Open Access Article. Published on 02 de setembre 2025. Downloaded on 15/3/2026 16:33:36.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC

Sustainability

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
4724

Received 26th February 2025
Accepted 8th August 2025

DOI: 10.1039/d5su00135h

rsc.li/rscsus

Sustainability spotlight

Metrics are the key: development of criteria and
indicators for measuring sustainability in
international chemicals management

C. Blum, ©*2 B. Zeschmar-Lahl, ©° E. Heidbtichel, ¢ H. C. Stolzenberg, ©¢
K. Kimmerer, ©¢ A. Becker and H. Friege & *9

Materials and products provided by the chemical industry and related sectors are indispensable for
a satisfactory living standard and high standard of health. On the other hand, emissions from resource
extraction, production, unsustainable use, and inadequate disposal of chemicals and related products
contribute significantly to the pollution of the planet. To address the aforementioned issues on a global
level, the "Global Framework on Chemicals” was launched in 2023. It presents a comprehensive plan
with 28 targets jointly addressing the lifecycle of chemicals. In addition to efforts to ensure the sound
management of chemicals and waste, the targets are partially oriented towards the concept of
sustainable chemistry due to its search for innovative and sustainable solutions across the complete
value chain of chemicals. To enable and monitor the implementation of this framework, indicators are
needed to show progress towards the targets. This paper presents indicators that are based on an
internationally established understanding of sustainable chemistry. To consider the target relevance of
each indicator as well as its suitability, criteria were developed to assess the viability of the proposed
indicators. The criteria as well as the suggested indicators were discussed with international experts and
in stakeholder workshops that involved all six UN regions. The evaluation of these meetings ultimately
led to a set of 23 indicators based on the previously defined criteria. It is demonstrated that these
indicators can be used to measure the progress towards the targets of the Global Framework on Chemicals.

The concept of sustainable chemistry is used for the development of progress indicators for the Global Framework on Chemicals (GFC). We present criteria for
deriving and testing indicators for the international management of chemicals and waste. Although the sound management of chemicals and waste relates to
SDG 12, the indicators refer also to numerous other SDGs and thus focus on chemicals and their utilization as part of sustainable development. Due to the

interdisciplinary nature of sustainable chemistry, the indicators comprise interfaces with global management of resources, health protection, climate
protection, the circular economy and biodiversity.
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1. Introduction

Chemicals undeniably contribute to human advancement
through innovations e.g. in healthcare, agriculture, food secu-
rity, and the development of new materials, driving economic
growth and job creation. The chemical industry is one of the
most important industrial branches. Global sales of the chem-
ical sector are projected to reach US$ 6.3 trillion by 2030. At the
same time, chemicals cause significant environmental and
social harm through resource demands, toxic properties,

‘Umweltbundesamt (German Environment Agency), Germany. E-mail: hans-christian.
stolzenberg@uba.de
‘Leuphana University, Liineburg, Germany. E-mail: Klaus. kuemmerer@leuphana.de

/International Sustainable Chemistry Collaborative Center — ISC;, Germany. E-mail:

anna.becker@isc3.org

sN° Thinking Ahead, Dr Friege & Partners, Germany. E-mail: Friege@N-hoch-drei.de;

Web: http://www.n-hoch-drei.de

4724 | RSC Sustainability, 2025, 3, 4724-4745

emissions and waste from their production, incorrect applica-
tion, excessive use and end of life issues of products, and their
release into or application in the environment. Thus, chemicals
also cause numerous deaths and diseases, and contribute to
biodiversity loss, environmental pollution, and resource
depletion. Moreover, there are risks associated with accidents
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and resulting disasters in manufacturing plants. Disasters have
caused long-lasting environmental and health impacts, under-
scoring the pressing need for safer chemical practices." The
chemical industry is responsible for 7.4% of global greenhouse
gas (GHG) emissions and 10% of the world's total energy
demand.” Thus, the chemical sector contributes significantly to
climate change. “Chemical pollution” by non-natural chemicals
is grouped together with genetically modified organisms as
novel entities in the concept of planetary boundaries.® “Novel
entities” include not only persistent and toxic organic pollut-
ants and heavy metals, but also microplastics and hazardous
nanomaterials.* Though it is not possible to assess planetary
boundaries for pollution by chemicals in general, “an
increasing body of evidence strongly suggests that we need
more effective global chemicals management”.” Recent scien-
tific work assumes that the planetary boundaries have been
exceeded by the use of chemicals, polymers, and pharmaceuti-
cals.® Ubiquitous chemical contamination by persistent organic
pollutants, toxic metals, antibiotics emitted into the environ-
ment, the flood of plastic products that are not collected and
disposed of correctly etc. is widely considered as a contributor to
the planetary triple crisis, interlinked with climate change and
biodiversity loss.” Therefore, it is necessary to consider the
interlinkages between threats and benefits from the use of
chemical substances in materials and products on the one
hand, and climate and biodiversity on the other. This is
complex and requires appropriate frameworks, criteria and
indicators, and methods and tools that address the interlinked
challenges™® mentioned above in an overarching manner.

On the political level, this work is supported by the imple-
mentation activities of the “Global Framework on Chemicals”
(GFC),® which was mandated by the fifth International Confer-
ence on Chemicals Management (ICCM5) in 2023. The GFC
aims to pave the way for the sustainable management of
chemicals and waste, as well as the prevention of pollution. To
achieve this, the GFC sets five strategic objectives with 28 targets
for the management of chemicals worldwide over their entire
life cycle. These strategic objectives and targets are to be
implemented across all sectors and within defined deadlines.

In order to measure the progress or setbacks on the road
taken, suitable indicators are required, for which the United
Nations Environment Programme (UNEP) has set up an open-
ended working group.'® The concept of sustainable chemistry
(see Section 2.3) is well suited for the development of indicators,
because it not only focuses on the synthesis and properties of
chemicals, but also on the interdependencies of the ecological,
social and industrial aspects of the production, as well as the
use and disposal of chemicals.

This study aims to develop suitable indicators for the GFC.
We therefore explain the political background of the interna-
tional management of chemicals and waste and give a brief
outline of the concept of sustainable chemistry (Section 2). The
objective of the study is described in detail in Section 3 (Scope).
In developing the indicators, previous findings on the benefits
and nature of indicators for international chemicals manage-
ment on the one hand and the scientific basis of sustainable
chemistry on the other were brought together (Methods, Section
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4). We present a list of potential indicators based on suitable
criteria (Section 5) and discuss their value for the GFC (Section
6). In the final section (Conclusion, Section 7), we provide an
outlook on the opportunities that this approach offers for the
next UN agenda and a science-policy panel that is currently
under negotiation.

2. Background

2.1. Strategic approach to international chemicals
management (SAICM)

Agenda 21, adopted by the Global Summit in Rio de Janeiro,*
emphasized the essential crosscutting role of sound chemicals
management for sustainable development in the realm of the
United Nations. In the following years, some key instruments
for the safe handling of substances were developed, such as the
Globally Harmonised System (GHS)."> The Johannesburg World
Summit on Sustainable Development in 2002 adopted a “Stra-
tegic Approach to International Chemicals Management
(SAICM)”, with which the goal of “sound management of
chemicals throughout their life cycle and of hazardous wastes
for sustainable development” was to be realized. The goal was to
achieve, by 2020, that “chemicals are produced and used in
ways that minimize significant adverse impacts on the envi-
ronment and human health”.”® It aimed to complement the
international chemicals and waste framework by including
existing multilateral agreements (Stockholm, Basel and Rotter-
dam Conventions) and addressing the need for and importance
of comprehensive national chemicals management frame-
works." SAICM* and its successor GFC (see Section 2.2) are
“multi-stakeholder, multi-sector, voluntary policy frameworks”
under the auspices of UNEP. The Inter-Organization Pro-
gramme for the Sound Management of Chemicals (IOMC,
a cooperation project of ten international institutions, ia.
UNEP, WHO, ILO, OECD, UNIDO, World Bank, coordinating
their work on chemicals) were thus given a corresponding
mandate. After the adoption of Agenda 2030 in 2015,' IOMC
developed an attempt to spell out the particular relevance of
SMCW for reaching other SDGs."” Nevertheless, explicit reflec-
tions of this essential and cross-cutting relevance of chemicals
management remained very sparse in the global indicator
framework for the SDGs," often output-oriented rather than
outcome- and impact-oriented. A list of indicators described as
“a concise set of quantitative indicators from verifiable sources
and for which global data are available” was developed by the
IOMC in order to contribute to tracking future progress of
SAICM." They map, among other things, the number of coun-
tries which are party of a convention (e.g. Stockholm Conven-
tion on POPs) or have established basic facilities for SMCW (e.g.
GHS, poison centres). But only a few indicators consider inter-
faces with other issues like health.

SAICM has been instrumental in promoting the sound
management of chemicals and waste (SMCW), but many targets
were not or were only partially met by 2020." Overall and in spite
of the many implementation shortcomings identified, an
independent evaluation concluded that SAICM has been an
ambitious and unique global policy framework on SMCW and
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that retaining its strength and character would be highly
recommendable in a significantly more effective successor
framework."

