ETH Library

First Steps Toward Sustainable
Circular Uses of Chemicals:
Advancing the Assessment and
Management Paradigm
Journal Article
Author(s):
Wang, Zhanyun

; Hellweg, Stefanie

Publication date:
2021-05-24
Permanent link:
https://doi.org/10.3929/ethz-b-000488872
Rights / license:
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
Originally published in:
ACS Sustainable Chemistry & Engineering 9(20), https://doi.org/10.1021/acssuschemeng.1c00243

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

pubs.acs.org/journal/ascecg

Research Article

First Steps Toward Sustainable Circular Uses of Chemicals:
Advancing the Assessment and Management Paradigm
Zhanyun Wang* and Stefanie Hellweg
Cite This: ACS Sustainable Chem. Eng. 2021, 9, 6939−6951

Downloaded via 31.164.47.93 on June 8, 2021 at 14:43:21 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Environmental and human health impacts associated with chemical production and losses from value chains make
the current linear produce-use-dispose model no longer an option
for chemicals. Based on our analysis herein, we propose next steps
on how to embed the concept of “circularity” into practice
(including the design phase) to foster systemic transition toward
sustainable circular uses of chemicals. We ﬁrst analyze major causes
of chemical losses throughout their life cycles. Then, we propose to
advance the current chemicals assessment and management
paradigm by (1) introducing the consideration of multiple use
cycles in the hazard and risk assessment stage and (2) introducing
an additional “sustainable circularity” assessment stage, as a critical
ﬁrst step to guide systematic decision-making at all levels toward
sustainable circular use of chemicals. We further look into how to
enable the proposed changes and a larger systemic transition, both on the technical and socioeconomic sides.
KEYWORDS: Life-cycle chemical impacts, Chemical loss, Sustainable circularity assessment, Circular economy, Essential use

■

ﬁnal products), design for energy eﬃciency, and use of
renewable feedstocks. Simpliﬁed estimates suggest that
industry-wide adoption of several innovative Green Chemistry
technologies such as new catalytic processes, use of biomass as
feedstock, and use of hydrogen from renewable energy sources
could reduce global energy intensity (energy used per product
unit) for the 18 most energy-intensive chemicals by up to 20−
40% by 2050 in comparison to the levels in 2010. This
translates to an energy use cut of up to 13 exajoule (EJ) per
year and a greenhouse gas emission reduction of 1000 Mt CO2
equivalent per year by 2050.5
While awareness is increasing, only limited attention has
been paid until now to reducing losses of chemicals throughout
their life cycles, particularly during use and after end-of-life.
Plastics, which are made from organic polymers and chemical
additives, can be used as an illustrative example: as of 2015,
only ∼9% of the approximately 6300 Mt of total plastic waste
generated were estimated to have been recycled; 12% were
incinerated, and 79% were disposed in landﬁlls or the
environment.8

INTRODUCTION
Chemicals used in production and everyday life are a key part
of our current economies.1 Meanwhile, the chemical industry
has grown into a major industrial sector in terms of resource
consumption and environmental impacts over the past
decades.2 It is estimated to have consumed over 670 metric
megatons per year (Mt/y) of fossil fuel and reﬁnery feedstocks
and over 950 Mt/y of secondary reactants in 2013−2017.3,4
When counting both feedstock and energy consumption,
estimates from the early 2010s suggested that the sector
contributed 10% of global end-energy demand (or 30% of total
global industrial end-energy demand) and 7% of global
greenhouse gas emissions (5.5% when only counting CO2
emissions).4,5 Moreover, the manufacturing of 11 chemical
products from coal in China in 2015 is estimated to have
resulted in 607 Mt of CO2 emissions, accounting for 5.71% of
China’s total CO2 emissions.6 This amount was higher than
the then-annual CO2 emissions of countries such as Canada
(576 Mt) and Brazil (495 Mt). Due to an increasing demand
for chemicals, the sector’s resource consumption and impacts
are expected to continue to grow.2,4
To date, numerous initiatives have been launched to reduce
nonrenewable resource consumption and impacts related to
their manufacturing. In particular, the concept of Green
Chemistry was introduced in the 1990s,7 based on 12
principles, including waste prevention, maximum atom
economy (maximizing incorporation of raw materials into
© 2021 The Authors. Published by
American Chemical Society
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Figure 1. Major causes of losses of chemicals throughout their life cycles. For more information and references on individual examples, see the
Supporting Information.
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Figure 2. Overview of the current general chemical assessment and management framework and proposed advancements.

