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This Framework Manual on Green and
Sustainable Chemistry has been developed
pursuant to the mandate received from the
United Nations Environment Assembly (UNEA)
in 2019 through Resolution 4/8. Its main purpose
is to Facilitate a better understanding and provide
guidance to countries and stakeholders relevant
for advancing green and sustainable chemistry. The
Manual will be supplemented with an Executive
Summary for decision-makers, as well as specific
manuals, resources permitting, covering specific
topics to be determined.

About the
Green and
Sustainable
Chemistry
Framework
[ ELITEL

A group of experts provided guidance on the
annotated outline of the Manual at a workshop
on 5-6 December 2019 in Geneva, Switzerland. A
revised version took into account comments and

advice provided. A first draft of the Framework
Manual was reviewed at a virtual expert meeting
on 22 June 2020. Input received at the meeting as
well as written comments provided by experts were
taken into account in preparing this revised draft. A
final consultative process to provide final input
on the draft Manual took place during the
fourth quarter of 2020.
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The concepts of green and sustainable chemistry have gained
significant attention around the world, given their potential
to innovate and advance chemistry to help achieve global
sustainable development goals and targets. While the concept
of “"green chemistry” was elaborated through the well-known
12 principles published in 1998 (Anastas and Warner 1998),
“sustainable chemistry” has recently evolved as a closely related,
yet more holistic concept (Blum et al. 2017; Kimmerer 2017).

This Manual takes stocks of the evolution of, and developments
in the field of green and sustainable chemistry, including their
scientific and social dimensions. Building on this discussion, it
provides guidance considered relevant for various stakeholders
to scale-up green and sustainable chemistry innovation action
and assess management practices. The Manual builds on the 2019
United Nations Environment Programme (UNEP) report ‘Analysis
of Stakeholder Submissions on Sustainable Chemistry Pursuant
to UNEA Resolution 2/7' (UNEP 2019a), which was discussed at
the fourth session of the United Nations Environment Assembly
(UNEA-4) in 2019.

The above cited UNEP (2019a) report summarized more than 50
submissions from stakeholders presented as best practices in
sustainable chemistry. It noted that despite valuable progress
made, identifying best practices is a challenging task, given the
absence of common assessment criteria. It also pointed out
that stakeholders have a broad understanding of sustainable
chemistry. Drawing on the analysis, the report welcomed
further cooperation to facilitate a common understanding of
the sustainable chemistry concept, including the relationship
between green and sustainable chemistry.

The Global Chemicals Outlook Il (GCO-Il) published by UNEP
in 2019 (UNEP 2019b), provides further insights concerning
opportunities toward advancing green and sustainable
chemistry throughout value and supply chains. It makes a case
for transformative action, and highlights opportunities for taking
measures to strengthen an enabling framework to advance green
and sustainable chemistry.



Resolution 4/8 on Sound Management of
Chemicals and Waste, adopted by UNEA-4 in
2019, welcomed the analysis of best practices
in sustainable chemistry by the United Nations
Environment Programme and recognized the value
to develop a better understanding of sustainable
chemistry opportunities globally. The resolution
“requested the Executive Director, subject to the
availability of resources and, where appropriate,
in cooperation with the member organizations
of the Inter-Organization Programme for the

The Framework Manual provides a high-level
overview of a number of scientific, technical and
policy aspects of green and sustainable chemistry,
aimed at a broad audience. It discusses various
facets of the topic with the intention to foster
general learning, reflection and scaling-up action
based on a common global understanding of the
concept. The topics have been identified following
a review of the green and sustainable chemistry
literature, the 2019 UNEP report on best practices
in sustainable chemistry, and the second edition
of the Global Chemicals Outlook (GCO-II).
Resources permitting, the Framework Manual will
be complemented by specific manuals, covering
selected topics of interest to stakeholders. A
first manual focusing on green and sustainable
chemistry education will be published in 2021.

Sound Management of Chemicals (IOMC), to
synthetize UNEP’s analysis of best practices in
sustainable chemistry into manuals on green
and sustainable chemistry, in consultation with
relevant stakeholders, by UNEA-5, and to continue
the work on a holistic approach for the sound
management of chemicals and waste in the long
term, taking into account both the importance
of the sound management of chemicals and the
potential benefits of chemicals for sustainable
development”.

The Manual also presents a framework which
structures and highlights causal linkages among
the various topics, ranging from scientific topics
to enabling instruments. An important element
of the framework are the 10 objectives and
guiding considerations for green and sustainable
chemistry presented in Chapter 3. The objectives
complement traditional approaches in chemistry,
by emphasizing sustainability considerations and
highlighting what outcomes green and sustainable
chemistry seeks to achieve. They also provide
practical guidance to stimulate stakeholder
action at various levels and in different settings.
Ultimately, the objectives seeks to promote
innovation to unveil the full potential of chemistry
such that it is compatible with and supports
the implementation of the 2030 Sustainable
Development Agenda.
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Green and Sustainable Chemistry Objectives and Guiding Considerations

Chapter 3 of this manual presents 10 green and sustainable chemistry objectives and guiding considerations
to motivate stakeholders to reflect on, assess and guide their innovation action and management practices.
Stakeholder and actors are encouraged to share them within their networks and encourage their wide

application.

Minimizing
chemical
hazards

Avoiding
regrettable
substitutions
and
alternatives

Sustainable
sourcing of
resources and
feedstocks
Advancing
sustainability
of products

Advancing
sustainability
of production

processes

Minimizing
chemical
releases and

pollution

Maximizing
social benefits

Enabling non-
toxic circularity
Protecting

Developing
solutions for
sustainability

challenges

workers,
consumers
and vulnerable
populations

Overview of the framework manual

The Framework Manual is structured into eight
chapters. Following this introduction, Chapter 2
discusses challenges and opportunities of
chemistry in achieving the UN General Assembly
endorsed 2030 Sustainable Development Agenda
which seeks to advance meeting human needs
within planetary boundaries. Drawing, inter alia,
from trends presented in GCO-Il, the chapter
presents a rationale for advancing green and
sustainable chemistry and discusses developments
to advance the concepts.

Chapter 3 presents 10 objectives and guiding
considerations for stakeholder action to reap the

full potential of green and sustainable chemistry
in advancing sustainable development in the 21st
century. They seek to inform green and sustainable
innovations in chemistry but may also be relevant
for assessing existing practices throughout the
value chains of chemicals and products.

Chapter 4 addresses scientific dimensions of green
and sustainable chemistry, by introducing relevant
topics of chemistry and technology research
and innovation. Chapter 5 introduces enabling
management tools, instruments and policies that
can help advance green and sustainable chemistry.
Closely related, Chapter 6 discusses relevant



Advancing sustainability through green and sustainable chemistry
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enabling sectors and programmes. Chapter 7 takes
a look at metrics and reporting schemes relevant
for tracking progress and advancing green and
sustainable chemistry. Chapter 8 concludes with
a call for the “"doers and makers” to develop road
maps that help advance green and sustainable
chemistry action in different settings (e.g. by
multiplying good practices).

The Manualis structured alongside the elements of
the conceptual framework “Advancing sustainability
through green and sustainable chemistry” which
was developed through a consultative process
and is introduced above (Figure 1.1). Chapters 2, 3
and 4 address the question of: “Why” is green and
sustainable chemistry needed and “What” does it
aim to achieve, and in which specific innovation
areas. Chapters 5, 6 and 7 focus on enabling
measures to advance green and sustainable

chemistry innovation (the “How"). These action-
enabling elements range from promoting life
cycle approaches, to strengthening research and
innovation policies and programmes. An important
enabling and cross-cutting topic is awareness
raising and education at all levels that bring the
green and sustainable chemistry agenda and
knowledge to potential actors, through formal,
non-formal and informal education.

This Framework Manual targets a range of
audiences and stakeholders concerned with the
sound management of chemicals and waste,
as well as innovation for green and sustainable
chemistry and sustainable product development.
They include decision-makers and managers in:
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Public authorities responsible for regulating
chemicals of concern and promoting innovation
for safer chemistry and product sustainability

Primary, secondary and tertiary education
institutions engaged in educating the next
generation of scientists in the 21st Century .

Academic and research institutions
conducting basic and applied research in areas
such as chemistry, process engineering and
product design.

Private sector entities engaged in all stages
of the value chain, from sourcing raw materials
and feedstocks, to product design, production,
recycling and disposal.

Consumers who can shape the market demand
towards safer and more sustainable products,
with the choices they make.

Civil society organizations involved in
promoting sound management of chemicals
and waste by public and private actors and
consumers.

“ Labour organizations seeking to protect
workers from hazardous chemicals.

~ Citizens and the public at large aspiring for
more sustainable lifestyles and societies.

An important stakeholder group which the
Manual seeks to reach and stimulate are private
sector entities. The various actors presented
in Figure 1.2 have different roles to play in
advancing green and sustainable chemistry during
various stages of the chemicals and product value
chain. While the list provided in Figure 3.2 is not
exhaustive, it seeks to present the main actors
involved. A practical measure which private sector
actors are encouraged to undertake is to widely
disseminate and use the 10 objectives and guiding
considerations presented in Chapter 3 to assess
and guide their innovation programs and assess
current management practices.



Private sector actors in the value chain and product life cycle
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An initial outline of the Framework Manual was
reviewed during a technical briefing at the third
intersessional meeting on chemicals and waste
management beyond 2020, September 2019 in
Bangkok, Thailand. In-depth discussions took
place at a global workshop on 5-6 December 2019
in Geneva, Switzerland. A revised version of the
annotated outline was made available in early 2020

o

Chemical industries

Feed-stock

production
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Product design Brands
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considering comments and perspectives provided
by participants of the workshop. A first draft of
the Framework Manual was reviewed at a virtual
expert meeting on 22 June 2020. Input received at
the meeting as well as written comments provided
by experts were taken into account in preparing
a revised draft. A final consultative process took
place during the fourth quarter of 2020.
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2.1 Why is systemic action to advance
green and sustainable chemistry needed?

The following sections draw upon, further elaborate, and feature
selected trends, developments and figures presented in the
recently published Global Chemicals Outlook-Il (UNEP 2019b)
and provide the rationale for advancing green and sustainable
chemistry action..

Global trends cause significant concerns

The GCO-Il recognises that innovations in chemistry can work
towards achieving the SDGs, and presents a number of trends
that cause concern from a human health, environmental and
sustainability perspective. The report provides evidence that
the number of chemicals is ever increasing, and that hazardous
chemicals and other pollutants continue to be released to
indoor and outdoor environments including as waste in large
quantities, affecting individuals and communities worldwide.
Synthetic chemicals are now ubiquitous in the human body
and the environment. Chemical pollution has become a major
cause of human disease and premature death. The World
Health Organization (WHO) estimated the burden of disease
from selected chemicals at 1.6 million lives lost and 44.8 million
disability-adjusted life years (DALYs) in 2016 (WHO 2018a) which
is likely to be an underestimate. Workers, women, and children
are particularly at risk (UNEP 2019b). Furthermore, chemicals
accumulate in significant amounts in material stocks and
products, creating potentials liabilities in the future.

rigure 2.1: Deaths (total: 1.6 million) attributed to selected chemicals (per cent) 2016 (adapted from

WHO 2018a, p. 2)
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GCO-ll concludes that the global goal to minimize
adverse impacts of chemicals and waste will not
be achieved by 2020. More ambitious and urgent
worldwide action by all stakeholders is required
and “Business as usual is not an option”. Enhanced
action needs to include immediate measures to
minimize adverse impacts of existing chemicals,
for example through bans and restrictions. Beyond
these measures, the real opportunity in the 21st
century resides in accelerating greener and more
sustainable chemistry innovations. This can be
achieved by scaling up innovation programmes,
developing sustainable value chains that cover the
entire lifecycle and commercializing chemicals and
products that are sustainable.

Global material and product flows and
their chemistry dimension

Since the year 2000, the global production capacity
of the chemical industry almost doubled from 1.2
to 2.3 billion tonnes. Global sales of chemicals
totalled United States (US) dollars 5.68 trillion in
2017 and is projected to almost double by 2030.
Noticeably, growth was most rapid in emerging and
developing economies, driven by industrialization,

urbanization, and the rise of chemical-intensive
industry sectors such as construction, agriculture-
food processing, and electronics (UNEP 2019b). The
projected growth creates opportunities, but also
risks given the hazards and risks of many chemicals
on the market and the lack of proper chemical
management frameworks in many countries.
GCO-ll finds that these developments, driven by
increased levels of consumption, are unsustainable
and create vulnerabilities locally, and along the
supply chains. Advanced manufacturing based
on green and sustainable chemistry innovation
offers novel options in the 21st century to help
achieve sustainable consumption and production
and product innovation, and a more balanced
relationship with the earth.

The chemical industry plays a key role in turning
raw materials and feedstocks into products and
services, with materials flowing through ecological,
industrial and societal systems. Chemistry is also
the main science creating the new molecules
and materials needed to achieve a number of
SDGs. According to the OECD (2010), Ecological
Systems provide the natural capital from which
materials are extracted or derived. They include
renewable resource stocks, such as forests, non-

Systems View of Material Flow Cycles (Organisation for Economic Co-operation and Development

[OECD] 2010, p. 21)
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renewable resource stocks (e.g. petroleum,
metals), environmental media (i.e. air, water, and
land) and physical renewable sources of energy
(e.g. solar, geothermal, wind and tidal energy).
Industrial Systems utilize ecosystem services and
derive materials from natural capital, turning
them into a finished product or service, and for
a price. Some materials end up as stocks within
infrastructures, like buildings. Finally, Societal
Systems consume products, services, and energy
supplied by industrial systems and generate waste
that may be recycled back into /ndustrial Systems
oris depositedinto the Ecological System. Societal
Systems many also consume ecosystem services
and resource stocks directly, such as water (OECD
2010).

Complex global supply chains and product
life cycles

Complex supply chains that span around the
world, coupled with limitations in information
about chemicals in production and products make
it difficult For product manufacturers and retailers
to know which chemicals are released throughout
the product life cycle and in what quantities. These
limitations create challenges for taking action
across the product life cycle, such as minimizing
chemical releases during production and exposure
of workers during manufacturing; reducing

consumer exposure; and reducing chemical
emissions during recycling and final disposal.
These knowledge gaps also create uncertainties
for investors. The supply chain for an electronic
product below illustrates the complexities of
global supply chains in a specific economic sector
and across geographic locations.

Multiple dimensions of the chemical
enterprise affecting sustainability

The chemical enterprise — whether it is an
individual facility, a brand, or the industry as a
whole- has many interconnected dimensions that
affect sustainability. Relevant topics include, for
example, sourcing of sustainable raw materials and
feedstocks, water and energy use, design toward
function, use and reuse, safety management
systems throughout the global supply chain, etc.
Figure 2.4 provides an overview of relevant topics
(Hill, Kumar and Verma 2013). Assessing the
sustainability of the chemical industry, therefore,
requires more than assessing hazards and risks of
chemical products and production processes.

Another important question is how to deal with
potential trade-offs across areas, for example,
reducing CO2-emissions through composite
materials that may not be recyclable, or using
toxic heavy metals in devices used for generating

The complexity of global supply chains: the case of an electronic product (adapted from

Sourcemap 2012)
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Dimensions of a chemical enterprise: towards sustainability (adapted from Hill, Kumar and Verma

2013, p. 27)
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renewable energy. Potential trade-offs also extend
into social dimensions. A more benign chemical
may, for example, be produced under bad labour
conditions, or use conflict minerals as a resource.
For these types of questions, using tools such
as a life cycle or social assessments may provide
valuable insights (see chapter 5).

While discussions on green and sustainable
chemistry often focus on the intrinsic properties of
chemicals, processes and products (i.e. seeking to
minimize their hazards properties and potential),
broader considerations along the entire life
cycle of chemicals and products (e.g. extrinsic
manufacturing choices) are also of relevance
in the context of achieving the Sustainable
Development Goals. For example, non-hazardous
chemicals designed following green chemistry
principles may not necessarily support broader
sustainability criteria, for instance, if they are used
in the manufacture of unsustainable products (e.g.
those contributing to climate change).

roduct

\ \ consumption /,e‘
/*\\7 /

Energy

\
|\ consumption

/\rindtljgg and \ /

Sustainability challenges associated with
materials, products and waste flows

The International Resources Panel’'s Global
Resources Outlook 2019 (Oberle et al 2019)
presents data that approximately 92 billion tonnes
of materials were extracted globally in 2017. It
also projects that extraction will reach 190 billion
tonnes by 2060 and highlights that less than 10%
of resources extracted are currently recycled.
The magnitude of the chemical sector’s material
resources flow is an important dimension of global
material flows. In 2015, almost 1.7 billion tonnes
of feedstocks and secondary reactants generated
about 820 million metric tonnes (MMT) of chemical
products, while also generating almost the same
amount of by-products (e.g. organic solvents).
Production processes associated with these
material flows continue to generate significant
chemical releases to air, water and soil as well
as large amounts of waste, including hazardous
waste. In the production of pharmaceuticals, for
example, at least 25 kilograms (kg) of emissions
and waste (and at times more than 100 kg) are
generated for every kg of product, highlighting
resource inefficiencies (Sheldon 2017).
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Trends in materials extraction, financial value creation and greenhouse gas emissions

(1900-2050) (adapted from de Wit et al. 2019, p. 11)
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Many articles and products on the market contain
hundreds of chemicals or chemical products with
hazardous properties, creating concerns due to
their emissions and releases and potential health
or environmental effects. Examples cited in GCO-II
include formaldehyde in shampoo, microbeads
in toothpaste or lotions, phthalates in food
packaging, certain flame retardants in televisions,
and antimicrobials (e.g. triclosan) in soaps. The
chemical contamination of products may also
prevent circular use of materials and compliance
with waste hierarchy principles, which emphasize,
in the order of priority, source reduction, reuse

Gross world product in trillion euros (2010) (€Tn)
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and recycling. Green and sustainable chemistry
innovations have the potential to help achieve
these principles.

