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An actionable definition and criteria for
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The chemistries and chemical processes used today and practiced over the last 100 years have resulted in
innovative materials and products that have significantly contributed to economic development, public
health, and improved quality of life. However, many of these chemical innovations have detrimentally
impacted (and continue to impact) workers, communities, ecosystems, and the climate throughout their
lifecycles. Many efforts to improve safety and sustainability have occurred in recent decades; however,
there is not yet a global consensus on the meaning and understanding of “sustainable chemistry”, which
is needed to guide industries, governments, academia, and others in innovation, investments, and policy
while avoiding regrettable substitutions and discouraging greenwashing. A landscape review of forty-five
literature sources was undertaken to support a global, multisectoral twenty-member Expert Committee
on Sustainable Chemistry (ECOSChem) in the development of a robust and actionable definition and
criteria for “sustainable chemistry”, which was refined through external feedback. The landscape review,
ECOSChem process, and final outputs are summarized herein, and the future applications and outlook
for this work are discussed.

Chemistry has contributed significantly to economic development and quality of life but it has also resulted in harm to humans and ecosystems. There is a need
for chemicals and chemistries to better align with the SDGs but a clear definition and criteria are lacking that account for a broad range of sustainability
attributes, including social impacts. This article describes efforts to develop an actionable definition and set of criteria for “Sustainable Chemistry” and outlines
a consensus-based collaborative, cross-sectoral process. The definition and criteria can be used to guide the development and application of chemicals,

materials, products, processes, and chemical services that are safer and more sustainable, addressing SDG 9 “Industries, innovation, and infrastructure” and

SDG 12 “Responsible consumption and production”.

Introduction

There is a growing opportunity to address the negative
impacts of the chemical enterprise while continuing to posi-

The chemistries and chemical processes of today significantly
improve global economies, public health, and the quality of
human life through innovative materials and products. They
also contribute to global toxic chemical pollution, climate
change, plastics crises, and the overstepping of planetary
boundaries.*?
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tively improve public health and the global economy. There are
actions underway globally to make chemical products and
processes safer and more sustainable for research and devel-
opment, industrial manufacturing, consumer use, and at end-
of-life. Some of these actions include industrial innovations,
educational reform, grassroots community organizing, and
governmental policies restricting chemicals of concern.
However, the challenge remains staggering. The global chem-
ical market doubled from 2000 to 2017 and is set to double
again by 2030.° There is an urgent need to transition the
chemical industry and its full value chain towards safer and
more sustainable chemistry and manufacturing practices.”
Several groups have laid out roadmaps to do so for various
chemical sectors®* as well as for educational systems,” though
further work is needed to accelerate this transition.
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One key barrier to the growth of solutions is the lack of
consensus on what sustainable chemistry means, as well as how
to measure it. This barrier was recently expanded upon in
a report on accelerating the adoption of “green chemistry”,
which noted that having a common definition is critical for
advancing discussions, collaborations, investment, and action -
otherwise, a “tug-of-war” may occur between those who want
change and those who prefer the status quo.® As discussed by
Horvath, aspects of green chemistry may not be sustainable in
practice so it is important to establish a definition of sustain-
able chemistry that can be applied as new chemicals and
chemical processes are developed.®

Additionally, absent a consensus between different stake-
holders, different ideas of what sustainable chemistry means
can result in confusion and potential “greenwashing”. For
example, a manufacturer may claim their chemical product or
process is “sustainable” under a certain set of definitions or
criteria that are not considered sustainable by other groups (or
worse, have no scientific basis). This may also result in regret-
table substitution, where a known toxic chemical is replaced
with another that proves to be just as concerning or even more
harmful to human health or the environment. In contrast,
a consensus definition and criteria can support the informed
development and selection of chemicals, materials, and prod-
ucts through well-developed and thoughtful criteria that
consider health and environmental impacts, social equity
implications, and trade-offs between different factors.

In 1987, Gro Harlem Brundtland chaired the World
Commission on Environment and Development, which was
tasked by the General Assembly of the United Nations (UN) with
proposing long-term strategies for achieving sustainable
development by the year 2000 and beyond.'* The following
quote from the Commission's report has become known as the
Brundtland definition of “sustainable development”, the most
widely used definition globally: “Humanity has the ability to
make development sustainable to ensure that it meets the
needs of the present without compromising the ability of future
generations to meet their own needs.”

A parallel definition for “sustainable chemistry” has been
much less well defined, as evidenced by numerous variations
seen in the academic literature," ™ in government and inter-
governmental agency documents,”” and in industry and
industry association documents.>*** In contrast, “green chem-
istry”, which was coined in the 1990s following the push for
pollution prevention in the United States (U.S.), has a well-
established definition that provides chemists with a frame-
work and set of principles to “design chemical products or
processes that reduce or eliminate the generation of hazardous
substances”.>® Green chemistry forms an important foundation
for sustainable chemistry, which must encompass a broader set
of stakeholders and context, and set of criteria to align with
sustainable development.

Recently, the UN Sustainable Development Goals (SDGs)*
have served to shape global sustainability frameworks and
chemicals management strategies. These were put forward in
September 2015 as the necessary collective actions to address
the needs of all the world's inhabitants and to “protect the
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planet and ensure that all people enjoy peace and prosperity by
2030”. While these goals do not address chemical impacts
directly, chemistry and the chemical enterprise play pivotal
roles in supporting global sustainable development for five of
the seventeen SDGs, as outlined by the American Chemical
Society. For instance, SDG 12 is “responsible consumption and
production”, where chemical industries are responsible for the
efficiency of industrial production processes, which is related to
water stewardship, energy efficiency, recycling efforts, and the
transition to a circular economy.>®

More recently, the European Commission initiated work on
a framework for advancing the concept of Safe and Sustainable
by Design™ to support the implementation of its Chemicals
Strategy for Sustainability (CSS)*® zero-pollution goal, a compo-
nent of the European Green Deal launched in 2019. The
framework is specifically designed to help guide an industrial
transition towards safer and more sustainable chemicals and
materials, including driving “innovation towards the substitu-
tion or minimisation of the production and use of substances of
concern”. The framework takes a “safety first” approach,
arguing that to be sustainable, a chemical product or material
must first be safe for both humans and the environment.
However, while the framework can be applied more broadly
than in the context of the CSS, there are missing elements that
would be critical to include in a definition of “sustainable
chemistry”.

