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A B S T R A C T

To achieve and safeguard the chemicals management “2020 goal” of least possible adverse effects, we need
broad and global transformation to a sustainable chemistry, which can provide the most adequate solutions
contributing to sustainable development as set out in the Agenda 2030. As a basis for effective progress, a
common understanding is required of sustainable chemistry, of its scope, characteristic elements, and specific
objectives, as well are guidelines requisite for influencing the speed and direction of this complex and
encompassing transformation. This article aims at stimulating this transition process towards a sustainable
chemical sector by proposing “100 words for sustainable chemistry”, objectives and guiding principles as well as
actions steps towards the further implementation of sustainable chemistry.

1. Executive summary

Producing, using, re-using, disposing, and eliminating chemicals
with the least possible adverse effects on human health and the
environment is a global goal. This so-called 2020 goal has been initially
formulated 2002 by the Johannesburg World Summit for Sustainable
Development. Since then, several policy for a have repeatedly endorsed
and reinforced the 2020 goal. While rapidly approaching the initial
target date, we face globally ongoing progression of production
volumes, count, and uses of chemicals. Thus, despite all considerable
efforts in chemicals management so far, the need for broad transfor-
mation to a sustainable chemistry becomes exigent. Moreover, as
humankind has to rely on the chemicals sector for contributions to
nearly all Sustainable Development Goals (SDG) of the Agenda 2030, it
is even more essential to get the urgently needed sustainable solutions
from a thoroughly sustainable chemistry.

The herewith-presented Concept of Sustainable Chemistry de-
scribes the understanding of what sustainable chemistry is about in
view of the authors. Furthermore, it is setting out the objectives and
guiding principles for sustainable chemistry and points out action
topics influencing the holistic approach that sustainable chemistry
entails.

Sustainable development is a process to ensure the future as well as
present potential to meet essential human needs and desires within the
ecological and resource limits of our planet. This paradigm is relevant
for all areas including those where chemicals are produced, traded,
used, processed, incorporated into products, reused and recycled,
disposed off and released into the environment. These chemical
relevant areas need to reach a common understanding of how to foster
sustainability in chemistry since the term sustainable chemistry has
been used with different interpretations for many years. In order to
guide this process, we propose a description of sustainable chemistry
which is building on the sustainable chemistry definition of the OECD,
rooted in chemicals management as well as the 12 Principles of Green
Chemistry and addresses social, environmental, scientific and econom-
ical aspects (Fig. 1).

Sustainable chemistry is a holistic approach where the entire
lifecycle of chemical products and the related system of actors,
institutions and culture is considered. This implicates that all stake-
holders along the life cycle chain of chemicals have responsible roles.
Besides health and environment, social conditions, research, science
and economic aspects have to be considered and balanced within the
capacity-limits of our planet. This holistic approach distinguishes
sustainable chemistry from green chemistry and from operational safe
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use of chemicals. Sustainable chemistry is building on and goes beyond
these two concepts. Moreover, this encompasses system innovations
which will lead to fundamental changes in both social dimensions
(values, regulations, attitudes etc.) and technical dimensions (infra-
structure, technology, tools, production processes etc.) and, very
importantly, in the relations between them.

Sustainable chemistry thrives innovative solutions, even including
non-chemical alternatives, based on knowledge to address serious
societal problems and is able to preserve and create jobs and to access
new business markets. It generates sustainable products or services
which are commercially successful, beneficial to society, and not
harmful to humans and environment. This implies the need for
sustainable production in which steps before or after production have
to be included in sustainable assessment and action.

Sustainable chemistry applies the precautionary principle and uses

or applies only products and services that are sustainable and serve
sustainable objectives. Based on this assumption, to guard against
green washing, to reduce current burdens, and with a view to the SDGs,
we propose seven Objectives and Guiding Principles of Sustainable
Chemistry to be applied in all chemical relevant areas:

• Design and use of benign chemicals.

• Development and use of alternative solutions for problematic
applications.

• Reduction of impacts.

• Conservation of natural resources.

• Promotion of reuse and recycling.

• Increase of market opportunities.

• Application of corporate social responsibility.

Fig. 1. Sustainable chemistry in 100 words.
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For many important applications, chemicals without problematic
properties are still not available. In these cases, hazardous substances
have to be used. Therefore, safe use and sound management of such
chemicals are essential parts of sustainable chemistry. They ensure that
exposures and releases are kept as low as possible – while sustainable
chemistry implies ongoing efforts to find suitable alternative sub-
stances or technologies, which are economically and technically
feasible.

To implement these Objectives and Guiding Principles of
Sustainable Chemistry into practice, all stakeholders have to make
joint efforts to develop common strategies for action and activities.

On international policy level, the United Nations are discussing and
fostering sustainable development at the global policy level since 2002.
Since 2006, the Strategic Approach to International Chemicals
Management (SAICM) is contributing to the management part of
global chemical policy. However, sustainable chemistry has not been
very visible in these activities so far. This has changed at some extent in
2015 when the Sustainable Develpoment Agenda 2030 was adopted. 17
Sustainable Develpoment Goals (SDGs) and 169 underlying targets
offer various connection points to highlight the capabilities of sustain-
able chemistry. Chemicals are explicitly named in SDG 12 (consump-
tion and production), SDG 6 (water and sanitation) and SDG 3 (healthy
lives and well-being). To these and other SDGs we believe sustainable
chemistry will be a significant stimulator, generating the most adequate
sustainable contributions from the chemicals sector.