Meeting fundamental human needs, while
protecting environment and human health

The increasing burden from chemical pollution and
waste and the continued growth of the chemical
industry (and failure to fully manage product
life cycles sustainably) are interconnected issues
that relate to consumption patterns of a growing



2 Chemistry and sustainable development: challenges and opportunities

The waste hierarchy: Potential driver for sustainable materials management and a circular
economy (adapted from United States Environmental Protection Agency [US EPA] 2017)

Source reduction and reuse

|

Recycling/composting

Sound management
enabling CIRCULARITY

Energy recovery

Least preferred €———> Most preferred

disposal

Sound management

population that uses more materials as affluence
increases. At the core of this issue is the need to
assess how to meet fundamental human needs
and protect environment and human health.
Recognizing this can be an important step for
promoting more sustainable consumption and
production and lifestyle choices. The challengeis to
explore and advance a system in which knowledge
and use of green and sustainable chemistry can
serve human needs in a more intentional, and
sustainable way.

Chemistry and the 2030 Sustainable
Development Agenda

The 2030 Agenda for Sustainable Development
was adopted by the United Nations General
Assembly in 2015. The 2030 Agenda emphasizes
that development needs to be compatible with all
three dimensions of sustainability: economic, social
and environmental. Sustainable development
is integrated and indivisible, meaning that it
needs to be implemented as a whole, rather
than through fragmented silos. At the same
time, the recent COVID 19 pandemic is showing
how fragile our global systems are, not least the
supply chains, raising questions on how best to

extend sustainability while maintaining resiliency.
Figure 2.7 illustrates the three dimensions of
sustainable development as three interdependent
systems with the biosphere serving as a foundation
for the development of societies and economies.

The sound management of chemicals and waste is
integral to and cuts across the 17 SDGs, providing
guidance for green and sustainable chemistry
and serving as a universal concept. SDG Targets
12.4 and 3.9 are of direct relevance for a range of
chemicals and waste management issues. Of similar
importance is SDG 9 which fosters development of
resilient infrastructure, inclusive and sustainable
industrialization and innovation to generate
employment and income. Other SDGs require safer
chemistry, such as SDG Target 6.3 on improving
water quality. Finally, some SDGs and targets are
of direct relevance for chemical-intensive sectors,
e.g. access to food, clean energy and safe housing.
Common across all SDGs and targets is that they
cannot be achieved without the sound management
of chemicals and waste and sustainable innovations
in chemistry. These SDGs thus provide a powerful
reference and pave the way for advancing the green
and sustainable chemistry agenda.
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rigure 2.7: The three dimensions of sustainability (adapted from Stockholm Resilience Centre 2016)
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for the Sound Management of Chemicals [IOMC] 2018, p. 3)
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Ensuring that innovations meet
sustainability criteria

Recent innovations in chemistry and advanced
materials have created new opportunities
throughout the value chain to advance
sustainability. These include, for example:
revolutionizing energy storage and battery
development; creating sustainable building
materials; improving the recyclability and
biodegradability of a number of products; or
turning carbon dioxide (CO,) and wastes into
chemical feedstocks and valuable products.
Greener and more sustainable innovation at the

interface of chemistry, biology and computer
science is particularly promising (UNEP 2019b).

In order to ensure that chemistry innovations
are fully compatible with the 2030 Sustainable
Development Agenda, it is essential to develop and
use robust sustainability criteria to assess specific
innovations. Consistently applying such criteria
would help reap the full potential of chemistry
to advance sustainability and contribute towards
the implementation of SDG 12 on sustainable
consumption and production as well as a number
of other SDGs and targets (see Table 2.1).

Selected SDGs and targets relevant for green and sustainable chemistry (UNEP 2019b, p. 644)

Sectors SDG targets
Agriculture and P Target 2.4: sustainable food
food & production
Health iFM Target 3.8: safe medicines
BN and vaccines
Energy Target 7.a: clean energy
research and technologies
Infrastructure T Target 9.1: sustainable
& infrastructures
Industry R Target 9.2: sustainable
industrialization
Housing Target 11.1: safe housing
Transport Target 11.2: sustainable
transport systems
Tourism e Target 8.9: sustainable
ﬁ/i tourism
Mining T Target 12.2: sustainable use
‘@@) ofnatural resources
Labour [ Target 8.8: safe working
ﬁ/i environments
Education IFTMll Target 4.7: education for
!ﬂ sustainable development
Finance =l Target 17.3: financial

resources from multiple
sources

®

Examples of opportunities for management and innovation

Scale up Integrated Pest Management (IPM) and agroecological
approaches, including development and use of non-chemical
alternatives and other beneficial agricultural practices

Sound management of pharmaceuticals and disinfectants that
contribute to antimicrobial resistance

Improve technologies using resource-efficient, sustainable
materials when decarbonizing the energy sector

Reduce raw material use and waste generation via advanced
materials without creating future legacies

Ensure that chemical-intensive industries rely on best available
techniques and best environmental practices

Reduce indoor air pollution through safer insulation and replace
building materials of concern (e.g. asbestos)

Advance clean mobility, for example based on sustainable
chemistry solutions for batteries

Adopt practices to reduce the chemical footprint of tourism
services

While foremost ensuring sound management of mine tailings,
tailings are reused and returned to the economy to the greatest
possible extent possible

Enhance risk assessment of chemicals of concern while
promoting investment in green and sustainable chemistry to
reduce hazardous occupational exposures

Mainstream green and sustainable chemistry into relevant
curricula

Enhance use of green and sustainable chemistry metrics as
criteria in investment
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2.2 The evolving understanding of green

and sustainable chemistry concepts

Green chemistry: an essential building
block for sustainable chemistry

The term “green chemistry” was first used in the
early 1990s. At the time, it gained momentum
after it received recognition and support by
the US EPA (Linthorst 2010) which included
enhancing public-private information exchanges,
encouraging innovations, creating visibility (annual
awards), and building networks to bring innovative
products to commerce. In a similar development
in Europe, considerations compatible with “green
chemistry” were included in the Council Directive
on integrated pollution prevention and control
(European Commission [EC] 1996). The 1993
European Communities Chemistry Council 1993

report on “Chemistry for a Clean World”, as well
as conferences on the concept of Benign by Design
(Linthorst 2010) were also instrumental. Other
related concepts developed at the time include
cleaner production, safer products, and the use of
renewable feedstocks (Clark 2006; Mubofu 2016).

In 1998, Anastas and Warner defined green
chemistry as “the utilization of a set of principles
that reduces or eliminates the use or generation of
hazardous substancesin the design, manufacturing
and application of chemical products” and
elaborated the 12 Principles of Green Chemistry
(Anastas and Warner 1998). In 2003, the 12 Green
Chemistry Principles were complemented by the
12 Principles of Green Engineering (Anastas and

Twelve Principles of Green Chemistry (Anastas and Warner 1998)

=

Prevention: it is better to prevent waste than to treat or clean up waste after it has been created.

2. Atom economy: synthetic methods should be designed to maximize the incorporation of all materials used in the process

into the final product.

3. Less hazardous chemical syntheses: wherever practicable, synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.
4. Designing safer chemicals: chemical products should be designed to affect their desired function while minimizing their

toxicity.

5. Safer solvents and auxiliaries: the use of auxiliary substances (e.g. solvents, separation agents) should be made

unnecessary wherever possible and innocuous when used.

6. Design for energy efficiency: energy requirements of chemical processes should be recognized for their environmental
and economic impacts and should be minimized. if possible, synthetic methods should be conducted at ambient

temperature and pressure.

7. Use of renewable feedstocks: a raw material or feedstock should be renewable rather than depleting whenever

technically and economically practicable.

8. Reduce derivatives: unnecessary derivatisation (use of blocking groups, protection/deprotection, temporary modification
of physical/chemical processes) should be minimized or avoided if possible, because such steps require additional

reagents and can generate waste.

9. Catalysis: catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

10. Design for degradation: chemical products should be designed so that at the end of their function they break down into
innocuous degradation products and do not persist in the environment.

11. Real-time analysis for pollution prevention: analytical methodologies need to be further developed to allow for real-time,
in-process monitoring and control prior to the formation of hazardous substances.

12. Inherently safer chemistry for accident prevention: substances and the form of a substance used in a chemical process
should be chosen to minimize the potential for chemical accidents, including releases, explosions, and fires.



Zimmerman 2003). The American Chemical Society
(ACS) provides a short explanation of each of the 12
Green Chemistry principles as well as guidance for
making a greener chemical or reaction ACS 2020a).
Meanwhile, many countries around the world have
engaged the creation of green chemistry networks
and adopted green chemistry policy statements.

Chemistry: the molecular basis for
sustainable development

Chemists are “molecular architects”. They design
molecules that provide the basis for materials
and goods to meet human needs and demands. A
sustainable society, however, depends on chemical
products and processes designed to be “conducive
to life” (Zimmerman et al. 2020), and not posing a
potential threat to short- and long-term health of
humans and ecosystems. The 12 green chemistry
principles and 12 green engineering principles,
therefore, challenge chemists and otherscientists to
consider inherent properties of chemical molecules
at the design stage. The term “design” suggests
that this task is purposeful and intentional (Anastas
and Zimmerman 2016). It helps to assess early in the
design “whether compounds and processes are, for
example, depleting versus renewable, toxic versus
benign, and persistent versus readily degradable”
(Zimmerman et al. 2020).

An important aspect of green chemistry is the
design of more benign chemicals and processes
that mimic nature, and take place under conditions
found in nature, i.e. not requiring heat and high
pressure to catalyse reactions. For example, in

contrast to substitution reactions with reactive
organo-halides traditionally used in in industrial
chemistry, nature often uses “geometric
contortion” to cause reactivity on otherwise
unreactive substrates with specificity, selectivity,
and with little or no waste generation (Anastas
and Zimmerman 2016). Table 2.2 provides some
illustrations on how green chemistry approaches
help move from traditional to green and biomimetic
chemistry technologies.

Researchin line with the green chemistry principles
has enabled a wide range of developments in
the fields of less-toxic design of chemicals and
formulations, bio-based chemicals, renewable
feedstocks, safer/less toxic solvents and reagents,
atom economy, green polymers and other areas
(Anastas and Warner 1998; Philp, Ritchie and Allan
2013). Some 25 years following the publication
of the 12 Green Chemistry Principles, numerous
scientific articles and reviews document how
green chemistry enhances environmental health
and safety (EHS) and provides economic and
competitive advantages. These include, for
example, the special ACSjournalissue on “Building
on 25 Years of Green Chemistry and Engineering
for a Sustainable Future (Anastas and Allen 2016),
the ACS publication “How Industrial Applications
in Green Chemistry Are Changing Our World”
(ACS 2015a), or various publication of the Green
Chemistry & Commerce Council (n.d.).

While the 12 Principles of Green Chemistry are
informative and precise, they do not intend
to be prescriptive, nor do they have a strict
order/weight toward Ffulfilment. Accordingly,

From traditional to green and biomimetic chemistry technologies (van Hamelen 2018, p. 6)

Traditional

» "Heat, beat, treat”: chemical reactions
under high temperature, high pressure
and chemical treatment

» Organic solvents

» Fossil feedstock and fossil energy

» High purity of feedstock is imperative

» Use of the entire periodic system

» Resources sourced globally

» Controlling risk by taking safety
precautions

Green and biomimetic

» Chemical reactions take place at room temperature and pressure

» Water as solvent

» Low-energy chemical reactions

» Local feedstocks, diverse sources

» Degradation is part of design: “timed degradation” of “triggered instability”
(John Warner), “Nature’s disassembly processes” (Janine Benyus)

» Functionality is created by the structure, not the material itself

» Living systems only utilize 25 elements; carbon, oxygen, hydrogen and
nitrogen make up 96 percent of atoms in living systems; other elements are
used in trace amounts

» Controlling risk by adopting the inherent properties of the materials
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an agreement on how many of these principles
must be fulfilled for a molecule or process to be
qualified as “green” does not exist (Zuin 2016).
Greener is the intention, and the principles are to
be used a means toward the ends. Essentially, the
green chemistry narrative encourages continuous
performance improvements in innovation to
protect human health and the environment, with
the 12 Principles serving as a practical reference.
It has created a flexible framework toward
commitment to actions, and a learning process
around these commitments. Using and complying
with the 12 principles is a potent motivating factor
for chemistry researchers and chemical enterprises
alike by creating opportunities for reward. It is this
approach of encouragement and flexibility which

is one of the key factors for the global success of
the green chemistry concept.

A broader and holistic perspective:
sustainable chemistry

The notion of sustainable chemistry was advanced
by the OECD in the late 1990s (OECD 2012) and
early 2000s (German Environment Agency 2009).
The OECD defined sustainable chemistry as “a
scientific concept that seeks to improve the
efficiency with which natural resources are used
to meet human needs for chemical products
and services” (OECD 2018). According to this
perspective, sustainable chemistry encompasses

rigure 2.9: The Periodic Table of the Elements of Green and Sustainable Chemistry (Anastas and

Zimmermann 2019, p. 6546)
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2 Chemistry and sustainable development: challenges and opportunities

“the design, manufacture and use of efficient,
effective, safe and more environmentally benign
chemical products and processes. It stimulates
innovation across all sectors in order to design
and discover new chemicals, production processes
and product stewardship practices that provide
increased performance and greater value, while
meeting the goals of protecting and enhancing
human health and the environment”. This scope
has been enlarged over time by “additional
aspects of sustainability, for example full life-cycle
assessment, conservation of resources, promotion
of reuse and recycling, application of corporate
social responsibility (CSR), [and] inclusion of
downstream users such as consumers” (Bazzanella,
Friege and Zeschmar-Lahl 2017).

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 interpretation that takes into account
economic, environmental and social dimensions.
Recognizing the interdependence of nested
systems (i.e. economy within society within the
biosphere) sustainable chemistry covers a broader
set of topics. These include, for example: advanced
manufacturing, safe working conditions, local
communities and human rights, consumption and
disposal patterns, citizens and ethics, and new
business and service models (Blum et al. 2017;
Kimmerer 2017). Ensuring that chemicals are

Catalysis Degradation and

Enzymes

Earth abundant
metal catalysis

Conceptual  Economic and
frameworks  market forces

Measurement

awareness

Ht

Enabling systems conditions

Noble goals

Policies and

. Tools
regulations

Metrics

Heterogeneous
catalysis

Homogenous
catalysis
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managed in a sound manner is a fundamental
condition for sustainable chemistry.

As highlighted in GCO-Il, a recent study by the
United States Government Accountability Office
(US GAO) on chemistry innovation identified
common themes on “what sustainable chemistry
strives to achieve,” including the following:

~ improve the efficiency with which natural
resources [...] are used to meet human
needs for chemical products, while avoiding
environmental harm;

“ reduce or eliminate the use or generation of
hazardous substances [...];

“ protect and benefit the economy, people and
the environment using innovative chemical
transformations;

~ consider all life cycle stages, including
manufacture, use and disposal [...] when
evaluating the environmental impact of a
product; and

~ minimize the use of non-renewable resources”
(US GAO 2018).

The recently developed “Periodic Table of the
Elements of Green and Sustainable Chemistry”
(Anastas and Zimmerman 2019) stands on the
shoulders of green chemistry and places it into a
broader sustainable chemistry and sustainability
context. In the Periodic Table, green chemistry
and green engineering provide the scientific
and technological foundations of the Green and
Sustainable Chemistry Elements of the Table.
These are complemented by other Elements,
such as humanitarian aims, enabling system
conditions, or noble goals. The approach taken
through the Periodic Table makes the case that
achieving a sustainable future requires work at
the intersection of science and technology with
the human, societal, cultural, economic, policy,
cultural, moral, and ethical ecosystem (Anastas
and Zimmerman 2019).

Another recent initiative which seeks to facilitate
an understanding of sustainable chemistry is the
International Sustainable Chemistry Collaborative

Centre (ISC3) stakeholder dialogue process. It
has brought together different perspectives,
expectations and criteria discussed in the context
of sustainable chemistry and is compatible with a
holisticinterpretation of the sustainability concept
(ISC3 2020a).

Opportunities for green and sustainable
chemistry to advance circularity

In 2020, the weight of human-made materials on
earth was estimated to exceed for the first time
the earth’s entire biomass (Elhacham et al. 2020).
Coupled with an increasing scarcity of natural
resources (e.g. metals), the quest for advancing
towards circularity is growing.

Circularity is presented by UNEP, in its circularity
platform, as inclusive of the processes described
in Figure 2.10.

Yet, many materials are complex, and difficult
to recover and recycle. Plastics, for example,
often contain additives (e.g. plasticizers), flame
retardants, coloring agents or ultraviolet-light
stabilizers that can be hazardous and difficult to
separate (Kimmerer, Clark and Zuin 2020).

Green and sustainable chemistry innovation can
play an important role in advancing a circular
economy. It stimulates design of molecules,
materials and products that can be more easily
recycled and up-cycled than those currently on
the market. This can be achieved, for example by
eliminating chemicals of concern in products that
currently prevent sound recovery and recycling
(UNEP 2019b). For products that are intentionally
released to the environment and have open-
environmental applications (e.g. pesticides,
cosmetics, biocides, or pharmaceuticals) green and
sustainable chemistry innovation could help design
molecules and materials that rapidly mineralize in
the environment, while retaining desired functions
(Kidmmerer, Clark and Zuin 2020).