2.2. Global framework of chemicals (GFC)

International management of chemicals and waste long
focused on the mitigation of problems caused by hazardous
chemicals. The need for integrating the life cycle of materials
and products in the SAICM-successor framework became
particularly clear as a result of the 2030 Agenda with its 17
Sustainable Development Goals (SDGs) and 169 underlying
targets though “sound management of chemicals and waste”
(SMCW) at first sight merely addresses target 12.4.1 However,
this must be seen in the context of the preamble which states
that all SDGs and targets are integrated and indivisible also
balancing the three dimensions of sustainable development:
economic, social and environmental. The UNEA (United
Nations Environmental Assembly) resolutions in 2016 (ref. 20)
and 2019 (ref. 21) recognised the concept of sustainable
chemistry as an opportunity for further progress in managing
the risks and benefits of chemicals. These resolutions influ-
enced the consultations and the work until September 2023,
when the ICCM5 adopted the GFC.° The GFC aims to pave the
way for the sustainable management of chemicals and waste as
well as the prevention of pollution. Five strategic objectives with
28 targets are to be implemented across all sectors and within
defined deadlines. The targets are time-bound. It is planned to
monitor their achievement using suitable indicators. This new
framework adds some elements that SAICM lacked that are
needed to improve chemical management in a cross-sectoral
and multi-stakeholder manner: most importantly, the measur-
ability framework must be concretised by indicators, to track
the progress or the delay with respect to the targets. Addition-
ally, there will be specific provisions on capacity building as well
as a more active role envisioned for the IOMC participating
organizations. Another focus is on initiating and expanding
a set of guidance and institutions for the implementation of
chemicals management in developing and emerging countries.
Finally, a set of implementation programmes will be initiated to
spark and guide sector-based initiatives between chemical
producers and users such as textiles or pesticides.*

2.3. Sustainable chemistry

As a reaction to the increasingly visible pollution of the envi-
ronment by chemical waste, effluents and exhaust into the air
and its impact on health and the environment as well as
catastrophes related to production plants, ambitions to prevent
such pollution started in the chemical industry in the 1970s and
1980s.7*** Improved methods of catalysis to increase the yields
of chemical syntheses and the reduction of waste, and design,

+ Target 12.4: “By 2020, achieve the environmentally sound management 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”.

4726 | RSC Sustainability, 2025, 3, 4724-4745

View Article Online

Paper

development and implementation of chemical processes and
products to reduce or eliminate substances hazardous to
human health and the environment were addressed in the late
1980s and early 1990s.>° In the Rio Declaration within Agenda
21 in 1992 it was stated that it is important for research to
intensify the development of safe substitutes for chemicals with
long life cycles (#19.21 (ref. 11)). The United Stated Environ-
mental Protection Agency (US EPA) introduced the term “green
chemistry” to promote this in the early 1990s. In 1996, the
European Commission (EC) Council Directive (96/61/EC) came
into force requesting integrated pollution prevention in chem-
ical and other industrial production. It names groups of
chemicals which should be avoided in its Annex III and 12
principles in Annex IV addressing a more integrative view.

The 12 principles of green chemistry were published in 1998,
only “just summarising what was already commercialised in
industry”.”® These synthesis related pollution prevention efforts
including green chemistry can be summarized as synthesizing
less hazardous chemicals in a safer manner using less energy
and generating less waste. Whilst there are clear merits of the
EC directive, of pollution prevention activities and of the green
chemistry concept, products synthesized accordingly are not
necessarily greener or more sustainable. These approaches do
not consider the basic principles of sustainability.>* In the
2000s, the circular economy was “re-invented”**?” after the
basic concept has already been elaborated in 1982.°**° In
a publication introducing circular chemistry a zero-waste
industry was envisaged.” This is impossible, however,
because of the basic laws of thermodynamics.*> Nowadays'
wasting of resources and products resulted from seemingly
endless availability of resources and economic thinking
neglecting its own material basis.**** Mainstream -circular
economy is referring to nature's material cycles without further
mentioning the severe limitations of such an analogy, neglect-
ing at the same time the basic laws of nature.*>¢®

The concept of sustainable chemistry focuses on the desired
function of a substance or material. Therefore, alternative ways
of fulfilling the intended function without using chemicals
(non-material-based delivery of services and functions) are
taken into account first. “Chemical service”* is in second place,
because this is an important view and approach to making use
of chemicals more sustainable. The concept of sustainable
chemistry®*>* addresses the shortcomings of green and circular
chemistry and seeks to embed the chemical sector into
sustainability (at present based on the SDGs)* as well as the
planetary boundaries by identifying sustainable contributions
by chemistry to sustainable development. This encompasses all
three strong sustainability strategies, i.e. sufficiency, consis-
tency, and efficiency, and is based on an ethical background.*
This process engages all stakeholders along the life cycle of
products.

Through its holistic approach and “systems thinking”,>**
sustainable chemistry takes into account important interfaces,
especially with the extraction and use of natural resources,
waste management and climate protection. It therefore focuses
not only on the environmental compatibility of a substance, but
also on the opportunities and risks of its use as well as of not

30-33
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Fig.1 Development towards sustainable chemistry — from left to right: historical development, from right to left: practical application.

using it, its production, and its recycling or disposal.®® These
relationships are shown in Fig. 1.

Greener chemistry, circular chemistry and sustainable
chemistry are neither synonyms, nor in opposition to each other
(see Fig. 1). Greener chemistry and circular chemistry both are
important tools for greener and more circular products of
chemical industries and the whole chemical sector. However,
the decisive point is sustainable chemistry using systems and
service and function-oriented thinking, thus allowing chemistry
to contribute to sustainable development in a sustainable
manner. Because of its integrated and holistic approach, the
concept of sustainable chemistry provides a conducive basis for
developing indicators to measure advancements of chemicals
management integration into sustainable development.

3. Scope of the project

The 2023 adopted “Global Framework on Chemicals” (GFC)*
aims to ensure the sustainable management of chemicals
worldwide throughout their entire life cycle, including the
products manufactured from them and the waste generated
after use (¢f. Section 2.2). This approach is in line with the
concept of sustainable chemistry (cf: Section 2.3) that appears to
be an excellent overarching guideline to reach the targets of the
GFC. In particular, the extensive set of targets under GFC's
strategic objective D (“Safer alternatives and innovative and
sustainable solutions in product value chains...”) provides
multiple opportunities for using the concept of sustainable
chemistry at the global level. In the follow-up, a set of suitable
output- as well as impact-oriented indicators is needed to verify
whether or to what extent the targets of the GFC have been
achieved.

Ahead of the ICCM5, different actors worked on the devel-
opment of criteria and/or indicators on tracking progress

© 2025 The Author(s). Published by the Royal Society of Chemistry

regarding the three dimensions of sustainability in chemicals
management, guided by the concept of sustainable chemistry:

e In 2016, the German Environment Agency (UBA) published
its “Guide on sustainable chemicals”,*® which served as a basis
for the development of the online application “ChemSelect”.*
This application focuses on characteristics of individual
substances as well as the responsibility of suppliers along the
value chain. These are depicted by nine sustainability criteria,
including, e.g., sub-criteria on (eco-) toxicity, persistence and
mobility, circularity, and greenhouse gas potential as well as
social aspects. Though the approach of ChemSelect contributes
to sustainable chemistry on a practical level, the indicator set
seems too specific, not established enough and data very hard
to collect on a global level.

e In 2019, the International Pollutants Elimination Network
(IPEN), an association of some 600 local and national initia-
tives, proposed a list of 160 indicators on “Chemical Safety
Contributions to the SDGs”.®> Although the focus here is on
chemical safety, several proposals go beyond this purpose and
address also aspects of sustainable chemistry.

e In 2020, the United Nations Environment Programme
(UNEP) published its Framework Manual on Green and
Sustainable Chemistry, based on a decision of UNEA 4 (2019,
Resolution 4/8) and with broad international participation of
experts from academia, international organizations, non-
governmental organizations, and industry associations.®* The
manual focuses on ten guiding principles (including “Avoiding
regrettable substitutions” or “Maximizing social benefit”) and
provides numerous examples of how work based on sustainable
chemistry can contribute to sustainable development in
multiple sectors and what conditions must be met in each case.

e In 2021, the International Sustainable Chemistry Collabo-
rative Centre (ISC;) published a dialogue paper on “Key Char-
acteristics of Sustainable Chemistry”.”® The authors describe

RSC Sustainability, 2025, 3, 4724-4745 | 4727
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their approach as follows: “Sustainable chemistry is achieved, if
chemistry contributes in a sustainable manner to sustainability.
In other words, the principles of sustainability are applied to
and implemented into the chemical sector” including down-
stream users of chemical products. The ten key characteristics
include holistic and systems thinking, ethical and social
responsibility, a life cycle approach, and circularity as well as
sustainable and responsible innovation.