In summary, we see a window of opportunity to strengthen the role
and visibility of sustainable chemistry in the current policy context.
Tapping the full potential of sustainable chemistry will most effectively
contribute to the whole sustainable development agenda and will
further enhance sound management of chemicals (Fig. 2). To realise
this, an important aspect will be the international cooperative action of
all stakeholders and organizations dealing with chemical relevant
areas, as particularly injected in SAICM and sighted by SDG 17. In
our view, the International Sustainable Chemistry Collaborative Centre
(ISC3) will be a fitting institution definitively contributing to this
process.

2. Introduction

At the global level, in 2002 the United Nations discussed sustainable
development at the World Summit on Sustainable Development (WSSD) in
Johannesburg, South Africa. Since 2006, the Strategic Approach to
International Chemicals Management (SAICM) bundles the various activ-
ities relating to chemical safety in an integrated approach. SAICM is an
overarching strategy of a cross-cutting nature, institutionalizing the in-
volvement of stakeholders from all relevant sectors on a voluntary basis.
SAICM is a time-limited process; its mandate is currently limited until
2020. SAICM has adopted the “2020 goal” of the World Summit on
Sustainable Development in 2002 as part of the Johannesburg Plan of
Implementation: ”…to achieve, by 2020, that chemicals are used and
produced in ways that lead to minimization of significant adverse effects on
human health and the environment (…)”.〈http://wwwunorg/esa/sustdev/
documents/WSSD_POI_PD/English/WSSD_PlanImplpdf〉 (2002).

In this sense, producing, using, re-using, disposing, and eliminating
chemicals with the least possible adverse effects on human health and
the environment is a global goal. However, while rapidly approaching
the initial target date of the 2020-goal, we face globally ongoing
progression of production volumes, count, and uses of chemicals.
Thus, despite all considerable efforts in chemicals management so
far, the need for broad transformation to a sustainable chemistry
becomes exigent.

Sustainable chemistry is ready to make contributions in this respect
and this has been acknowledged in 2016 when the second United
Nations Environment Assembly (UNEA-2) mentioned sustainable
chemistry for the first time in a resolution and requested governments
and stakeholders to share good practices with UNEP by June 2017.

UNEP/EA (2016) Thereby, a basis for exploring sustainable chemistry
linkages with and developing options for the implementation of the
2030 Agenda for Sustainable Development shall be provided.
Moreover, as humankind has to rely on the chemicals sector for
contributions to nearly all Sustainable Development Goals (SDG) of
the Agenda 2030, it is even more essential to get the urgently needed
sustainable solutions from a thoroughly sustainable chemistry.

The field of green and sustainable chemistry has rapidly grown in
the past few decades. Both in science and research as well as in
segments of the industry there have been many independent activities.
(Cannon and Warner, 2011; Kümmerer and Hempel, 2010; Angrick
et al., 2006) Various organizations have launched activities with the
goal to foster green and sustainable chemistry (Fig. 2).

Green chemistry is a prerequisite and a core part of sustainable
chemistry. Most important for green chemistry are the 12 Principles of
Green Chemistry. (Anastas and Warner, 1998; Voutchkova-Kostal
et al., 2012) Green chemistry and sustainable chemistry have in
common a benign design, manufacture and use of chemical products
and services which are efficient, effective, safe and environmentally
harmless. However, whereas green chemistry strives primarily at
engineering and technical issues, like synthesis, atom economy and
use of solvents, and thereby derives from a perspective of design and
production, sustainable chemistry encompasses all life cycle stages as
well as direct and indirect implications in surrounding areas and
addresses different perspectives besides environmental aspects like
economy and society.

In 1996 the Annex IV of the directive on integrated pollution
prevention and control of pollution (IPPC Directive) (Voutchkova-
Kostal et al., 2012) expressed 12 guiding principles on the status of the
best available technology describing sustainable production especially
for the chemical industry. The IPPC Directive (Council Directive 96/
61/EC of 24 September (1996)) was integrated in the industrial
emissions directive (IED) in 2010 Directive (2010)/75/EU of the
European Parliament and of the Council of 24 November (2010). In
2004 the German Environment Agency (UBA) jointly with the
Organization for Economic Cooperation and Development (OECD)
developed qualitative and quantitative criteria for sustainable chem-
istry (German Federal Environment Agency, (2009)).

However, despite these efforts, a commonly shared understanding
of what actually constitutes sustainable chemistry is still lacking.
Today, several definitions on sustainable chemistry exist. Among these,
the OECD description of sustainable chemistry (http://www.oecd.org/
chemicalsafety/risk-management/sustainablechemistry.htm) has a
strong perception, because of the particular role of this international
organization in providing science-based tools for policy-making.
However, initiatives like SusChem define sustainable chemistry in
slightly different ways (http://www.suschem.org/about-suschem/vi-
sion-and-mission-sustainable-chemistry.aspx), whereas the American
Chemical Society (http://www.acs.org/content/acs/en/greenchemis-
try/what-is-green-chemistry/definition.html) and the US EPA
(https://www.epa.gov/greenchemistry/basics-green-chemistry) do not
differentiate between green and sustainable chemistry.

This situation implies that there is a lack of direction and
prioritization of the various activities. A commonly shared under-
standing of sustainable chemistry and specific objectives are required
in order to not transgress the ecological guideline and limits of our
planet and to achieve the internationally agreed Agenda 2030 with its
17 Sustainable Development Goals (SDG) and 169 targets (UN
document, 2030).