plastic polymers and less to other substances (including plastic
additives).
Below we explore a conceptual systematic framework that
embeds the concept of circularity into practice to foster a
systemic transition, building on existing practices and concepts.
As circularity may be achieved using various processes and
technologies with varied impacts, we emphasize the
importance of embedding sustainability into the systemic
transition to foster sustainable circular uses of chemicals that
avoid or minimize undesirable trade-oﬀs (e.g., circularity vs
impacts of additional energy and water consumption of value
retention processes).22,23 We ﬁrst analyze major causes of
losses of chemicals throughout their life cycles. We use a
simpliﬁed three-stage life cycle illustration with chemicals as
the focus. Depending on the intended function of a chemical, it
may be used alone (e.g., solvents in industrial processes); used
in mixtures with other chemicals (e.g., pesticide formulations,
cleaning agents); used in materials (e.g., as additives in
plastics), which are then incorporated into articles (e.g., plastic
toys); or directly used in articles (e.g., battery electrolytes).
This multiplicity of possible uses aﬀects the complexity of
detailed life cycle(s) of a chemical to be considered in
individual assessments.24,25 Then, we propose two major
changes in the current chemicals assessment and management
paradigm as a ﬁrst step to prevent (or minimize) such chemical
losses throughout their life cycles and guide systematic
decision-making at all levels toward sustainable circular use
of chemicals. Finally, we look into how to create enabling
conditions by stakeholders for implementing the changes and a
larger systemic transition, both on the technical and socioeconomic sides (including developing standardized approaches

The negative impacts of such chemical loss from value
chains are at least 3-fold: First, such loss reduces the overall
resource eﬃciency, as new raw materials will be needed to
meet continuous demand, and thus contributes to resource
extraction and processing, which may cause signiﬁcant
environmental impacts.9 Second, it may act as major sources
of chemical pollution,10−12 causing possible adverse impacts.2
Such adverse impacts include (1) disturbing normal functions
of Earth systems, e.g. by ozone-depleting substances such as
chloroﬂuorocarbons (CFCs), and by potent greenhouse gases
such as hydroﬂuorocarbons (HFCs), and (2) disturbing
wildlife and human health, e.g. by triggering various
toxicological eﬀects or antimicrobial resistance.13−15 Third,
cleaning up chemical pollution requires additional substantial
ﬁnancial and material resources. For example, Switzerland is
investing about €1 billion to upgrade 100 wastewater treatment
plants (WWTPs), with the aim of decreasing the organic
pollutant loads by 50% in the wastewater streams.16 In addition
to the initial investment, upgraded WWTPs will use a
combination of ozonation and activated carbon, which are
energy and material intensive.17 Nevertheless, these advanced
treatment technologies may still fail to remove persistent and
mobile pollutants, such as many per- and polyﬂuoroalkyl
substances (PFASs).18
Hence, substantial eﬀorts are needed to prevent or minimize
losses, particularly through the design of and transition to
circular systems that can keep chemicals remaining in value
chains for as long as possible.19−21 Tremendous eﬀorts are
currently under way to increase the circularity of chemicals, but
in a rather heterogeneous manner, with more attention paid to
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ment stage is to determine whether the use Y of chemical X is
essential or not, which may lead to diﬀerent management
actions (e.g., direct ban vs time-limited exemptions; fostering
transition to safer alternatives). While the exact terminologies,
deﬁnitions, and criteria may diﬀer, this concept of “essential
use” can now be found in several multilateral environmental
agreements (e.g., the Montreal Protocol, the Stockholm
Convention),27 as well as in some regional and national
legislation [e.g., see Articles 60(4) of the EU REACH,
§2605(g) of the United States Toxic Substances Control Act
(TSCA) and 13−16 and 25 of the Japanese Chemical
Substance Control Law (CSCL)].
Change 1: Introducing Multiple Use Cycles into
Hazard and Risk Assessments. Ideally, in a circular
economy, chemicals after use can be readily separated, treated,
and reused in their next use cycle. Today, such cases exist (e.g.,
recycling of lead-acid batteries using automated, enclosed
processes with pollution control devices)28,29 but are few and
often limited to speciﬁc regions. In many other cases (e.g.,
plastic recycling), current eﬀorts focus on some components
(e.g., polymer matrices), with limited to no consideration of
other components (e.g., chemical additives therein).
As a result, since the early 1970s,30 many incidences have
been reported of hazardous chemicals unintentionally recycled
into new articles, causing wider human exposure than
anticipated in the exposure consideration of the ﬁrst use
cycle. Well-known examples include: bisphenols along with the
thermal paper that initially carried the chemicals, recycled into
a wider range of paper products, including food packaging;31,32
metal additives such as lead and brominated ﬂame retardants
along with the polymer matrices from waste electrical and
electronic equipment, recycled into consumer articles such as
kitchen utensils and toys;33−36 and hazardous organic additives
along with end-of-life rubber tires recycled into playgrounds
and pavers.37
Hence, it is critical to perform hazard and risk assessments of
a chemical based on a clear understanding of its multiple use
cycles (see Figure 2), particularly in the current transition
phase from the linear economy to a circular economy. In a
nutshell, this means the possibly varied uses, releases, and
exposure in multiple use cycles need to be taken into account
in this assessment stage; for further discussion on obtaining
information on multiple use cycles, see the section below on
Fostering Transparency of Chemical Use and Occurrence.
Change 2: Introducing an Additional Assessment
Stage of Sustainable Circularity. Once chemical X is
determined to be safe over multiple use cycles in the previous
hazard and risk assessment stage, an additional assessment
stage may be introduced of the sustainable circularity of
chemical X and of other chemicals in the same mixtures,
materials, articles, or waste streams (see Figure 2, the green
box). Sustainable circularity should only be considered after
the hazard and risk assessment stage, so that hazardous
chemicals can be prevented from production and uses as early
as possible (which is in line with the Green Chemistry
principle of designing safer chemicals).38−41
Diﬀerent value retention processes (e.g., reuse, remanufacturing, recycling) using various technologies may be applied to
achieve the circularity of a chemical, with varied life-cycle
impacts.42−44 Currently, standardized approaches are lacking
for assessing the sustainable circularity of a chemical, though
many methodologies have been and are being proposed. We
recommend that (comparative) life-cycle assessments (LCAs)

