024.EN-8826.

31 European Chemicals Agency, Report on the European
Chemicals Agency's “New Approach Methodologies
Workshop: Towards an Animal Free Regulatory System for
Industrial Chemicals”, 31 May – 1 June 2023, Helsinki,
Finland, available from: https://echa.europa.eu/documents/
10162/17220/nams_ws_june2023_en.pdf/06b8bc28-c563-
3a36-cfa9-0fa5453b88a7?t=1695620290072.

32 C. Westmoreland, H. J. Bender, J. E. Doe, M. N. Jacobs,
G. E. N. Kass, F. Madia, C. Mahony, I. Manou,
G. Maxwell, P. Prieto, R. Roggeband, T. Sobanski,
K. Schütte, A. P. Worth, Z. Zvonar and M. T. D. Cronin,
Use of New Approach Methodologies (NAMs) in regulatory
decisions for chemical safety: Report from an EPAA Deep
Dive Workshop, Regul. Toxicol. Pharmacol., 2022, 135,
105261, DOI: 10.1016/j.yrtph.2022.105261.

33 S. Schmeisser, A. Miccoli, M. von Bergen, E. Berggren,
A. Braeuning, W. Busch, C. Desaintes, A. Gourmelon,
R. Grafström and T. Tralau, New approach methodologies
in human regulatory toxicology – Not if, but how and
when!, Environ. Int., 2023, 178, 108082, DOI: 10.1016/
j.envint.2023.108082.

34 T. Malloy, V. Zaunbrecher, E. Beryt, R. Judson, R. Tice,
P. Allard, A. Blake, I. Cote and K. Zarker, Advancing
alternatives analysis: The role of predictive toxicology in
selecting safer chemical products and processes, Integr.
Environ. Assess. Manag., 2017, 13(5), 915–925, DOI: 10.1002/
ieam.1923.

35 B. I. Escher, R. Altenburger, M. Blüher, J. K. Colbourne,
R. Ebinghaus, P. Fantke, M. Hein, W. Köck,
K. Kümmerer and K. Fenner, Modernizing persistence–
bioaccumulation–toxicity (PBT) assessment with high
throughput animal-free methods, Arch. Toxicol., 2023, 97,
1267–1283, DOI: 10.1007/s00204-023-03485-5.

36 OECD Working Party on Risk Management, Workshop on
Additional Attributes beyond Safer for Chemical Selection and
Substitution, ENV/CBC/RM(2024)10, Dra Workshop Report,
2024.

37 A. Karakoltzidis, C. L. Battistelli, C. Bossa, E. A. Bouman,
I. Garmendia Aguirre, I. Iavicoli, M. Zare Jeddi,
S. Karakitsios and P. Nymark, The FAIR principles as
2190 | RSC Sustainability, 2025, 3, 2185–2191
a key enabler to operationalize safe and sustainable by
design approaches, RSC Sustainability, 2024, 2, 3464–3477,
DOI: 10.1039/D4SU00171K.

38 UNEP, Global Framework on Chemicals, https://
www.chemicalsframework.org/, accessed September 2024.

39 K. Hölscher, J. Wittmayer and D. Loorbach, Transition
versus transformation: What's the difference?, Environ.
Innov. Soc. Transit., 2018, 27, 1–3, DOI: 10.1016/
j.eist.2017.10.007.

40 United States Environmental Protection Agency, Safer
Choice, https://www.epa.gov/saferchoice, accessed 29
November 2024.

41 United States Congress, CHIPS Act of 2022 (Division A of P.L.
117-167), available from: https://www.commerce.senate.gov/
services/les/592E23A5-B56F-48AE-B4C1-493822686BCB.

42 S. Stoycheva, W. Peijnenburg, B. Salieri, V. Subramanian,
A. G. Oomen, L. Pizzol, M. Blosi and L. G. Soeteman-
Hernández, A Conceptual Framework for Safe-and-
Sustainable-by-Design to Support Sustainable Business
Model Innovation and New Product Development, Sustain.
& Circularity NOW, 2025, 02, a24988902, DOI: 10.1055/a-
2498-8902.

43 European Commission, EU competitiveness: Looking ahead.
https://commission.europa.eu/topics/strengthening-
european-competitiveness/eu-competitiveness-looking-
ahead_en, accessed 29 November 2024.

44 L. Pizzol, A. Livieri, B. Salieri, L. Farcal, L. G. Soeteman-
Hernández, H. Rauscher, A. Zabeo and D. Hristozov,
Screening level approach to support companies in making
safe and sustainable by design decisions at the early stages
of innovation, Clean. Environ. Syst., 2023, 10, 100132, DOI:
10.1016/j.cesys.2023.100132.

45 W. Wohlleben, M. Persson, B. Suarez-Merino, A. Baun,
V. Di Battista, S. Dekkers, E. P. van Someren, D. Broßell,
B. Stahlmecke, M. Wiemann, O. Schmid and A. Haase,
Advanced materials earliest assessment (AMEA), Environ.
Sci.: Nano, 2024, 11, 2948, DOI: 10.1039/D3EN00831B
https://pubs.rsc.org/en/content/articlelanding/2024/en/
d3en00831b.

46 A. G. Oomen, L. G. Soeteman-Hernandez, W. Peijnenburg,
E. Bleeker, E. Swart, C. Noorlander, A. Haase, P. Hebel,
K. Schwirn, D. Volker and R. Packroff, Towards Safe and
Sustainable Advanced (Nano)materials: A proposal for an
early awareness and action system for advanced materials
(Early4AdMa), Brochure, 2022, DOI: 10.21945/brochure-
advanced-materials, https://www.rivm.nl/documenten/
Early4AdMa-brochure.