To nurture the integration of chemistry into
a circular economy, Kiimmerer, Clark and Zuin
(2020) make 15 specific propositions. They
include, amongst others: keeping molecular and
product complexity to the minimum required for



Understanding and visualizing Circularity (UNEP 2019¢)

Linear economy model

Production

Remanufacture
Business User to
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Extraction
Recycle Repurpose Reuse
K Reduce
End of use Use

the desired performance; designing products
for recycling, including all additives and other
components of the product; preventing raw
materials from becoming critical through reduced
use and efficient recovery and recycling (e.g.,
many metals); ensuring traceability and consider
use of product digital passports (e.g., composition
of products, components, and processes); and
keeping processes as simple as possible with a
minimal number of steps, auxiliaries, energy,
and unit operations. These propositions are fully
compatible with and support the 10 green and
sustainable chemistry objectives presented in
Chapter 3.

Towards an expanded definition of
performance in the chemical industry

Momentum is growing to stimulate a
transformation in the chemical industry that Fully
embraces what Zimmerman et al. (2020) refer
to as an “expanded definition of performance
that includes sustainability considerations”
(Figure 2.11). This expanded notion starts with

( Refuse\

considering inherent properties of molecules, to
ensuring that compounds, processes and products
meet up to high sustainability standards. This
transformation will require innovation beyond
traditional chemistry innovation approaches and
bring in “systems thinking and systems design
that begins at the molecular level and results in a
positive impact on the global scale” (Zimmerman
etal 2020).

The potential of green and sustainable
chemistry For future industry sectors

The contribution of chemistry to many end
markets of relevance for shaping the future of
development and sustainable development is
significant. Examples include the transportation
industry, the construction industry, food and
packaging, and waste management. Figure 2.12
provides selected examples on how chemistry
contributes to industries that play a role in
sustainable development in the fFuture. Applying
green and sustainable chemistry considerations in
relevant innovations is essential.
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Characteristics of today’s and tomorrow’s chemical sector (Zimmerman et al. 2020)

Today's
chemical
sector
Resource . .
! Production Use End of life
generation | | |
N\ 1
I ? |
Fossil 1
resources |
A
Renewable ™-__| | andfill incineration, environment
resources

Mostly linear processes
Fossil feedstocks

Reactive, persistent, or toxic chemical reagents and products
Catalysis using rare metals

Covalent bonds

Conventional solvents

Material- and energy-consuming isolation and purification
Large “waste” volume
“Waste” treatment

Design exclusively for use phase with reliance
on circumstantial control

Performance = maximize function

Maximum chemical production for increased profit

The market potential for green
and sustainable chemistry

Although differences exist in the characterization
of greenand sustainable chemistry, available -albeit
limited - data suggests that supply and demand for
greener and more sustainable chemistry product is
significantly growing. The global green chemistry
industry was reported to have a market value

VELLLL LD

Tomorrow’s

chemical
sector

By-products “waste design’

Production

Resource

generation
Renewable
resources

End of life

“Waste” as
resource

Circular processes
Renewable feedstocks
Benign chemical reagents and products

Catalysis using abundant metals, enzymes, photons,
or electrons

Weak, noncovalent interactions

Low toxicity, recyclable, inert, abundant, easily separable
green solvents or solventless

Self-separating systems
Atom-, step-, and solvent-economical processes

“Waste" utilization
Intentional molecule design for full life cycle

Performance = maximize function + minimize hazards

Maximum performance with minimal benign material use
for increased profit

of more than US dollars 50 billion in 2015 (BCC
Research 2016) and projected to grow to US dollars
167.1 billion by 2027 (ReportLinker 2020). Asia and
the Pacific, Western Europe and North America
are the key market growth regions (Pike Research
2011) (Figure 2.13). More recent research suggests
that the global green chemicals market size will
grow by almost USD 50 billion during 2019-2023
at a CAGR close to 10% (Business Wire 2019).
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rigure 2.12: Examples of how chemistry contributes to industries expected to play important roles in
the future (adapted from World Economic Forum [WEF] 2017, p. 7)

Electric vehicles

Projected growth rates
for key innovations

Annual sales of electric vehicles
2020: US dollars 4.9 million

Examples of relevant products from
chemistry and advanced materials

Plastics, composites and battery
technologies

Mobility
Market size for drones™ Plastics, composites and batter
Drones 2015: US dollars 10.1 billion technolc‘) ias P y
2020: US dollars 14.9 billion g
Smartphones Mob||.e devices in use - Substrate, backplane, transparent
and tablets 2015: US dollars 8.6 billion conductor, barrier films and photoresists
2020: US dollars 12.1 billion ’
Mobile and
smart devices
Flexible displays Market for AMOLED** displays

(e.g. wearable devices,
virtual reality, TVs)

2016: US dollars 2 hillion
2020: US dollars 18 billion

Substrate, backplane, transparent
conductor, barrier films and photoresists

High-speed internet

S,

pe
U
-9

Connectivity
and computing

¢ More efficient and smaller
integrated circuits

Fixed broadband speed
2015: 24.7 Mbps
2020: 47.7 Mbps

Processor logic gate length
2015: 14 mm
2020: 7 mm

Chlorosilane for ultrapure glass

Dielectrics, colloidal silica, photoresists,
yield enhancers and edge bead removers

rigure 2.13: Global green chemicals market by region (US dollars billion), 2011-2020 (Pike Research

2011)
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A vision for green and sustainable

chemistry

This Framework Manual fosters a vision of green and sustainable
chemistry which emphasizes the potential of chemistry to
become fully compatible with the 2030 Agenda for Sustainable
Development. In other words, chemistry and the global
chemical industry must ultimately become Ffully aligned
with the environmental, social and economic dimensions of
sustainable development. The vision covers both greener and
more sustainable chemistry innovations, while also addressing
toxic and persistent legacies associated with past chemistries in
order to minimize adverse impacts across the entire life-cycle of
chemicals and products.

Alarge number of SDGs can benefit from the direct contributions
of green and sustainable chemistry, including: zero hunger
(SDG 2), good health and well-being (SGDG 3), clean water
and sanitation (SDG 6), affordable and clean energy (SDG 7),
sustainable consumption and production (SDG 12), and climate
action (SDG 13). By reducing and/or eliminating chemical hazards,
associated health and environmental impacts and pollution,
green and sustainable chemistry also contribute to other SDGs,
such as decent working conditions, and economic growth (SDG 8),
innovation and infrastructure (SDG 9), life below water (SDG 14),
and life on land (SDG 15).

Objectives and guiding considerations

The vision of green and sustainable chemistry can
be achieved through new designs and innovations
in chemistry that provide desirable functions
and services of chemicals, materials, products,
and production processes without causing
harm to human health and the environment,
while meeting broader development objectives.
“Chemistry innovation”, in this context, includes
innovation in chemistry (i.e. new molecules/
chemical compounds), innovations in chemical
engineering sciences (i.e. chemical processes and
sustainable production), as well as in related areas
(e.g. product development).

Apart from the 12 Principles of Green Chemistry
and the 12 Principles of Green Engineering, a
reference framework that helps better understand
what comprises “green and sustainable chemistry”
does not exist. Nor does an agreed set of criteria
exist to determine how “green” or “sustainable” a
chemical or an industrial process is (UNEP 2019b).

This Framework Manual aims to foster an
enhanced understanding, by presenting 10
objectives and guiding considerations for what
green and sustainable chemistry seeks to achieve
Figure 3.1. The objectives encourage and seek to
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inspire actors to shift their chemistry innovations
activities towards green and sustainable
innovation. They are offered to stakeholders
engaged in chemistry innovation, management,
and policy development. These include, but are not
limited to: chemists, chemical engineers, product
designers, decision makers in the private sector,

government and other stakeholder groups, as
well as users and consumers. Figure 3.2 presents
stakeholder and target audiences of green and
sustainable chemistry in the value chain, building
upon a similar mapping of the plastics value chain
displayed in Ryberg, Laurent and Hauschild (2018).

rigure 3.1: The 10 green and sustainable chemistry objectives

Design of chemicals with
minimized (or no) hazard
properties for use in materials,
products and production
processes (“benign by design”)

chemical

Use of sustainably sourced
resources, materials and
feedstocks without creating
negative trade-offs

resources and

Use green and sustainable
chemistry innovation to create
sustainable products and
consumption with minimized
(or no) chemical hazard
potential

Use of chemistry innovations
to enable non-toxic circular
material flows and
sustainable supply and
value chains throughout
the life cycle

Safeguard the health of
workers, consumers and
vulnerable groups in formal
and informal sectors

Minimizing

hazards

Sustainable
sourcing of

feedstocks
Advancing

Advancing
sustainability
of products

Minimizing

Enabling
non-toxic
circularity

Protecting
workers,
consumers and
vulnerable
populations

Avoiding Develop safe and sustainable
regrettable alternatives for chemicals of
substitutions concern through material and
and product innovations that do not

alternatives create negative trade-offs

Use green and sustainable
chemistry innovation to
improve resource efficiency,
pollution prevention, and
waste minimization in industrial
processes

sustainability
of production
processes

Reduce chemical releases
throughout the life cycle
of chemicals and products

chemical
releases and
pollution

Consider social factors,
high standards of ethics,
education and justice in

chemistry innovation

Maximizing
social benefits

Developing

: Focus chemistry innovation
solutions for

to help address societal and
sustainability challenges

sustainability
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rigure 3.2: Stakeholder and targets audiences of green and sustainable chemistry in the value chain
(Adapted from Ryberg, Laurent and Hauschild 2018, p.10)
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A deeper look at the 10 green and
sustainable chemistry objectives

The following sections introduce each of the 10
objectives and guiding considerations. They range
from molecular design based on green chemistry
principles, to ensuring that chemistry innovations
address societal needs. For each objective, an
explanatory line is offered, target groups for which
the objective is relevant are mentioned, and a brief
description of what it seeks to achieve is provided.
While the objectives are distinct, some overlaps
may occur, given the complexity and broad nature
of the topic. Given the cross-cutting role of
government decision makers in creating policies
and an enabling environment, all 10 objectives and
guiding considerations are relevant for this group.

Design of chemicals with
minimized (or no) hazard
properties for use in
materials, products and
production processes
(“benign by design”)

Minimizing
chemical
hazards

The first objective is directly relevant for chemists,
chemical engineers, as well as material and product
designers engaged in chemistry and chemical
engineering innovation. It encourages the design
and use of chemical molecules (or groups of
molecules) with minimized (or no) human health
and environment hazard properties , e.g. toxicity,
persistence, mobility, etc. “Designing out hazards”
helps create safer and sustainable materials,
products and production processes, facilitates
reuse and recycling; and addresses downstream
challenges up front. This meets growing
consumers’ demand, strengthens competitiveness,
and helps comply with regulatory frameworks,
reuse, recycle, and safe disposal included. When
determining chemical hazards, non-animal testing
methods should be used whenever possible.

Develop safe and sustainable
alternatives for chemicals
of concern through
material and product
innovations that do not
create negative trade-offs

Avoiding
regrettable
substitutions
and
alternatives

The second objective addresses material and
productdesigners,aswellaschemists.ltencourages
chemistry, material and/or product innovation
to develop and apply alternatives for chemicals
(or groups of chemicals) which currently cause
concern for human health and the environment.
The benchmark is to design and introduce
alternatives that do not cause negative impacts,
nor compromise other development objectives
(e.g. mitigating climate change). Otherwise, they
might be regrettable substitutions. Alternatives
may provide desired functions through non-
chemical approaches. Achieving the objective
is Facilitated through multi-disciplinary teams
including manufacturers, regulators, and health
and safety experts, and by using alternatives
assessment to evaluate potential trade-offs.

Sustainable
sourcing of
resources
and
feedstocks

Use of sustainably sourced
resources, materials

and feedstocks without
creating negative trade-
offs

The third objective is relevant for stakeholders in
mining, processing, farming, as well as chemists,
engineers, and supply chain managers and
engineers in the chemical industry. It encourages
the use of sustainable and renewable resources,
materials and feedstocks in the business of
chemistry, including recycled chemical feedstock,
as well as bio-based feedstocks, if broader
sustainability criteria can be met. It also seeks to
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advance the sustainable use of rare resources,
such as certain metals. For bio-based feedstocks,
recognising the need for agricultural land to

produce food, and limiting destructive impacts of

feedstock on forests and ecosystems are among
the sustainability criteria to be taken into account.

Use green and sustainable

chemistry innovation

to improve resource
efficiency, pollution
prevention, and waste

minimization in industrial

processes

Advancing
sustainability
of production

processes

The fourth objective is relevant for chemists,
chemical and industrial engineers, as well as waste
management experts engaged in developing
chemistry and chemical engineering solutions
that can improve industrial production processes
and encourage pollution prevention, as well as
reuse and recycling of materials. It encourages
chemistry innovation to enhance resource
efficiency, minimize industrial waste, and foster
reuse and recycling of chemicals and materials
during production processes. This can be achieved
through sustainable management of resources
and cleaner production.

Use green and sustainable

chemistry innovation

to create sustainable
products and
consumption with

minimized (or no) chemical

hazard potential

Advancing
sustainability
of products

The fifth objective is relevant for brand managers,
product and material designers, chemists and
chemical engineers engaged in product design and
production. It encourages chemistry innovations
to design and produce sustainable products which
are non-toxic and safe, have longevity (i.e. duration
of shelf and service-life, repairability), and can be
reused or recycled within a circular economy. This
isanimportant dimension of advancing sustainable
consumption.

Reduce chemical releases
throughout the life cycle
of chemicals and

products

Minimizing
chemical
releases and

pollution

The sixth objective is relevant for production
managers, chemical engineers and chemists
engaged in industrial processes and product
development, as well as other stakeholders
across the product life cycle including the waste
sector. It encourages chemistry innovations to
minimize intended and un-intended releases of
chemicals to indoor and outdoor environments
during manufacturing processes, use of
products, and disposal. This can be achieved, for
example by creating new designs that minimize
or eliminate hazardous chemicals in products;
maximizing the use of closed production systems;
ensuring reuse and recycle of materials; using
life cycle assessments; and through information
transparency. Communicating among stakeholders
across the value chain is critical to achieve this
objective.

Use of chemistry innovations
to enable non-toxic circular
material flows and
sustainable supply and
value chains throughout
the life cycle

I EL T
non-toxic
circularity

The seventh objective is relevant Ffor all
stakeholders. This includes citizens, consumers,
decisions makers, investors, as well as scientists
and innovators engaged in and concerned with
product development and industrial processes.
It encourages green and sustainable chemistry
innovation to foster sustainable material
management, including maintaining value of
materials during the life cycle of a product. It goes
beyond minimising releases into the environment
by encouraging elimination of toxic compounds
in products to allow re-use and recycling, thus
minimizing waste.



3 What can green and sustainable chemistry action achieve? Objectives and guiding considerations

Consider social factors,
high standards of ethics,
education and justice in

chemistry innovation

Maximizing
social
benefits

The eighth objective is relevant for all stakeholders,
including citizens, consumers, policy makers,
managers and scientists engaged in the sound
management of chemicals and waste. It recognizes
the benefits of chemical products and processes,
while recognizing that such benefits are often not
distributed equally. It encourages that chemistry
innovation be fully compatible with broader
social sustainability objectives, including, but not
limited to ethics, education, and socio-economic-
justice. Specific considerationsinclude, but are not
limited to: protecting workers and disadvantaged
communities; making products of sustainable
chemistry accessible to everyone; challenging
financial and technical support so that every
country and entrepreneur can succeed; fostering
education that address disproportionate impacts;
and ensuring that everyone can enjoy the benefits
of sustainable chemistry.

Protecting
workers,
consumers
and
vulnerable
populations

Safeguard the health of
workers, consumers
and vulnerable groups
in formal and informal
sectors

The ninth objective is relevant for all stakeholders,
including citizens, consumers, workers, policy
makers, managers and scientists engaged in the
sound management of chemicals and waste. It
emphasizes that green and sustainable chemistry
must go hand-in-hand with broader management
and protection measures to ensure the sound
management of chemicals and waste, such as
implementation of the Globally Harmonized System
for Classification and Labelling of Chemicals (GHS). It
recognises that workers, marginalized communities
and consumers are among the most affected by
environmental pollution and should be explicitly
considered when advancing green and sustainable

chemistry priorities and solutions (Alcantar et al.
2017). It also encourages access to knowledge,
education, and participation (citizens, consumers,
public and private) to protect human health and the
environment from hazardous chemicals.

Developing
solutions for
sustainability

challenges

Focus chemistry innovation
to help address societal
and sustainability

challenges

The tenth objective is relevant for all managers
and scientists engaged in a broader dialogue in
society about the role of the chemical industry in
meeting societal needs, while strengthening and
fostering sustainable development. It encourages
to engage, prioritize, and create certainty to focus
chemistry innovation on developing solutions
that address sustainability challenges, including,
but not limited to food security, human wellbeing,
climate change, biodiversity, pollution, and supply
chain resiliency (locally and globally). It also
encourages consideration of broader drivers,
such as the impact of software development on
increasing electric waste, or the sustainability
impacts of short innovation cycles in the textile
industry (fast fashion).

Determinants For effective
implementation

The implementation of the 10 objectives and
guiding considerations for green and sustainable
chemistry will require fundamental shifts in
raising awareness, creating new knowledge, and
innovation practices. The following chapter 4
introduces technology and innovation areas
and topics considered particularly important
in advancing green and sustainable chemistry.
Chapters 5, 6 and 7 introduce relevant enabling
tools, measures and metrics, and chapter 8 calls for
scaling-up action by all stakeholder. The important
cross-cutting topic of education and learning to
advance green and sustainable chemistry will be
further covered in a specialized manual which is
also set to be published this year.
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4.1 Elements of a research and innovation
framework For green and sustainable

chemistry

A growing number of international scientific journals and
conferences are featuring research topics and innovation
initiatives under the green and sustainable chemistry heading.
While these efforts provide arich set of topics, a global framework
which structures green and sustainable chemistry research and
innovation topics does not exist. This chapter aims to contribute
to this discussion by introducing chemistry and technology
topics which are considered relevant for advancing green and
sustainable chemistry innovation. It thereby seeks to inform the
development of an international research agenda for green and
sustainable chemistry.