In parallel to work in Europe, the U.S. Sustainable Chemistry
Research and Development Act (passed with the 2021 National
Defense Authorization Act)*® mandates the U.S. Office of Science
and Technology Policy to develop a definition of sustainable
chemistry “to identify research questions and priorities to
promote transformational progress in improving the sustain-
ability of the chemical sciences”.** To support this effort and to
address the lack of a clear and actionable definition and criteria
for sustainable chemistry in the literature, the Sustainable
Chemistry Catalyst at the University of Massachusetts Lowell
and Beyond Benign - organizations that foster and support
broad, trusted networks in government, industry, academia,
and the non-profit sector - initiated an effort to establish an
actionable definition and criteria for “sustainable chemistry”.

Methodology
Literature review and analysis

To support the development of a robust and actionable defini-
tion and criteria for “sustainable chemistry”, the project team
undertook a landscape literature review of peer-reviewed and
grey literature to understand current and prior efforts in this
area and to support discussions of a global, multisectoral
twenty-member Expert Committee on Sustainable Chemistry
(ECOSChem). The concepts “sustainable chemistry”, “green
and sustainable chemistry”, “safe and sustainable by design
(SSbD)”, and “safe by design (SbD)” were included in the search.
Broader concepts such as “sustainability” and “climate
change”, were deemed to be too broad or independent of safer/
sustainable chemistry and were not included. Searches focused
on work by key governmental organizations (e.g., European
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Commission, the German Environment Agency (UBA), the U.S.
Government Accountability Office (GAO)), intergovernmental
organizations (e.g., UN Environment Programme (UNEP),
Organization for Economic Cooperation and Development
(OECD)), academic institutions, professional societies (e.g.,
Royal Society of Chemistry (RSC), American Chemical Society
(ACS)), non-governmental organizations (e.g., International
Sustainable Chemistry Collaborative Centre (ISC3), Green
Chemistry & Commerce Council (GC3)), and trade organizations
(e.g., European Chemical Industry Council (CEFIC), American
Chemistry Council (ACC)). The project team also leveraged
input from the ECOSChem group to identify additional refer-
ences not included in the literature search.

In all, forty-five journal articles, reports, and website docu-
ments were identified as being relevant (ESI Table S1t). The
initial set of documents was narrowed down to eleven “key
documents” based on whether they included clear and explicit
definitions, principles, and/or criteria for “sustainable chem-
istry.” A thematic review was then conducted to identify key
terms, concepts, and recurrent themes across the documents.
The results were compiled in a matrix (ESI Table S27) to allow
for simplified analysis across sector types and to assess defini-
tional elements, including terms of focus, principles, defini-
tions or definitional elements, implementing criteria, and other
useful information. While the definitions and criteria reviewed
should not be considered exhaustive, based on discussions with
ECOSChem, they are representative of a broad cross-section of
those in the literature.

Establishing and engaging an Expert Committee on
Sustainable Chemistry (ECOSChem)

To guide the development of a definition and set of criteria,
a twenty-member expert committee was created, envisioned to
consist of leaders from networks in the U.S. and Europe that
have contributed to and currently work in fields related to green
and sustainable chemistry. To form the committee, an interest
survey was created and sent out via email to these networks to
identify potential candidates. Information was collected on the
individual's sector of work, organization, experience in the field,
and their interest in the project. Responses to the survey were
reviewed internally by the project team, with a goal of balancing
representation across sectors, geographies, and lived
experiences.

The project team finalized ECOSChem with four members
representing academia, four representing government, four
representing industry, one representing the investment
community, and seven representing the non-profit sector. Ten
ECOSChem members were from the U.S. and ten from countries
outside of the U.S., including Canada, Denmark, France, Ger-
many, Kenya, Sweden, and the United Kingdom. Thirteen
ECOSChem members identified as women and seven as men.
Members of ECOSChem were chosen to represent multiple
perspectives and for their ability to work collaboratively in
a facilitated process.

At the time that ECOSChem was formed, the project team
acknowledged that the majority of committee members
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represented North America and Europe, with the recognition
that while chemicals are manufactured, used, and disposed of
in other regions, that there is great economic power and
governance over chemical manufacturing within North America
and Europe that can influence chemistry practices throughout
the world. However, it was also acknowledged that this ECO-
SChem composition would result in outputs that would be
developed in English and mainly from North American and
European cultural viewpoints, potentially limiting the accep-
tance and use of the definition and criteria by those from
outside of these areas. To address this shortcoming proactively,
ECOSChem formed a subcommittee to discuss in depth how to
incorporate perspectives into the project work during the
drafting and development of the definition and criteria that
might not be represented in the group, particularly as related to
environmental justice.

How the committee worked together: timeline

Throughout 2022, five ECOSChem meetings were held, each
focusing on a main topic and one or more subtopics (ESI Table
S31). In between the full committee meetings, sixteen
subcommittee meetings were held with subsets of ECOSChem
members who volunteered to advance discussion on points not
resolved in the full committee meetings. Each full or subcom-
mittee meeting was held virtually via Zoom and was guided by
the project team to allow for productive discussion and
consensus where possible. The first meetings focused on
creating a vision and principles, which were internal to ECO-
SChem to guide the project. The development of the definition
and criteria was iterative and non-linear. For example, the
definition was not finalized until after the criteria were devel-
oped, as committee members felt that detailed language left out
of the definition to keep it succinct would need to be addressed
in the criteria. Likewise, meetings towards the end of 2022
revisited the vision and principles that were developed early in
the project to ensure that the definition and criteria were in
alignment.

Environmental justice®® was a central element discussed
throughout this project and is a unique aspect in this work
compared to other definitions to date.'>'*'**' It was important
for ECOSChem to acknowledge in the project's outputs that
chemistry as it has been traditionally - and is still currently -
conducted, disproportionately harms specific communities
based on race and socioeconomic status, and that these
concerns must be addressed in the definition and criteria.

To obtain external feedback on the draft definition and
criteria, two virtual meetings were held via Zoom in November
2022. Approximately 60 people representing a range of stake-
holder groups and business sectors attended the external
engagement sessions and provided feedback on the outputs of
the committee. For those not able to attend, feedback was
accepted via email, virtual and in-person conversations with
different organizations, as well as through a survey form that
was created online. Sixteen feedback responses were collected
representing both individuals and organizations. ECOSChem
members also engaged their own networks to obtain additional
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feedback, which was relayed during one of the full-committee
ECOSChem meetings. All feedback was reviewed and consid-
ered in subsequent drafts of the definition and criteria.