Considering the political and scientific background (see
Section 2) as well as the sets of indicators already used or
proposed (see above), we aimed to develop indicators for the
GFC. We focused on the following questions:

e What basic criteria should indicators fulfil to be suitable
for an international network?

e Which elements of the concept of sustainable chemistry
should be covered by the indicators?

e How should one consider the gaps and deficits in previous
policy approaches, especially in SAICM?

e Which indicators can be combined to monitor the
achievement of SMCW as a basic objective and show progress
towards more sustainable chemistry?

Based on the experience with SAICM described in Section 2,
two key aspects must be considered:

e The indicators should be as simple and reliable as possible
to measure.

e They must take into account the perspective of economi-
cally advanced countries and countries in transition as well.

Commissioned by the German Environment Agency (UBA),
the project was executed while the ICCM5 was prepared under
the German presidency. As objectives and targets were under
discussion till September of 2023, it was necessary to carefully
observe their negotiating process to formulate the indicators as
closely as possible to the targets as adopted with the GFC at
ICCMS5. As follow-up, a working group within GFC is currently
developing a measurability structure including indicators.**
Therefore, in a final step, we discuss how the indicators can be
assigned to the targets adopted for the GFC.

4. Methods

Our project aimed at a set of yardsticks for environmental and
social development. Studies of this kind at the interface
between science and politics require a recognized scientific
basis, should be comprehensible for social discussion and, if
possible, be applied by the responsible political body. In the
present case, the body consists of a small number of politicians,
but also of high-ranking officials from national and interna-
tional administrations, experts from industry associations and
NGOs. The project did not focus on political objectives, but
aimed at metrics that make the level of achievement of the GFC
targets measurable. Nevertheless, the result must be politically
acceptable. To address the objectives and the constraints out-
lined above (Section 3), the following methodological decisions
were made:

(1) Indicators should meet various requirements, on the one
hand formal criteria like measurability, on the other hand
relevance criteria, i.e. either for targets not yet achieved (SMCW
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as formulated by SAICM) or for the future orientation towards
the concept of sustainable chemistry. The selection of criteria
should be completed before the discussion of indicators.

(2) Where possible, indicators should be taken from existing
international treaties or be similar to indicators already in use
or be easily recordable at the national level.

(3) Because of the links between production, use and
disposal of chemicals with global challenges like increasing
greenhouse gas emissions, declining biodiversity and pollution,
the involvement of experts from outside the chemical sector was
considered indispensable.

(4) Given the different perspectives of countries and levels of
industrial development, the preliminary results should be di-

scussed with experienced stakeholders from different
continents.
4.1. Survey of international treaties, agreements and

standards

First, national and international treaties and voluntary agree-
ments, standards, and frameworks were reviewed which inter-
sect with “sound management of chemicals and waste” (SMCW)
or the concept of sustainable chemistry, to identify potential
indicators for use in the SAICM beyond the 2020 process. This
included treaties and programs directly focusing on chemicals
and waste (like, e.g., the Minamata Convention, Basel Conven-
tion, and Responsible Care®), as well as initiatives on, e.g,
sustainability reporting, health, climate action, and biodiver-
sity. A detailed review covered more than 40 global and regional
agreements (Table 1) as well as some national programs from
industrialized and emerging countries. The sources used for the
documents listed in Table 1 are provided in Appendix A (see the
SI).

Findings were summarized in detailed fact sheets that fol-
lowed a standardized format, providing:

e A brief overview of the document,

e An assessment of how well the indicators align with then
SAICM's goals,

e Links to broader goals and targets, and

e Possible indicators that could be incorporated into SAICM
or its successor.

Additionally, fact sheets offered ideas for new indicators
based on each document (¢f. Table 1) referring to instruments,
objectives, and regional implementation where available.
Around 200 indicators of interest for “SAICM beyond 2020” were
identified.

Moreover, three lists of indicators under discussion were
taken into consideration:

e The “global indicator framework” for the 2030 Agenda,'®

e a list that had been developed by the responsible SAICM
Technical Working Group,®*® but not adopted until ICCM5,

o the “Chemical Safety Contributions to the SDGs” proposed
by the International Pollutants Elimination Network (IPEN).®>

4.2. Expert dialogues
4.2.1. Dialogue subjects. In the first round of discussions
(6-8/2020), six internationally renowned experts were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of documents checked for potential indicators®
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Type of document

Titles of documents

World-wide (UN) conventions and related resolutions/decisions

World-wide (UN) voluntary and non-binding approaches

Other international conventions

Globally used non-binding reporting systems for governments and
corporates
Sustainability and reporting standards of the chemical industry

Commercial stock and investment indexes
Standards and publications by the OECD and related organisations

Reporting systems of non-profit associations and non-governmental
organisations

EU regulations, directives, and programmes

Indicators and tools provided/proposed by scientific organisations
Other regulations, programmes, and approaches on a national or
corporate basis (examples)

Aichi Biodiversity Targets, Kunming-Montreal Global Biodiversity
Framework, Basel Convention, Nagoya Protocol, Globally Harmonised
System of classification and labelling of chemicals (GHS), ILO Chemicals
Convention No. 170 (1990), ILO Prevention of Major Industrial Accidents
Convention No. 174 (1993), Minamata Convention, Montreal Protocol,
SDG indicators, UN SDG Compass, Stockholm Convention, WHO
International Health Regulations

Dubai Declaration, International Panel on Climate Change (IPCC),
Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES), IOMC Toolbox, LIRA Guidance (legal and
institutional infrastructure for the sound management of chemicals),
SAICM indicators, SAICM TWG4 new approaches, Sustainability
Framework (World Bank), UN System of Environmental Accounting —
SEEA

OSPARCOM (convention for the protection of the marine environment of
the North-East Atlantic), PRTR (pollutant release and transfer registers)
COFOG reporting, UN Global Compact, Global Reporting Initiative (GRI)

Responsible Care©, Chemie,’ Global Product Stewardship, Together for
Sustainability — TfS, WBCSD PSA guideline

DJSI - Dow Jones Sustainability Index, EcoVadis, FTSE 4 good, MSCI
ACWI sustainable impact index, MSCI ESG indexes

IEA: future of hydrogen, OECD sustainability reporting

Carbon Disclosure Project (CDP), Circular Economy Approaches (Ellen
Mac Arthur Foundation), Economy for the Common Good - ECG (former
GWO approach), IPEN thought starter on milestones and indicators,
Science Based Targets for Nature (SBTN), Sustainability Accounting
Standards Board (SASB)

EU chemicals strategy for sustainability strategy (EU CSS)

EU circular economy action plan (EU CEAP)

EU: corporate social responsibility directive (CSRD)

EU safe and Sustainable by design (SSbD) chemicals and materials
Sustainable public procurement (SPP) approaches

Human Bio-Monitoring (HBM)

Lieferkettensorgfaltspflichtengesetz (German Supply chain due
diligence Act), Malaysia Bioeconomy Corporation, Management
approaches for sustainable corporate governance (e.g., TIMM), National
Hazardous Waste Management Plan (NHWMP) (2014-2020) of Ireland,
South African Bioeconomy Strategy, UNITAR national profiles

% The sources for these documents are provided in Appendix A (see the SI). To facilitate searching, the keywords are listed alphabetically (letters

highlighted in bold in this table).

interviewed on which aspects of sustainable chemistry should
be integrated into SAICM, which indicators from existing
conventions, statistics of the chemical industry or the like are
suitable and how investments in sustainable chemistry can be
incentivized.

The second round of interviews (10-12/2020) with another
six experts focused on the criteria used to evaluate indicators,
especially indicators from conventions, treaties, frameworks,
approaches etc., which have proven to be useful, what effort for
measuring and controlling is required, recommended modifi-
cations of indicators for monitoring progress in shifting
investments to sustainable chemicals management, and exist-
ing reporting or monitoring systems.

The third round of interviews (5/2021-3/2022) with another
nine experts focused on the interfaces between sustainable
chemistry and other global problem areas (climate, health,

© 2025 The Author(s). Published by the Royal Society of Chemistry

labour, biodiversity, agriculture, etc.) and corresponding indi-
cators, with the questions being geared to the respective areas of
expertise of the interviewees.

The last round consisted of two interviews (3/2023 and 6/
2023). The focus of the first was on the question of how to
enforce the application of indicators in the SAICM or its
successor process and on waste and its potential links to
sustainable chemistry from the viewpoint of an NGO. The other
interview was about the use of key performance indicators (for
progress in the field of sustainable chemistry and further
development of portfolio sustainability assessments (PSA)) by
the chemical industry.