47 OECD, Early Awareness and Action System for Advanced
Materials (Early4AdMa): Pre-regulatory and anticipatory
risk governance tool to Advanced Materials, Series on the
Safety of Manufactured Nanomaterials No. 108, 2023,
available from: https://www.oecd.org/en/publications/early-
awareness-and-action-system-for-advanced-materials-
early4adma-pre-regulatory-and-anticipatory-risk-
governance-tool-to-advanced-materials_326788-en.html.

48 European Commission, Ecodesign for Sustainable Products
Regulation. https://commission.europa.eu/energy-climate-
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1016/j.isci.2023.106060
https://doi.org/10.1016/j.isci.2023.106060
https://doi.org/10.1039/d4su00310a
https://doi.org/10.1039/d4su00310a
https://doi.org/10.2903/sp.efsa.2024.EN-8826
https://doi.org/10.2903/sp.efsa.2024.EN-8826
https://echa.europa.eu/documents/10162/17220/nams_ws_june2023_en.pdf/06b8bc28-c563-3a36-cfa9-0fa5453b88a7?t=1695620290072
https://echa.europa.eu/documents/10162/17220/nams_ws_june2023_en.pdf/06b8bc28-c563-3a36-cfa9-0fa5453b88a7?t=1695620290072
https://echa.europa.eu/documents/10162/17220/nams_ws_june2023_en.pdf/06b8bc28-c563-3a36-cfa9-0fa5453b88a7?t=1695620290072
https://doi.org/10.1016/j.yrtph.2022.105261
https://doi.org/10.1016/j.envint.2023.108082
https://doi.org/10.1016/j.envint.2023.108082
https://doi.org/10.1002/ieam.1923
https://doi.org/10.1002/ieam.1923
https://doi.org/10.1007/s00204-023-03485-5
https://doi.org/10.1039/D4SU00171K
https://www.chemicalsframework.org/
https://www.chemicalsframework.org/
https://doi.org/10.1016/j.eist.2017.10.007
https://doi.org/10.1016/j.eist.2017.10.007
https://www.epa.gov/saferchoice
https://www.commerce.senate.gov/services/files/592E23A5-B56F-48AE-B4C1-493822686BCB
https://www.commerce.senate.gov/services/files/592E23A5-B56F-48AE-B4C1-493822686BCB
https://doi.org/10.1055/a-2498-8902
https://doi.org/10.1055/a-2498-8902
https://commission.europa.eu/topics/strengthening-european-competitiveness/eu-competitiveness-looking-ahead_en
https://commission.europa.eu/topics/strengthening-european-competitiveness/eu-competitiveness-looking-ahead_en
https://commission.europa.eu/topics/strengthening-european-competitiveness/eu-competitiveness-looking-ahead_en
https://doi.org/10.1016/j.cesys.2023.100132
https://doi.org/10.1039/D3EN00831B
https://pubs.rsc.org/en/content/articlelanding/2024/en/d3en00831b
https://pubs.rsc.org/en/content/articlelanding/2024/en/d3en00831b
https://doi.org/10.21945/brochure-advanced-materials
https://doi.org/10.21945/brochure-advanced-materials
https://www.rivm.nl/documenten/Early4AdMa-brochure
https://www.rivm.nl/documenten/Early4AdMa-brochure
https://www.oecd.org/en/publications/early-awareness-and-action-system-for-advanced-materials-early4adma-pre-regulatory-and-anticipatory-risk-governance-tool-to-advanced-materials_326fb788-en.html
https://www.oecd.org/en/publications/early-awareness-and-action-system-for-advanced-materials-early4adma-pre-regulatory-and-anticipatory-risk-governance-tool-to-advanced-materials_326fb788-en.html
https://www.oecd.org/en/publications/early-awareness-and-action-system-for-advanced-materials-early4adma-pre-regulatory-and-anticipatory-risk-governance-tool-to-advanced-materials_326fb788-en.html
https://www.oecd.org/en/publications/early-awareness-and-action-system-for-advanced-materials-early4adma-pre-regulatory-and-anticipatory-risk-governance-tool-to-advanced-materials_326fb788-en.html
https://commission.europa.eu/energy-climate-change-environment/standards-tools-and-labels/products-labelling-rules-and-requirements/ecodesign-sustainable-products-regulation_en
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00809j


Perspective RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ri
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

8/
01

/2
02

6 
5:

54
:0

5 
PG

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
change-environment/standards-tools-and-labels/products-
labelling-rules-and-requirements/ecodesign-sustainable-
products-regulation_en, accessed 29 November 2024.

49 C. Caldeira, I. Garmendia Aguirre, D. Tosches, L. Mancini,
and S. Sala, Safe and Sustainable by Design Chemicals and
© 2025 The Author(s). Published by the Royal Society of Chemistry
Materials – Application of the SSbD Framework to Case
Studies, Publications Office of the European Union, 2023,
https://data.europa.eu/doi/10.2760/329423.
RSC Sustainability, 2025, 3, 2185–2191 | 2191

https://commission.europa.eu/energy-climate-change-environment/standards-tools-and-labels/products-labelling-rules-and-requirements/ecodesign-sustainable-products-regulation_en
https://commission.europa.eu/energy-climate-change-environment/standards-tools-and-labels/products-labelling-rules-and-requirements/ecodesign-sustainable-products-regulation_en
https://commission.europa.eu/energy-climate-change-environment/standards-tools-and-labels/products-labelling-rules-and-requirements/ecodesign-sustainable-products-regulation_en
https://data.europa.eu/doi/10.2760/329423
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00809j

	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)

	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)
	Accelerating the industrial transition with safe-and-sustainable-by-design (SSbD)