Results
Analysis of the literature

History of Sustainable Chemistry. The landscape analysis of
the forty-five reference documents allowed for an examination
into the history and timeline of the growth and development of
the concept of “sustainable chemistry” over the last several
decades. The earliest documents reviewed date back to the
1990s, when the European Council issued a directive on pollu-
tion prevention, encouraging industrial activities - including
chemicals and chemical processes - to adopt more sustain-
ability practices.*® A series of workshops on sustainable chem-
istry organized by the OECD also took place in the late 1990s “to
encourage fundamental breakthroughs in chemistry that would
prevent pollution and, in most cases, improve performance and
reduce costs”.?® In 2001, van Roon et al. discussed sustainable
chemistry as integrating sustainable development, in particular
addressing equity between nations and generations, shifting
towards renewable resources, and re-evaluating societal
needs.** In 2004, the OECD created a widely used definition of
sustainable chemistry as “the design, manufacture and use of
efficient, effective, safe and more environmentally benign
chemical products and processes. Within the broad framework
of sustainable development, government, academia and
industry should strive to maximise resource efficiency through
activities such as energy and non-renewable resource conser-
vation, risk minimisation, pollution prevention, minimisation
of waste at all stages of a product life-cycle, and the develop-
ment of products that are durable and can be reused and
recycled.” That definition was more recently updated on the
OECD website.*

Efforts by UBA in 2009 established a definition and criteria
for “sustainable chemistry” that highlighted two key fields of
activity: sustainable processing and production, and chemicals
and products, along with five principles, one being to conduct
a comprehensive lifecycle assessment.” In 2016, the UBA
released a “Guide on Sustainable Chemicals: a decision tool for
substance manufacturers, formulators and end users of chem-
icals” which included a set of nine “golden rules” for sustain-
able chemicals.” In 2017, UBA released further supporting
documentation, including a series of studies identifying
“priority topics” in sustainable chemistry (i.e., technical solu-
tions, concepts, business models, etc.).”* In this work, innova-
tive solutions from ten industries were assessed using
quantifiable indicators, including indicators related to the UN
SDGs.

In 2015, Dow Chemical released a public statement and
document on sustainable chemistry with its Sustainable
Chemistry Index in which it described a system that rates the
company's product portfolio among eight criteria categories
such as renewable or recycled content, social need benefit, and
public policy and end of life risk.*® Soon after, the Green
Chemistry & Commerce Council (GC3, now known as Change
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Chemistry), a network of over 100 companies along the chem-
icals value chain, released a joint statement on using green
chemistry and safer alternatives to advance sustainable prod-
ucts and also referenced the OECD's 2004 definition of
sustainable chemistry.*

During the same period, two separate but related academic
documents were published. Kimmerer and Clark published
a book chapter in 2016 that outlined a definition for “sustain-
able chemistry”, explaining the key differences between “green
chemistry” and “sustainable chemistry” and emphasizing the
importance of Life Cycle Analysis (LCA) as a critical measure of
sustainability of chemical products and processes.** The second
document was published in 2017 by Blum et al. and proposed
a definition in one hundred words, which reads in part:
“Sustainable chemistry uses approaches, substances, materials
and processes with the least adverse effects. Therefore,
sustainable chemistry applies substitutes, alternative processes
and recycling concept, supporting resource recovery and effi-
ciency. Thus, sustainable chemistry avoids rebound effects,
damage and impairments to human beings, ecosystems and
natural resources”. The article outlines seven objectives and
guiding principles for “sustainable chemistry”."

More recent key documents from 2017 onward have been
published by the European Commission, the U.S. GAO, UNEP,
UNEA, and CEFIC. The European Commission's work has
focused on SSbD, which is defined as “an approach to the
design, development and use of substances, materials and/or
products that focuses on providing a function (or service),
while reducing harmful impacts to human health and the
environment along life cycle stages”," as it forms part of the
EU's Chemical Strategy for Sustainability (CSS).** Both the GAO
and UNEP in 2018 and 2019, respectively, compiled and
analyzed feedback on the different perspectives stakeholders
have of “sustainable chemistry”.?”*® Similarly, Halpaap and
Dittkrist summarized feedback on the UNEA-2 Resolution 2/7
on the sound management of chemicals and waste around
best practices towards “sustainable chemistry”.'* Furthermore,
documents published by CEFIC in 2020 and 2021 were
primarily responses and position papers related to the CSS as
well as the concept of SSbD, although neither document
provides an explicit definition for “sustainable chemistry.”>***

In 2017, a workshop in Berlin co-hosted by UNEP and ISC;,
in partnership with the UN International Development Orga-
nization (UNIDO), the Free University, and the United Nations
Institute for Training and Research (UNITAR), identified
important policy-relevant knowledge and lessons learned that
would eventually feed into the writing and publication of
UNEP's Global Chemicals Outlook IT in 2019.%* Later, in 2021,
UNEP would publish the “Green and Sustainable Chemistry:
Framework Manual”, which provides nuance on green vs.
sustainable chemistry and notes that “while green chemistry is
characterized and guided by scientific principles that focus on
chemistry innovation, recent discussions on sustainable
chemistry suggest a broader concept and more holistic inter-
pretation that takes into account economic, environmental and
social dimensions”." While the above summary of prior work is
only a sampling, the complete list of definitions, principles,
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Table 1 Eleven key documents identified during the literature analysis as key to the scope of the ECOSChem committee

Authors (or authoring

Year organization, if applicable)

Overarching

Title concept

Definition

2004 OECD

2015 Dow chemical

2016 Kimmerer and Clark

2017 Blum et al.

Sustainable
chemistry

Sustainable
chemistry

Sustainable
chemistry

Sustainable
chemistry: the
sustainable
chemistry index

Green and
sustainable
chemistry

Green and
sustainable
chemistry

Sustainable
chemistry

The concept of
sustainable
chemistry: Key
drivers for the
transition towards
sustainable
development

2096 | RSC Sustainability, 2023, 1, 2092-2106

“Sustainable chemistry is the design, manufacture and use of
efficient, effective, safe and more environmentally benign
chemical products and processes. Within the broad
framework of sustainable development, government,
academia and industry should strive to maximise resource
efficiency through activities such as energy and non-
renewable resource conservation, risk minimisation,
pollution prevention, minimisation of waste at all stages of
a product life-cycle, and the development of products that are
durable and can be reused and recycled”

“Sustainable chemistry involves the application of lifecycle
thinking to the products and solutions Dow brings to society,
in order to understand how to use resources more efficiently,
minimize its footprint, provide value to its shareholders and
stakeholders, deliver solutions to its customers, and enhance
the quality of life of current and future generations.
Sustainable chemistry is a lens through which Dow examines
its products, to better understand the role of those products in
addressing sustainability challenges. It is a concept that
identifies the existence of global sustainability challenges,
applies Dow's technology and innovation capabilities to
develop products and solutions that address these challenges,
and recognizes that chemistry has an essential role to play in
advancing sustainability for society.