4.2.2. Dialogue partners. In sum, the team conducted 24
dialogues, almost exclusively via video. The results were recor-
ded in writing and agreed upon with the referring dialogue
partner. Table 2 summarizes the distribution of the dialogue
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Table 2 Distribution of dialogue partners
Asia +

Region stakeholder group Pacific Europe Latin America + Caribbean North America Global Sum
Industry — 4 1 1 — 6
International organisation — — — — 3 3
Network (science, economy, politics and society) — 1 — 1 — 2
NGO — 1 — 1 — 2
Policy/administration — 1 — — 1 2
Academia 1 4.5° 2 0.5¢ 9
Sum 1 11.5¢ 3 4 4.5¢ 24

% One expert with double function is counted 0.5 twice.

partners regarding stakeholder group and region. The propor-
tion of female dialogue partners was one sixth (4/24). Annex B
contains more details concerning the dialogue partners' back-
ground. For further details see the project report.®”

Efforts were made to include experts from all UN regions and
to involve persons from academia, research, industry and
international as well as non-governmental organizations as
evenly as possible. Contacting and scheduling discussions were
not always successful, especially in Africa, Asia, the Middle East
and Oceania. It is likely that chiefly contacts in national
administrations had other work priorities during the COVID-19
pandemic.

4.3. Workshops in the UN regions

Due to the Covid-19 pandemic, most workshops had to take
place online. They were scheduled in such a way that all experts
were able to participate in daylight hours. Table 3 shows the
distribution of workshop participants (besides the project
team).

Participants received topic-specific “thought starters”
beforehand, which included an overview of the project, relevant
indicators, and regional issues presented during the actual
workshops in two or three brief impulses. Each workshop
featured four one-hour working group sessions to review
potential indicators using established criteria. Starting from the
second workshop, discussions were documented using a “traffic
light” system to streamline the final review and documentation
process.

The topics of the workshops were:

e Workshop No. 1, Target Region Europe and International
Organizations: criteria for the evaluation of indicators, discus-
sion of first potential indicators.

e Workshop No. 2, Target Region Asia and Pacific: indicators
for the interfaces with climate and resource consumption as
well as waste management, water management and “chemicals
of concern” in consumer products.

e Workshop No. 3, Target Region Latin America and Carib-
bean: biodiversity interface indicators.

e Workshop No. 4, Target Region North America/NAFTA:
economic indicators, climate interface.

e Workshop No. 5, Target Region Africa: indicators for the
use of renewable raw materials and energy sources, interfaces
with biodiversity, improvement of the economic situation of
developing countries.

e Workshop No. 6 (hybrid format) served to present the
complete list of indicators and to discuss a possible prioritiza-
tion with stakeholders from industry, NGOs and international
organisations.

4.4. Transparency

During the course of the projects, thought starters, minutes of
the workshops, and drafted lists of indicators were available to
all involved and interested experts in a read-only cloud. To
enable the discussion of the final list of indicators and to
support ongoing exchange between the experts, an interactive
online platform was introduced in the last phase of the project.

Table 3 Distribution of workshop participants (with the exception of the project team)®

Asia +
Region stakeholder group Africa Pacific Europe Latin America North America Global Sum
Industry 1 3 9 8 3 1 25
International organisation 0 0 0 0 0 12 12
Network (science, economy, politics and society) 1 0 2 0 4 0 7
NPO/NGO/CSO 2 1 4 1 0 0 8
Policy/administration 1 3 6 2 4 0 16
Academia 7 8 4 7 1 0 27
Others (expert, consultant, ...) 1 3 4 2 0 0 10
Sum 13 18 29 20 12 13 105

“ No adjustment for participation in more than one workshop.
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Experts were invited to provide feedback on the indicators and
development process through emails with follow-up questions,
and responses were posted and clustered thematically on the
platform.

5. Results

As outlined in Section 3, indicators used for future international
chemicals management should cover important elements of the
concept of sustainable chemistry to measure progress and be
suitable for the goals adopted with the GFC.

Experience with the collection of data on target tracking in
international environmental agreements (see Section 2.1)
shows that the metric must be as simple as possible, even if
complex relationships need to be mapped.”* This should be
reflected in the criteria for indicators. Therefore, an indicator
should not only be relevant in relation to the target in question,
but should also be easy to measure, reliable, and comprehen-
sible. “Targets” should - according to the specification of the
responsible SAICM working group®® be “SMART”, ie.,
“specific”, “measurable”, “achievable”, “relevant”, and “time-
bound.” This has been applied to the corresponding indicators
with few exceptions: the criterion “achievable” was dropped, as
it can be meaningfully linked only to a target, but not to an
indicator. The criterion “timebound” was substituted by
“dynamic”, because targets usually include a deadline for their
achievement. Indicators, however, should show changes over
time. The term “relevant” was changed to “pertinent”, as
pertinent defines an issue as directly related to the matter at
hand and also significant and important, thus being more
precise than “relevant”, which has a more general meaning. In
view of the problems of collecting reliable data at the level of
national governments, we recognized the need for two addi-
tional criteria:

(1) To minimize the effort required for the collection of data,
the indicators should be as easy as possible to determine.

Objectives are developed and agreed by international
committees; this is a transparent process. As data for indicators
are provided by numerous institutions, it is necessary to verify
their source (traceable data collection) and plausibility in case
of doubt or dispute.

(2) Therefore, a criterion for reliability and transparency was
added.

The general criteria for indicators used in this project are
summarized in Table 4.

Table 4 General criteria for indicators

View Article Online

RSC Sustainability

The discussion following the UNEA resolutions on integra-
tion of the concept of sustainable chemistry in the global
management of chemicals and waste initialized the formulation
of corresponding criteria for identification of indicators
reflecting sustainable chemistry. A first draft of criteria was
developed and presented for discussion in several interviews
with experts as well as in the first consultation workshop.
Especially the publications of UNEP (Green and Sustainable
Chemistry Framework Manual) and ISC; (Key Characteristics of
Sustainable Chemistry) were helpful for the development of
sustainability criteria.

Discussions with both organisations fed into the selection of
a first set of criteria for sustainable chemistry indicators. These
criteria were further discussed in each of the second to fifth
consultation workshops. This helped to replace formulations
that were not very comprehensible; however, changes in content
were not necessary. In Table 5, these criteria (called “H-criteria”
to complete criteria A to G) are matched with the content of
publications of UNEP* and ISC;.%

The aspects of sustainable chemistry have been grouped into
five criteria in order not to unnecessarily complicate the eval-
uation of indicators. The overarching criterion H is explained in
more detail by the sub-criteria H1 to H5: a major step from the
sectoral view of SMCW to sustainable chemistry is the inter-
linkage with other demands of sustainable development by
systemic thinking and thus avoiding regressions elsewhere as
well as to enable net progress in sustainable development. This
is reflected especially by the ecological responsibility compo-
nent of H2 “Inter- and multidisciplinary, holistic approach” as
well as in H3 “Social responsibility”. H1 “Responsible innova-
tion” links economically successful innovations to the precau-
tionary principle and the rules of green chemistry. It was
necessary to broaden the narrower view of SMCW, especially
“waste”, to include the problem of dwindling non-renewable
and wasted renewable resources, thus including the concept
of “circular economy” via H5 “Resource management and
circularity”. The sub-criterion H4 “Transparency and informa-
tion exchange” reflects i.a. SDG 17 with respect to chemicals
and waste.

The suitability of the indicators from numerous conventions
and standards (Table 1), the proposals of the TWG, the
considerations of IPEN and the indicators proposed by partic-
ipants of the workshops or by the project team were then
assessed using criteria A-G plus H (Tables 4 and 5). When
compiling the list of indicators, it was ensured that all H-criteria

Criteria Criteria wording
A Specific The indicator must be precise and unambiguous
B Established The indicator is already in use by other systems, e.g., SAICM, conventions
C Determinable The collection of the data needed for reporting in the respective sector is easy and cost-efficient
D Measurable Either quantities, thresholds or qualitative properties are applicable
E Reliable and transparent The data associated with the indicator are trustable and traceable
F Dynamic Progress over time, a difference in the data associated with the indicator, can be measured
G Pertinent The indicator covers relevant aspects for the respective sector and/or area of application

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability, 2025, 3, 4724-4745 | 4731


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00135h

Open Access Article. Published on 02 de setembre 2025. Downloaded on 15/3/2026 16:33:36.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

Table 5 Criteria for sustainable chemistry indicators related to important sources
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ISC; key characteristics of
sustainable chemistry”®

Criteria wording for indicators focussing on the
concept of sustainable chemistry

Green and sustainable chemistry:
framework manual®?