to assessing the sustainable circularity), followed by an
outlook. The conceptual framework proposed is not limited
to any speciﬁc geographic regions, industrial sectors or
chemical types, while detailed implementation may vary,
subject to speciﬁc local context.

■

MAJOR CAUSES OF CHEMICAL LOSSES
We identify at least ten major causes that can lead to losses of
chemicals throughout their life cycles (see Figure 1; for more
details on individual examples, see the Supporting Information). These major causes may be further categorized from
diﬀerent perspectives. Some major causes are intrinsic factors
related to product design at all levels (chemicals, materials, and
articles) in which the focus on functionality and performance
has broadly outweighed other aspects such as collectability,
separability, and recyclability (causes 1−7 in Figure 1). Other
major causes instead are extrinsic factors such as chemicals and
waste management infrastructure and incentives (causes 8−10
in Figure 1). In addition, some major causes are related to loss
of the respective chemicals themselves (causes 1−4 in Figure
1). Others may result in loss of the respective chemicals
themselves plus the loss of other chemicals in the same
mixtures, materials, articles, or waste streams (e.g., speciﬁc
additives may reduce recyclability of speciﬁc plastic products,
causing loss of the polymer matrix and all additives therein;
causes 5−10 in Figure 1).

■

INTRODUCING CIRCULARITY INTO THE
CHEMICALS ASSESSMENT AND MANAGEMENT
PARADIGM
To address these major causes in practice and foster systemic
transition to sustainable circular uses of chemicals, we propose
two changes to be embedded in the current general chemicals
assessment and management paradigm.
General Overview of the Current Chemicals Assessment and Management Paradigm. The current regulatory
and voluntary processes for chemicals management around the
world broadly follow a common general framework, consisting
of a hazard and risk assessment stage and a risk management
stage (see Figure 2, black boxes). However, the exact scope
(new chemicals to be introduced and/or existing chemicals on
the market), methodologies, and operational principles behind
these stages may vary considerably across types of chemical
uses (e.g., pesticides vs industrial chemicals), jurisdictions, and
actors.
The hazard and risk assessment stage generally aims to
answer the question of whether chemical X used for purpose Y
may or may not pose “unacceptable risks”. A hazard assessment
focuses on chemicals’ intrinsic properties [e.g., persistence,
bioaccumulation, ﬂammability, ozone-depleting potential,
greenhouse eﬀects, (eco)toxicity], whereas a risk assessment
additionally takes environmental and human exposure to the
chemical into account (risk = hazard × exposure).
Based on the assessment results, a risk management stage
may be triggered, depending on types of chemical uses,
jurisdictions and actors. For example, when a chemical is
determined to have endocrine disrupting properties in a hazard
assessment in the European Union (EU), this is suﬃcient to
trigger management actions (e.g., identiﬁcation as a Substance
of Very High Concern), whereas in some other jurisdictions,
further risk assessments are needed in order to trigger
management actions.26 A common step in the risk manage6942
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Table 1. Overview of the Outcome Categories of the Sustainable Circularity Assessment and Real-Life Examples
impact on other
chemicals,
materials, and
articles