The successful application of sustainable chemistry results in
commercially viable products that help society to address
sustainability challenges related to areas such as climate
change, water scarcity, food provision and safety, and healthy
societies.

Sustainable chemistry differs from green chemistry in that
sustainable chemistry is a general concept that seeks to
understand and optimize the role of a chemical product in
addressing sustainability challenges. Green chemistry, on the
other hand, seeks to apply a set of well-defined principles to
the design and development of chemical products and
processes. In this sense, sustainable chemistry can be
advanced by applying the tools of green chemistry to develop
new products and processes that help to solve sustainability
challenges”

“Sustainable chemistry includes economical, social and other
aspects related to manufacturing and application of
chemicals and products. It aims not only at green synthesis or
manufacturing of chemical products but also includes the
contribution of such products to sustainability itself”

“In general, only rarely are aspects that go beyond the
chemicals themselves and their technical issues addressed by
green chemistry, whereas sustainable chemistry generally
includes all aspects of a product related to sustainability, e.g.
social and economic aspects related to the use of resources,
the shareholders, the stakeholders and the consumers”
“Sustainable chemistry in 100 words: Sustainable chemistry
contributes to positive, long-term sustainable development.
With new approaches, technologies and structures,
sustainable chemistry stimulates social innovations and
develops value-creating products and services.

Sustainable chemistry uses approaches, substances, materials
and processes with the least adverse effects. Therefore,
sustainable chemistry applies substitutes, alternative
processes and recycling concept, supporting resource recovery
and efficiency. Thus sustainable chemistry avoids rebound
effects, damage and impairments to human beings,
ecosystems and natural resources.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd.)
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Authors (or authoring

Year organization, if applicable) Title

Overarching
concept

Definition

Sustainable
chemistry: how to
produce better and
more from less?

2017 Marion et al.

2019 GC3 sustainable chemistry

alliance

Working definition
of sustainable
chemistry

2020 OECD Moving towards

a Safe(r) Innovation
Approach (SIA) for
more sustainable
nanomaterials and
nano-enabled

products

Safe and sustainable
by design: Boosting
innovation and
growth within the
European chemical
industry

2021 CEFIC

2021 EU commission Life cycle
assessment
approach being
taken to ensure that
chemicals are
designed for

sustainability

Sustainable
chemistry

Sustainable
chemistry

Safe by
design

Safe and
sustainable
by design

Safe and
sustainable
by design

© 2023 The Author(s). Published by the Royal Society of Chemistry

Sustainable chemistry is based on a holistic approach, setting
policies and measurable objectives for a continuous process
of improvement. Networking sustainable chemistry with
interdisciplinary scientific research, education, consumer
awareness, corporate social responsibility and sustainable
entrepreneurship serves as important basis for sustainable
development”

“Sustainable chemistry can be defined as the development of
an even safer and more environmentally-friendly chemistry
but one which also equally integrates the priorities of
economic competitiveness and societal concerns. Sustainable
chemistry is a complex equation which must ensure the
longevity of the human, animal, and vegetable species whilst
taking into consideration issues related to accessing different
resources (carbon, water, metals), problems of access to
energy, global warming, the exponential increase in the
human population, for which chemistry must allow a serene
development, the social and environmental impact of the
value chain, and the erosion of biodiversity, while of course
maintaining economic competitiveness to create profit and
business”

“The term “sustainable chemistry” includes the design,
development, demonstration, commercialization and/or use
of chemicals and materials that: are less toxic to human
health and the environment; have lower energy consumption
and related emissions; have reduced natural resource
impacts; include optimized product design that results in the
reduction of waste and the reuse or recycling of chemicals and
materials across the product lifecycle.

Products of sustainable chemistry demonstrate
improvements in at least one of these properties, without
significant degradation in another property, in their
production, use, and/or end of life as compared to chemicals
and materials in similar use”

“The SbD (safe-by-design, safer-by-design, or safety-by-design)
concept refers to identifying the risks and uncertainties
concerning humans and the environment at an early phase of
the innovation process so as to minimize uncertainties,
potential hazard(s) and/or exposure. The SbD approach
addresses the safety of the material/product and associated
processes through the whole life cycle: from the research and
development (R&D) phase to production, use, recycling and
disposal”

“The chemical industry defines safe and sustainable-by-
design as a process to innovate and put on the market
chemicals, materials, products and technologies that are safe
and deliver environmental, societal, and/or economical value
through their applications. Those chemicals, materials,
products and technologies enable accelerating the transition
towards a circular economy and climate-neutral society and
preventing harm to human health and the environment
throughout the life cycle”

“At this stage, 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 minimising the environmental footprint of
chemicals in particular on climate change, resource use,
ecosystems and biodiversity from a lifecycle perspective”

RSC Sustainability, 2023, 1, 2092-2106 | 2097
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Table 1 (Contd.)
Authors (or authoring Overarching
Year organization, if applicable) Title concept Definition
2021 ISC3 Key characteristics Sustainable “Sustainable chemistry is a framework giving guidance on
of sustainable chemistry how chemistry as a scientific and economic asset spanning
chemistry multiple supply chains and consequently the whole life cycle
can comply with the principles of sustainability for the
betterment of our planet”
2022 OECD Sustainable Sustainable “Sustainable chemistry is a scientific concept that seeks to
chemistry chemistry improve the efficiency with which natural resources are used

criteria, and other elements of the forty-five sources reviewed as
part of this project can be viewed in ESI Table S1.f