(1) Holistic
(3) Systems thinking
(10) Life cycle

(2) Precautionary

(6) Sustainable and
responsible innovation
(7) Sound chemicals
management

(9) Green chemistry

(1) Holistic
(3) Systems thinking

(4) Ethical and social
responsibility

(5) Collaboration and
transparency

(8) Circularity

(H) Sustainability: systems thinking is the
prerequisite to reach the goals of Agenda 2030:
potential trade-offs can be identified and managed
with systems thinking. Sectors dealing with
chemical entities contribute to sustainable
development in compliance with the relevant SDG
principles and the following sub-criteria (H1-H5)
(H1) Responsible innovation: development of
sustainable solutions and safe and non-regrettable
alternatives for chemicals of concern through
cooperation on innovations, non-chemical
alternatives, services like chemical leasing, or
extended producer responsibility (EPR)
mechanisms. Foster collaboration along the value
chains to promote circularity

(H2) Inter- and multidisciplinary, holistic
approach: considering interfaces with other urgent
issues (health, environment, climate, resources/
waste/circularity, biodiversity, nutrition, etc.)
throughout the entire life cycle of chemical entities,
while avoiding transport of problems to other
sectors and future legacies

(H3) Social responsibility: promoting and ensuring
health and safety as well as fair, inclusive, and
emancipatory labour conditions, complying with
human rights and justice in all its fields including
education and science. Reduction of inequalities
and fair distribution of benefits

(H4) Transparency and information exchange:
enabling right-to-know throughout the entire life
cycle. Promoting knowledge exchange on all levels
including all stakeholders (e.g., science, education,
business, governments, administration, NGOs)
(H5) Resource management and circularity:
sustainable management of resources, materials,
and products (raw materials extraction, production,
application, logistics, recycling, and end of life
scenario) and energy, to enable circularity without
contamination throughout the entire life cycle

(10) Developing solutions for
sustainability challenges

(1) Minimizing chemical hazards
(2) Avoiding regrettable
substitutions and alternatives

(4) Advancing sustainability of
production processes

(6) Minimizing chemical releases
and pollution

(5) Advancing sustainability of
products

(8) Maximizing social benefit
(9) Protecting workers, consumers
and vulnerable populations

(3) Sustainable sourcing of
resources and feedstocks
(7) Enabling nontoxic circularity

(Table 5) were represented by at least one indicator in order to
include the many different aspects of sustainable chemistry.
Only a few indicators fulfilled almost all of the general criteria
(A through G). Unfortunately, indicators that were particularly
specific and/or pertinent often proved difficult to measure.

For the search of indicators, existing international agree-
ments regulating the management and safe use of chemicals
were one of the most valuable sources of indicators either
directly related to chemistry (highly hazardous pesticides,
hazardous substances, hazardous waste) or indirectly address-
ing interface issues like with biodiversity, climate, occupational
health and safety.

As a result, 45 indicators were identified as suitable because
they fulfilled at least one H-criterion, and prioritized criteria B, C,
D, and E (Appendix C, see the SI). During an extensive discussion
at the last workshop with experts from international organisa-
tions, industry, and NGOs, it was emphasised that indicators in
the sense of an SMCW should be listed along with the future-

4732 | RSC Sustainability, 2025, 3, 4724-4745

oriented indicators because of the failure of numerous SAICM
reduction targets to be achieved by 2020. On the other hand, a list
of about 20 indicators would be far more manageable. This led to
a selection of 23 indicators, taking particular account of data
availability, measurability and quality (Table 6).

For these indicators (Table 6), the following characteristics
have been identified:

e There are relations to all sub-criteria for sustainable
chemistry, in many cases also to several criteria out of H1 to H5.

e Some indicators address only the SMCW or the concept of
sustainable chemistry, but most address both.

e State, impact, and response indicators as well as driving
forces are present.

e Many indicators can be related directly or indirectly to
specific SDGs.

e Most indicators are of relevance for industrial, emerging
and developing countries and not only to a certain group of
countries, e.g. economies still under development.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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“Reduction of the amount of hazardous chemicals used
in design and manufacturing related to the total mass of
chemical production by x %"

Target 12.4
Ha4 H4

“Share of chemical production based on renewable
materials in relation to the global production which is
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Fig. 2 Relevance of six indicators to Sustainable Chemistry criteria and SMCW as well as their most relevant SDG target(s). Depicted indicators
(clockwise): top left: “reduction of the amount of hazardous chemicals used in design and manufacturing related to the total mass of chemical
production by x%". Top middle: “share of chemical production based on renewable materials in relation to the global production which is based
on renewable materials...[%]". Top right: “CO,eq. Scope 1 & 2 per unit of value added (e.g., gross output [Mg per year]) of the chemical industry”.
Bottom right: "material footprint, material footprint per capita, and per GDP". Bottom middle: “sum of resource taxes on non-renewable natural
resources and their extraction collected by countries”. Bottom left: "amount of post-consumer plastic waste generated/recycled/incinerated/
landfilled/not collected per country”. The colours depict the connection (dark green = very strong; light green = strong; yellow = moderate; grey
= none) of the indicator to the highlighted sustainability criteria HL-H5 and to SMCW (all outer circle) as well as to Sustainable Chemistry (SC;
inner circle) in total. The depiction of SDG targets is based on the highest relevance for the indicator.

o All GFC objectives are covered by at least three indicators
(for details see ch. 6).

In the following, we present six indicators in detail which
cover most important aspects of sound management of chem-
icals and waste (SMCW) and/or the concept of sustainable
chemistry.

Indicator No. 11: “Reduction of the amount of hazardous
chemicals used in design and manufacturing related to the total
mass of chemical production by x%”: this (response) indicator
can be very strongly related to the overarching goal of the
SMCW, but is also linked to H1 “Responsible innovation”
(strong) and H3 “Social responsibility” (very strong). Its over-all
correlation to sustainable chemistry is very strong, as it touches
various aspects of three sustainability criteria. The indicator
contributes most to SDG target 12.4 (Fig. 2; top left). Based on
the original suggestion by IPEN® the indicator was modified to
make it more specific and targeted (criteria A and G). It is
designed to check a dynamic development (criterion F), but it
will not be easy to install data mining and management (criteria
C-E) because it is not established in multilateral environmental
agreements.

Indicator No. 10: “Share of chemical production based on
renewable materials in relation to the global production which
is based on renewable materials...[%]": this specific and perti-
nent indicator is closely related to SDG target 12.2 and reflects
a dynamic status in the chemical industry with respect to

© 2025 The Author(s). Published by the Royal Society of Chemistry

responsible innovation (sustainability criterion H5). Its over-all
correlation to sustainable chemistry is very strong, as it touches
another two aspects of three sustainability criteria (H2 “Inter-
and multidisciplinary, holistic approach” moderately and H3
“Social responsibility” strongly; Fig. 2; top middle). It was based
on a proposal by TWG4 (ref. 65 and 66) (“Number of companies
that use natural products as a source...”) but modified as the
mere number of companies can be misleading. It is assumed
that data can be provided by the chemical industry and national
governments (criteria C and D) though the proof of reliability
will be difficult.

Indicator No. 9 “CO,eq. Scope 1 & 2 per unit of value added
(e.g., gross output [Mg per year]) of the chemical industry” is
a modification of the SDG impact indicator 9.4.1 that focuses on
the chemical industry and is more precise (scope 1 and 2) with
respect to the data to be collected. As this indicator is already
established in a similar form, data mining should not be
complicated. The indicator fulfils criterion H2 “Inter- and
multidisciplinary, holistic approach” (very strong) and partially
also H1 “Responsible innovation” as well as H4 “Transparency
and information exchange” (both moderately). Its overall
correlation to sustainable chemistry is very strong. The indi-
cator contributes most to SDG target 9.4 (Fig. 2; top right).

Indicator No. 12 “Amount of post-consumer plastic waste
generated/recycled/incinerated/landfilled/not  collected per
country” is based on a suggestion from the 2nd workshop.
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Though the negotiations on a plastics treaty’ are still going on,
it seemed necessary to include this indicator which is specific,
dynamic and pertinent. Obviously, the management of waste
plastics in most countries and some uses of plastics are not
environmentally sound. There is only a moderate connection to
SMCW. Alignment with the principles of sustainable chemistry
would reduce the problem. However, its connection to H2
“Inter- and multidisciplinary, holistic approach” and H5
“Resource management and circularity” is only moderate, like
its overall correlation to sustainable chemistry. The indicator
contributes most to SDG target 12.6 (Fig. 2; bottom left). Due to
numerous scientific investigations, there is a feasible basis for
data mining of the status that can be broadened by the UN
(criteria C to E).

For indicator No. 23: “Sum of resource taxes on non-renewable
natural resources and their extraction collected by countries” the
criteria of data availability as well as the ability to unambiguously
define certain aspects are either lacking or only partially met.
Additionally, there is an ongoing debate about the precise defi-
nition of “renewable” resources — such as whether water qual-
ifies as “renewable”. Not all countries collect taxes on resources,
and such an indicator is not yet part of an international agree-
ment, but once such an indicator would be established, it could
help measure the impact of cost increase for or related to resource
consumption and the shift towards renewable resources. While
taxes can influence behaviour, they may fail to achieve a guiding
effect and be primarily used for revenue generation. Therefore,
alternative economic tools such as fees, charges, or similar
instruments should be considered in addition. The indicator
contributes very strongly to H2 “Inter- and multidisciplinary,
holistic approach” as well as H5 “Resource management and
circularity”, strongly to H1 “Responsible innovation” and even
moderately to H4 “Transparency and information exchange”. It
differs from the other indicators analysed, as it contributes to the
targets of the three SDGs (8, 9, and 12; Fig. 2; bottom middle).
Transitioning to a more sustainable system will also require
innovative business models aligned with the principles of
a circular economy, such as chemical leasing,* which can be
promoted through targeted financial incentives.