At this point the Concept of Sustainable Chemistry hooks in. A clear
presentation of the objectives and guiding principles of sustainable
chemistry should serve to guide concrete entrepreneurial, adminis-
trative, academic and social actions and, moreover, clarify the meaning
of sustainable chemistry. It will assist stakeholders in exploiting
chemistry's potentials for the solution of current and future societal
challenges in a targeted manner.
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The concept aims to stimulate future activities in the field of
sustainable chemistry and materialize sustainable chemistry for the
chemical industry and their user industries as well as related fields such
as pharmacy (Kümmerer and Hempel, (2010)). Furthermore, the
concept has significant potential to align chemicals and waste manage-
ment effectively with sustainable development. The concept is also
intended to serve as a starting point of reference for the work of the
International Sustainable Chemistry Collaborative Centre (ISC3) as
well as for the work of the chemical industry to fulfill the UN SDGs.

In developing our concept it was possible to take advantage of
substantial preliminary work already undertaken, including the 12
Principles for Green Chemistry and the work of the OECD on the
characterization of sustainable chemistry (German Federal Environment
Agency, (2009); http://www.oecd.org/chemicalsafety/risk-management/

sustainablechemistry.htm; Environmental Directorate OECD, 2004;
Reihlen et al., 2016 ; Moser et al., 2014; Clark and Kümmerer, 2016).
These approaches have been integrated, extended to a more holistic view,
and specified. Thereby, we have taken into account the effects on
environment and health, as well as scientific, cultural, social and economic
aspects. When it comes to the next steps, we put precedence to the pursuit
of ways to reduce negative impacts on health and the environment. This set
of priorities complements the works undertaken by other stakeholders who
focus more on economic and societal issues.

3. The challenge of sustainable development

"Sustainable development is development that meets the needs of
the present without compromising the ability of future generations to
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Fig. 2. Sustainable chemistry and surrounding elements.
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meet their own needs." This definition by the Brundtland Commission,
was made almost 30 years ago and has defined the still valid under-
standing of sustainability (World Commission on Environment and
Development, (1987)). Hence, sustainability needs to be rooted in the
societal, environmental, economic and scientific fields as well as in
cultural understanding.

Realisation of sustainable chemistry requires a holistic approach.
Bearing this in mind, developing sustainable chemistry, i.e. in the
chemical industry entails more than innovation of chemical products
and processes. It requires the transformation of value chains as well as
institutional and financial structures that might hinder sustainability.
Therefore, system innovations are important to achieve sustainable
supply of products and materials for society.

A systems approach analyses chemistry and the chemical sector as a
system that provides the products and materials for society and that
has evolved into a tightly interlinked network of actors, technologies
and institutions. This network provides reinforcements – e.g. through
accumulation of knowledge, economies of scale, network effects,
consumer habits – to the preservation and improvement of carbon
based products and processes. To overcome this, a system innovation is
needed that “… leads to fundamental changes in both social dimensions
(values, regulations, attitudes etc.) and technical dimensions (infra-
structure, technology, tools, production processes etc.) and, very
importantly, in the relations between them” (Suurs and Roelofs, 2014).

However, absolute sustainability will endure as a vision and
motivation for further changes. Life cycle analysis can be applied as a
tool to assess ecological aspects in a comprehensive manner. In
addition, modules for social impacts, costs and benefits have become
instruments of sustainability assessment (Kemp, 2011; World Business
Council for Sustainable Development, 2016; Antony et al., 2014).
Sustainable chemistry has a large potential for fulfilling material and
product needs of a modern sustainable society; for instance innovative
solutions with chemicals in the area of energy efficiency or the change
from fossilized carbon to renewable resources (Collins, 2001). These
examples have demonstrated that they have the power to contribute to
sustainable development worldwide. However, there have been in-
creasing challenges on a global scale in recent years. Clean water,
enough safe food for all, poverty eradication, urbanization, population
growth, climate protection, biodiversity, health and environmental
protection – these examples illustrate that the world has to face ever
growing challenges when striving for a truly sustainable development.

The development and application of new approaches and technol-
ogies and the coinciding evolvement of new structures that stimulate
transformation is necessary to enable the development of value-
creating products and services. Which such development, sustainable
chemistry is able to contribute to enduring positive development
urgently required for society, economy and environment. In the scope
of sustainable chemistry, more emphasis is being placed on the stress
limit of humans and the limited carrying capacity of the environment
than has been done under previous approaches.

Fig. 2 describes areas of sustainable chemistry and their relations
important elements, aspects, initiatives and organizations with regard
to sustainable development.

3.1. Organizations influential in sustainability

3.1.1. Governmental and inter-governmental organizations
Over the past twenty years, major progress has been made towards

green chemistry, but less towards sustainable chemistry. Various
elements have helped to adopt and implement different aspects of
sustainability, for example in objectives formulated or in practical
solutions.