The topics featured in this chapter have been identified following
a review of green and sustainable chemistry publications (e.g.
Bazzanella, Friege and Zeschmar-Lahl 2017; Zimmerman et al.
2020) as well as conference agendas that use the green and
sustainable chemistry narrative. The latter include, for example,
the ACS Green Chemistry Engineering Conference series (ACS
2020b), or the annual Elsevier Green & Sustainable Chemistry
Conference (Elsevier 2020a). The topics range from developing
more benign molecules for selected chemicals (or chemical
groups causing concern), to using chemistry innovations to
improve resource efficiency in production processes. A number
of these topics and chemicals of concern are addressed through
global conventions, such as the Stockholm Convention or the
Basel Convention. The chapter also features the energy sector
as one (of many possible) examples how green and sustainable
chemistry innovation may contribute to sustainable development
at the sectoral level.

The topics and examples featured have not been assessed from
a sustainability perspective. In order to determine if they are
“greener” and/or “more sustainable” than current practices, a
life cycle assessment and social assessment may be needed that
clarifies assumptions, estimates emissions, and assesses impacts.
Furthermore, qualitative assessments may be valuable to spot
potential trade-offs. For example, a biodegradable plastic does
not necessarily advance sustainability, unless conditions are
in place to ensure that it degrades fully (e.g. in an industrial
composting plant). Achieving zero trade-offs or impacts is, in
any case a challenge and unlikely. Further details of life cycle
assessment are provided in chapter 5 and in GCO-II.
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4.2 Biobased and renewable chemical

fFeedstocks

Biobased Feedstocks

For more than a century, the chemical industry
has used fossil resources (mainly oil, coal and
gas) to produce basic chemicals such as ammonia,
methanol, ethylene, and propylene. These
chemicals provide the platform for a wide range
of other chemicals, materials and products in the
chemical industry value chain. Given the depletion
(and ultimate scarcity) of fossil resources, their
contribution to greenhouse gas emissions,
and uncertainties in global supply chains,
opportunities are being explored to use new bio-
based sources for producing chemical feedstocks.
This is consistent with the 7th principle of green

chemistry which postulates that “a raw material
or feedstock should be renewable rather than
depleting whenever technically and economically
practicable” (Anastas and Warner 1998).

Biomass is derived from living organisms,
usually plants. Biorefinery technologies have
the potential to yield a range of basic chemicals
traditionally produced through energy intensive
and polluting petrochemical refinery technology
(Kohli, Prajapati and Sharma 2019). Examples
include biofuels, chemical building blocks, bio-
ethylene and bio-propylene (as a replacement
of fossil-derived ethylene and propylene), or
biodegradable polymers. Biomass may therefore

Biomass and bio-based feedstocks are not necessarily more sustainable

Using biomass and renewable feedstocks in the chemical industry has some promise, but raises important sustainability

questions and concerns at the same time.

One important consideration is the sourcing of biomass. For example, using biomass that results from clearing of forests
for plantations and/or from land occupation may lead to destruction of habitats, emission of greenhouse gases and erosion
of arable lands with negative impacts on communities. Similarly, the use of pesticides and fertilizers in producing biomass
through industrial agriculture may cause adverse human health and environmental impacts.

Sourcing biomass and feedstocks in a sustainable way is therefore essential. Microalgae-based biomass can, for example,
be grown on nonarable land, helping to reverse desertification, and converting CO, into feedstocks through photosynthesis
(Karan et al. 2019). Using agricultural waste, rather than crops as biomass, may, under certain conditions advance resource

efficiency and circularity.

A second consideration is the nature of chemicals, materials and products produced with biomass. While biorefineries
reduce energy needs, need for fossil resources and emission of certain hazardous chemicals, the chemicals produced (e.g.
ammonia) may be the same as those produced through petrochemical processes. These chemicals then have the same
hazard potential and the products they help to produce as intermediates are not more benign.

In the case of bioplastics, for example, a recent study has found that most bioplastics and plant-based materials contain
toxic chemicals, and that bio-based/biodegradable materials and conventional plastics are similarly toxic (Zimmermann et al.
2020). A case in point is the development of PVC from a hio-based feedstock, which does not address potential problems of

dioxin formation during unsound PVC disposal.

In summary, replacing the fossil feedstocks with feedstocks from renewable sources does not necessarily advance
sustainability. It is therefore important to consider pros and cons of using various feedstock sources and chemistry
processes. Life cycle approaches may provide valuable guidance for such assessments.
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Biobased Value Chain (Wageningen University & Research [WUR] n.d a)
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Carbon dioxide as resource and feedstock

Several pathways exist to utilize CO,, a potent
greenhouse gas, as a resource. These include the
conversion of CO, into fuels, the use of CO, as a
feedstock for the chemical industry, and non-
conversion uses of CO, (International Energy
Agency [IEA] 2019). These technologies have the
potential to absorb CO, from the atmosphere,
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and thus may help mitigate climate change.
However, since they require significant amounts
of energy, using renewable energy is essential to
meet sustainability criteria. Figure 4.2 provides an
overview of opportunities to use carbon dioxide as
aresource and feedstock in the chemical industry.
While some of the technologies are at the stage of
basic research, others have already matured, but
have not yet achieved commercial breakthrough.

Asaresource to produce fuel, CO, can be converted
via chemical and electrochemical processes to
other energy storage chemicals. Such gasesinclude
syngas, formic acid, methane, ethylene, methanol,
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or dimethyl ether (DME). Since significant amounts
of energy are needed for this type of conversion,
use of renewable energy in these processes is
particularly essential.

As a feedstock chemical, CO, has the potential to
replace a range of fossil feedstock in producing
basic chemicals that are used to produce
commodity chemicals. Other feedstock uses of
CO, include insertion of CO, into epoxides for
manufacturing polymeric materials or converting
CO, into inorganic minerals for building materials.
This stores CO, in the product. As for CO,
conversion to fuel, it isimportant to use renewable
energy sources.

Non-conversion usage of CO, does not involve
chemical reactions to convert CO, to other
chemicals. Examples include injection of
supercritical (fluid) CO, into oil wells to enhance
the recovery of oil, or recuperation of methane
from unmined coal seams. Supercritical CO, can
also be used as a solvent in processing chemicals
(e.g., flavour extraction) and is being explored
as a heat transfer fluid for certain geothermal
applications. Again, recognising energy needs and
implications associated with supercritical (fluid)
CO, is important.

Overview of chemicals derived from Carbon Dioxide (Styring et al. 2012, p. 11)
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4.3 Chemical innovation opportunities

Plastics

Plastics are organic polymers, which include
a wide range of synthetic or semi-synthetic
materials used in applications such as clothes,
cars, toys, televisions, computers, etc. They are

commonly derived from crude oil, coal, or natural
gas. However, significant amounts of plastics are
disposed into the environment and accumulate
in ecosystems, including in freshwater systems
and oceans. Furthermore, chemicals are added to
plastics as additives, such as plasticizers, some of

Overview of biopolymers and their natural origin (Bocqué et al. 2015, p. 15)
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which cause concern (see below) and may hinder
recycling.

Bioplastics are plastics materials produced from
renewable biomass sources, including agricultural
and food waste. Sourcesinclude cereals (e.g. wheat,
corn, straws), other plants (cotton, woodchips,
sawdust, algae, etc) or animal biomass. Currently
produced bio-based plastics include plastics
based on starch, polyhydroxyalkanoates (PHAS),
polylactic acid (PLA), cellulose, or protein-based

polymers (Karan et al. 2019). Polylactic Acid (PLA),
for example, is a biodegradable, thermoplastic,
aliphatic polyester derived from sugar through
fermentation which can replace polyethylene in
several applications, including packaging.

Bioplastics include both nondegradable and
biodegradable plastics, with both having a
potential role in advancing sustainability, if certain
conditions are met. Nondegradable bioplastics can,
forexample, playaroleinsustainableinfrastructure
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development (e.g., sewer piping, building, roofing
materials, road surfaces, etc.) and serve as long-
term carbon sinks. An important sustainability
condition is that when these materials reach end
of life, sound recycling is ensured (which is often
not the case).

Degradable bioplastics are sometimes used for
products that have a short-to-medium shelf life,
and their durability can be tailored to the product

purpose (Karan etal.2019). However, unless specific
and proper conditions for biodegradation are met
(e.g.ina composting plant), biodegradable plastics
do not advance sustainability either. An example
is biodegradable plastics ending up in the marine
environment where they do not degrade rapidly.
A thorough discussion of this issue is featured
in the UNEP publication, Biodegradable Plastics
and Marine Litter: Misconceptions, concerns and
impacts on marine environments (Kershaw 2015).

Overview of biopolymers and their natural origin (Bocqué et al. 2015, p. 21)
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Plasticizers

Plasticizers are chemicals added to plastics to
enhance flexibility of polymer blends and improve
their processability. Many plasticizers typically do
not have covalent bonds with the polymers and
therefore may leach, resulting in potential human
exposure and environmental contamination
(Jamarani et al. 2018). An example are certain
plasticizers created from phthalate esters, which

can leach from products during use and are
considered to be of concern due to the potential for
adverse health effects (e.g. endocrine disruption).
Their ubiquity in the environment is an additional
source of concern (Benjamin et al. 2017).

Innovations to advance sustainability of
plasticizers include the design of plasticizers with
low migration rates, low volatility, no adverse
health effects, and biodegradability. Alkyl diol
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dibenzoate compounds, for example, provide many
of the functions of DEHP (diethylhexyl phthalate) a
plasticizer of concern. According to Erythropel et
al. (2018), they degrade rapidly in soil and have a
low toxicity profile.

Like other functional molecules, bio-based
plasticizers can be derived from agricultural
resources, such as cereals, oleaginous plants,
trees, fruits, and vegetables or their wastes.
From a chemistry perspective, these resources
provide suitable structures (polyol and polyester),
functionality (di-, tri-, tetra-, and pentafunctional
molecules) and molecular weight (molecular,
oligomer, and polymer) (Bocque et. al 2015).
However, despite the potential of bio-based
plasticizers, their cost, availability, toxicity and
impact need to be further researched (Harmon and
Otter 2017). Since bio-based does not necessarily
mean non-toxic, generating more complete
knowledge would provide a better understanding
about potential sustainability opportunities and
trade-offs.

Solvents

Solvents act to dissolve a solid, liquid, or gaseous
solute. While water is the most well-known solvent,
many solvents are organic chemicals, including
alcohols and glycols, DMSO, (di)ethyl ether,
hexane, tetrachloroethane, toluene, or xylene.
They are used, for example, as stripping agents,
in extraction processes, as degreasing agents, or
as additives and diluents. Many organic solvents
have hazardous properties and are released
to the environment in significant quantities.
Depending on the nature of the solvent, possible
health effects may include irritation of the skin,
eyes and lungs, headache, nausea, dizziness and
light- headedness, while high exposure can cause
unconsciousness and even death (Health and
Safety Executive 2003).

To address the impact of solvents, the
development of green and more sustainable
solvents has received significant attention (Freire
and Countinho 2019; Sheldon 2019). Innovation
areas include for example: development of non-
toxic solvents from biotic waste; use of water as
a solvent in the production of pharmaceuticals

and other chemicals instead of organic solvents;
replacing toluene with safer alternatives that
perform the same function; or designing materials
and processes so that they do not require solvents
(e.g. new building materials not requiring paints
and coatings) (van der Waals et al. 2018).

Water, grease and dirt repellents

Water, grease and dirt repellents are chemicals
affecting the resistance to the absorption or
passage of water, oil or dirt resulting from the
application of surface coating treatment. Most of
these treatments are based on fluorochemicals.
Per- and polyfluoroalkyl substances (PFAS) have
been extensively used for their repellence of water,
grease and dirt, and their temperature resistance
in various applications. Many PFASs are hazardous
to human health, persistent in the environment,
and longer chain versions bio-accumulate in
living organisms. Shorter chain PFAS are mobile
in the environment and persistent (UNEP 2019b).
These properties of PFAS cause concern, creating
opportunities for green and sustainable chemistry
innovation.

A range of innovations have been developed to
advance the sustainability of water, grease and
dirt repellents. Chromatogeny, for example,
is a solvent-free green chemistry process that
imparts hydrophobicity to papers and boards, by
applying fatty chloride acids in a liquid state onto
paper. Potential applications include packaging,
textiles, medical devices, or technical films. In the
textile industry, innovation efforts focus on the
development of sustainable water repellents for
fabrics that are biocarbon-based and PFC-free
(Inno4sd.net 2019) (Innovation for Sustainable
Development Network 2019).

Flame retardants

Flame retardants include a diverse group of
chemicals which are added to manufactured
materials, such as plastics, textiles, surface
finishes or coatings to make them resistant to
fire. A number of halogenated flame-retardants,
i.e. brominated and chlorinated flame retardants,
cause concern because of their persistence,
bioaccumulation, long-range transport and



toxicity. This has increased the use of halogen-
free alternatives, such as organo-phosphorous
compounds, although some of these alternatives
may pose similar risks.

Flame retardants generated from biological
sources have a significant potential. They tend to
be low cost, may be nontoxic, and are independent
of petrochemical market fluctuations (Howell et al.
2018a). Bio-based flame retardants are derived,
for example, from tartaric acid (a by-product of
the wine industry), chitosan (a by-product of the
fishing industry), castor oil (a non-edible plant
oil), and isosorbide (a diether diol produced from
starch) (Howell, Daniel and Ostrander 2018).
A recent innovation is the use of gallic acid,
commonly found in fruits, nuts and leaves; and
3,5-dihydroxybenzoic acid from buckwheat to
produce flame retardants. Hydroxyl groups on
these compounds are converted to flame-retardant
phosphorous esters. They can then be added to
an epoxy resin, a polymer used in electronics,
automobiles and aircraft (Howell, Oberdorfer
and Ostrander 2018). Another promising area of
innovation is the development of novel bio-based
flame-retardant systems from tannic acid (Laoutid
etal 2018).

Surfactants

Surfactants are chemicals which are added to a
liquid to reduce surface tension, thereby increasing
spreading and wetting properties of the product.
These amphiphilic organic molecules adsorb at
the interface and self-aggregate or self-assemble
into different phases in aqueous or non-aqueous
solution. Surfactants are key components, for
example, of household detergents (e.g. washing
powder) and home cleaning supplies (e.g. floor
cleaner), or personal toiletries (e.g. shampoo).
Surfactants may irritate eyes, skin, and lungs, and
some are known or suspected EDC, are toxic in the
aquatic environment, and bioaccumulate (van der
Waals et al.).

Chemistry innovation to advance the sustainability
of surfactants is referred to as ‘green
surfactants’, ‘oleo-chemical based surfactants’,
‘renewable surfactants’, ‘bio-surfactants’, or
‘natural surfactants’ (Bhadani et al. 2020). The

spectrum of green alternative surfactants on
the market is diverse and includes, for example
alkypolyglucosides, plant-based saponins, amino
acid derivatives, and betaines (SpecialChem 2015).
Often, more eco-friendly surfactant molecules
are derived from renewable biomass building
blocks (Bhadani et al. 2020). The surfactant algal
betaine, for example, is made through controlled
fermentation from renewable microalgae
(Business Wire 2015). It is used in products that
need foams, such as shampoos, liquid soaps, or
dishwashing liquids.

Further innovation opportunities exist through
modifying technologies and microbial strain
improvement methods (Kandasamy et al.
2019). For, example, a new surfactant recently
developed through biotech methods consists of
sophorolipids. It shows good cleaning properties,
is gentle on the skin, and rapidly degrades in the
environment (Bhadani et al. 2020).

Chemical preservatives

Chemical preservatives are chemicals added
to products to prevent decay of a product by
microbial growth or unwanted chemical changes.
They are widely used in food products, beverages,
pharmaceutical drugs, paints, cosmetics, wood, etc.
Depending on their chemistry, preservatives may
have potential adverse effects on human health
and the environment. For example, some parabens,
i.e. butylparaben and propyl paraben, have been
shown to have potential endocrine effects and
oestrogenic properties (EC 2011). Formaldehyde
and formaldehyde-releasing preservatives used
in shampoos and liquid baby soaps are of concern
because of their carcinogenic and allergenic
properties (van der Waals et al. 2018).

Given the direct contact that many chemical
preservatives have with the human body, chemistry
innovation to develop safer chemical preservatives
isimportant. However, since chemical preservatives
are inherently antimicrobial, finding a chemical
preservative that prevents microbial growth, but
shows no toxicity is challenging. Efforts focus on
identifying and developing chemical preservatives
which are less toxic, in comparison to those on the
market.
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A review recently undertaken from a green
chemistry perspective compares chemicals
preservatives for a range of product categories
(Buckley et al. 2017). It concludes, for example,
that octyl gallate, a food preservative has better
antimicrobial activity and lower chemical hazards
compared to currently used preservatives. Equally

important, opportunities exist to make use of
natural preservatives (e.g. rosemary and oregano
extract, hops, salt, sugar, vinegar, alcohol, etc). In
some cases, and for certain products, alternative
preservation strategies may reduce the need for
chemical preservatives.

Green and sustainable chemistry in agriculture (Peabody O'brien et al. 2009)

Growing populations and demand for food have led to an increased use of pesticides and fertilizers world-wide. In particular,
highly hazardous pesticides are causing concerns for human health and the environment. Similarly, runoffs of fertilizers are
causing significant environmental problems, in particular in freshwater and ocean ecosystems (UNEP 2019b). Green and
sustainable chemistry therefore has an important role to place in advancing the sustainability of agriculture.