Indicator No. 13 “Material footprint, material footprint per
capita, and per GDP” (SDG indicator 12.2.1) is an established
indicator (criterion B). Though it can be easily determined
(criterion C) data for its calculation are often difficult to obtain
and might be unreliable (criteria D, E). As to sustainable
chemistry, it is strongly related to H5 “Resource management
and circularity” and H2 “Inter- and multidisciplinary, holistic
approach”, but also to H1 “Responsible innovation” (moder-
ately). Its overall correlation to sustainable chemistry is strong;
however, it touches various aspects of three sustainability
criteria. The indicator contributes mostly to SDG target 12.2
(Fig. 2; bottom right).

6. Discussion

The concept of sustainable chemistry as an integrative
approach includes not only the use phase of chemicals, but
rather their full life cycle. Additionally, social aspects,
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approaches for innovation and a view on global resource
problems are characteristics for sustainability in chemistry, as
can be taken from the criteria presented in Table 5.

6.1. Indicators related to the SDGs

The three most suitable sources for potential indicators turned
out to be the “global indicator framework” developed for
measuring progress on the 2030 Agenda (originally adopted in
2017, but continuously refined),” a list that had been developed
by the responsible SAICM Technical Working Group,*”* and
a list of 160 potential indicators on “Chemical Safety Contri-
butions to the SDGs” introduced into the discussion by IPEN in
2019.%%

It would certainly be misguided to consider the entire 2030
Agenda from the perspective of sustainable chemistry. However,
the approach used in this study leads to indicators that are
applicable not only to SDG target 12.4, which is particularly
relevant to SAICM and its successor, the Global Framework on
Chemicals (GFC), but also to other targets of SDG 12, e.g.

e 12.2 - resource consumption,

e 12.5 - municipal waste reduction,

e 12.6 - steps towards sustainable development and corre-
sponding reporting in companies.

Some SDG indicators that refer to entire economies can be
used in the context of this study if they are narrowed down to
the chemical industry or chemical products. (e.g. indicator No.
17). On the other hand, indicators such as No. 21 (“...reducing
the emissions of active N compounds...”), which are not
addressed as a topic in SDG 12, have numerous cross-
connections to SDGs 2, 6, and 13.

The entries in the last column of Table 6 (reference to the
SDGs) are presented graphically in Fig. 3. The graph highlights
the value of the integrative approach of sustainable chemistry
for achieving the SDGs. Moreover, though most of the indica-
tors are related to SDG 12, there are several indicators that make
references between SDG 12 and other SDGs (e.g., indicator No. 6
on SDG 8). Furthermore, numerous indicators relate to one or
more of the other SDGs.

In addition to Fig. 3, numerous indicators can also reflect
indirect effects, e.g. indicator No. 6 (“Number of companies
certified for Environmental Management or Health, Safety,
Environment (HSE) Management System... within the chemical
industry... by an independent auditor”). It relates directly to
SDG targets 12.4 and 12.6, respectively, and partly to SDG target
8.3 (“Promote development-oriented policies that support
productive activities, decent job creation, entrepreneurship,
creativity and innovation...”). Companies that are audited in
terms of HSE standards will also take measures for occupational
health and safety (SDG 3) and reducing emissions into the
environment (SDG 13-15), or continuously improve their stan-
dards in this regard. The overarching approach of the SDGs is
thus reinforced by these indicators.

In the coming years, the international community will have
to negotiate a 2030 Agenda successor. As outlined, the indica-
tors selected or developed in this study are parameters inte-
grating aspects of sustainable chemistry in advancement of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Indicators related to SDGs. The indicators (circles) are each assigned to an SDG (squares) with their number (see the first column of Table

6) and color-coded accordingly. Connecting lines indicate the applicability of indicators to further SDGs.

global management of chemicals and waste. On the one hand,
the indicators focus on open problems and unachieved goals of
the Dubai Declaration and, on the other hand, they depict
developments that are conducive to sustainable chemistry or
that also stand in its way. The indicators not only monitor and
support the objective of the Dubai Declaration, which is
essentially re-emphasized by SDG 12.4, but they also address the
achievement of numerous other SDGs.

In this project, several indicators were chosen with strong
connections to the SDGs (see Table 6). Some indicators, like No.
18 “Renewable energy share in the total final energy consump-
tion of the chemical industry”, derive from the current SDG
indicator set. Except one (No. 13), all proposed indicators have
been amended by a specification towards the chemical sector
serving the goals of sustainable chemistry. Several proposed
indicators have a striving character as process indicators for
sustainable chemistry, e.g. No. 22 “Number of companies con-
ducting an environmental cost-benefit analysis”. Another group
of indicators relate to SMCW including No. 12 “Amount of post-
consumer plastic waste generated/recycled/incinerated/
landfilled/not collected per country”. Last but not least, we
identified impact indicators for sustainable chemistry, like No.
9 “Reduction of the amount of hazardous chemicals used in
design and manufacturing related to the total mass of chemical
production by x%”. It is an important fact that so far, sufficient
and reliable data are available for only some of the potential
indicators. Therefore, to stimulate data generation and access,
these indicators would be predestined to contribute to an
ambitious set of indicators for a future 2030 Agenda successor.

6.2. Indicators developed by the IOMC

As outlined in Section 2, IOMC developed an indicator set to
monitor the progress of SAICM towards “sound management of

© 2025 The Author(s). Published by the Royal Society of Chemistry

chemicals and waste” (SMCW), e.g. “the number of parties to
important multilateral environmental agreements” or the
“number of countries with legislation in place to manage
industrial and consumer chemicals”.” After the concept of
sustainable chemistry was recognized as an additional instru-
ment by UNEA, IOMC proposed (on occasion of the 4th meeting
of the intersessional process, 2022, Bucharest) three groups of
indicators to measure progress toward the SAICM 2020 target.”
These indicators additionally focused on the implementation of
SMCW objectives like legislation and enforcement mechanisms
that address the life cycle of chemicals (target group: national
governments). Furthermore, indicators for sustainable chem-
istry strategies (target group: industry and retailers) and the
integration of chemicals and waste policy into a general
sustainability policy were added. An advanced set of indicators
was presented by IOMC on occasion of the ICCMS5 (ref. 76) that
is now available to the GFC as part of the basis for further
negotiations. While IOMC concentrates again mainly on SMCW
objectives, the list of indicators presented here (Table 6) leaves
more space for specifically monitoring developments towards
sustainable chemistry and sustainable development. The lists
have intersections on the following aspects (see Table 6):

e Two IOMC indicators of the list published in 2015 were
adopted unchanged in this project: No. 19, 20.

e Indicators No. 3, 4, 15, and 21 are similar to indicators
proposed in the IOMC list of 2023, e.g. “Trends in nitrogen
deposition” vs. “Trends in loss of reactive nitrogen to the
environment”.

e Other indicators could serve to complement the list pre-
sented here, particularly on biodiversity, e.g.: “Water Quality
Index for Biodiversity (trends in ecosystems affected by pollu-
tion)” and waste (“number of parties that have developed and
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implemented national strategies, plans or programs for
hazardous waste minimization”).

In general, the IOMC list and the indicators presented here
partially overlap and partially complement each other.} This
observation does not surprise: IOMC focuses on SMCW, but
SMCW is among the preconditions for sustainable chemistry
and sustainable development.

The comparison between the two sets of indicators reveals
a major dilemma: the IOMC preferred — more or less exclusively
- indicators with easily available global data and suitable
“custodians”, i.e. the IOMC member organisations. This was
not possible in this work because of the far broader integration
of stakeholders. In terms of data availability, there is a dilemma
when measurability is prioritised over all other criteria in the
selection of indicators. Often, countries are counted that have
introduced certain regulatory measures. However, their associ-
ated impacts cannot be assessed as it is difficult to track their
implementation. On the other hand, relying on global sectoral
indicators such as the amount of renewable resources bears
risks of producing less reliable figures due to potential data
scarcity. Theoretically, data of this type can be provided by the
national governments as part of the data mining of the UN
Statistics Division. As the statistical data from numerous
countries will not be sufficient for this purpose, the chemical
industry would have to be recruited as a further custodian of
data. As indicators are supposed to be established, determin-
able, and measurable, as well as reliable and transparent,
involvement of an additional custodian from the private sector
increases the difficulty of data acquisition. Nonetheless,
commitment of the chemical industry is a necessary step as
sustainable chemistry is part of industrial development; legis-
lative approaches are complementary.

6.3. Proposals by TWG4

Proposals made by TWG4 were analysed for their suitability for
monitoring progress towards sustainable chemistry using the
criteria developed. The following indicators were adopted by the
project team, in two cases (No. 6, 10) after modification:

6 “Number of companies certified for Environmental
Management or Health, Safety, Environment Management
System... within the chemical industry... by an independent
auditor”.