The policy-framework for implementation of sustainable develop-
ment has received an immense momentum at the global level by
adoption of the UN Sustainable Develpoment Agenda 2030 in 2015,
which builds upon 17 Sustainable Develpoment Goals and 169 under-

lying targets proclaimed as integrated and indivisable. The 2030
Agenda for Sustainable Development offers an overarching framework
for enhancing synergies between separate policy areas towards the
global sustainability goals (UNEP/EA, 2016). In this regard, sound
management of chemicals, explicitly addressed in target 12.4 of
Sustainable Development Goal 12 (SDG 12) aims also at bettering
conditions for environment (SDG 3, SDG 6) and health (SDG 3)
through elimination of negative impacts. However, there are many
other SDGs (Nachrichten aus der Chemie 64, 2016) that may have
strong linkages with chemicals management, for example agricultural
practices regarding hunger elimination (SDG 2), energy efficiency (SDG
7), global resource efficiency in consumption and production (SDG 8),
sustainable industrialization (SDG 9), sustainable cities and commu-
nities (SDG 11), climate protection (SDG 13), life below water and on
land (SDG 14 und 15) and global partnerships (SDG 17). Frequently
such linkages are complex and their analysis is not yet thoroughly
studied in science and even less visible in policy making.

As stated above, target 12.4 takes over SAICM's “2020 goal” and
further coins the key concept of Sound Managements of Chemicals and
Waste (SMCW): “By 2020, achieve the environmentally sound manage-
ment of chemicals and all wastes throughout their life cycle, in
accordance with agreed international frameworks, and significantly
reduce their release to air, water and soil in order to minimize their
adverse impacts on human health and the environment”. SMCW refers
to tools developed and provided by various actors. It takes into account
e.g. the relevant multilateral environmental agreements (MEA), the
globally harmonized system (GHS), the aforementioned strategic
approach SAICM, as well as various instruments of the Inter-
Organization Programme for the Sound Management of Chemicals
(IOMC) - particularly from the OECD chemicals programme - and also
regional schemes such as the European regulations REACH or those on
plant protection products, biocides, the California Proposition 65,
specific Japanese chemicals regulations and many others.

In order to contribute to the whole sustainable development agenda
there is a need to enhance sound management of chemicals through
sustainable chemistry (Fig. 2). Equally, fulfilment of the SDGs through
sound management of chemicals can be enhanced by enshrining
sustainable chemistry in future chemicals management. Chaperoning
aspects essential for successfully influencing direction and speed of
sustainable chemistry as a holisitc approach are among others primar-
ily green chemistry, innovation in combination with research and
development, cooperative action of international organizations like
the OECD or the United Nations Industrial Development Organization
(UNIDO), as well as of institutions responsible for implementing
regional and national regulations, international MEAs, SAICM and
others.

Policy instruments on sound management of chemicals on inter-
national and national level, including voluntary programms, particu-
larly SAICM, as well as regulations like the Stockholm Convention
(Stockholm Convention on Persistent Organic Pollutants POPs, 2010)
or the Rotterdam Convention (Rotterdam Convention, 2013), and
other MEAs, have the objective of protecting human health and the
environment from hazards and, with more stringency, from evidenced
risks. Under this policy regime there are underlying or implicit
considerations that take some aspects of the precautionary principle
into account. This is the case in particular for the Stockholm
Convention (Annex F for risk management evaluation) and the
Rotterdam Convention (notifications of final regulatory actions).

However, overarching considerations have not been bundled so far
to a comprehensive understanding of what is really important in terms
of sustainable development. SAICM has some weak linkages to over-
arching considerations, e.g. the nomination process for emerging policy
issues and UNIDO's Cleaner Production Centers show in an exemplary
way the progress achieved in plant and process safety as well as in
occupational safety.

REACH, the major component of European chemicals legislation, is
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a very ambitious regulation. Among other things, it requires taking into
account socio-economic considerations when concluding on authoriza-
tion applications for substances of very high concern. At the level of
technical implementation, best available techniques (BATs) and best
available techniques reference documents (BREFs) are standards for
process optimization, while best environmental practices (BEPs)
describe the application of the most appropriate combination of
environmental control measures and strategies (Directive (2010)/75/
EU of the European Parliament and of the Council of 24 November,
2010). Environmental and consumer protection organizations such as
the umbrella organization European Environmental Bureau (EEB) play
an important role in encouraging the ambitious elaboration of both
legal frameworks as well as voluntary initiatives for sustainable
chemistry.

3.1.2. The role of the chemical industry in sustainability
Our society is nowadays faced with a number of persistent problems

in domains such as energy, mobility, agriculture, and biodiversity. The
persistent nature of these problems is closely related to the fact that the
problems arise from patterns and processes that are deeply embedded
in and privileged by the institutions of state, science, market and
society – as well as their mutual alignment. These persistent problems
ask for transitions or system innovations, where societal development
breaks away from previous lines of progress. Radical new approaches of
production and consumption are necessary to influence societal devel-
opment processes in such a way that in the long-term sustainability
ambitions are met. In this, the chemical industry is essential, since it is
a key partner for the all sectors of the manufacturing industry. On a
global scale, it provides significant contributions to satisfy the needs of
society as far as possible, given the limited resources available.

The chemical industry has indeed undertaken efforts according to
its perception of sustainability. The chemical industry's core strength is
the development of innovative materials and system solutions as well
as the interlinking of social, environmental and economic aspects. In
this regard, the chemical industry can provide crucial contributions to
sustainable development. However, in many countries and areas of
application, production, use and disposal of chemicals are still con-
nected with significant or even increasing exposures to human health
and the environment also resulting in damages of those.