Peabody O'brien et al. (2009) propose that green chemistry and sustainable agriculture are inherently intertwined in at least
three ways. First, green and sustainable chemistry is a consumer of agricultural inputs, such as bio-feedstocks. Green
chemists therefore need farmers to practice sustainable agriculture to provide truly “green” bio-based raw materials. Second,
green chemistry alternatives can play an important role in producing agricultural goods without toxic pesticides and other
chemicals of concern. Lastly, green chemistry innovations can help to remediate land, by eliminating chemical soil pollution

associated with traditional farming practices.

4.4 Process innovation opportunities

Catalysis

Catalysis is the process of increasing the rate of a
chemical reaction by adding a substance referred
to as a “catalyst”. The catalyst is not consumed in
the reaction and therefore can continue to act.
Catalysts lower the activation energy (e.g. heat)
required for a reaction to occur, and thus ensure
the raw material reacts more completely and is
used more effectively. In most cases, only small
amounts of catalyst are required to alter the
reaction rate.

Problems with the use of catalysts arise when toxic
materials are used in reactions, or the catalyzed
reactions requires extreme conditions which
lessen the overall benefit of the catalyst. Some
organic transformations have, for example, used
rare transition-metal catalysts based on palladium,
rhodium, ruthenium, and iridium. While being

highly efficient, these metals have restricted
availability, are costly, and have toxic properties.
Furthermore, some catalytic processes require
energy-intensive reaction conditions, such as high
heat or high pressure. Identifying more sustainable
catalysts or catalytic processes could address a
range of sustainability challenges and help unlock
the potential of many innovations. Approaches
towards more sustainable catalysis include the
development of low-toxicity catalysts, processes
requiring less energy-intensive reaction conditions,
or catalysts which can harvest renewable energy
sources for reactions.

Earth abundant metal catalysis
Earth abundant metals, which include first row

transition metal elements such as manganese,
iron, cobalt, nickel, vanadium, or chromium (Chirik



and Morris 2015) have a potential to enhance
sustainable use of catalysts in chemical reactions
(ACS 2015b). This has led to research efforts
towards the development of homogeneous
catalysts based on earth-abundant, low-toxicity
metal complexes. According to the ACS, earth-
abundant metal catalysis “is touted forits inherent
sustainability, and the advantages of low toxicity
and minimal environmental impact” (ACS 2020b).
Complexes based on the first-row metals Fe, Co,
Niand Mn are particularly appealing (Chakraborty,
Leitus and Milstein 2016).

Earth abundant metals also have the potential
to support a greater variety of chemical
transformations than traditionally used catalysts.
Recent innovation efforts include, for example,
the use of abundant earth metals in the synthesis
of well-defined nanomaterials for enhanced
activity, using earth abundant catalysts to reduce
the amount of noble metals needed in a reaction,
or for photoactivation (Kaushik and Moores 2017).
Another promising application is the use of the
iron-based catalyst Fe-TAML® to convert harmful
pollutants into less toxic or harmless substances,
including harmful pesticides in soil (Platt 2004).

Organocatalysis

Organocatalysis uses small organic molecules
consisting of carbon, hydrogen, sulphur and other
non-metal elements as catalysts. Those include
amines, urea, acids, alcohols, halogenated species
and carbenes, among others (Vitale et al. 2016).
Organocatalysts may be produced from waste,
thereby satisfying the principles of a green and
more sustainable chemistry (Meninno 2020).
Advantages are their availability, low cost, and
low toxicity. Organocatalysts are also able to
work under milder and less hazardous reaction
conditions than many other catalysts.

Areas of application include, for example,
organic synthesis and polymer synthesis, as well
as biomass conversion to produce a range of
chemicals, materials, and biofuels. Examples in the
area of biomass conversion include the conversion
of cellulose, glucose and fructose, upgrading of
furaldehydes, and organocatalytic polymerization
of biomass feedstocks (Liu and Chen 2014).

Bio-catalysis

Enzymes are proteinaceous catalysts. They catalyse
highly specific reactions and can be modified to
catalyse a desired reaction. Bio-catalysis uses
enzymes for reactions under mild conditions,
e.g. ambient temperature, which requires little
external addition of energy. Another advantage
is that most enzymes used industrially are non-
hazardous and biodegradable. The catalytic
properties of enzymes allow development of new
technologies, such as the production of chiral
molecules, specialty chemicals, and commodity
chemicals. Enzymes are produced from inexpensive
renewable resources and their costs are stable.

Expanded application of bio-catalysis is possible
thanks to the sequencing of large numbers of
microbial genomes, coupled with advancesin gene
synthesis, allowing access to a broad range of
wild-type enzymes (Sheldon and Woodley 2018).
The properties of potentially interesting enzymes
can then, with the aid of directed evolution tools,
be fine-tuned to fit seamlessly into a predefined
process. For example, the biocatalytic production
of certain pharmaceutical intermediates, (e.g.
enantiopure alcohols and amines) has become
state of the art organic synthesis. Another
promising innovation area is the use of enzymes
in the production of polymers (Kobayashi, Uyama
and Kadokawa 2019).

Photo-catalysis

Photocatalysis involves the absorption of light by
one or more reacting species in the presence of
a catalyst. It converts photonic energy (e.g. solar
radiation) to chemical energy with the help of
semiconducting catalytic materials, such as TiO,
and other photocatalysts. Photocatalysis can
be used in diverse applications, such as water
hydrolysis for producing hydrogen as fuel, organic
synthesis, and the recovery of polluted effluents
(Ravelli et al. 2009). Specific applications include
technologies to advance artificial photosynthesis
(where radiation is used to convert CO, to energy
rich organic chemicals), or water treatment (where
radiation is used to convert toxic pollutants to non-
toxic chemicals).
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Scope of Biocatalysis in Sustainable Organic Synthesis (Sheldon and Brady 2019, p. 2859)
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Batch vs. continuous processing

Batch processing involves the processing of
bulk material in groups in distinctive step of
the production process. An alternative to batch
processing is continuous processing, in which
materials react as they flow along a system
of channels, pipes, or tubes. According to the
US Government Accountability Office (2018),
continuous processing uses materials more
efficiently than batch processing, has lower
energy consumption, less waste production, less
consumption of solvents, safer processes, and
creates less exposure to chemicals. The technology
therefore meets many of the 12 Principles of
Green Chemistry.
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Biorefineries

A biorefinery is a facility that integrates biomass
conversion processes and equipment to produce
fuels, power, and value-added chemicals from
biomass. The International Energy Agency (IEA)
defines biorefineries as “the sustainable processing
of biomass into a spectrum of bio-based products
(Food, feed, chemicals, materials) and bioenergy
(biofuels, power and/or heat) (Bell et al. 2014).
Biorefineries can develop multiple chemicals
by fractioning biomass into intermediates
(carbohydrates, proteins, triglycerides) that can be
further converted into valuable products.

Innovation areas and examples to use biorefineries
to advance green and sustainable chemistry
include (WUR n.d. b):

< Fermentation of glucose to succinic acid
replacing petroleum feedstock and using
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Comparison of chemical engineering reactor and a bioreactor (Verster et al. 2014, p. 95)

Chemical engineering reactor Typical Bioreactor
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of substrate

and products
Increase in biomass

biochemical
transformation

Catalyst needs to be added to Microorganisms synthesise
the system, could have limited

catalytic life span
Extreme reaction conditions

—'regeneration’ of catalyst

Mild reaction conditions
(temperature, pH)

significantly less energy than tradition
production methods, with applications in
polyurethanes, paints, coatings, adhesives,
pharmaceuticals, etc.

~ Conversion of components from low-cost
substrates and side streams into energy sources
such as hydrogen

“ Development of micro-algae that use sunlight
and CO, as energy and carbon sources to
produce high-quality oils and biodiesel, among
other products

Complexity of reaction mixture

Low concentration of reactants

simultaneously with progress of

their own catalysts (enzymes)

Implication for bioreactor engineering

Affects downstream processing & purification,
can affect catalytic functionality (catalyst
‘poisoning’ or feedback inhibition)

Inefficient mass and heat transfer

Affects downstream processing &
purification, non-linear productivity
optimization

In a well-designed system the
progress can be self-seeding / self-organising

Potential to be a safer process, demanding less
energy. Establishing a cooling gradient may be a
challenge

Microreactors

Microreactors - also referred to as a micro-
structured reactors or microchannel reactors - are
devicesinwhich flow chemistry reactions take place
in a confinement with dimensions often below 1
mm. Microreactor technology and flow chemistry
have the potential to play an important role in the
development of green and sustainable synthesis.
The technology preserves atom economy, uses
safer solvents and auxiliaries, creates less waste
and allows for real-time analysis for pollution
prevention, essentially providing inherently safer
chemistry (Fanelli et al. 2017).

4.5 Opportunities of digitization to
advance green and sustainable chemistry

Digitization and modern information technologies
have a significant potential in advancing green
and sustainable chemistry innovation, when
robust sustainability assessments are conducted.
In chemical manufacturing for example, the
generation and analysis of large data sets allows
to generate higher yields and throughputs, lower

energy consumption, reduce pollution and foster
effective maintenance (Fermeglia, Longo and
Toma 2009). For many chemical operations, these
benefits can be achieved by using and upgrading
existing information technology and process
control systems (UNEP 2019b).
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Digitization also enables more rapid
experimentation and discovery of new molecules
at lower cost than laboratories can achieve (Davies
et al. 2016). Advanced software allows to screen
chemical molecules for a number of hazard
properties resulting in a significant reduction of
animal testing (Pradeep, Friedman and Judson
2020). Innovations in software, coupled with
modern computer technology, also help screen the
chemicals space — about 1060 molecules in total
(Kirkpatrick and Ellis 2004) — and create molecules
with desired properties relevant for sustainable
material development and achieving sustainability
objectives.

Agriculture is one important sector where IT
based solutions have a particular potential to
advance sustainability (King 2017). Robots and
drones can detect pests at an early stage of their
outbreaks, allowing precision use of pesticides
and significantly minimizing their use. These
technologies also collect other data relevant for
advancing sustainability, including for the efficient
use of fertilizers (minimizing their losses to the
environment) and minimizing the use of scarce
water resources.

4.6 Potential of green and sustainable
chemistry innovation in a sector:
The example of energy

Green and sustainable chemistry
opportunities in key sectors

Green and sustainable chemistry innovation has
the potential to drive sustainability in important
sectors of the economy. This includes, but is not
limited to the energy, transport, agriculture,
textile, tourism sectors. Given the importance of
the energy sector in addressing climate change,
the sector is briefly introduced to illustrate how
green and sustainable chemistry is relevant for
and how it can make a difference in shaping a
sustainable transformation at the sectoral level.

Enhancing energy efficiency through
chemistry innovation

The 6th principle of green chemistry states that
energy requirements should be recognized for
their environmental and economic impacts and
be minimized. Synthetic methods should, if
possible, be conducted at ambient temperature
and pressure (Anastas and Warner 1998). While

significant steps have been taken by the chemical
industry to save energy in producing chemicals,
it is challenging to make further significant gains
through process efficiency measures, pointing
to the need for technology disruption, based
in green chemistry reactions which are less
energy intensive. Disruptive concepts such as
electrochemical synthesis and other innovative
catalysis techniques are being researched to
replace thermochemical methods with milder,
less energetically demanding processes. Passive
separation techniques using membranes have
already begun to outpace demanding traditional
separation methods in cost effectiveness and
performance. New sustainable technological
concepts in which energy and chemical products
are produced simultaneously are on the horizon.
Continued incentivization and development of
these technologies will be necessary to market
these innovations and achieve an energetically
efficient, safe and resilient chemical industry.

Beyond process innovations, chemistry innovation
has a significant potential to increase energy
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What could the production of solar fuels look like (Royal Society of Chemistry 2020)
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efficiency and reduce greenhouse gas emissions
through the development of novel products and
materials. Examples are lightweight and recyclable
composite materials that contribute to reduced
energy consumption because of their reduced
weight. Their applications are manifold and include
mobility (airplanes, cars), energy generation
through windmills, etc.

Another area is the development of energy
efficient building materials. For example, cellulose
aerogel (CA) isolated from tea stem wastes (TSW)
is a good heat insulator and fire retardant. It is
environmentally friendly, thermally stable and can
be produced at low cost (Kaya and Tabak 2020).
The green and sustainable chemistry challenge is
to develop high-performing materials and ensure
they are non-toxic and recyclable. Therefore,
“green materials” promoted for their energy
saving potential need to be screened for green

and sustainability chemistry criteria, before they
can be considered more sustainable.

Developing solar fuels through chemistry
innovation

Solar fuels include technologies that use sunlight
to produce valuable molecules such as hydrogen
and methanol from water and carbon dioxide. The
novelty of this approach is the direct use of solar
energy to produce already known and widely used
chemicals from water and carbon dioxide. The
concept covers fuels for transport and electricity
generation, as well as chemical feedstocks to
produce petrochemicals, fertilisers, plastics and
pharmaceuticals. Commercial prototypes are
expected to be available within 10-15 years (Royal
Society of Chemistry 2020).



Artificial photosynthesis is a chemical process that
bio-mimics the natural process of photosynthesis
to convert sunlight, water, and carbon dioxide
into carbohydrates and oxygen. This creates the
potential to use excess carbon dioxide to store
solar energy in the form of chemical bonds.
Chemists already have already been successful in
producing fuels through artificial photosynthesis
(ScienceDaily 2019).

Innovation areas to convert sun radiation and
CO, into valuable organic molecules include:
photocatalytic water splitting converting water
into hydrogen and oxygen, (electrolysis), a
major research topic is artificial photosynthesis;
light-driven CO, absorption that replicates
natural carbon fixation; design and assembly of
devices for the direct production of solar fuels,
photo electrochemistry and its application in
fuel cells; and the engineering of enzymes and
photoautotrophic microorganisms for biofuel and
hydrogen production from sunlight.

Improving photo-voltaic energy generation
through chemistry innovation

Chemistry innovation also plays arole in advancing
solar photovoltaics in a number of ways; organic
and dye-sensitised solar photovoltaic technologies
offer the possibility of developing lightweight,
flexible, coloured and inexpensive solar panels;
new materials for solar shingles both protect
homes, while also generating electricity; new
siliconinks canincrease the efficiency of solar cells;

or, alternative materials and materials recovery
techniques (e.g. for silicon photovoltaics) help
reduce dependence on critical raw materials such
as rare metals (European Technology Platform for
Sustainable Chemistry [SusChem] 2019).

Improving energy storage through
chemistry innovation

Batteries have the potential to provide society
with a consistent supply of energy generated from
renewable sources. However, many batteries still
contain toxic metals such as Aluminium, Cadmium,
Mercury, Nickel, Lead, Iron, Zinc, Calcium,
Magnesium, and Lithium. In the case of Lithium,
which plays a key role in expanding electric vehicle
and grid applications, there are risks of possible
supply shortages as well as recycling and disposal
challenges

Innovations in chemistry have the potential to
improve battery safety, reliability, durability,
and recyclability. Innovation topics include, for
example: new materials for lithium-ion batteries;
redox flow batteries; metal-air batteries; organic
batteries; and materials for large capacity thermo-
solarand heat energy storage. One promising area
are new chemistries dealing with monovalent (K,
Na,) or divalent (Mg,, and Ca,)) cations, as well as
technologies to efficiently recycle lithium. From a
sustainability perspective, an appealing alternative
to lithium metal is sodium and its sodium salts
(PF6-, TFSI-, FSI-) which are less toxic than their
lithium counterparts (Larcher and Tarascon 2015).
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Although the market for green and sustainable chemistry is
growing, relevant innovation needs to be nurtured to increase
its market shares. This chapter introduces policies, tools and
instruments which can help to create the necessary enabling
conditions. They range from regulatory action and standard
setting, to assessment tools and approaches, strengthening
corporate governance, as well as knowledge-sharing and award
programmes. An important question relevant across all policies,
tools and instruments is how green and sustainable chemistry
considerations can be fully and systematically considered in
their development and application. Chapter 6 will address
more strategic enabling sectors and programmes. Together,
both chapters offer a suite of enabling measures to accelerate
green and sustainable chemistry innovation and their market
performance.

public interventions that are cognizant of the
culture they operate in may be structured to shape

Policy approaches or interventions to advance
innovation may fall into four categories: 1) push
policies driving new ideas; 2) pull policies helping
to stimulate market demand; 3) grow policies
helping to grow ideas into marketable products;
and 4) strengthen policies that cut across the
clean innovation system, making it more effective
and resilient (Elgie and Brownlee 2017). Other
characteristics of policy instruments that play
a role include stringency, predictability, and
flexibility.

While these are general categorizations, this
framing illustrates how consistent and informed

different elements of the innovation system in a
direction which support green and sustainable
chemistry innovation. The German National
Bioeconomy Strategy is an example of a strategy
which features a wide range of policy approaches
including both push and pull measures. It lists
measures for implementation, building on the
National Research Strategy BioEconomy 2030
and the National Policy Strategy on Bioeconomy
to pool the various political strands together
into a coherent framework (German Ministry of
Education and Research and German Ministry of
Food and Agriculture 2020).



Policy interventions that foster technology innovation (adapted from Elgie and Brownlee 2017,

p. 15)
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Identifying chemicals, or groups of chemicals
of concern, setting explicit limits on selected
uses and defining substitution goals by public
authorities can drive voluntary frontrunner
innovation. In Europe, the listing of substances of
very high concern (SVHC) on the Candidate list for
inclusion of substances for authorization under
Annex XIV of REACH conveyed the intention of
the regulator to take risk management action
(European Chemicals Agency 2011). This action
incentivizes industry to prioritize replacement
activities. Hoffman-La Roche, for example, has
implemented a substitution action programme
to comply with REACH in advance of regulatory
timelines by evaluating and testing alternatives
(Buxton 2016).