Thematic analysis of key documents for committee work. Of
the eleven documents in the thematic analysis (Table 1), the
most common theme was the protection of human health and
the environment (Fig. 1), which is not surprising given concerns
about the impacts of chemicals on health and ecosystems as
a key driver for sustainable chemistry. Other common themes
among the definitions were circularity, sustainable develop-
ment, and resource conservation. A full explanation of all the
themes and how definitions addressed them can be viewed in
ESI file S1,T which was submitted in June 2022 as an official
comment to the U.S. Office of Science and Technology Policy in
response to their Request for Information seeking “input from
interested parties on sustainable chemistry to guide future
federal efforts”.**

Consensus definition and criteria for sustainable chemistry.
Based on the landscape review, the ECOSChem group deter-
mined that there was no one existing definition that truly
aligned with a definition as envisioned by the committee.
Instead, ECOSChem used the thematic analysis and their
collective experience to develop a draft definition and accom-
panying criteria encompassing aspects of green chemistry, safer
chemicals, sustainability, business processes, product design,
and environmental justice. After several discussions, iterations,
and with input from external engagement efforts, the definition
and criteria were refined. The goal was to create a definition and
criteria that sets clear direction towards safer and sustainable
chemicals, enables concrete action, avoids the potential for
greenwashing, and is also adaptable for different contexts.
Additionally, the definition and criteria were created to
complement and “protect” existing well-defined concepts such
as “green chemistry” and “alternatives assessment” and to not
contradict previous definitions related to sustainable chemistry.

The definition for sustainable chemistry as developed by
ECOSChem (Fig. 2) reads: “Sustainable chemistry is the
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to meet human needs for chemical products and services.
Sustainable chemistry encompasses the design, manufacture
and use of efficient, effective, safe and more environmentally
benign chemical products and processes”

“Sustainable chemistry is also a process that stimulates
innovation across all sectors to design and discover new
chemicals, production processes, and product stewardship
practices that will provide increased performance and
increased value while meeting the goals of protecting and
enhancing human health and the environment”

development and application of chemicals, chemical processes,
and products that benefit current and future generations
without harmful impacts to humans or ecosystems”.** The
definition was created to be both aspirational as well as prac-
tical and was also intended to be succinct so that it would be
memorable. It was created to stand alone, but as noted above,
was also created in the context of five criteria categories: “Equity
and Justice”, “Transparency”, “Health and Safety Impacts”,
“Climate and Ecosystem Impacts”, and “Circularity”. For each
of the five categories, specific criteria were developed, with the
intention that a chemical, material, process, product, or service
would need to meet all the criteria for all categories in order to
ultimately be deemed “sustainable chemistry”. The rationale for
this determination was heavily debated but the goal was to
avoid situations where only one set of criteria are followed,
potentially leading to regrettable trade-offs or solutions that
only address part of the problem. The criteria can be seen in
Table 2 and were developed with language broad enough to
capture key aspects that would need to be fulfilled while not
being so specific as to be metrics (the development of which
were outside the scope of this project but will necessarily form
part of the next stage of this work).

Criterion #1: Equity and Justice. This first category focuses
on the authentic engagement and protection of marginalized
communities and the prioritization of products that either
remediate past harms in these communities and/or that
strengthen local economies. Acknowledging and addressing
social impacts was a critical focal point throughout this project,
with attention to how environmental justice concerns and
considerations can be integrated into chemistry practices. The
criteria in this category aim to draw attention to communities,
including workers, that could be negatively impacted by
chemistry practices and the chemical supply chain, and to
highlight the thinking and actions required to protect these
groups while not shifting burdens to others.
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Resource efficiences/conservation

Chemicals, substances, materials, processes, products, services,
technologies

Design, manufacturing, production
Innovation

Creates social economic value

Climate change/neutrality
Holistic/Interdisciplinary approach
Creates shareholder/stakeholder value
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Thematic frequency in definitions of "sustainable chemistry"

Fig. 1 Thematic analysis of the most common concepts present among eleven sources identified as having an explicit definition related to

“sustainable chemistry.”

Criterion #2: Transparency. This category is about informa-
tion disclosure, verification of sustainability claims, and having
chain-of-custody information. Access to information about
chemical ingredients, how products are made, and overall
lifecycle information was discussed as a major barrier for
achieving sustainable chemistry, and this concern was voiced
both from members of ECOSChem in internal meetings as well
as from individuals and organizations participating in the
external engagement sessions. The criteria in this category are
designed to make information more transparent to customers
for informed purchasing. They also allow companies along the
supply chain to make informed choices and comply with
demands for safer products, ecolabelling standards, or more
sustainably managed manufacturing processes.

Criterion #3: Health and Safety Impacts. This category
emphasizes that the full lifecycle of materials used to make
products should be non-hazardous and neither persist nor
bioaccumulate, including for byproducts and breakdown
products. The criteria in this category focus on minimizing the
toxicological impacts that chemical ingredients can have on
people and the environment, taking a hazard-focused approach
to reduce the risk of potentially harmful outcomes. In this way,
hazardous properties of chemicals and processes are “designed
out” from the start, rather than relying on control measures to
manage risks. This category overlaps somewhat with the “Equity
and Justice” criterion, acknowledging that harmful exposures

© 2023 The Author(s). Published by the Royal Society of Chemistry

can occur in communities where raw ingredients are extracted
or refined, to workers during the production or use phase, to
consumers during the use phase, or in communities where
products are ultimately disposed of or recycled.

Criterion #4: Climate and Ecosystem Impacts. This category
focuses on the resources and energy used to make and transport
products, with the intention of minimizing their impact on the
climate and on ecosystems. The chemical industry is the largest
industrial energy user and third largest carbon dioxide emitter**
and chemical exposures have been linked to significant declines
in biodiversity.*> This category overlaps somewhat with the
“Health and Safety Impacts” criterion, addressing the harmful
effects that can occur on the climate and on ecosystems from
material extraction and use and emphasizing the importance of
using chemical ingredients and materials that are non-
hazardous. Conversations within ECOSChem while shaping
this category acknowledged that it is not possible to fully
eliminate material or energy use or greenhouse gas emissions,
but the focus should be on responsible extraction and use of
materials, their minimization, and on preserving non-
renewable resources and biodiversity.

Criterion #5: Circularity. The last category focuses on the
efficient design of chemicals, materials, processes, products,
and services to reduce waste and impact on the environment.
This category draws on several of the other criteria, such as the
use of non-hazardous chemical ingredients (“Health and Safety
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Source: Lowell Center for Sustainable Production and Beyond Benign

Fig.2 A graphic depicting the definition and five criteria categories (reprinted with permission from the Lowell Center for Sustainable Production

and Beyond Benign).