The chemical industry created global approaches like the Global
Productship Scheme (GPS) and the Responsible Care initiative (RC)
(http://www.icca-chem.org/en/Home/Responsible-care/; http://
www.globalpsc.net/). The German chemical industry's Chemie3 initia-
tive drives in its guidelines extensive allowance for social and economic
issues (Verband der Chemischen Industrie, 2013). The Dutch MVO
QUICKSCAN initiative illustrates the corporate social responsibility in
the chemicals industry (Netherland, 2015). The Green Chemistry and
Commerce Council (GC3) (http://greenchemistryandcommerce.org/)
is a good example of a network of companies, scientists, governmental
organizations and environmental and consumer associations which
strive to put green chemistry approaches into practice.

3.2. Missing aspects towards increased sustainability

Despite all these activities, globally agreed objectives like SAICM's
2020 goal and the Agenda 2030 target 12.4, (UN document, 2030;
UNCSD Outcome document, 2012) will not be realized by 2020.
Moreover, there is the enduring need to further develop the ambitions
of chemicals management. Globally, we are still continuously facing
increasing amounts and numbers of chemicals used. In many countries
and fields of application, the use of chemical substances is still
connected with considerable burdens or damage to human health
and the environment. A vital precondition for attaining the 2020
objective is therefore to abandon the use of hazardous chemicals in
as many fields as possible. Where this is not possible, emission levels
must be reduced substantially.

Regarding societal aspects different sources of so-called lock-in of
the present system of supply of products and materials exist. These
sources of lock-in are mechanisms that reinforce the present system of
production and consumption, and thus contribute to the present
persistent societal problems (Unruh, 2002). They can be of various
nature: technological (i.e. dominant design, standard architectures and
components, compatibility of designs), industrial (i.e. industry stan-
dards, technological inter-relatedness, co-specialized assets), organisa-
tional (i.e. routines, departmentalization, customer-supplier relations,
training, capacity building), institutional (i.e. policies, legal frame-
works, departments/ministries, educational programs) and socio-cul-
tural (i.e. social norms, values, preferences, expectations, behavioral
habits) (Suurs and Roelofs, 2014; Unruh, 2002). These lock-ins have to
be overcome by a system innovation related to sustainable chemistry.

In general, missing aspects towards increased sustainability require
a different handling of chemicals and a new understanding of chemistry
as well as the role the chemical sector has to play in society. Therefore,
new knowledge and technology as well as a transformation of the
structure, culture and approach in the chemical sector is needed. That's
where sustainable chemistry as a holisitc approach comes into play.

3.3. The concept of sustainable chemistry

3.3.1. Origin and meaning of the term
30 years ago the Brundtland Commission stated: “Sustainable

development is essentially a process of change in which the exploitation
of resources, the direction of investments, the orientation of technolo-
gical development, and institutional change are made consistent, and
increase the future as well as present potential to meet essential human
needs and desires” (World Commission on Environment and
Development, 1987) This process of change has already begun in the
chemical industry. The aim is to reach sustainability in chemistry, but
what is in fact sustainable chemistry?

At the international level, the term of sustainable chemistry has
been used since more than ten years (Angrick et al., 2006). Criteria for
sunstainable chemistry have been developed by the German
Environment Agency and the OECD in 2004 (Environmental
Directorate OECD, 2004). A definition has been given by the OECD
in 2014 (German Federal Environment Agency, 2009). According to
this definition, sustainable chemistry is a chemistry characterized by
increased resource efficiency, safer and less polluting substances,
through innovations beyond sector borders, improved performance
and increased added value. This definition has also been taken as a
basis for the present Concept of Sustainable Chemistry. Bearing this in
mind, sustainable chemistry can be described in 100 words (Fig. 1):

3.3.2. Sustainable chemistry: a holistic systems approach
For achieving sustainable chemistry a holistic approach is being

adopted which is comprised of several aspects, some of these high-
lighted here. What does that mean? With sustainable chemistry the
entire lifecycle of chemical products is considered. This includes
molecular design, resource demand and synthesis over distribution,
usage and recycling to end of life issues. Sustainable chemistry is
continuous improvement to safer chemicals both through selection of
alternatives and through research and development of new chemicals.
Sustainable chemistry implicates that in addition to the chemical
industry, downstream users of substances and materials, manufac-
turers of products as well as consumers are important players, who
have their roles in a systems innovation approach. Consequently,
sustainable chemistry does not only address effects on humans and
the environment, but also challenges in terms of social conditions, the
inclusion of research, science and culture, and a successful long-term
and sustainable way of management respecting the capacity-limits of
our planet.

This holistic approach distinguishes sustainable chemistry from
green chemistry (Anastas and Warner, 1998; Cui et al., 2011; Beach
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et al., 2013) (at the same time integrating it) and from operational safe
use of chemicals. The latter clearly emphasize the development of
chemicals which are less problematic for humans and the environment,
occupational health and safety in relation to production, and the
protection of users. Both, green chemistry and the operational safe
use of chemicals are important building blocks of sustainable chem-
istry. However, sustainable chemistry goes beyond both.

One key objective of sustainable chemistry is to use chemicals
which are benign. This means they do not have any problematic
characteristics for humans and the environment and their use or
application in products and services are sustainable and serve sustain-
able objectives. In regards to hazardous substance groups, sustainable
chemistry draws on the precautionary principle. This means that for
certain groups of substances the hazardous potential of a substance
alone is sufficient to trigger the implementation of measures or to not
authorize them. Meanwhile, the precautionary principle has been
recognized in several international conventions. Among other legal
frameworks it is mentioned in the Basel, Rotterdam, Stockholm and
Minamata Conventions, in the Montreal Protocol and also in REACH.
The precautionary principle allows to address the challenge of adverse
effects on human health and the environment by exposure to critical
substances even in low dosages and to take into account lessons learnt
from earlier releases of related substances (European Environmental
Agency, 2012). The Tiered Protocol for Endocrine Disruption (TiPED)
can be seen as a recent example for an interdisciplinary research
approach from sustainable chemistry to reduce such adverse impacts
starting from the source (Schug et al., 2013).