At the global level, the Stockholm Convention
provides a stimulus for innovation by listing
persistent organic chemicals and pollutants for
which global agreement exists to phase them out.
The same applies for the Minamata Convention
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covering mercury. These global agreements cover,
however, only a limited number of chemicals of
concern. To expand and deepen its innovation-
driving policy framework, the European
Commission published a Chemicals Strategy for
Sustainability in October 2020 that is part of the
EU’s zero pollution ambition, a key commitment
of the European Green Deal. The Strategy aims to
better protect citizens and the environment and
boost innovation for the development of safe and
sustainable alternatives (EC 2019).

Government policies may also be of enabling
nature. In the US, the Sustainable Chemistry
Research and Development Act of 2019 which
passed in July 2020 in the US Senate, envisages
convening of an interagency entity under the
National Science and Technology Council to
coordinate federal programs and activities
in support of sustainable chemistry. Parties
participating in the entity carry out specified
activities in support of sustainable chemistry,
including incorporating sustainable chemistry into
existing research, development, demonstration,
technology transfer, commercialization, education,
and training programs (Lipinski 2019). The entity
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is required to create a roadmap for sustainable
chemistry within two years from the date of
enactment. As a first step the entity will consult
with relevant stakeholders, including international
stakeholders, to develop a definition for the term
sustainable chemistry.

Providing access to different types of information
to workers, citizen, consumers and other
interested stakeholders not only helps them to
take protective measures, as necessary. It also
shapes demand for safer and more sustainable
chemicals and products.

Labels and certification systems, as well as a
requirement for listing of ingredients, are useful
for the public to identify safer and sustainable
chemicals and products, as long as the information
is presented in a transparent, reliable and clear
manner, as well as relevant and accessible.
Implementation of the Globally Harmonized System
for Classification and Labelling of Chemicals (GHS)
isanimportant measure to communicate chemical
hazards and required protection measures to
workers and consumers. Of importance is that
information is readily accessible at the time and
location the consumer needs it, during research
into buying options, and at the point of purchase
and use (UNEP 2017a).

New information tools, such as smartphone apps
that link to regulatory initiatives and consumer
report publications are also emerging as valuable
tools to bring information to consumers. The apps
ToxFox and AskReach, for example, draw attention
to chemicals on the REACH candidate list, helping
users to make informed decisions and creating

demand for nontoxic and sustainable product
purchase.

Enabling policies, such as right-to-know for
workers, consumers and communities, public
participation, and access to justice, coupled with
innovative technologies, can be driving forces
to advance green and sustainable chemistry.
Examples include the Convention on Access to
Information, Public Participation in Decision-
making and Access to Justice in Environmental
Matters, or the Regional Agreement on Access
to Information, Public Participation and Justice in
Environmental Matters in Latin America and the
Caribbean.

For a detailed discussion on this topic, pleases
refer to GCO-II, Part IV, Chapter 8.

Effective public participation in chemicals- and
product - related decision-making remains
crucial to ensure environmental protection,
safe management of chemicals and wastes
and sustainable consumption and production.
Public participation in decision-making related
to chemicals should be ensured with regard to
projects, plans, programmes and policies and
legislation. For example, business operators of
project activities are encouraged to identify the
public concerned (not only local communities but
also non-governmental organizations promoting
environmental protection), to involve them in
decision-making, and to provide information
regarding the objectives of their application before
applying for a permit. This also applies when the
industry operator wishes to change or update the
operating conditions for the activity.



Life cycle approaches help scientists, product
developers and managers to understand the
potential impacts of a product during the many
stages of its production, use, and end of life.
Life cycle assessment (LCA) is defined by the
International Organization for Standardization
(ISO) as the compilation and evaluation of the
inputs, outputs and the potential environmental
impacts of a product system throughout its life
cycle (1ISO 2016). Assessing and managing chemicals
along entire chemical and product life cycles allows
to benchmark environmental performance of
products against pollution and exposure reduction
targets (Fantke and Illner 2019). LCA also helps to
avoid shifting the burden from one stage of the
life cycle to another (e.g. decreased raw material
extraction through recycling at the expense of
increased residues of contaminants in recirculates)
(Hellweg and Mila i Canals 2014).

LCA covers human health impacts, such as those
arising from toxicity and pollution linked to the
product (Arvidsson et al. 2018). To assess social
impactsin more depth, Social Life Cycle Assessment
(SLCA) may be used (Andrews et al. 2009), while
Life Cycle Sustainability Assessment cover all

The Life Cycle Initiative (UNEP 2020)

three dimensions of sustainable development -
environmental, social and economic (Guinée 2016;
UNEP 2020)

Life cycle assessment methods provide valuable
insights for decision-making, but can be resource
intensive and may require data sets difficult to
obtain. LCAs also face challenges in assessing
chemical risks and impacts on human health and
the environment during the various stages of a
product life cycle, as well as assessing recyclability
of materials. The ISO 14000 standard series
provides a broadly accepted set of principles for
conducting life cycle assessments. However, some
parts are subject to interpretation, such as the
definition of the study boundaries. As a result,
different LCA studies can yield different results,
making comparison challenging.

Taking some of the above limitations into account,
the concept of lifecycle thinking has been promoted
and used, for example by the US National Research
Council in its guide on the selection of chemical
alternatives (US National Research Council 2014).
Life cycle thinking is a flexible approach that
includes qualitative analysis to help spot potential
trade-offs, without the quantitative assessment
done through an LCA.

The Life Cycle Initiative is a public-private, multi-stakeholder partnership enabling the global use of credible life cycle
knowledge by private and public decision makers. Hosted by UN Environment, the Life Cycle Initiative is at the interface
between users and experts of Life Cycle approaches. It provides a global forum to ensure a science-based, consensus-
building process to support decisions and policies towards the shared vision of sustainability as a public good. It delivers
authoritative opinion on sound tools and approaches by engaging its multi-stakeholder partnership (including governments,
businesses, scientific and civil society organizations). The Initiative facilitates the application of life cycle knowledge in the
global sustainable development agenda in order to achieve global goals faster and more efficiently.
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Alternatives assessment provides a systematic
approach to the evaluation of chemical, process
and design alternatives to chemicals of concern.
By being systematic, it guides the transition to
safer, more sustainable chemicals, materials,
and products and minimizes the potential for
unintended consequences (UNEP 2019b). The
knowledge and skillsets needed in alternatives
assessment — toxicology, engineering, health and
safety — are complimentary to those needed for
green and sustainable chemistry and can be built
into new chemical design.

The interdisciplinary approach involved in
alternatives assessment guides thorough
consideration of changes and potential trade-offs
between alternatives to a chemical of concern
at the manufacturing, use, and end-of-life stages
of alternatives and identifies opportunities to
reduce impacts as well as unmet needs that
green and sustainable chemistry can solve. For
example, Mycelium, the vegetative root structure
of a mushroom, is a green chemistry solution
used to make innovative green packaging and
other materials. While enhancing sustainability,
exposure to live Mycelium during production
(making packaging molds) may result in exposure
to potential allergens if exposure is not controlled
(Zukiewicz-Sobczak 2013).

The lack of understanding of environment,
health and safety considerations among chemists
and designers in the development of new
technologies, particularly in academia and small
start-ups, may inadvertently result in problematic
exposures. To support alternative assessments
that are compatible with green and sustainable
chemistry, a wealth of guidance and resources are
available (UNEP 2019b). One example is the U.S.
Occupational Safety and Health Administration’s
Transitioning to Safer Alternatives Website which
provides approaches small companies can use in
identifying and evaluating potential trade-offs
associated with alternatives.

Sustainable Materials Management is a “systemic
approach to using and reusing materials more
productively over their entire lifecycles”.
By looking at a product's entire lifecycle,
opportunities can be identified to reduce
environmental impacts, conserve resources, and
reduce costs (US EPA 2020a). Sustainable Materials
Management assesses, amongst other criteria,
hazardous substances in materials and products
throughout their life cycle, by demanding Ffull
material disclosure and enhanced knowledge-
sharing throughout the supply chain (including
recyclers). This helps minimize chemical releases
from material stocks and products and generate
safe and sustainable secondary raw materials in
a circular economy. Packaging is an illustration of
how green and sustainable chemistry innovation
has a significant potential to develop non-toxic and
more sustainable materials (Sustainable Packaging
Coalition 2020).

Design Thinking is an approach to solve complex
problems, including sustainability challenges (Buhl
etal. 2019). In contrast to conventional approaches
that start with, and assume technical solvability,
Design Thinking puts customer needs (as well
as user-centered inventions) at the heart of the
process, requiring steady back-coupling between
the innovator and the customer. Design Thinking
is also a means of increasing problem-solving
competencies of the user, or of the companies using
it, for all kinds of product and service innovation.
The method is therefore used in revising internal
company processes in areas such as finance and
accounting, supply chain management, personnel
administration and client management (Waerder,
Stinnes and Erdenberger 2017). For an assessment,
why and how design thinking can foster the
development of sustainability-oriented innovation
see Buhl et al. (2019).

Including non-toxic considerations into the product
design process can be a driver for green and
sustainable chemistry innovation. For example,



the European Commission has proposed an
initiative in September 2020 to revise the existing
EcoDesign Directive and suggest additional
legislative measures to make products placed on
the EU market more sustainable. The initiative
addresses, amongst others, harmful chemicals in
sectors including electronics, IT, textiles, furniture,
steel, and cement (EC n.d.).

Sustainable supply chain management helps to
ensure that purchasing and procurement decisions
comply with sustainability criteria, creating a force
for upstream suppliers to participate in growing
markets for sustainable products. The concept
covers product design and development, material
selection (including raw material extraction

Public and private knowledge sharing is an
essential instrument to ensure that knowledge
is shared widely and in an organized way.
Scaling-up knowledge management platforms at
different levels, therefore has the potential to
support public and private sectors stakeholders
in their efforts to advance green and sustainable
chemistry innovation. Government to government
information exchanges could help create
cooperation, resolve issues, and may lead toward
harmonized approaches and practices. They could
cover, for example, knowledge on chemicals,
sustainable innovative solutions, products and
alternatives. Furthermore, they could foster
sharing of best practices, policies, as well as
enabling conditions and their impacts. From an
international perspective, low and middle income
countries could benefit from a more fluid and
organized flow of information adapted to meet
their needs for green and sustainable chemistry
knowledge.

or agricultural production), manufacturing,
packaging, transportation, warehousing,
distribution, consumption, return and disposal
(Sarkis 2019).

Adopting sustainable (and resilient) supply chain
management practices can assist organizations
and companies, via purchasing decisions, to
reduce their environmental and human health
impacts. It also assists in optimizing end-to-end
operations, creates cost savings, and enhances
profitability and sustainability at the same time.
“Together for Sustainability” is an example of a
sustainable supply chain management programme
in the chemical sector. It is a joint initiative of 26
chemical companies which use a single standard
of auditing and assessment, creating a driving
force for innovation across companies to address
identified sustainability challenges (Together for
Sustainability 2020).

Award programs may provide credible recognition
to green and sustainable chemistry innovations,
when expert judgement is used during the
selection process. For example, for more than
20 years the US EPA Green Chemistry Challenge
Awards has promoted novel green chemistry
innovations. Awards recognize technologies that
incorporate the principles of green chemistry
into chemical design, manufacture, and use (US
EPA 2020b). The Elsevier Foundation Green
and Sustainable Chemistry Challenge, launched
in 2015, is a thematic challenge focusing on
chemistry innovations which have a positive impact
on sustainable development (Elsevier 2020b).
The ISC3 Innovation Challenge, launched in 2018,
awards pioneering start-ups in thematic topics that
change annually (ISC3 2020b). Finally, featuring
promising green and sustainable chemistry
research initiatives in open access journals can
foster recognition.



GREEN AND SUSTAINABLE CHEMISTRY
FRAMEWORK MANUAL




The precautionary approach informs decision-
making, when robust knowledge about possible
impacts is uncertain and negative implications are
potentially significant. A well-known definition of a
“precautionary approach” is embedded in the 1992
Rio Declaration on Environment and Development.
It states that: “Where there are threats of serious or
irreversible damage, lack of full scientific certainty
shall not be used as a reason for postponing cost-
effective measures to prevent environmental
degradation”. Examples, how the precautionary
approach hasbeenusedin fostering innovation and
substitution for chemicals of concern are provided
in Gee et al. (2013). The approach therefore can
become an important driver in advancing green
and sustainable chemistry innovation.

Product Stewardship is a product management
strategy that takes responsibility for minimizing
the product’s impact throughout all stages of its
life cycle, including end of life management. It is
relevant to scientists, engineers and toxicologists
along with all those who design, produce, sell, or
use a product. Whoever has the ability to affect
life cycle environmental impacts of the product
has a particular responsibility. This is normally the
producer, albeit other actors, including citizens,
consumers, and those responsible for disposal
also have a responsibility to act (Northwest
Product Stewardship Council n.d.). Identifying
environmental and human health impacts of
chemicals during all stages of the value chain
(e.g. unsound disposal of electronic products
containing toxic chemicals) creates an opportunity
for chemical companies and downstream
companies to work together to foster sustainable
product design that takes into account green and
sustainable chemistry considerations.

Extended producer responsibility (EPR) is a policy
approach, voluntary or legally mandated, which
compels producers to take responsibility for a
product during sub-sequent stages of the value
chain, including disposal. Some countries use
pollutant release and transfer registry systems
to facilitate companies’ reporting related to EPR.
Responsibilities may be financial and/or physical.
This creates incentives and innovative business
models that prevent wastes at the source and
promote sustainable and non-toxic product design
for a circular economy. Whether EPR is voluntary
depends on specific regulatory approaches of
countries.

EPR is particularly relevant for new product
development and product groups, such as
electrical appliances and electronics (OECD n.d.) or
packaging materials. For example, Coop Denmark
proactively commissioned innovation research
to a supplier to replace certain fluorinated
chemicals in food packaging products with a (non-
chemical) sustainable alternative (Green Science
Policy Institute 2013), based on consumer safety
concerns. In addition to designing out chemicals of
concerns in product development and preventing
waste at the source, EPR incentivises proper
treatment and recycling of hazardous chemicals,
when products have reached the end of their life
span.

The concept of “Extended consumer responsibility”
complements EPR, but should not replace it. It
stimulates sustainable consumer market choices,
for example, through trade-in-for upgrade (TIFU)
programs in the consumer electronics markets
(Sheu and Choi 2019). TIFU type of business models
target consumers to upgrade their old devices and
to shape more sustainable consumption patterns
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and decrease waste generation. As consumers are
offered and take up these opportunities, private
sector actors may be motivated to design more
sustainable product and circular business models.

Corporate Social Responsibility is a concept used by
companies to integrate social and environmental
consideration into business operations and
communicate with their stakeholders and with
communities in which they operate. It aims
at helping companies to achieve a balance of
economic, environmental and social imperatives
(“Triple-Bottom-Line-Approach”) (United Nations
Industrial Development Organization [UNIDO]
2020). Corporate Social Responsibility policies
could be used to further drive company business
model towards more sustainability, including
through specific provisions to advance green and
sustainable chemistry objectives throughout the
company.

Women, children, groups with low income, and
people of color are among vulnerable groups

who are disproportionally exposed to hazardous
chemicals (Temper et al. 2018; UNEP 2019b; Woo et
al. 2019; Johnston and Cushing 2020). This calls for
specific intervention and innovation measures to
protect their health from toxic chemicals. Applying
green and sustainable chemistry objectives in
identifying relevant measures can be animportant
element to achieve adequate protection and
ensure “fairness of treatment for women and men,
according to their respective needs” (International
Labour Office 2000).

International human rights instruments place
duties on countries and businesses to respect
human rights, including those threatened by
hazardous chemicals and waste. The use of human
rights-based approaches complements and
provides a back-up to legislative and regulatory
measures in ensuring protection and access
to effective remedies. Some companies in the
chemical industry, such as BASF and Merck, have
signed up the UN’s Guiding Principles on Business
and Human Rights.

For a detailed discussion of this topic, pleases refer
to GCO-II, Part IV, Chapter 8.



SDG 12.6 specifically encourages companies,
especially large and transnational companies,
to adopt sustainable practices and to integrate
sustainability information into their reporting
cycle (Government of the US n.d.). An indicators
framework has been developed to measure
progress (United Nations Conference on Trade
and Development 2019). Consistent with SDG
12.6, a growing number of retailers, product
manufacturers and chemical companies have
integrated sustainability objectives and measures,
such as sustainable supply chain management
or extended producer responsibility into their
corporate governance frameworks.

Corporate sustainability measures of particular
relevance for advancing green and sustainable

chemistry innovation include: scaling up voluntary
standard-setting for chemicals of emissions of
concern beyond compliance; harmonizing chemical
management protocols across industry sectors
(e.g. on full material disclosure and labelling of
products); using LCA tools, metrics and reporting to
address the toxicity and sustainability of products
throughout their life cycle; and systematically
mandating the design of safer and more
sustainable products and production processes.
Government entities, for example those dealing
with industry innovation, competitiveness and
commerce, could bring visibility to these initiatives
through their existing programs and structures,
as well as through enabling sectoral policies and
programmes presented in chapter 6.



GREEN AND SUSTAINABLE CHEMISTRY
FRAMEWORK MANUAL




ENABLING SECTORS AND
PROGRAMMES 10 ADVANCE
GREEN AND SUSTAINABLE
CHEMISTRY >

6.1

6.2

6.3

6.4

The role of enabling sectors and
programmes in advancing green

and sustainable chemistry 68
Green and sustainable chemistry
education 68
Green and sustainable chemistry
research and innovation 69
Financial incentives and

business models 73



GREEN AND SUSTAINABLE CHEMISTRY
FRAMEWORK MANUAL

While chapter 5 presented tools, instruments and policy
opportunities relevant for advancing green and sustainable
chemistry, Chapter 6 takes the discussion to more strategically
enabling sectors and programmes and approaches. It covers,
foremost green and sustainable chemistry education; research
andinnovation; as well as enabling business models and financing.
Many of these areas have traditionally not directly addressed
the green and sustainable chemistry agenda. The challenge,
therefore, is to identify relevant linkages and initiate action in
order to ensure that relevant sectors and programmes can play

a conducive role in advancing green and sustainable chemistry.