outcome
category

circularity
of the
chemical

A

yes

enablers

B

yes

no impact

C

yes

inhibitors

D

no

enablers

E

no

no impact

F

no

inhibitors

examples
• uses of acids (e.g., hydrochloric acid) in the steel pickling process to remove rust after the steel plates have been
rolled; the spent pickling liquor can be collected and treated to regenerate the acids and recover additional metals
such as iron(III) oxide for reuse43,45
• uses of solvents in waste plastic treatment and recycling, which can help to produce high-quality secondary plastics
comparable to virgin materials;53 currently, an EU Horizon 2020 project “Multicycle” is being implemented with the
goal to deliver an industrial recycling pilot plant for thermoplastic multilayer packaging and ﬁber-reinforced
composites using a solvent-based selective extraction process (http://multicycle-project.eu)
• uses of solid catalysts in heterogeneous systems in the chemical industry, which can be fairly easy to separate and then
reuse44
• uses of ﬁbers to reinforce plastics; due to price diﬀerences, eﬀorts have focused on recovery of the ﬁbers, but not the
polymer matrix49
• uses of “intelligent” labels with invisible markers that can be detected and sorted using existing systems based on UV
light to enable rapid sorting of plastic packaging; the labels and markers are removed completely by the recycling
process50
• uses of adhesives that can be separated from paper and cardboard, e.g. by heating/dissolution; they have no negative
impacts on the recycling process51
• uses of “deinkable” inks in printing
• uses of polytetraﬂuoroethylene (PTFE) as nonstick coatings for metal pans; such coatings cannot be recycled, but
they can be removed and thus have no impact on the recyclability of the metal pans54
• uses of carbon black prevent sorting of associated plastics for recycling46−48
• uses of conventional adhesives in paper and cardboard can seriously aﬀect the machine operation of recycling and the
quality of secondary paper51
• uses of pro-oxidant additives in plastics reduce the quality and marketability of secondary plastics55

use or promoted, provided relevant value retention processes
are sustainable.
Category Fwhen a chemical is noncircular itself and may
inhibit the circularity of otherswould need to be subject to
further essential-use assessment as stated above in order to
ensure that this category of chemicals is used only in
applications where they are truly needed. An example is uses
of carbon black in plastics.46−48
The strong light absorption capacity of carbon black makes
associated plastics incompatible for the current large-scale
sorting practices based on near-infrared light spectroscopy,
thus preventing these plastics from being sorted for recycling
(cause 8 in Figure 1). In addition, when carbon blackcontaining plastics are included in recycling, they result in
dark-colored recycled plastics, which have a rather limited
market (causes 6 and 9 in Figure 1). In some applications,
carbon black serves a purpose as a useful UV barrier. In many
other cases (e.g., fast food containers), carbon black has been
used because it is an attractive packaging color that makes the
content more appealing to consumers; in such cases, carbon
black may be considered not “essential” for use and may be
removed, as reﬂected by choices made by retailers such as
Walmart.47
For carbon black and other chemicals in category F, some
essential uses will need to be continued for the time being. For
such cases, the safe disposal of these chemicals (including
separability) needs to be well-designed and implemented,
while measures are taken to foster the development of
alternatives that are safe, sustainable, and circular.
The other three categories may require more in-depth
assessments and decision-making. Categories C and Dwhen
a chemical is circular itself but may inhibit the circularity of
others, and when a chemical is noncircular itself but may
enable the circularity of othersmay sound counterintuitive,
but both have been observed in practice; for example, when
linked with the current inseparability of chemicals in articles.
An example of category C is ﬁber-reinforced plastics, which are

be conducted for value retention processes early on in the
design phase (e.g., Haupt and Hellweg22) to ensure a
sustainable circularity by avoiding or minimizing undesirable
trade-oﬀs (e.g., resource eﬃciency vs impacts of additional
energy and water consumption) caused by the value retention
processes. For further discussion, see the section Developing
Standardized Approaches to Assessing the Sustainable
Circularity of Chemicals below.
While the exact methodologies need to be further developed
and standardized by the wide community, the outcomes of
such circularity assessments may be qualitatively grouped into
six major categories, which may correspond to diﬀerent
management considerations: the sustainable circularity of the
chemical itself (yes/no) × its impact on the sustainable
circularity of other chemicals in the same mixtures, materials,
articles, or waste streams (enablers/inhibitors/no impact); see
Table 1, categories A−F. Note that circularity here may also
include consideration of the form of recovering embedded raw
materials, e.g., turning plastic polymer matrices back to
corresponding monomers for repolymerization or other uses,
or rapid mineralization of chemicals from renewable feedstocks
in the environment. Recovering some embedded raw materials
needs to be considered as a last resort for achieving circularity
of a chemical in many cases, particularly with regard to rapid
mineralization of chemicals from renewable feedstocks in the
environment. It should only apply for those cases that cannot
be eﬀectively circulated in the so-called technosphere, for
example by reuse, remanufacturing, or recycling.39 The main
reason is because such circularity usually leads to the loss of
energy, water, and other inputs used in the original production
process and to additional signiﬁcant inputs required for the
next use (including for the depolymerization of plastic
polymers45).
Three categories can be straightforward for decision-making,
as follows. Categories A and Bwhen a chemical is circular
itself and may enable, or has no impacts on, the circularity of
othersare most desirable and can be directly approved for
6943
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Many of the over 200 000 chemicals or chemical mixtures on
the global market lack available or public information on their
uses, or even clear chemical identities, due to reasons such as a
lack of legal requirements for public reporting or conﬁdential
business information sealed from the public.56 Meanwhile,
supply chains are growing increasingly complex and internationally distributed, resulting in challenges in tracking and
communication of chemical compositions along the supply
chains and to end-users (e.g., consumers) and waste managers.
Furthermore, the design of materials and articles is also getting
more complex, with up to several hundred chemicals in an
article,57 posing challenges to nonexperts and those not
familiar with respective areas in capturing and maintaining an
adequate overview of the chemicals present and concerns they
may present.
This lack of transparency of chemical compositions in
materials and articles has led to the current unintentional
recycling of hazardous chemicals into secondary paper and
plastics. It also prevents a comprehensive understanding of
how chemicals may interact with each other and thus impact
the circularity of each other and associated materials and
articles.
Numerous eﬀorts have been made or are underway to
analyze chemical components in mixtures, materials, and
articles; however, such approaches are useful only to a certain
extent because they provide “snapshots” of a limited number of
target chemicals in selected samples. In addition, studies often
limit their scope to well-known problematic chemicals; this
bias toward studying already-known problems and a general
lack of analytical standards of chemicals on the market may
also contribute to the limited data available.
Hence, additional and more comprehensive approaches are
urgently needed, including ensuring and fostering greater
transparency and active information exchange of chemical
compositions throughout complete value chains (including
consumers and waste managers). This has been done for
speciﬁc industry sectors such as food items and personal care
products, with labeling of chemical compositions on the
products (although only for the content, not for the
packaging). In addition, many companies have developed
their own information systems for tracking chemicals used
along their entire supply chains (e.g., the Chemical Module of
the ZDHC Gateway, created by some textile companies; the
International Material Data System developed by and for the
automotive sector),58 although such information is often not
publicly accessible. These existing eﬀorts should be leveraged
and scaled up, both in terms of expansion to all industry
sectors and communication to actors outside supply chains
(e.g., consumers and waste managers).
While companies are the key actors for generating and
providing information on chemicals in articles, other actors
may play equally important roles. For instance, expanding on
existing eﬀorts, collaborations can be established to build
comprehensive inventories of chemicals in articles based on
surveying manufacturers (see the Commodity Guide database
by the Swedish Chemicals Agency), conducting systematic
sampling campaigns,59 and compiling existing measurements60
and other publicly available information.61−64 In addition, with
continuous advancement in storing and processing large data
sets, web-based tools may be developed and promoted to
manage, communicate, and translate chemical composition
information in individual mixtures/materials/articles in an
accessible way for nonexperts, including retailers and