10 “Share of chemical production based on renewable
materials in relation to the global production which is based on
renewable materials...[%]".

19 “Number of countries that have implemented pesticide
legislation based on the FAO/WHO International Code of
Conduct”.

Other proposals, even if they met at least one criterion for
sustainable chemistry, were not adopted to the final list due to
a lack of reliable data, difficulty in collecting data or were not
meaningful (C, D and/or E) such as “Share of product categories

1 On occasion of a discussion between members of the IOMC and the authors of
this study (1.2.23, summary by Henning Friege sent on 13.2.23), it was agreed that
the lists are complementary and that both lists have gaps in terms of innovation
towards sustainability, equality and financial aspects.
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(in relation to all product categories) to which extended
producer responsibility applies”.

6.4. Proposals by IPEN

The International Pollutants Elimination Network (IPEN), an
association of some 600 local and national initiatives,
submitted its own proposals for potential indicators in the
SAICM intersessional process in 2019.%* This list was analysed
for its suitability for monitoring progress towards sustainable
chemistry using the criteria developed. The following indicators
were adopted by the project team into the list of priority indi-
cators, in two cases (No. 11 and 16) after modification:

11 “Reduction of the amount of hazardous chemicals used in
design and manufacturing related to the total mass of chemical
production by x%”.

14 “Number of countries that adopt policies and instruments
that implement agro-ecological strategies and practices that
reduce synthetic input such as pesticides and fertilizers and are
based on biodiversity and integrated soil nutrition...”.

15 “Number of PRTRs with publicly accessible data
established”.

16 “The percentage of companies with human rights (HR)
due diligence procedures for toxic substances used, produced
and released in their activities”.

Other proposals, even if they met at least one criterion for
sustainable chemistry, were not adopted due to a lack of reliable
data or difficulty in collecting data (C, D and/or E) or were not
meaningful, such as “Number of countries that implement
Circular Economy/cradle to cradle systems without toxic
chemicals recycling”.

Data for another highly ranked indicator (“Number of
countries that phased out the manufacture, import, sale and
use of HHP”) could have been collected with some effort.
However, the indicator was not adopted as indicator 14 (agro-
ecology...) also covers this target and goes beyond it.

6.5. Gaps and shortcomings

Considerable gaps remain in the economic indicators with
a focus on innovations as well as investments in plants and
processes that promote development in the sense of sustainable
chemistry. Similar problems apply to social indicators. This
problem is also seen by other institutions and stakeholders, as
the evaluation of the sixth workshop and the discussion with
members of the IOMC working group showed.

As already discussed in Sections 6.1 and 6.2, the measur-
ability of several indicators is not possible on a global scale at
present (e.g. indicators No. 1, 2, 9, 10, 11). For these indicators,
existing sustainability reports or aggregated HSE data of the
chemical industry could be summarized and provided to the UN
Statistics Bureau by national members of ICCA, large chemical
companies or TfS. For example, CEFIC already publishes
aggregated data from the European chemical industry on its
website to demonstrate progress towards more sustainable
practices.””

The measurability and reliability of indicators are discussed
here using two examples, namely indicator No 13 and No 19. We

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Indicator No. 13 as an example for the measurability and reliability in two countries
Country Availability of data Quality of data Data sources

Developed country High: regular, annual data; multiple
years; high granularity (by sector,

material, etc.)

High: harmonized, verified by
standardized economy-wide
material flow analysis (EW-MFA)

INSEE (national), Eurostat MFA, UN
SDG data portal, global footprint
network, Eora MRIO

methods; follows international
guidelines

Low-moderate: some data available
but with gaps; often aggregated,; less
frequent and less granular; partially
modelled

Lower-income country

Moderate-low: often relies on
estimation/models (Eora MRIO)
rather than complete national
accounts; less consistency, often
delayed

Eora MRIO, national statistical
service (with limitations),
international estimates (e.g, global
footprint network, UN SDG data
portal)

Table 8 Indicator No. 19 as an example for the measurability and reliability in two countries
Quality of legislation/
Country Status of implementation Alignment Key features and gaps Data sources/references

Developed country Yes: comprehensive
pesticide legislation
established and regularly
updated in alignment with
both EU and FAO/WHO
codes

Yes: national pesticide act
implements legislation
based on FAO/WHO code;
acknowledges international
standards

Lower-income country

disposal

describe the situation in an industrialised country (EU member
state) and in a lower-income country in the Global South, both
unnamed and exemplary. We searched for corresponding
information in international and national databases (national
databases not disclosed) and in the literature.

Indicator 13: material footprint, material footprint per cap-
ita, and per GDP (SDG 12.2.1): Generally, the impact of material
use can have different levels of impact on ecosystems.”® For
tracking resource use and progress toward sustainable
consumption and production on a global level, material foot-
print is an important metric for which data must be collected at
the country level. Table 7 depicts the characterisation for this
indicator in both countries.

In terms of comparability and trustworthiness, due to stan-
dardized methods, dedicated institutions, and mandatory
reporting, data for a developed country could be qualified as
much more reliable and comparable at the international level.
For lower-income countries, there exist uncertainties and
reduced capacity to make precise assessments or confidential
track of year-on-year progress, due to modelled or estimated
data often substituting for actual measured data. Because of
gaps in temporal and/or spatial coverage as well as greater
modelling assumptions, results for lower-income countries are
useful but should be interpreted more cautiously. Many lower-
income countries rely on international initiatives like the EU's

© 2025 The Author(s). Published by the Royal Society of Chemistry

High: strict, incorporates
latest EU directives and FAO/
WHO code. Regular updates
and enforcement; strong

regulatory capacity

Moderate: recognizes and
uses FAO/WHO code as the
basis but faces gaps in
regulation and enforcement.
Law governs registration,
import, labelling, use and

Coverage extends across the
pesticides’ life cycle; strong
enforcement, but occasional
controversy on scope (e.g.,
reauthorization);
monitoring infrastructure
Law covers key aspects, but
implementation faces
resource and over-sight
challenges; gaps in covering
transport, disposal, public
health pesticides, and
enforcement; harmonization
and capacity still under
development

FAO indicator map, national
regulation resources, EU
documentation

FAO indicator map, policy
analyses, national EPA and
agriculture ministry reports

resource efficiency projects or UN environment programs to
support data collection.” In general, material footprint data for
a developed country can be confidently used for indicator-based
policies, whereas for lower-income countries the data is less
robust, more reliant on estimation, and subject to higher
uncertainty, limiting its use for precise comparison unless these
data limitations are made explicit.

Indicator 19: number of countries that have implemented
pesticide legislation based on the FAO/WHO International Code
of Conduct: This is a key global indicator focusing on the
regulation of pesticides.®**** This means robust national legis-
lation aligned with international standards. Since only the
number of countries that have introduced such legislation is
measured here, this is initially a reliable figure. But the devil is
in the details, ie. it is difficult to measure the implementation
status and the enforcement of the regulation. Table 8 highlights
significant disparities in regulatory capacity and effectiveness,
which influence the reliability and utility of this indicator for
global progress tracking.

For global benchmarking, developed countries can provide
a high-confidence data point which can be reliably cited when
they have full implementation. In lower-income countries there
is less resourcing, some enforcement challenges, and partial
coverage as well as caveats on effective implementation and
coverage of FAO/WHO code elements. Additionally, concerning
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highly hazardous pesticides or newer risk mitigation measures,
the FAO/WHO indicator status does not guarantee that legisla-
tion is fully comprehensive, enforced, or up-to-date. Especially
in the global South, countries may still face gaps in specific
areas like public health pesticides, enforcement, or monitoring
infrastructure. This affects the comparability and policy
robustness when using this indicator for global tracking. The
indicator cannot substitute for in-depth assessment of coverage
and practicality of enforcement at the national level. However,
the indicator is a good starting point to signal progress.
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Difficulties due to different definitions of key words (e.g.:
“recycling”) could not be solved within the scope of this study.
Since the indicators are partially based on existing regulations
and treaties, practical implementation will have to rely on the
definitions used there.