Scaling-up chemistry research, innovation and
sustainable product development requires a new
generation of chemists and engineers capacitated
to do so. Formal, informal, and non-formal means
of education, as well as educating a broader range
of stakeholders and the public at large, can help
achieve this. A specialized manual addressing this
topic will be published by UNEP later in 2021.

Opportunities for green and sustainable chemistry
reformincludes most of all, integrating toxicology,
green and sustainable chemistry, as well as
relevant topics of the 2030 Agenda for Sustainable
Development into curricula of primary, secondary
and tertiary education and professional schools.
The Indian Ministry of Education, for example,
is piloting a programme in which all chemists
take a one-year course in green chemistry (UNEP
2019b). The Global Green Chemistry Initiative by
UNIDO and the Center for Green Chemistry and
Green Engineering at Yale University comprises an

educational program to increase global awareness
and capacities on green chemistry worldwide which
makes materials available for free. Pilot activities
have been conducted in Brazil, Colombia, Egypt
Serbia, South Africa, and Sri Lanka (Yale University
n.d.). Examples of professional courses on green
and sustainable chemistry include an online course
offered by the Universidade Federal de Sdo Carlos,
Brazil and a summer school offered by Leuphana
University, Germany. Such efforts may inspire
other countries and organizations to scale-up their
efforts.

As aresult of these and other activities, educational
tools and materials on green and sustainable
chemistry are available for use at primary,
secondary, tertiary and professional levels.
Further action is needed, however, to disseminate
best practices and overcome barriers in academia
and the private sector to embrace green and
sustainable chemistry. Existing national, regional



and global networks can be used to disseminate
best practices and exchange lessons learned.
Green and sustainable chemistry should also be
embedded within broader efforts to integrate
sustainability into education, such as the United

Nations Educational, Scientific and Cultural
Organization's initiative on sustainable education.

For a detailed discussion on this topic, pleases
refer to GCO-II, Part IV, Chapter 2.

Green chemistry and sustainability in profession education and training course: a case study

from Brazil (UNEP 2019D)

The National Service of Industrial Training, organized and run by industrial entrepreneurs through the National Confederation
of Industry and state federations, was created to train qualified workers for Brazilian industry. Together with the Ministry

of External Relations, it operates in Cape Verde, Guinea-Bissau, Guatemala, Paraguay, East Timor, Mozambique, Peru,
Jamaica, and Sdo Tomé and Principe. In 2015 the SENAI Green Chemistry Institute Brazil was launched. It is committed to
increasing general global awareness and capacities for deployable green chemistry approaches, aiming at product design
and processes that will have global environmental benefits throughout their life cycles. Under the umbrella of the UNIDO
Green Chemistry Initiative, a pilot project will demonstrate that green chemistry works for applications on a large scale in the
area of bio-based plastics production in Brazil. Other studies will look at advancing green chemistry and green engineering
technology applications in developing countries and those with economies in transition (Yale University n.d.).

Accelerating research and innovation through
collaborative and enabling action, including
through start-up companies, is key to reaping the
promise of green and sustainable chemistry to
contribute to the 2030 Sustainable Development
Agenda. Relevant chemistry research and
innovation takes place in a broader innovation
ecosystem that includes diverse actors and
complex relationships (Jackson 2011) as presented
in Figure 6.1. National research and technology
institutes, economic development agencies,
and trade promotion programmes may support
relevant national and international collaborative
activities.

Universities traditionally have focused on
teaching and basic research but given pressure
to produce purpose-driven or applied research,
are increasingly engaging in entrepreneurial and
business activities (Etzkowitz et al. 2008). This
means that they become not only problem-solvers,
inventors and entrepreneurs (EC and OECD 2012)
but also important stakeholders in the innovation
landscape of green and sustainable chemistry.
Examples of relevant university activities include
patenting or licensing of innovations, and the
establishment of start-up support systems,
including spin-off venture formation (Klofsten
and Jones-Evans 2000). Training young researchers
is key to ensure the feasibility of start-ups in the
long term. To overcome constraints in curricula to
generate conditions that favour the development
of new businesses, creating linkages between
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Innovation ecosystem model (adapted from Ryzhonkov 2013)
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To achieve their full potential, it is important
to support start-ups through various measures,
ranging from university-based technology
innovation offices, to providing conducive
environments for start-ups in incubators and
accelerators, to integrating sustainable chemistry
considerations into green bonds, including
those covering climate change mitigation. These
initiatives could help ensure that chemistry start-
up research meets green and sustainable chemistry
objectives, by encouraging chemistry start-ups to

take into account green and sustainable chemistry
guiding considerations in their selection process.

Small and Medium Enterprises (SMEs) play a major
role in most economies, particularly in developing
countries. SMEs account for the majority of



businesses worldwide and are important
contributors to job creation and global economic
development. They represent about 90% of
businesses and more than 50% of employment
worldwide (World Bank Group 2020). SMEs are
particularly responsive to eco-innovation due to
their adaptability and flexibility and are potentially
a key driver of a resource efficient economy
(Bisgaard and Tuck 2014). Since many SMEs face
resource constraints, in particular for research
and innovation, supporting measures, such as
those suggested for start-ups are important
to advance their engagement in green and
sustainable chemistry innovation. Furthermore,
practical support programmes to encourage
use of safer chemicals could be established. The
United States Occupational Safety and Health
Administration (US OSHA), for example, created
a “Transitioning to Safer Chemicals” website and
capacity development programme to support
SMEs in making informed choices about chemical
alternatives (US OSHA n.d.).

Chemical companies carry out significant
capital- and engineering-intensive research
and development (Whitesides 2015). Given the
high costs of research and innovation, a close
collaboration between industry and academia is
evolving. Over the past years, important chemistry
innovations have been co-invented or developed,
such as heterogeneous catalysis, the synthesis
of monomers for small-molecule pharmaceutical
chemistry, organometallic chemistry,
electrochemistry and energy storage (Whitesides
2015). Direct support for universities by the
private sector is also valuable. It may include, for
example, research funding, training partnerships
and technical service contracts (Malairaja and
Zawdie 2008).

Actors in the financing sectors with a potential to
shape the sustainability of chemistry innovation
include both public and private finance entities.
The former includes national, as well as regional
or multilateral development banks, export credit

agencies, or government enterprises and utilities.
Private finance entities and sources include, for
example, pension funds, sovereign funds, mutual
funds, insurance companies, hedge funds, banks,
and company capital expenditures. The insurance
sector, as a major investor, can also help to ensure
that its investments contribute to green and
sustainable chemistry innovation. In the banking
sector, lending decisions can direct investments
towards sustainable projects and technologies.
Institutional investors can exert influence towards
more sustainable practices of companies and
as shareholders to demand that companies act
sustainably (UNEP 2019b).

Governments play an important enabling role in
fostering chemistry innovation, helping to correct
market failures to produce innovation (United
Nations Economic Commission for Europe [UNECE]
2012). Governments may provide, for example,
financial incentives, finance infrastructure, or
directly finance innovation projects (Lopes da
Silva, Baptista Narcizo and Cardoso 2012). They
may also ensure that barriers to innovation are
removed (UNIDO 2017). Government also plays
a key role in bring key sectors and stakeholders
togetherin advancing the public interest.

Enabling strategies that could be led by
governments include development of national
industrial policies or programmes that foster
green and sustainable chemistry innovation. Such
initiatives are in line with the role of government
to create enabling instruments and favourable
conditions, rather than making specific choices
(UNECE 2012). The Government of Ontario, Canada
for example, has invested more than $16 million
to help establish GreenCentre, which supports
pre-commercial R&D in green chemistry to support
sustainable, prosperous, and healthy communities,
high-quality jobs, and better lives for all Ontarians
(GreenCentre Canada 2020).

NGOs, workers and employers’ associations,
as well as the general public usually do not
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conduct chemistry research, yet they play an
important role in in the innovation process. For
example, innovation-focused dialogues among
stakeholders may be undertaken in developing
innovation friendly regulatory frameworks. This
approach requires new interaction channels but
has a significant potential in advancing green and
sustainable chemistry innovation to implement the
SDGs (WEF 2018). NGOs and workers associations
a play a particularly key role in helping to hold
companies accountable for their actions. Utilizing
market-based campaigns in conjunction with
regulatory action can serve as an important driver
to promote green and sustainable chemistry
innovation.

The 2030 Agenda for Sustainable Development
provides a valuable framework for guiding future
research on green and sustainable chemistry and
shaping the research agendas of public and private
actors, ideally developed together. SusChem,
for example, is a forum which brings together
industry, academia, policymakers and wider
society to establish research priorities directly
linked to the 2030 Agenda (SusChem 2019). To
advance innovations for sustainability, actors
engaged in chemistry innovation may consider the
guiding objectives and considerations for green
and sustainable chemistry presented in Chapter 3.
For example, start-up incubators and accelerators
and funding mechanisms could integrate green
and sustainable chemistry objectives into their
selection process, especially if research is co-
financed by public entities.

Collaborative innovation mechanisms have shown
to be effective in shaping research and innovation
in a way that engages, and meets the needs
of, a range of stakeholders and sustainability
considerations. New and innovative forms of
collaboration are being created within chemical
companies, as well as between chemical companies
and external entities, such as academia, customers
and consumers, regulators and civil society
organizations. One example which has generated
valuable lessons learned is the Green Chemistry
& Commerce Council’s collaborative innovation
challenge for safe and effective preservatives for
consumer products (Becker and Tickner 2020).

Partnerships are often driven by the SDGs, and
are implemented with cross-sectoral, global and
diverse markets in mind (WEF 2018). In the textile
sector, for example, collaborative innovation may
include the chemical industry, chemistry start-
up companies, designers, potential end-users,
research institutes, and potential investors.
Governments and other stakeholders can enable
such collaboration and encourage development
of consortia through relevant innovation policies,
subsidy schemes or technology programmes.

For a detailed discussion on this topic, pleases
refer to GCO-II, Part IV, Chapter 4.

A number of national and international bodies
and mechanisms have been established that bring
together scientists and policymakers to ensure that
policymaking is informed by the latest scientific
evidence. These bodies can serve as important
drivers to stimulate green and sustainable chemistry
innovation. At the international level, the Persistent
Organic Pollutants Review Committee (PORC) of the
Stockholm Convention reviews Parties’ proposals
for listing new chemicals, evaluates possible control
measures, taking into account socio-economic
considerations, and makes recommendations
for listing. Another example is the Rotterdam
Convention’s Chemical Review Committee which,
amongst other functions, reviews proposals for
listing severely hazardous pesticide formulations.
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The use of market-based instruments has the
potential to effectively complement regulatory
approaches to advance green and sustainable
chemistry innovation. Possible measures include
the use of differential taxation of hazardous
chemicals, based on lessons learned from recent
hazard- and risk-based taxation, or the use of
charges to speed up the phasing out of substances
of very high concern.

Financing programmes are equally important.
Green bonds, for example, are a “a debt security
that is issued to raise capital specifically to
support climate related or environmental
projects” (International Bank for Reconstruction
and Development and World Bank 2017). Green
bonds designed to encourage sustainability come
with tax incentives such as tax exemption and
tax credits making them more attractive than a
comparable taxable bond. While green bonds
currently Focus on climate change (Ernst & Young
2016), their potential to advance sustainable
chemistry investment and innovation could also
be explored.
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Types of market-based instruments and examples of their application to chemicals
management (based on Stavins 2001; Sterner and Coria 2011; OECD n.d.)

Policy instrument

Tax

Charge/fee

Subsidy

Subsidy removal

Deposit-refund

Tradable permits

Description

By increasing the price of using a chemical, a tax incentivizes
decreased use. Typically levied by the state, with its proceeds
going to the general budget. The level should reflect the
damages caused by production, use and/ or disposal of

the chemical, which in the absence of the tax would not be
reflected in the market price.

Similar to a tax, but revenues are typically earmarked. The level
of a fee should reflect the cost of providing a specific service,
such as processing hazardous waste.

A subsidy is the mirror image of a tax. It can provide incentives
to increase the use of alternative chemicals that are less
hazardous. In particular, authorities may want to subsidize
learning and technology development.

In many cases subsidies are used without giving sufficient
attention to their distribution, potentially resulting in unsound
practices from a health or environmental perspective. Hence,
subsidy removal is considered a policy instrument in its own
right.

A surcharge is paid when potentially polluting products are
purchased. A refund is received when the product is returned to
an approved centre, whether for recycling or for disposal.

An overall level of “allowable” pollution is established and
allocated among firms in the form of permits. These permits
can be traded on a market at market prices.

Example of application

Pesticides; inorganic fertilizers;
chlorinated solvents; batteries

Hazardous waste; pesticide
or chemical containers; tyres;
batteries

Subsidies for organic farming;
lead paint removal

Removal of subsidies for use of
chemical fertilizers or pesticides

Pesticide or chemical containers;
batteries; tyres

Lead in gasoline (trade among
refineries); ozone-depleting
substances (trade among
producers and importers)

Traditional business models vs. Chemical Leasing (adapted from Joas et al. 2018, p. 398)

Traditional business models
Contradictory motivators

Delivery of goods

better”

Chemical leasing model
Bundled motivators

Delivery of goods, services
and know-how

Supplier User Supplier User
Volume-based 5 Benefit-oriented
pricing pricing
“The more the . ! ) . ) ) ‘ . y
Less is more Less is more Less is more

Replicated with permission of Springer Nature: permission conveyed through Copyright Clearance Center, Inc.
For a detailed discussion on this topic, pleases refer to GCO-Il, Part IV, Chapters 5 and 6.




Business models with a strong focus on
sustainability and circularity require a company to
re-think its products and processes. This includes
opportunities to improve resource efficiency,
reduce the use of chemicals of concern, and lower
the impact of its products and processes, including
at the end of life (e.g. reducing waste). Opening up
product design process and engaging stakeholders
across the entire value chain can help to address
sustainability concerns from the outset.

Eco-innovation, based on a lifecycle thinking,
helps companies, in particular SMEs, to adopt
sustainable business models. As a result, they
can access new and expanding markets, increase
profitability across the value chain, and stay ahead
of regulations and standards, while improving
resource efficiency, including the use of chemicals
of concern (Bisgaard and Tuck 2014). It can lead
to innovative sustainable products, improved

processes, waste regeneration systems and
service-based models, such as Chemical Leasing.

Under the service-oriented Chemical Leasing
Scheme, suppliers sell services (e.g. number of
cars painted) rather than chemicals, which creates
incentives to minimize the use of chemicals and
maximize resource efficiency (UNIDO 2017). A
successful example was implemented in Colombia,
where the introduction of a chemical leasing
scheme in the petroleum industry in the field of
water treatment resultedin a 20 per cent reduction
in chemical consumption, while at the same time
reducing water treatment costs by 80 per cent.
At the international level, the 2016 Declaration
of Intent on Chemical Leasing has been signed by
Austria, Germany and Switzerland, El Salvador, Sri
Lanka and Serbia.

For a detailed discussion on this topic, pleases
refer to GCO-II, Part IV, Chapters 5 and 6.
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7.1 The role of metrics and reporting
in advancing green and sustainable

chemistry

A frequently cited quote in the management literature is the
observation of Peter Ducker that “If you can’t measure it, you
can’'timprove it”. The rationale behind this concept is that unless
robust metrics are available, it is difficult to quantify progress
and to make adjustments to produce the desired outcome. This
chapter features metrics and reporting schemes which support
the objective of advancing green and sustainable chemistry.
While some of them are directly relevant to green and sustainable
chemistry, others cover broader sustainability topics. In the latter
case, adjusting these metrics and reporting schemes to advance
green and sustainable chemistry innovation, could be further

explored.

7.2 Green and sustainable chemistry

metrics

Hazard assessment and screening

Chemical hazard refers to the intrinsic property
of a chemical to cause adverse effects on human
health and the environment. Examples of chemical
hazard properties include acute toxicity; corrosive
properties; the ability to bring about allergies; long-
term effects on reproduction, development and
other systems in the human body; or persistence in
environmental media (UNEP 2019b). The Globally
Harmonized System for the Classification and
Labeling of Chemicals provides a set of criteria
to help conduct a chemical hazard assessment.
Many tools exist to assist companies in identifying
chemical hazard and finding safer and greener
chemicals. GreenScreen®, for example, is a tool
that identifies hazardous chemicals and safer
alternatives (GreenScreen 2020). Providing an

understanding how these tools work, as well the
criteria they use to screen and identify hazardous
chemicals and safer alternatives, is important in
ensuring that they are truly reliable. An overview
and review of relevant tools is provided in Gauthier
et al (2014) and Panko et al. (2017).

For a detailed discussion on this topic, pleases
refer to GCO-II, Part Ill, Chapter 1.

E-Factor

The “E-factor” is a metric allowing to calculate the
ratio of waste generated per weight unit of product
(Sheldon 2017). An e-factor of 10 means that 10 kg
of waste is generated for 1 kg of product. The lower
the E-factor, the more a process is environmentally



benign. In pharmaceutical companies, the E-factor
for a drug product is generally in the range of
about 25 to 100. This means that up to 100 kg
of waste may be generate for one kg of product
synthesized, creating significant opportunity for
green and sustainable chemistry innovation.

Process mass intensity index (PMI)

The process mass intensity index is another
metrics which allows evaluating and benchmarking
progress towards more sustainable manufacturing.
It is defined as the total mass of materials needed
and used to produce a specified mass of product.
Materials which are taken into account include
reactants, reagents, solvents used for reaction and
purification, as well as catalysts. Ideally all materials
are incorporated into the product and no waste is
produced. For discussion on the advantages of PMI

vis-a-vis other metrices, such as the E-factor and
atom energy (see Jimenez Gonzalez et al. (2011).