currently designed in a way that the polymer matrices and
ﬁbers therein cannot be separated without damaging or losing
one or the other; given the current price diﬀerences between
polymer matrices and ﬁbers, eﬀorts have often been primarily
given for recovery and reuse of ﬁbers.49 Therefore, in ﬁberreinforced plastics, ﬁbers themselves are circular but inhibit
recycling of the polymer matrices in current practice. An
example of category D is the use of chemical markers in plastic
labels to enable separate sorting of mixed plastics using existing
technologies; the labels and chemical markers are removed
during recycling and then disposed of.50
Category Ewhen a chemical is noncircular itself and has
no impact on the circularity of othersis similar to category
D, where chemical X can be easily removed from articles
during or after use phase Y (e.g., through releases due to high
volatility or water solubility, degradation, and mechanical
separation), but with limited to no impacts on the circularity of
others. An example of category E is the use of readily separable
adhesives in paper and cardboard; they can be removed during
treatment (i.e., reduced or no circularity itself) and, thus, have
no impact on recycling of paper and cardboard (which is a
current technical hurdle).51
The approval of such uses in categories C, D, and E may be
subject to further debate: prioritization of the sustainable
circularity of the chemical, or that of associated chemicals, can
be made in the decision-making process, e.g., by comparing
respective life-cycle impacts. In such cases, an additional
assessment of essential uses may also be considered. For
example, the manufacturing company that produces Evian (a
bottled water product) recently redesigned their PET bottles
to make the use of labels and thus adhesives obsolete.52
Similarly to category F, for those uses that must be continued
for the time being, eﬀorts need to be made to ensure safe
disposal of the noncircular fractions and foster development of
safe, sustainable, and circular alternatives to replace them.
Additional General Considerations. Following current
practice, the proposed advancements we suggest here for
chemicals assessment and management frameworks are mainly
for intentionally produced chemicals. However, substantial
losses also occur in the manufacturing phase, including
unreacted residuals and byproducts (cause 1 in Figure 1).
These unreacted residuals and byproducts need to be
addressed, including preventing and minimizing them, e.g.,
by following Green Chemistry principles, and ﬁnding ways to
recycle or reuse them. These unintentionally produced
chemicals would also need to be taken into account in the
various chemical assessment and management processes in
place around the world. Furthermore, wherever possible, raw
materials from renewable feedstocks should be considered for
use in production processes.