Impacts”) and minimizing resource use (“Climate and
Ecosystem Impacts”) but is specifically about making chemical
products as efficient as possible, aligning with circularity prin-
ciples to reduce waste and increase reuse. This category
addresses efficiency and circularity, but with the understanding
that the other criteria categories must be met for the resulting
product to be safer for consumer, workers, communities, and
the environment.

For both the definition and criteria, there were important
discussions around specific language. The word “eliminates”
was the subject of much discussion. For example, in earlier
drafts, language around sustainable chemistry “eliminating
the impacts of harmful chemicals on people and the envi-
ronment”, was used with the intention of setting a very high

2100 | RSC Sustainability, 2023, 1, 2092-2106

aspirational bar. Discussion in ECOSChem meetings as well
as in the external engagement meetings revealed that the use
of this word may not only be impractical but may also deter
efforts moving towards sustainable chemistry. Subsequent
drafts considered using the word “minimizes” or the phrase
“eliminates or minimizes” to allow for more flexibility, but
this language was viewed as not strong enough for progress.
In the final version, the word “without” was used, which
indicates a goal but does not imply specific actions to elimi-
nate impacts.

In addition to the definition and criteria that were devel-
oped, the project team and ECOSChem members created
a preamble that provides additional context for the work and
outlines the importance of the definition and criteria.** In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Sustainable chemistry criteria categories and specific criteria. Clarifying footnotes are at the bottom

Equity and Justice

A sustainable chemical, material, process, product, or
service® will...

Transparency

A sustainable chemical, material, process, product, or
service will...

Health and Safety Impacts

A sustainable chemical, material, process, product, or
service will...

Climate and Ecosystem Impacts

A sustainable chemical, material, process, product, or
service will...

Circularity’

A sustainable chemical, material, process, product, or
service will...

o Be designed or implemented with the authentic engagement of potentially
impacted communities to help avoid negative social impacts”

o Be designed or implemented in a way that does no harm and, when feasible,
prioritizes sustainable chemistry innovations on the remediation of harms to
communities and societies that have been disproportionately impacted at any
stage of the lifecycle of the chemical process or product lifecycle

o Protect workers, marginalized groups (e.g., indigenous, immigrant, frontline, and
low-income communities, and communities of color), and vulnerable groups (e.g.,
children, those who are pregnant, and the elderly)

® Be designed or implemented in a way that does not create new problems or shift
harms across the value chain? or to other communities, societies, countries, or
generations

e Be designed or implemented in a way that supports local economies and ensures
product access and affordability for marginalized groups

e Have had its health, safety, and environmental data’ disclosed in an accessible”
format to individuals, workers, communities, policy makers, and the public

o Include scientifically defensible verification for sustainability, health, safety, and
other claims. The sources for verification should be openly accessible

e As much as possible, include a chain of custody so that chemicals and materials
used in the product and process are traceable throughout their lifecycle

e Be without hazards®, including hazardous components, emissions, and toxic
byproducts and breakdown products, to people and ecosystems across its
existence”

e Not result in releases, including releases of byproducts or breakdown products,
that persist or bioaccumulate

o Utilize renewable, non-toxic chemical building blocks’

e Be without negative impacts on climate and biodiversity, including impacts on
habitat and resource degradation

e Be without harmful releases to air, water, and land across its lifecycle, including
for transportation and distribution

e Minimize energy use and greenhouse gas emissions across its lifecycle, including
for transportation and distribution

e Be designed to have a lifetime appropriate to its use and enable safe reuse and
non-toxic recycling®

e Prioritize resource and energy efficiency, conservation, and reclamation, reduced
consumption of finite resources, and waste prevention, minimization, and
elimination’

“ A chemical service “involve(s) a strateglc, long-term relationship in which a customer contracts with a service provider to supply and manage the
customer's chemicals and related services.” Chemical Strategies Partnership. ” Social impacts may include, but are not limited to, chemical-related
illness and stress to workers, communities, and societies, impacts from the process or product on cultural resources, and impacts on livelihoods of
communities and societies, including access to jobs, natural resources, property values, and other human needs. ¢ Historically disproportionately
impacted communities and sometles may be located where chemicals, materials, and products are extracted, produced, transported, sold, used/
consumed, and/or disposed of. ¢ The value chain describes the full range of activities that firms and workers do to bring a product from its
conception to its end use and beyond. This includes activities such as design, production, marketing, distribution, and support to the final
consumer. °These data include information on chemical ingredients, resource and energy use, emissions, and other sector-specific
information. ACCCSSlblllty refers to materials that are free of charge and easy to understand by those that speak different languages, are
accessing materials in non-digital formats, or have other differing abilities (e.g., are hard of hearing, seeing, etc.). ¢ Hazards can include
toxicological physical, and other types of hazards. Eliminating hazards is the operational trajectory of sustainable chemistry while risk
reductlon is a short-term and incomplete strategy. A product or process that achieves only risk reduction cannot be considered sustainable.

" Existence refers to both product and process lifecycles. The product lifecycle includes design, extraction, production, transportation, use/re-
use, recycling, and end-of-life. The process lifecycle includes design, initial research and development, testing, piloting, scale-up,
implementation, functional lifetime, and decommissioning/scale-down. * Chemical building blocks refer to molecular units or compounds that
can be used as ingredients to synthesize more complex chemical materials or products.’ A circular economy is a “model of production and
consumption, which involves sharing, leasing, reusmg, repairing, refurbishing and recyclmg existing materials and products as long as
possible. In this way, the life cycle of products is extended.” The European Parliament. Recyclmg can include mechanical and chemical
recycling. Chemical recycling and other emerging technologies for recycling and recovery should be closely evaluated for their hazards to avoid
shifting negative impacts. * Waste minimization and elimination should be practiced across the supply chain, including for extraction,
development, production, use, reuse, and disposal.

addition to environmental justice, the preamble introduces
concepts like “lifecycle”, “planetary boundaries”, and “essential
uses”, concepts relevant for chemicals management and that
are actively being discussed worldwide. The preamble positions
the relevance of the definition and criteria amongst these global

© 2023 The Author(s). Published by the Royal Society of Chemistry

discussions and needs, supporting its communication to
a broad set of audiences. The preamble also notes that
sustainable chemistry in some cases may involve the elimina-
tion of a chemical or material function or use or its functional
replacement with a service (which should also be sustainable).
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Discussion
Context and relevance

Defining sustainable chemistry raises questions about its rela-
tionship with other fields, such as green chemistry, which is
well-established and guided by 12 Principles developed in the
1990s.>® Green chemistry is a toolkit for chemists to practice
chemistry more sustainably, incorporating considerations of
atom economy, less hazardous synthesis, energy efficiency, the
use of renewable feedstocks, and designing for degradation,
among others, into chemical and chemical process design. The
concept of sustainable chemistry incorporates the design
practices of green chemistry but also connects chemistry more
broadly to its impacts in the world, including global resource
use, health and environmental impacts, connections to
communities impacted by any part of the chemical product
lifecycle, and societal needs. It describes a bold vision for the
future of chemistry that demands a larger stakeholder view
across business value and supply chains.