Chemical footprint metrics

The Chemical Footprint method provides a
quantitative metric which manufacturers, brands
and retailers can use to measure progress in
reducing the use of chemicals of high concern. It is
essentially a hazard-based metric which is used in
the Chemical Footprint Project (CFP), an initiative
of investors, retailers, government agencies,
non-governmental organizations (NGOs) and
health care organizations that aspire to support
healthy lives, clean water and air, and sustainable
consumption and production through the effective
management of chemicals in products and supply
chains. Participation is voluntary and the results
are made publicly available (Rossi et al. 2017).

Resource efficiency in the chemical industry: ratio of products and waste generated (Sheldon

and Brady 2019)

Industry segment Tonnes per year

Oil refining 100-108
Bulk chemicals 104106
Fine chemicals 10%-104
Pharmaceuticals 10-10°

© 2019 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim

e-factor (kg waste per kg product)
<0.1

<1-5

5-50

25->100
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The use of metrics to assess and report on
the sustainability performance of companies
and producers in the chemical industry and
downstream sectors is gaining momentum.
Sustainability metrics have been developed by
range of actors, including public institutions, the
private sector and NGOs. Reporting under relevant
chemicals and waste multilateral environmental
agreements (MEAs) also plays some role in
measuring progress towards objectives in line with
green and sustainable chemistry.

Existing metrics and reporting schemes usually
contain a range of criteria and indicators but
have to date not yet systematically integrated
with chemical specific issues (UNEP 2019b). Yet,
progress is being made. The Chemie3 initiative for
example, was established in 2013 as a partnership
of the German Chemical Association (VCI) with
key social partners to underpin sustainability
as a guiding principle of the chemical industry
in Germany. At the center of these measures is
a variety of information and support services
designed to put 12 Sustainability Guidelines for
the Chemical Industry into business practices

Pollutant Release and Transfer Registries

and measure its implementation (Chemie3 n.d.).
Furthermore, existing datasets such as Pollutant
Release and Transfer Registries (PRTR) and the
Zero Discharge of Hazardous Chemical Gateway
data platform can be repurposed to identify
targets guiding green and sustainable chemistry
implementation as well as tracking and assessing
the impact of current initiatives.

Theinclusion of green and sustainable chemistry as
well as broader chemical management indicators
in sustainability and reporting frameworks allows
for an overall understanding of the activities
of companies, their impacts, and for measuring
progress towards smaller environmental
impact and less pollution. As an illustration,
investor interest in chemicals-related corporate
sustainability performance is also growing. Under
the Dow Jones Sustainability Index, for example,
chemical suppliers and downstream companies
are requested to provide information on the
percentage of their products that contain certain
hazardous substances. These types of initiatives
call for the use of green and sustainable chemistry.
They should be further encouraged.

PRTRs are powerful systems for the collection and dissemination of data related to the release of hazardous substances
from industrial zones and other facilities as well as diffuse emission sources. Various PRTRs have been established such as
the European pollutant release and transfer registry (E-PRTR), the Registro de emisiones y transferencia de contaminantes
(RETC) in Mexico and the Toxic Release Inventory (TRI) in the United States. These systems work to build trust between
communities and industry while allowing facility owners to showcase pollution prevention initiatives. Countries that have
implemented PRTRs have reported the positive effect they have had to promote public participation which will be key driver
in building awareness of green and sustainable chemistry. Additionally, the wealth of data generated by these instruments
can be further used to systematically identify specific pollutant hotspots where solutions based on green and sustainable
chemistry could have the greatest possible immediate effect. PRTRs can also serve to aid in the continual assessment of
the impact which sustainable chemical processes have in terms of hazardous releases to nearby communities. The TRI

in particular is an encouraging case study on how PRTR systems can evolve to meet the needs of green and sustainable
chemistry by identifying and evaluating the progress of relevant initiatives (Gaona 2017).



A further area of exploration is how overarching
sustainability frameworks, such as the Framework
for Strategic Sustainable Development, could be
applied to the domain of chemicals, materials and
product life cycles (Broman and Robeért 2017).
The core methodology of back casting from
sustainability principles uses systems thinking
and a future-oriented process to assess and plan
steps to close the gap between today's current
situation and a desired (sustainable) future
state. The sustainability principles define basic
conditions that a sustainable society needs to
respect in order to safeguard the health of social
and ecological systems. As these are based on the
scientific study of natural and social systems, they
offer useful criteria serving as a common language
at the chemical, material, product, organization,

value chain and overarching global systems levels
(The Natural Step 2020a).

Self-assessments and reporting are also taking
place in downstream sectors, such as under the
ZDHC initiative, where compliance rates are being
made publicly available. To help create credibility,
some companies choose to engage with external
bodies, such as the Cradle-to-Cradle Product
Standard and the Chemical Footprint Project.
Furthermore, independent external assessments
are undertaken, for example through the NGO-
founded Mind the Store initiative.

For a detailed discussion on this topic, pleases
refer to GCO-II, Part IV, Chapter 7.

NSI/ACS Greener Chemical Products & Processes Information Standard (NSF International n.d.)

The Greener Chemical Products and Processes Information Standard (NSF/GCI 355), published in 2010 established criteria
for comparing chemicals and processes. Developed by NSI and the American Chemical Society Green Chemistry Institute
(ACS GCl), it provides a framework for chemical manufacturers to develop a comprehensive, standardized report to provide
information to their customers throughout the supply chain. The report is used to evaluate chemical products and their
associated manufacturing processes in several key categories, including: Chemical Characteristics (i.e. physical chemical
properties, human health effects and ecological effects); Chemical Processes (i.e. chemical efficiency and waste prevention,
water, energy, bio-based carbon content, innovative manufacturing processes and technology and process safety) and Social
Responsibility (i.e. child labor, forced and compulsory labor and compliance with laws and regulations). It was informed by
green chemistry principles, green engineering principles, ISO 14000, the global reporting initiatives and many other existing

programs.
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The road map approach to support strategic
planning and decision-making has been used for
many years, including applications in technology
innovation (see, for example, Phaal, Farrukh and
Probert 2004). Road mapping is a technique which
brings actors and stakeholders together to develop
a common vision and long-term planning to achieve
it. Beyond identifying a common vision, roadmaps
help to identify existing resources, describe gaps,
define action, and obtain adequate funding to fill
gaps. They are often used in the private sector, but
are equally relevant for other stakeholder groups,
including public bodies. Road maps also provide
a structured approach to identify, assess and
promulgate interventions to advance technology
solutions. Road maps have for example, been a
powerful instrument to drive innovation in the
semiconductor industry (Voorhees and Hutchison
2015).

The road map approach has been used by several
actors in the chemical sector and value chain to
advance action to achieve the sound management
of chemicals and waste. One example is, the
roadmap developed by chemical companies
and industry associations, under the auspices
of the World Business Council for Sustainable
Development (WBCSD), exploring how the
chemical sector can contribute to achieving various
SDGs and targets (WBCSD 2018). Another example
is the WHO Chemical Road Map, adopted in May
2017 by the World Health Assembly, identifying
actions where the health sector has either a lead
or important supporting role to play in advancing
the sound management of chemicals and waste.
The WHO road map is complemented by a series
of practical workbooks (WHO 2020).

Road maps have also been developed taking
a value chain approach which brings together
different actors across the life cycle of chemicals
and products. For example, the EU Roadmap

Chemical Sector Road Map (WBCSD
2018)

@ wbcsd

Chemical Sector
SDG Roadmap

for the chemical industry in Europe towards a
Bioeconomy (RoadToBio 2020) applies a value
chain approach for a variety of products, with the
goal of increasing the use of bio-based feedstocks.
The example of the European PVC industry and its
voluntary sustainability commitment VinylPlus
(Smith and Jarisch 2019) highlights how a roadmap
can foster a structured dialogue and systematic
steps to address issues through engagement of
key stakeholders to address issues such as closing
the loop with a dedicated recycling network;
optimizing additive Formulations with circularity
in mind etc. The road map “Addressing Marine
Plastics. A Roadmap to a Circular Economy”
features an action-oriented strategy by identifying
a core set of priority solutions to be implemented
by stakeholders from the plastics value chain
under different time horizons, and at different
geographical scales (Wang, Talaue McManus and
Xie 2019).



WHO Chemicals Road Map: Action areas and interlinkages (WHO 2018b, p.3)

Risk reduction

Reduced risk is an outcome of all the
road map activities. Some activities,
directly reduce risk, and all activities
contribute to reduced risk in the

long term.

Institutional capacity

Institutional capacity develops
around a base of evidence and
knowledge and strong leadership.

It includes legislative frameworks
and proper enforcement, strong
policies, guidelines, laboratories,
poison centres, emergency response
systems and an educated workforce.

Given the potential benefits of road maps,
GCO-Il encouraged the development of country-
and stakeholder-driven roadmaps on specific topics
and by different stakeholder groups to support
the implementation of the sound management of
chemicalsand waste beyond 2020 and help monitor
progress at all levels, including at the global level
(UNEP 2019b). Consistent with this suggestion,
Green and Sustainable Chemistry Road Maps could
be developed by diverse stakeholder groups, as
important components of concerted national
and global results-oriented action to achieve the
sound management of chemicals and waste. These
road maps could be developed at different levels
and through different stakeholders, including
individual governments (national, sub-national
or local); chemicals and downstream sector
companies; university and research institutes;
and other concerned actors. They may also be
developed around a singular issue like the case of
the solvent management plans (SMP) formulatedin
the UNECE region. What they require is leadership
within relevant organizations. Such leadership can
come from the top through senior management,
or from bottom-up, through interested and
committed individuals.

Knowledge and evidence
Knowledge and evidence, on
chemicals, health vulnerabilities,
which interventions work best, on
current gaps and priorities etc.,

is needed to guide all the other
interventions.

Leadership and coordination

is required to ensure road map
actions are part of the policy/
political agenda, are adequately
funded, include the contribution
of multiple sectors and deliver on
national and international targets.

As a starting point, stakeholders may want to take
stock of their current sustainability performance
and opportunities taking into account the 10
objectives and guiding considerations for green
and sustainable chemistry offered in Chapter 3.
This analysis could help to create a green and
sustainable chemistry vision for the organization
and inform identifying possible measures of
action. For example:

~ governments could provide dedicated support
to green and sustainable research programmes
in industry and the research community and
drive innovation through regulatory action;

~ universities could systematically introduce
green and sustainable chemistry into teaching
curricula, research operations, and start-up
support;

v chemical companies could systematically
introduce life cycle assessment, set innovation
targets for replacing chemicals of concerns and
ensure communication within the supply chain;
or
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ACS green chemistry education road map project

An example of a road map process focusing on green and sustainable chemistry is the ACS green chemistry education

road map project. It articulates an aspirational vision for green chemistry education: “Chemistry education that equips and
inspires chemists to solve the grand challenges of sustainability.” This vision aligns with the UN sustainable development
goals, whose implementation depends significantly on chemistry (Carroll 2019). To engage stakeholders in the development
of the roadmap, ACS sent a survey to some 17,000 educators.

Questions addressed in the road map process include, for example (Voorhees and Hutchison 2015):

» How can educators replace existing course material with material that integrates sustainable and green chemistry
lessons and principles into chemistry education?

» How can chemists and non-chemists who take chemistry courses as part of their education be trained to think about the
discipline holistically and sustainably without creating more work for already strained educators?

» What resources are already out there and what needs must be met?

~ civil society organizations could act to bring Logic of a road map process (IEA 2014
knowledge to consumers and share feedback

with other stakeholder groups to help create
demand for green and sustainable chemicals
and products.

~
A range of methodological approaches exist to

support the development of technology innovation

road maps. Following a review of various road map (i)aaI::i:psd

approaches and considering that the energy and

chemical sector both face strategic sustainability

and technology challenges, guidance developed Action items

by International Energy Agency may provide

insights and inspiration. The publication “Energy J
Technology Roadmaps: A Guide to Development Priorities and

and Implementation” aims at “providing countries It

and companies with the context, information and

tools needed to design, manage and implement

an effective energy technology roadmap process An effective road map process starts by addressing
relevant to their own local circumstances and a set of important up-front questions. These
objectives” (IEA 2014). It features guidance on include, for example (based on IEA 2014):
identifying stakeholders, developing a technology

baseline, and crafting indicators to help track v What are the boundaries of the road map
progress against milestones. The ultimate aim effort?

of the guidance is to help stakeholders allocate

limited resources to identify priorities and high ~ Which green and sustainable chemistry topics
impact action in the short term, while laying the will the roadmap consider?

groundwork and taking action for longer-term

improvement. ~ Which external experts and stakeholders need

to be engaged in the process?



Process for developing an energy technology road map (IEA 2014, p. 6)

Phase 4:
Phase 1: . Phase 3: Roadmap
. Phase 2: . .
Planning and R Roadmap implementation,
. Visioning e s
preparation development monitoring and
revision
/ \ / » Conduct
g E;tgrt;::sh » Conduct expert expert
commi?tee » Conducts workshop(s) to workshop(s)
Expert » Determine senior-level identify barriers to reassess
judgement d | visionworkshop | | and priorities 3 priorities and
and SCOpE an 1 toidentifylong- | |7 needed > Develop timelines as
boundaries .
consensus term goals and technologies, roadmap progress and
» Select 2 .
objectives policies and new trends
stakeholders A
and experts timelines emerge
> Conduct > Update map
/ X / review and
/ e Rt consultation > Track
| | chtenolders changes
> Assess in energy,
» Develop energy, | . potential : enwronmentgl
environmental ;> Analyse future contributions of © | poc o g and economic
Data and and economic . scenario for technologies to factors as
. 1 : launch roadma i
EREISIN data to conduct 2 energy and future energy, =2 Pt roadmap is
baseline environment environmental mplgmented
research and economic > Monitor
goals progress in
implementing
/ ................ roadmap
1-2 months 1-2 months 2-6 months 2-8 months Recurring
(1-5 years)

Q\//@

6-8 months total

Note: Dotted lines indicate optional steps, based on analysis capabilities an resources.

~ Whatis the time frame for developing the road
map?

and preparation; Phase 2: Visioning; Phase 3:
Roadmap development; and Phase 4: Road
map implementation, monitoring and revision.
Stakeholder interested in developing a green
and sustainable chemistry road map may want to
consider and adapt this guidance, as appropriate.

v What technology opportunities are under
consideration?

~ How will the leading organization use and
implement the roadmap?

Figure 8.4 provides anillustrative road map process
in the area of energy technology. It includes four
stages as well as cross-cutting interface of Data
and analysis and Expert judgment and consensus.
The four phases include: Phase 1: Planning

One option to organize a green and sustainability
road map process is to organize a Sustainability
Lab, a concept which brings together key actors
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Natural Step “Sustainability Transition Labs” (The Natural Step Canada n.d.)

Pre-lab
READY?

Getting

prepared

What pressing sustainability
challenge is too complex to
solve alone?

> Identify and scope the
challenge

» Secure potential partners
and resources

» Design the phases and
tasks

Outcome: a combined
core team with a defined
challenge

and stakeholders in addressing a complex issue

Phase 1
WHY?

Exploring
the shared
value of
collaboration

What value can we create by
collaborating to address the
challenge?

» Conduct in-depth
interviews

» Map existing initiatives

» Convene a foundational
workshop

» Build shared language

Outcome: clarified key goals
that recognize shared and
individual value

Phase 2
HOW?

Learning
together and
building shared
priorities

What are the relationships,
barriers, and leverage points
for change in the system?

» Conduct experiential
learning journeys

» Map the system

> |dentify the leverage
points

» Back cast from our shared
sense of success

> Prioritize initiatives

Outcome: identified and

prioritized collaboration
initiatives

Advancing green

Phase 3
NOW?

Implementing
collaborative
IEES

How can we implement our
shared agenda to make a
collective impact?

» Implement a portfolio of
aligned activities

» Formalize partnerships

» Develop shared
measurement systems

» Prototype projects,
analyze data, share
learning

Outcome: breakthrough
results which shift the
system

and sustainable chemistry

(McCrory et al. 2020). The focus of Sustainability
Labs is to put the issue at the centre and recognize
that addressing complex sustainability challenges
requires unprecedented collaboration and
new ways of working across sectors and across
scales. One example is the global Programme
Sustainability Transition Labs coordinated by The
Natural Step which blends expertise in designing
and facilitating transformational change towards
sustainability with approaches to multi-stakeholder
collaboration (The Natural Step 2020b).

The trends and opportunities presented in this
framework manual all point into one direction.

offers many benefits, environmental, social and
economic. However, leadership at all levels is
still not sufficient and must improve in order to
reap the full potential of green and sustainable
chemistry. Ensuring that the topic is brought
to the instrument being discussed under the
Strategic Approach and the sound management
of chemicals and waste beyond 2020 process can
support this objective, as deemed necessary.

In addition, all actors and decision-makers, from
public officials to company CEOs and heads
of chemistry laboratories, are encouraged to
consider the analysis and guidance provided in
this framework manual and consider the initiation
of a “Green and Sustainable Chemistry Road Map”
within their organizations. UNEP encourages
and welcomes sharing of relevant initiatives to



facilitate knowledge sharing across countries and
stakeholders and to explore opportunities for
capacity development. Beyond, atinternationaland
at national/regional levels, leading stakeholders
such as government and regional/local authorities
are encouraged to coordinate action, and build

with relevant stakeholders, a coherent plan for
action (or roadmap). Altogether, these efforts
could enhance and scale-up concerted global
action to advance green and sustainable chemistry,
including in developing and transitioning countries.

Together we can make
green and sustainable
chemistry a reality
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