■

CREATING TECHNICAL ENABLING CONDITIONS
FOR THE TRANSITION TO A CIRCULAR CHEMICAL
ECONOMY
Enabling conditions are needed in order to operationalize the
proposed changes in the chemicals assessment and management systems in place now and to create sustainable circularity
for chemicals in practice. The following three subsections take
a closer look at the technical aspects, and the next section looks
into the socioeconomic aspects, of such enabling conditions.
Fostering Transparency of Chemical Use and
Occurrence. One major challenge in introducing circularity
in chemical assessment is data availability and accessibility.
6944
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all

9. foster wider industrial cooperation, including information exchange and wider
industrial symbiosis
10. develop and foster service-based business models to shift the focus from
increasing chemical sales volumes toward a value-added approach targeting the
service that is linked with the chemicals and thus promoting eﬃciency and
longevity of chemicals, materials, and articles

• use of service-based business models such as chemical leasing88 and chemical management services89,90

all

8. develop and strengthen legislative, policy and voluntary instruments to provide
incentives

all

all

• use of regulatory processes under REACH such as restriction, authorization, and inclusion of a substance in the Candidate
List as eﬀective drivers for substitution in the EU,81 including the restriction of intentionally added microplastics in articles
• adoption of antibiotic stewardship programs to avoid overprescription of antibiotics and improper uses of antibiotics in
humans and animals82
• use of extended producer responsibility for the ﬁnancing of collection, recycling, and responsible end-of-life disposal of waste
electrical and electronic equipment, batteries, accumulators, and vehicles in the EU83
• enhancement of the pharmaceutical industry’s role in establishing collection schemes for unused pharmaceuticals and
improving the eﬃcacy of water treatment84
• inclusion of a prepaid disposal contribution on PET bottle collection in the purchase price of PET beverages to ﬁnance
private PET collection and recycling85
• inclusion of an advanced recycling fee (ARF) with the purchase of any electrical and electronic equipment to ﬁnance
complete takeback and recycling of the waste in Switzerland86
• use of carbon-monoxide-rich waste gases from the steel industry as a raw material to produce naphtha87

• use of agroecological approaches75 and integrated pest management76 to reduce the uses of synthetic pesticides and fertilizers
• use of ﬁsh bone waste as a source for phosphate fertilizer in Senegal as a natural chemical alternative to synthetic fertilizers77
• proposal of adopting a Moore’s Law for Chemistry that chemists should strive to reduce the amounts of chemicals needed for
a speciﬁc function by a factor of two every ﬁve years78
• development of self-healing polymers that allows the polymer to repair damage to itself through the reversible Diels−Alder
reaction when heated39
• modiﬁcation of architecture design to reduce paint wash oﬀ by rain
• switching from a chromium(VI) compound to a chromium(III) compound in decorative electroplating applications to reduce
oﬀ-gassing emissions of chromium during processing79
• reduction of the need for antibiotics through the use of preventive measures to tackle infectious diseases, with a focus on
animal management, welfare, and breeding for robust and healthy animals80
• use of waterless dyeing processes for textiles to reduce loss of dyes via wastewater (e.g., using supercritical carbon dioxide,
which might be recycled on site as is the case for supercritical carbon dioxide extractions and chromatography; or dimethyl
sulfoxide, which can be used in a fully recyclable system, resulting in a 99% reduction in waste, as well as superior dye stability
and no need for additional inorganic salts39
• introducing switchable adhesives in carpet to allow for easy separation of the carpet tile components (the carpet ﬁbers can
then be recycled, and the backing remanufactured into more carpet tiles)39
• development of harmonized Design for Recycling Guidelines for PET Bottles by the European PET Bottle Platform, including
additives that are allowed to be used therein (https://www.epbp.org/design-guidelines)

examples

causes 2−4

causes 5, 7, and 8

causes 4, 6, and 8

cause 3

all

all

causes (from Figure 1)
that it may address

7. strengthen and expand the Extended Producer Responsibility to all areas,
including establishing reverse logistics

4. incorporate collectability, separability, and recyclability into new design of
materials and articles
5. harmonize the uses of chemical additives in materials and articles to increase
compatibility of the same materials from diﬀerent streams
Socioeconomic Innovation
6. incentivize actions to limiting dissipative uses only to those truly essential areas
through regulatory instruments and policies

2. increase longevity of chemicals, materials and articles in the technosphere/value
chains
3. reduce unintentional releases of chemicals through improving conditions around
how they are used

Technological and Design Innovation
1. develop nonchemical alternatives and alternatives that use fewer amounts of
(synthetic) chemicals

possible strategic approaches

Table 2. Possible Strategic Approaches and Examples for Addressing the Causes of Chemical Loss in Figure 1 and Increasing Chemical Circularity
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sustainable circular uses of both new and existing chemicals in
practice. While the exact designs of such systems and related
measures will diﬀer from chemical to chemical and use to use,
we recommend that international cooperative eﬀorts be made
to develop and widely share a common knowledge base to
facilitate the transition. This knowledge base may include both
design attributes that bring about chemical losses in the ﬁrst
place and best practices for creating sustainable circular uses of
chemicals. Table 2 lists some strategic approaches and
associated examples for addressing the causes of chemical
losses in Figure 1 and increasing chemical circularity, which
may serve as a starting point for developing such best practices;
some of the causes may be mitigated through technological
and design innovations, whereas others may also require
socioeconomic innovations.