Sustainable chemistry significantly contributes to the reduction of
current burdens and to attain the global objectives of sustainability.
Fig. 3 shows the central objectives and guiding principles of sustainable
chemistry.

In general, a holistic understanding of sustainability implies that
the actors examine whether the use or application of a product is
sustainable and whether it serves sustainable objectives. Therefore,
sustainable chemistry aims at generating sustainable products pro-
duced in a sustainable value chain. For example, they should be
commercially successful, beneficial to society, and enable the supplied
clients to contribute effectively to all aspects of sustainability.
Sustainable chemistry also means to establish sustainable production
at every local plant. Additional steps taking place either before or after
production often play an essential role as well. The evaluation of the
use of renewable resources, for example, requires information on
whether they were grown under sustainable conditions. For businesses,
this implies to include also activities outside their local plants, since
these can have a major impact on the overall sustainability of a product
or service.

However, for many important applications, chemicals without
problematic properties are still not available. In these cases, hazardous
substances have to be used. Is this the case, safe use and sound
management of such chemicals are essential to ensure that exposures
and releases are kept as low as possible.

Sustainable chemistry thrives on finding innovative solutions to
serious societal problems. To a very large degree, it is based on
knowledge. Thus it enables innovative businesses to tap new markets
permanently and to safeguard their company site in a better way.
Sustainable chemistry is thereby able to preserve jobs and create new
ones which are, inter alia, characterized by a high level of occupational
health and safety.

4. Actions steps towards implementation of sustainable
chemistry

In order to stimulating a transition process towards a sustainable
chemistry we outline necessary and undividable actions steps to be
taken on by all stakeholders.

4.1. General aspects of sustainable chemistry

More sustainability in chemistry will not be gained in the short
term. In order to further develop sustainable chemistry in collaboration
with all stakeholders on a global scale, there is a need for a “Roadmap
of Sustainable Chemistry”. In evolving such a document, stakeholders
have to agree upon a step-wise approach to attain the ambitious
development goals set in terms of content and time schedule. Five
elements will catalytically accelerate the growth of sustainable chem-
istry:

• Innovative ideas. Ensure sustainable energy supply and increase
efficiency in resource utilization – these and other topics with
relevance to the future need inventiveness and new approaches as
indispensable preconditions for finding solutions. Therefore,
science, research and development need an environment encoura-
ging ideas and innovations as well as conditions and incentives that
foster them.

• New business models. Further improvements in the performance
of products, as achieved by the service-oriented business model of
chemical leasing, (Moser et al., 2014; Schwager, 2010) may serve as
a door-opener to convince (B2B-) customers of more sustainable
products and services.

• Responsible companies. Setting of and compliance with de-
manding environmental and social standards by companies and
their supply chain partners, such as long-term business relations
and supplier trainings. Be transparent as a company on its own
sustainability issues, in the company itself and in the supply chain.
Having regular contact with a diversity of stakeholders in order to
check the licence to operate as a company. Finally, companies have
to perform due diligence on sustainability problems in their value
chain to comply with the international guidelines for responsible
behaviour (OECD, 2011).

• Resource recovery. Life cycle thinking and circularity should be
the basic principle when developing new products, services business
models and corporations.

• Reliable, accessible and transparent data. In order to com-
prehensively evaluate the sustainability of products, stakeholders
need information on the impact of raw materials extraction,
production, processing, transportation, use and disposal of sub-
stances, materials and products.

• Demanding and enabling legislation. In a globalized world, all
companies should be compliant with comparably ambitious legisla-
tive frameworks and act responsibly. Besides that, regulation should
be enabling and rewarding for companies that are frontrunners in
terms of sustainability. Governments can also help by acting as
launching customers for sustainable products and by creating more
experimentation space for sustainable frontrunners (US Department
of Agriculture; PIANOo).

In order to achieve greater sustainability in chemistry, the actors
need appropriate instruments to comprehensively evaluate approaches
or solutions. Sustainability should be measurable. By means of
quantifiable indicators which should be workable in practice and which
allow for an assessment of measures already during the planning
phase.

4.2. Increased collaboration and communication

Sustainable chemistry is a process of change. In addition to the
multilateral environmental agreements and the regional and national
regulations on chemicals management which are in place, voluntary
initiatives and schemes can contribute to this change in different ways
and extent at the national and international scale, e.g. the German Blue
Angel or the EU Ecolabel, German chemical industry's initiative
Chemie³ or the global Responsible Care scheme, numerous sector-
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specific approaches, the global policy platform SAICM, and many
others.

The steps towards sustainable chemistry require the cooperation of
many stakeholders. The scientific community and companies convert
new findings into the creation of innovative products. Public institu-
tions, by means of legislative provisions, set the framework obliging
everybody to comply. Often, environmental and consumer organiza-
tions provide crucial impetus for development when it comes to
detecting problematic health or environmental burdens and boosting
more sustainable products.

Globalized production chains increase the need for international
cooperation, especially in administrative bodies parallel to the global
chemical industry. Many countries still need to support institution and
capacity building to capture the trade and use of chemicals, for

chemical safety, security and the elimination of the historical sources
of danger. Communication regarding safe use and commendable
substitutes between stakeholders along the supply chain will have to
play a key role in this regard.