The process and outputs of the present efforts are relevant for
different sectors and contexts. For example, business sectors
consisting of chemical manufacturers, formulators, product
manufacturers, and retailers are in need of a definition and
criteria of sustainable chemistry to guide their efforts towards
sustainability. Change Chemistry (formerly known as the Green
Chemistry & Commerce Council or GC3) is a cross sectoral
network of such companies that guides efforts in the innovation
and commercialization of safer and more sustainable chemicals,
materials, processes, products, and services.** Change Chem-
istry's member companies can influence the way other compa-
nies understand and integrate sustainable chemistry into their
practices, including clear metrics for customers, investors, and
others to demonstrate progress.** The sustainable chemistry
definition and criteria could also support efforts such as Clean
Production Action's Chemical Footprint Project, which bench-
marks companies for their chemicals management systems and
recognizes corporate leadership in the use of safer chemicals.*

For the investment community, the sustainable chemistry
definition and criteria can help to guide financial resources
towards companies that demonstrate they can meet or are
actively working towards achieving sustainable chemistry in
their business practices. For example, the Investor Environ-
mental Health Network, administered by Clean Production
Action, brings together socially responsible investors repre-
senting nearly $3 trillion in assets under management, that
want to leverage the economic value of safer and more
sustainable products to drive reductions in chemical pollution
and their associated financial risks.*® The sustainable chemistry
definition could also help guide revisions to tools already
developed, such as the Portfolio Sustainability Assessment tool
developed by the World Business Council for Sustainable
Development, which helps chemical manufacturers assess their
portfolios against sustainability criteria for annual disclosure to
investors.*’

Environmental health non-governmental organizations have
played key roles in advocating for higher standards of chemicals
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management that protect communities, especially those that
have been disproportionately impacted by chemical exposures.
These organizations have supported communities in different
ways, such as through direct support, education initiatives,
product testing, acting as watchdogs, and in amplifying
community needs at a policy level. The sustainable chemistry
definition and criteria provide a vision for chemical production
and end-of-life that could be used as a clear reference to ensure
that already impacted communities are not further harmed and
ideally benefit from future developments in chemistry. The
definition and criteria also include considerations of trans-
parency and engagement, that communities potentially
impacted by manufacturing, use, or disposal could refer to in
supporting their voice in decision-making. Coming Clean,
a non-profit coalition that created the Louisville Charter for
Safer Chemicals,* a vision for a future chemicals industry, is in
a position to catalyze conversations across impacted commu-
nities around how to drive a future chemicals industry that is
safe and sustainable for those communities.

Chemistry education is immensely important in shaping
the way that students think about how chemistry interacts
with resource use, human health and safety, environmental
impacts, and the global climate. The growth of the sustainable
chemistry field has the potential to reshape the way chemistry
is taught in schools, orient students towards more systems
thinking about sustainable chemistry solutions, and equip
them with tools and resources to develop those solutions.
Beyond Benign actively works to provide educators with the
tools, training, and support to make green chemistry an
integral part of chemistry education*® and has the network to
integrate aspects of the sustainable chemistry definition and
criteria into its curriculum. Likewise, centers and organiza-
tions, such as the Berkeley Center for Green Chemistry,*®
could incorporate the sustainable chemistry definition and
criteria directly into their curriculum for learning and
discussion.

The definition and set of criteria for sustainable chemistry
will be useful in government contexts. In the U.S., these will be
used to prioritize federal investments that support innovation
toward sustainable chemistry, for example under the Bipartisan
Infrastructure Law and Inflation Reduction Act. It can shape
investments towards decarbonization - a major priority of the
Biden Administration - in ways that minimize potential trade-
offs to health and ecosystems. In the future, it will be impor-
tant for the U.S. Office of Science and Technology Policy to
determine how to measure the success and effectiveness of
sustainable chemistry investments and what policies, or
changes in policy the federal government could make to
improve and/or promote sustainable chemistry.

On a broader level, the consensus definition and criteria for
sustainable chemistry will be important in influencing and
implementing parallel frameworks, roadmaps, and concepts
discussed above, such as the Sustainable Chemistry R&D Act,
the EU Chemicals Strategy for Sustainability, Safe and
Sustainable by Design, the UN SDGs, and others, especially
regarding social impacts considerations.
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Limitations and lessons learned

As noted in the preamble to the ECOSChem definition and
criteria for sustainable chemistry, few, if any, chemistries today
meet the criteria. The current chemical industry - particularly for
organic chemicals - is built on a small number of fossil-fuel
based petrochemicals, many of which are inherently toxic.'
Likewise, the systems that recover, dispose of, and neutralize
toxic chemicals, as well as collect data on impacts along the
lifecycles of these chemical or chemical products, may be limited.

An important challenge will be to outline what the developed
criteria mean in practice for different sectors and sub-fields, as
well as to identify what metrics or indicators will be useful for
measuring fulfilment of the criteria or progress towards them.
Some criteria are more straightforward to put into practice than
others. For instance, metrics have already been developed for
measuring energy efficiency and lifecycle impacts, whereas
determining metrics to meet the Equity and Justice criteria are
more challenging (e.g., measuring authentic engagement with
communities or the strengthening of local economies). It was
critical for this project to acknowledge and embed the envi-
ronmental and social justice impacts related to chemistry
practices into the criteria. As such, it will be important in
subsequent work to define metrics for the Equity and Justice
criterion that are feasible for companies and other organiza-
tions to apply and that also are seen as valid by the communities
impacted by chemistry.