consumers (e.g., CodeCheck and EWG Skin Deep Cosmetics
Database for cosmetics and personal care products).
Developing Standardized Approaches to Assessing
the Sustainable Circularity of Chemicals. Assessment of
the chemical risks over multiple use cycles is rather
straightforward, as they do not diﬀer from existing hazard
and risk assessment methodologies but rather expand the
scope of the assessments by including exposure consideration
related to additional use cycles. In contrast, standardized
approaches are currently lacking for assessing the sustainable
circularity of chemicals, including a lack of a clear common
deﬁnition (or deﬁnitions) of sustainable circularity and of
common quantiﬁable and smart indicators. To date, a large
number of studies have looked into possible approaches to
assessing circularity, and more are coming; these approaches
vary considerably in terms of deﬁnitions, indicators, methodologies, and implications.22,65−69 Substantial eﬀorts are still
needed to bring the discussion to the next level toward a
standardized approach. This article does not review and
compare the diﬀerent approaches; instead, it highlights the
following key elements to be considered in future discussion.
Currently, mass-based indicators such as “recycling rates” are
most frequently used in practice. However, the same term
“recycling rates” is used to describe varied performance
measures in diﬀerent jurisdictions and contexts, including
“collection rates” (= MassCOLLECTED/MassINITIALLY_CONSUMED),
“intermediate recycling rates” (= MassSORTED/
Mass INITIALLY_CONSUMED ), and “ﬁnal recycling rates”
(= MassAFTER_RECYCLING/MassINITIALLY_CONSUMED).70 In addition, these indicators are limited to collection, sorting or
recycling, and do not take into account other value retention
processes (e.g., reuse, repair, refurbishment, remanufacturing,
redistribution). They also do not take into account all
associated environmental impacts (e.g., energy consumption,
climate change impacts), nor other factors such as the
maintenance of value embedded in the chemicals, value
changes, and longevity.22
Thus, using such mass-based indicators alone can be
problematic, as they can fail to reveal instances where
circularity does not lead to environmental sustainability,
despite assumptions that it should. For example, in the case
of lithium-ion batteries, current recycling technologies lead to
higher energy consumption and air pollution than primary
production.71,72 Therefore, many have recommended that
indicators need to assess not only circulated masses, but also
associated environmental impacts, particularly taking value
retention processes and embedded changes into consideration.22,73,74 Recently, Haupt and Hellweg (2019) proposed a
new approach using the retained environmental value (REV)
as an indicator based on well-developed LCIA methodologies
for measuring circularity from the aspect of environmental
sustainability and provided case studies on packaging glass,
newsprint, and cast iron engines.22 Further development of
such impact-based approaches are warranted. Also, as shown
by cause 1 in Figure 1, where chemical losses generally occur
to a certain extent during initial production and value retention
processes, it is important to set reasonable thresholds for
determining when a chemical is regarded sustainable and
circular.
Developing and Sharing Knowledge to Create
Sustainable Circularity of Chemicals. As most chemicals
used today are not circular, the most critical next step is the
design of new systems to reduce noncircular uses and to foster

■

CREATING SOCIOECONOMIC ENABLING
CONDITIONS FOR THE TRANSITION
Incentives will be key for societies to pivot together toward
sustainable, circular use of chemicals. The following two
subsections provide a thought starter on creating such
socioeconomic enabling conditions, focusing on the roles of
governments, businesses, and consumers.
Establishing Legislation and Policies That Are
Coherent and Stimulating at All Levels. Current
legislation and policies can serve as major drivers (see item 6
in Table 2) or barriers (see cause 10 in Figure 1) to
sustainable, circular uses of chemicals. To unlock their full
potential as drivers and to avoid erecting barriers, governments
need to continuously improve a variety of legislation and
policies that relate to chemicals and products that contain
them, across all sectors.
First, governments need to adopt and promote standardized
integration of sustainable circularity in the chemical assessment
and management frameworks as stated above, which can
provide legitimacy, transparency, and comparability for wide
adoption of such approaches by industries (including chemical
manufacturers, downstream industrial users, and brands and
retailers).39 Not only does this need to address existing
chemicals that are already on the market but also particularly
new chemicals that are being introduced to the market (e.g.,
during the premarketing notiﬁcation/registration phase of new
chemicals in many countries). This can provide critical
incentives for industries to innovate so that sustainable
circularity as a criterion is included in the design and
development phase of new chemicals and their related uses.
Meanwhile, governments need to limit information
exemptions for recovered chemicals91 and enhance information requirements on the use or presence of chemicals
throughout their life cycles to foster information generation
and sharing, as also identiﬁed by the latest EU Chemicals
Strategy for Sustainability.92 To do so, company self-reporting
with penalty reductions has been shown as an eﬀective means
to encourage disclosure93,94 and may be considered. Governments can also serve as conveners to gather together
stakeholders throughout value chains and inside and outside
experts to drive the discussion on diﬀerent aspects of assessing
sustainable circularity of chemicals toward standardized
approaches, including common deﬁnitions, indicators, and
assessment methodologies.
Second, governments need to enhance development,
coherence, and proper enforcement of legislation and policies
at all levels. Currently, legislation and policies may diﬀer
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from top management, and increase awareness of ecological
and societal impacts of design choices; it could also foster
sustainable circularity by ensuring such thinking is integrated
early on in the design and development phase of new
chemicals, materials, articles and value chains.
Furthermore, greater cooperation and integration of eﬀorts
throughout value chains will be key, including creation of
direct collaboration between upstream manufacturers (chemicals, materials, and articles) and downstream waste managers.
Such eﬀorts may include establishment of reverse logistics,39
reduce chemical compositions in materials and articles, and
improve product standardization across manufacturers (e.g., in
the case of PET bottles, see Table 2). Also, consumer
participation in decision-making as to whether speciﬁc
functions and performance characteristics are essential can
help inform design choice to avoid unnecessary uses of
chemicals.112,113