6.6. Suitability of the indicators with the GFC targets and
beyond

At last, the suitability of the indicators proposed in this study
for measuring progress towards the objectives and targets of the

Table 9 Suitability of indicators (as described in Table 6) for selected targets of the GFC*

Selected GFC targets

Suitable indicators

Example

A1 -by 2030, governments have adopted and are
implementing and enforcing legal frameworks,
and have established appropriate institutional
capacity to prevent or, where prevention is not
feasible, minimize adverse effects from
chemicals and waste as appropriate for their
national circumstances

A3 - by 2030, companies implement measures
identified to prevent or, where prevention is not
feasible, minimize adverse effects from
chemicals throughout their life cycle

A4: by 2030, stakeholders have effectively 5
prevented all illegal trade and traffic of
chemicals and waste

D1 - by 2030, companies consistently invest in
and achieve innovations towards advancing
sustainable chemistry and resource efficiency
throughout the life cycle of chemicals

D2 - by 2035, governments implement policies
that encourage production using safer
alternatives and sustainable approaches
throughout the life cycle, including the best
available techniques, green procurement and
circular economy approaches

D3 - by 2030, the private sector, including the
finance sector, incorporates strategies and
policies to implement the sound management
of chemicals and waste in its finance
approaches and business models and applies
internationally recognized or equivalent
reporting standards

D4 - by 2030, relevant stakeholders give priority
to sustainable solutions and safer alternatives to
harmful substances in products and mixtures,
including in consumer products, in their
research and innovation programmes

D5 - by 2030, governments implement policies
and programmes to increase support to safer
and more sustainable agricultural practices,
including agroecology, integrated pest
management and the use of non-chemical
alternatives, as appropriate

D7 - by 2030, stakeholders implement measures
and strive to ensure effective occupational
health and safety practices as well as
environmental protection measures in all
relevant sectors and throughout the supply
chain

6,7,8,11

1,7,8

11, 16

14,19

2,7,16

“ Numbers of indicators refer to the first column of Table 6.
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3,8, 19, 20

6,9, 10, 11, 18

4,15, 17, 19, 20, 21, 23

20: Number/percentage of countries where the
legal framework demands risk assessment and
registration/authorization of new chemicals
before putting them on the market

11: Reduction of the amount of hazardous
chemicals used in design and manufacturing
related to the total mass of chemical production
by x%

5: Total value of inward and outward illicit
financial flows related to chemicals and waste...
and volume of illegally disposed waste

10: Share of chemical production based on
renewable materials in relation to the global
production which is based on renewable
materials...[%]

15: Number of PRTRs with publicly accessible
data established

1: Share of large/medium/small chemical
enterprises of the region (Africa, Asia, Europe...)
that report on their sustainability performance
using GRI SRS

16: The percentage of companies with human
rights (HR) due diligence procedures for toxic
substances used, produced and released in their
activities

14: Number of countries that adopt policies and
instruments that implement agroecological
strategies and practices that reduce synthetic
input such as pesticides and fertilizers and are
based on biodiversity and integrated soil
nutrition...

2: Number of new supplier assessments carried
out in the year under review, by region, and
change compared with the previous year

© 2025 The Author(s). Published by the Royal Society of Chemistry
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GFC must be checked. GFC “Objective A” aiming at “the safe
and sustainable management of chemicals throughout their life
cycle” takes up the former SAICM goal (“sound management of
chemicals throughout their life cycle and of hazardous wastes
for sustainable development”). As our approach included
SMCW, it is reasonable that many indicators fulfil the demand
for suitable indicators for Objective A.

GFC “Objective D” with its seven targets is aiming at “safer
alternatives and innovative and sustainable solutions in
product value chains”. Many of the indicators listed in Table 6
can be assigned to these targets. Important links between the
GFC Objectives A and D and the indicators presented in this
study are summarized in Table 7.

The ICCM5's approach to sustainable chemistry can be
measured using the set of indicators proposed here. This can be
shown using the example of the GFC target D1: the corre-
sponding innovations within the chemical industry can be
achieved particularly by switching to renewable raw materials
(indicator No. 10), reducing GHG emissions (No. 9), using
renewable energy sources (No. 18), and eliminating hazardous
substances in production (No. 11) and internally by consistently
expanding the HSE policy (No. 6). This must be supported by the
government, as mentioned in objectives D2 and D5. Suitable
indicators for this can also be found in Table 6.

Furthermore, some indicators can be used when the ‘Global
Plastics Treaty’ becomes more concrete. The way towards
a treaty was paced by a resolution by UNEAS5 (ref. 72) which aims
to combat global plastic pollution and regulate the handling of
plastic waste and therefore, has strong connections to SMCW.
The negotiations are currently focusing on reducing the use of
single-use plastics, promoting recycling systems and reducing
plastic pollution in oceans and ecosystems worldwide. Addi-
tionally, chemicals in plastics are also being addressed in the
negotiations on the agreement. Indicator No. 12 addresses the
generation of plastic waste and all forms of its disposal
(“Amount of post-consumer plastic waste generated/recycled/
incinerated/landfilled/not collected per country”). In partic-
ular, illegal or unintentional dumping of plastic waste is one of
the major causes of plastic pollution, thus it would be useful to
require reporting on the international level on what happens
with plastic consumer goods at their end-of-life. Also, the
sources of plastic waste first need to be quantified to deduce
meaningful measures limiting the production of plastic prod-
ucts or reducing and mitigating the impact of landfilled and not
collected plastic waste. Indicator No. 5 covers the “Total value of
inward and outward illicit financial flows related to chemicals
and waste...” (see Table 6). Plastic waste remains a business -
which is a two-sided sword, as recycling is an important market
lever for the transition to a circular economy. On the other
hand, as recycling facilities are not yet able to process all plastic
waste, the export of such waste to countries with weaker legis-
lation and less control mechanisms is a lucrative illegal busi-
ness. Therefore, an indicator to measure illicit transport of
waste is of outstanding importance to monitor progress towards
sound management of plastic waste (Table 9).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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7. Conclusion

Our goal was to develop proposals for indicators that are suit-
able for a future-oriented international chemicals policy. As
demonstrated in the foregoing section, these indicators can be
used to monitor progress of targets that were approved for the
GFC by the ICCMS5 in 2023. In line with our scope, the indicators
are particularly suited to goals on the global scale that aim at
the necessary standard of sound management of chemicals and
waste (SMCW), progress towards sustainable chemistry and, in
general, innovations for sustainable development. For the first
time, this study developed criteria for deriving and testing
indicators for international chemicals management. These
criteria made the selection of suitable indicators considerably
easier. The elaboration of criteria was greatly facilitated by
fundamental publications within the framework of a UNEP
approach® and the ISC;.*® The criteria were unanimously
accepted by renowned experts from all UN Regions in our
workshops as a yardstick for evaluating indicators. The
combination of formal test criteria and content requirements
for the indicators proved to be very helpful for the discussion.
Our criteria A to G and H1 to H5 were literally adopted by an
industry association®* as well as by an NGO* as an important
example for approaches towards sustainable chemistry. We
therefore assume that the criteria will be established at the
international level during future discussions on indicators. This
could also be the case for a future approach developing a 2030
Agenda successor. Due to the interdisciplinary nature of the
concept of sustainable chemistry, numerous interfaces can be
included, like with global management of resources, health
protection, climate protection, circular economy or biodiversity.
We also see great potential in the operationalization of the
indicators by the “global intergovernmental science-policy
panel on chemicals, waste, and pollution prevention”®* that is
currently under negotiation. Due to the alignment of the indi-
cator set to sustainable chemistry, a future panel could
supplement these indicators with benchmarks for the evalua-
tion of political initiatives in the chemicals sector.

Considerable gaps remain in the economic indicators with
a focus on innovations as well as investments in plants and
processes that promote development in the sense of sustainable
chemistry. Similar problems apply to social indicators. This
problem is also seen by other institutions and stakeholders, as
the evaluation of the sixth workshop and the discussion with
members of the IOMC working group showed.

An important impulse for the development of chemicals
management comes from the Chemicals Strategy for Sustain-
ability (CSS)* published in 2020 as part of the so-called Green
Deal of the EU Commission. CSS includes an action plan that
addresses not only numerous amendments to REACH,
improvements to the framework legislation for waste etc., but
also topics that are important at the UN level including for
SAICM and the GFC, such as the implementation of the GHS
and the development of indicators (“establish... Key Perfor-
mance Indicators to measure the industrial transition towards
the production of safe and sustainable chemicals”) or
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a framework on Safe-and-Sustainable-by-Design.®*® We will
discuss the suitability of our set of indicators for the European
context in a following publication.

The participation process designed for the study resembled
the usual procedures for SAICM and GFC in the sense of
a multinational and multi-sectoral approach including relevant
stakeholders. Free from certain requirements of processes at
the UNEP level, we involved independent experts with addi-
tional expertise in the discussions. Due to the holistic approach
of the concept of sustainable chemistry, numerous experts in
other fields, such as biodiversity, resource management and
human rights, were invited in addition to experts on chemicals
and waste. This proved to be an excellent prerequisite for
addressing issues relating to the management of chemicals in
the wider context of sustainable development. Since the process
took place in parallel with and outside of the negotiations for
ICCMS5, the discussion was not affected by political represen-
tatives of rogue states, who are critical of multinational envi-
ronmental agreements anyway. Based on the experience gained
in this project at the interface between policy and science, it is
often timesaving to conclude the factually necessary consulta-
tions as far as possible and then present politically decisive
alternatives, instead of mixing the political arguments with the
scientific debate. This is just an observation - we do not
presume giving advice to international bodies without being
asked. Nevertheless, we would highly appreciate the inclusion
of this study's results into their work and are ready to offer
explanations, where considered pertinent.
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