4.3. Networking

Knowledge, activities and competencies in the area of sustainable
chemistry need to be bundled, networked internationally and devel-
oped further. Cooperation between all stakeholders involved needs to
be strengthened. Recognizing these needs, the German government
currently prepares the establishment of the International Sustainable
Chemistry Collaborative Centre (ISC3 – www.isc3.org) with an
international network for stakeholders in the field of sustainable

Fig. 3. Objectives and guiding principles of sustainable chemistry.
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chemistry (ISCnet – www.iscnet.org) (Blum et al., 2015). The ISC3 is an
offer to all sustainable chemistry actors around the globe, and it will
support the identification, prioritisation and answering of open
research questions and other challenges linked to sustainable
chemistry.

4.4. Beneficial for humans and the environment and successful in the
market

Sustainable products are beneficial for human health, for the
protection of the environment and of resources. However, these
advantages are only realized if they are economically viable.
However, the environmental and social impact of less sustainable
products is not incorporated in the price of products. There is no level
playing field for sustainable chemical products. Therefore, a key
question is whether customers are willing to pay sometimes higher
prices for more sustainable chemicals and products produced. Some
companies indicate that the willingness of their customers to switch to
a more sustainable product is low, even if the performance and costs
are the same. The willingness seems to be there only when the
performance of the sustainable product is better.

If all objectives and dimensions of sustainability have been taken
into account in the assessment, conflicts deriving from different
priorities and interests might arise in individual cases. The Product
Environmental Footprint (PEF) Initiative has the objective to inform
consumers more precise about direct and indirect impacts of products
(EU Commission).

The relation between environmental, social, and governmental
criteria and corporate financial performance is positive in approxi-
mately 50% (40% neutral and only 10% negative) of business cases
(Friede et al., 2015) This implicites that products manufactured in a
sustainable manner not necessarily have to be more expensive than
conventional products. This applies in particular when the costs of
damage and its removal are included in the evaluation. By weighing the
pros and cons, the limits of capacities of humans and the environment
as well as the limited willingness of customers to pay more have to be
considered. When it comes to evaluating and assessing chemicals, we
need economic instruments which take into account the effects on
human health and the environment as well as we need to incorporate
social responsibility and CSR. For multinationals this implies inter alia
to follow the OECD guidelines for multinational enterprises (Schwager,
2010).

4.5. Prioritization within the chemical industry

It is one of the key tasks of stakeholders in sustainable chemistry to
further minimize the releases of problematic substances, not just from
processes but also from materials and products. For this purpose,
considerable efforts are needed. Therefore, several initiatives have to
line up with clear emphasis on the implementation of substance-related
requirements. For substances, materials and products the objective
must be: benign substances, (DeVito, 2016) easy to recycle and not
persistent in humans or environment after the desired use or applica-
tion. The chemical industry should be encouraged by policy and self-
committment to offer sustainable solutions in all areas, also at the
substance level.

Additionally, all activities must complement each other, e.g.
measures at the substance level should be combined with others like
plant- or process-related issues or social or economic questions. In this
context, substitution should not be requested at any price. Before the
introduction of new chemicals, materials and products a full assess-
ment is needed to avoid unwanted outcomes or rebound effects.
Sustainable solutions have also to be socially favorable and allow
competitiveness of the chemical industry in the medium and long term.
When deciding on a substitute, socio-economic aspects have to be
considered. Doing so, it is of high importance that all factors are being

conveyed in a transparent manner.
In order to fully implement the objectives and guiding principles of

sustainable chemistry as proposed in this paper they should be adopted
by industrial and economic activities at a national and international
level. This can be achieved by the development of widely accepted sub-
criteria and indicators to assess how substances, materials, processes
and resource requirements comply with the Concept of Sustainable
Chemistry. Additionally, key interfaces of sustainable chemistry with
resource protection, health protection, occupational safety, product
and plant safety have to be addressed.

The efforts should accompanied by the selection and promotion of
best practice examples evaluated with the future set of sub-criteria and
indicators. Such examples shall illustrate the benefits of sustainable
chemistry and thus advance and mainstream their development. This
includes among others the analysis and dissemination of business
models promising a successful economic development on the basis of
sustainable chemistry as well as a description of the common benefits
for resource protection, health protection and occupational safety,
product and plant safety.

4.6. More sustainable products in the supply chains

Chemicals are not marketed for their own sake. Many sustainable
chemistry products are tailored to the needs of the sectors in which
they are used: mechanical engineering companies, automobile or
electronic manufacturers, the construction industry and others.
Therefore, functionality of chemicals and chemical products is the
crucial aspect in terms of sustainability. However, for chemicals with
wide application fields such as solvents, cross-sectoral approaches in
sustainable product development are needed in order to reach market
penetration. Experience clearly shows that sustainable products will be
able to attain a leading position on the market only if they perform
better than conventional competitive products (Fennelly and
Associates, Inc, 2015).

4.7. Fair prices: a shift in the awareness of end-users

Sustainable chemistry will be successful in the mid to long term, if
there is demand for their products and if they are bought by consumers
and public authorities. This presupposes a change of consumer-
attitude, who will then question the lower-priced products that have
been produced without respecting sustainability demands, and who
demonstrates willingness to pay the price a sustainable product is
worth. PEF (Product Environmental Footprint) can be one important
tool for this development (EU Commission). A long journey has to be
expected, on which also social media and socially critical art might be
able to provide important stimuli. Thus, sustainable chemistry will also
become a cultural topic.