considerably across countries; many chemicals, mixtures,
materials, and articles are produced (e.g., plastic polymers),
used (e.g., pesticides), or disposed (e.g., waste plastics, tires) in
countries with less stringent and poorly enforced legislation
and policies, often resulting in severe contamination, human
exposure, and loss of chemicals from value chains. In addition,
even within the same jurisdiction, legislation and policies may
not be coherent for chemical management, product safety, and
waste management, including having diﬀerent and sometimes
conﬂicting objectives, resulting in confusion and loopholes in
practice.95−98 Hence, actions are needed locally (e.g., city or
regional-scale governance and partnerships), nationally (e.g.,
closer interministerial cooperation), and internationally (e.g.,
strengthened international laws, norms, and standards via
closer international cooperation).99−101
Third, governments need to establish and enhance
legislation and policies to incentivize innovations and pioneers.
Many businesses are reluctant to make fundamental changes
but rather favor incremental improvements at the process level,
due to factors including high sunk costs for establishing and
maintaining existing infrastructure, as well as high capital
intensity and long payback time for developing and
industrializing something brand new.102,103 These “lock-in”
obstacles require adequate legislation and policies to be
overcome, which could also support emerging businesses and
drive innovations.104,105 Such policies may include eliminating
subsidies and introducing depletion charges for nonsustainable
and noncircular practices,106,107 legislating extended producer
responsibility and corporate social responsibility,21,83,100,108
and adopting tax exceptions, public procurement, faster
product approval, and research and development funding
schemes for sustainable circular alternatives.105,109
Fostering Innovative and Enabling Business Models
and Practices. Transforming current practices into sustainable circular ones will require engaging and encouraging all
business sectors to make necessary changes. Intrinsic incentive
exists for businesses to do so, as creating sustainable circular
practices in a transparent fashion (e.g., by releasing information
on the sustainability and circularity of their products) can also
create a better brand image and consumer perception for a
business that chooses to do so. As such, wide use of the
advanced existing paradigm and public disclosure of assessment outcomes can contribute to generating incentives in
increasing sustainable circular uses of chemicals, e.g. by
providing benchmarks for comparison among business.
Another possible major game changer is to shift
manufacturers’ focus from selling chemicals, materials, and
articles to providing speciﬁc functions and services (i.e., the
rationale for having chemicals in the ﬁrst place). Successful
stories based on chemical leasing88 and chemical management
services89,90 show that such a shift can promote eﬃciency and
longevity of chemicals, materials, and articles, while fostering
circularity.110 Meanwhile, it should be noted that these
business models have been developed over decades but are
not yet widely adopted; it is critical to better understand
current barriers to adoption and to further develop these
concepts.111
In addition, wider training on the importance and beneﬁts of
sustainable circular practices needs to be fostered, particularly
for investors, top management, and research and development.39,109 This may contribute to overcome the “lock-in”
obstacles mentioned above and provide more economic
incentives for fundamental innovations, stronger commitments

■

OUTLOOK
The proposed conceptual advancements in the chemicals
assessment and management paradigm and the creation of
enabling conditions to operationalize the advancements and to
create sustainable circularity for chemicals can serve as ﬁrst
steps to foster systematic integration of sustainable circularity
in the design and development phase of new chemicals,
materials, articles, and value chains. Meanwhile, as a part of the
transition to a sustainable circular chemical economy,
continued eﬀorts are needed to assess and create sustainable
circularity for the hundreds of thousands of existing chemicals
already on the market in numerous applications. A possible
starting point could be for those chemicals and applications
with high volumes. In addition, a wide implementation of the
“essential-use” concept by companies may also be used to
phase out those uses that are nonessential and, thus, reduce the
numbers and complexity of existing chemicals and their uses
on the market; this can ease the assessment and possible
transition of existing chemicals to new chemicals with better
circularity. With these steps and more, we have the tools at
hand for our societies as a whole to pivot toward sustainable
circular uses of chemicals.
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