Recognizably, not all chemicals, materials, processes, prod-
ucts, or services are made the same and companies are not
involved with all aspects of the production chain. Some
companies may play a small role, such as producing a basic
chemical or transporting product ingredients. Other companies
may be more involved with the manufacturing of a product but
face other barriers, such as a lack of transparency of its ingre-
dients. Future work for this project may include exploring case
studies for what the sustainable chemistry criteria look like for
different actors along the value chain in practice. One option is
to develop a tiered system to allow for progress, similar to the
Leadership in Energy and Environmental Design (LEED) certi-
fication for buildings (e.g., bronze, silver, gold, and platinum
levels). However, such a system would have to be designed in
a way where potential tradeoffs are transparent and minimized.

As mentioned above, many discussions took place within
ECOSChem on the meaning of words for the definition and
criteria, and it was evident that further clarification or guidance
may be required in later efforts to develop the criteria. For
instance, a chemical “service” in one field may signify the
function that a chemical serves in an application but in another
sector may refer to “a strategic, long-term relationship in which
a customer contracts with a service provider to supply and
manage the customer's chemicals and related services”.*
Likewise, “hazards” in one field may refer more to toxicological
hazards but in another may refer more to physical hazards. The
final project briefing clarifies wording around these and other
words and phrases. The external engagement process also
incorporated external feedback that provided additional
perspectives on wording.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Lastly, and as briefly described in the Methods section, the
definition and criteria were formed from perspectives mainly
from North America and Europe, which could potentially limit
the acceptance and use of the definition and criteria from those
outside of these areas. Despite this limitation, input was sought
during the formation of the definition and criteria from indi-
viduals and organizations representing communities dispro-
portionately impacted by harmful chemical exposures. While
some funding was available to compensate the time for ECO-
SChem members representing impacted communities, an
important limitation was a lack of funding to enable greater
participation and engagement from a broader range of
impacted communities. Further efforts related to this work to
develop more specific criteria and metrics should ensure
reasonable compensation for representatives in sectors that are
less able to donate time to such initiatives.

Future work

In the U.S., a briefing document with the ECOSChem group's
preamble, definition, and criteria was submitted to the U.S.
Office of Science and Technology Policy in January 2023 and
soon after was publicly released (ESI file S21) through a webinar
attended by more than 150 people in March 2023 and that
included a panel of ECOSChem members who reflected on the
process and meaning of the definition and criteria for their
sectors. The goal of the ongoing dissemination effort is to
present and socialize the definition and criteria to a range of
audiences and contexts and to ensure its broad dissemination
in policy, education, and practice. To achieve this, ECOSChem
members and the networks of the Sustainable Chemistry
Catalyst, Beyond Benign, and ECOSChem members are being
leveraged. For example, the definition was highlighted in
a resolution on “Advancing safer chemical products and
processes” passed by the U.S. Environmental Council of the
States (representing state environmental agency directors).*
The definition and criteria framed two meetings on growing
investment in sustainable chemistry, one held with the U.S.
Department of Energy in March 2023 and one in collaboration
with the Investor Environmental Health Network in April 2023.
The definition was later featured in a blog hosted by one of the
largest banks in the world, UBS.*® The definition and criteria
have been presented to members of Change Chemistry and will
serve as the foundation for a discussion on criteria for assessing
sustainable chemicals and materials.

In August 2023, the U.S. Office of Science and Technology
Policy (OSTP) released its interagency committee report
“Sustainable Chemistry Report: Framing the Federal Land-
scape” which contains a definition of sustainable chemistry. It
states, “Sustainable chemistry is the chemistry that produces
compounds or materials from building blocks, reagents, and
catalysts that are readily-available and renewable, operates at
optimal efficiency, and employs renewable energy sources; this
includes the intentional design, manufacture, use, and end-of-
life management of chemicals, materials, and products across
their lifecycle that do not adversely impact human health and
the environment, while promoting circularity, meeting societal
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needs, contributing to economic resilience, and aspiring to
perpetually use elements, compounds, and materials without
depletion of resources or accumulation of waste”.>* The report
also contains “Attributes and considerations to operationalize
the definition of sustainable chemistry” with the categories of:
Efficiency, Energy, Circularity, Hazard, Social, and Economic.
While the OSTP definition is longer and perhaps less actionable
than that of ECOSChem, there are points of overlap between
them in terms of criteria categories, and the report includes the
consideration of environmental justice concerns. A challenge
for both will be determining metrics for measuring progress or
fulfilment of sustainable chemistry.

A next phase of this project may include advocacy to advance
public and private sector investments in sustainable chemistry
that meet the areas of criteria and collaborating with organi-
zations such as OSTP on efforts to develop metrics and assess-
ment tools for different sectors and contexts further, as well as
case examples of chemistries and applications that meet the
definition. Additionally, bringing the ECOSChem definition
into global efforts such as the United Nations Sound Manage-
ment of Chemicals and Waste Beyond 2020 process would
advance and help adopt the definition and criteria globally,
including how metrics might shift given different cultural and
economic perspectives.

Conclusions

Chemistry and the chemical industry have played a critical role
in advancing the quality of human life and sustainable devel-
opment, but those benefits have come at a price. The Expert
Committee on Sustainable Chemistry (ECOSChem) was estab-
lished to create a consensus definition and criteria for
sustainable chemistry that represented a broad range of
perspectives, that was actionable, and that built upon previous
definitions. The definition developed added new concepts such
as equity and transparency, which are critical to ensuring that
chemistry innovation not only avoids harm, but restores past
damage and provides opportunities for those who have not
previously benefited from chemistry. The effort, including
external engagement sessions, demonstrated that while there
may be differences of opinion as to the scope and magnitude of
the problem (e.g., which chemicals are problematic, who is
responsible for past harms, etc.), common ground can be found
in defining a vision for the future. The challenge now lies in the
implementation of this definition and criteria — not only into
new chemical and material designs, but also in prioritizing the
chemicals and materials where innovation and transition are
urgently needed. Progress will be made if the core elements of
the definition and criteria are infused into considerations for
government, investment, and corporate decision-making on
chemicals and materials, as well as in the training of the next
generation of chemists and materials scientists. Ultimately, to
have their maximum impact, metrics and tools to evaluate and
disclose information on whether chemicals, materials,
processes, products, and services meet or are progressing
towards the definition and criteria will be needed to ensure that
policies, investments, and decisions are accountable to moving

2104 | RSC Sustainability, 2023, 1, 2092-2106

View Article Online

Paper

towards sustainable chemistry, understanding that this journey
will be one of continuous improvement over the coming
decades.
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