4.8. Education for a sustainable development

Increasing sustainability in the chemical industry needs increased
involvement and enhanced cooperation of various chemical and non-
chemical subdisciplines. In this context, the integration of sustainable
chemistry into the education for chemistry, pharmacy (UNEP/EA,
2016) and sustainable development in general is an important aspect to
enable chemistry contributing significantly to resources conservation,
energy savings and strengthened occupational, environmental and
consumer protection. Education for sustainable chemistry and sustain-
able development is the basis for generating an understanding of
sustainability in different fields, including chemistry. More than two
decades of experience with teaching green and sustainable chemistry in
tertiary chemistry education shows the need to enhance the compe-
tence of students regarding chemistry and sustainability (Collins,
2017). In future, state-of-the-art knowledge on sustainable chemistry
needs to be better integrated into education at school, university
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training of chemists, engineers, process engineers, product designers,
business administration graduates and economists, for example, as
well as into the related crafts.

4.9. Societal aspects of sustainable chemistry

Sustainable chemistry as an innovation of a system will generate
sustainable products and materials while changing networks of actors,
technologies and institutions in the chemical sector. This development
is already taking place. To develop towards a sustainable chemistry the
technological, industrial, organisational, institutional and socio-cultur-
al sources of lock-in have to be overcome, that are at the root of our
persistent environmental and social problems.

At the same time sources of lock-in in the chemical industry have to
be overcome to enable sustainable chemistry. Lock-in sources like
vested interests in the present chemical plants or the paradigm of
innovation at large scale in the chemical industry (high risk - high gain
approach) are hindering innovation. The present competition of
chemicals, mainly based on price and performance has to be expanded
by incorporating the external costs. Thereby, an sustainably produced
product will be more economically attractive.

5. Connecting sustainable chemistry and international
chemicals management

The Concept of Sustainable Chemistry can help all actors to identify
feasible technical alternatives in synthesis and production with less
hazardous chemicals by taking into account sustainability criteria in
areas beyond the scope of sound management of chemicals, like for
instance resource and energy efficiency, the use of renewable feedstock,
working conditions and the impact on communities of the production
of chemicals. Thus, in all relevant aspects towards sustainable devel-
opment.

To further evolve management of chemicals towards sustainable
chemistry in a holistic manner, it is necessary to address complex
chemicals management issues, taking into account ethical and social
criteria as well. Whereas there is a lot of ongoing work on indicators of
sustainable chemistry there is still no agreed approach for measuring
sustainability in chemicals management and its impact on sustainable
development. Therefore, there is a need for further methodical devel-
opments and mechanisms to use such indicators e.g. in the context of
SAICM and a potential follow-up process of SAICM as well as serving
the Agenda 2030 for sustainable development.

With a view to the Agenda 2030, application of the Concept of
Sustainable Chemistry along the whole value chain will significantly
enhance contributions of the chemicals sector to the SDGs, especially to
sustainable consumption and production (SDG 12), healthy lives (SDG
3), clean water and sanitation (SDG 6) as well as consumption and
production (SDG 8) and sustainable industrialization (SDG 9). It can
also make substantial contributions to efforts in areas such as combat-
ing poverty, hunger and climate change (SDG 1, 2 and 13) ensuring
access to energy and economic growth. Partnerships for the goals (SDG
17) are an inherent aspect of almost any activity following the Concept
of Sustainable Chemistry. In order to provide solutions for the area of
sustainable chemistry the following aspects have to be implemented:

• establish sustainable chemistry as an overarching concept and
holisitc approach to align chemicals and waste management effec-
tively with the global Agenda 2030 for sustainable development and
support governmental institutions bi- and multilaterally in this
process;

• provide support and guidance beyond formal compliance, especially
to emerging and developing countries, inter alia regarding SAICM
and international rules and regulations concerning production,
handling of chemicals and waste and regarding CSR;

• disseminate and establish synthesis strategies (material flow man-

agement and product design), as well as appropriate professional
standards;

• enhance and extent the existing knowledge base in study programs,
school lessons, vocational training and consumer education;

• encourage companies to get insight in the sustainability issues in
their value chain and encourage them to cooperate and innovate
with value chain partners and other stakeholders like NGO's to
either solve the sustainability issues or turn them into innovation
opportunities;

• create an enabling environment by the government for frontrunning
chemical companies by creating more experimenting space in
regulation (e.g. for pilot or demonstration plants), financial incen-
tives, subsidies and the government as launching customer for
sustainable products or mediator to find potential partners or
investors;

Concerning SAICM, the prioritization of complex chemicals man-
agement issues in a follow-up process of SAICM beyond 2020 will need
solid analyses at the policy-science interface. A systematic evaluation of
overall sustainability in chemicals management is needed for the
multilateral environmental agreements where chemicals are listed in
view of their impact on human health and environment on the basis of
agreed recommendations by scientific bodies, as well as in SAICM or
for regional regulations and frameworks. Following the Concept of
Sustainable Chemistry will have a greater impact when it is imple-
mented in the context of multi-actor and multi-sector approaches in
the long run. Connecting sustainable chemistry to SAICM and a
potential a follow-up process of SAICM will also yield social and
economic benefits, e.g. reduced burden of disease and proliferation of
best management practices in agriculture.
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