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Abstract

Hazardous substances, or substances of concern (SoC), are present in numerous products
and may be the source of significant risks to human health and the environment. In addi-
tion, the presence of SoC in products challenges the transition towards a circular economy.
By implementing strategies such as reuse or recycling, SoC can be reintroduced in sub-
sequent lifecycles, generating new forms of risk. Addressing SoC in the early stages of
the product development process is necessary to mitigate the hazards and risks they may
present throughout multiple lifecycles. Product designers hence need appropriate tools and
methods to address SoC in products. However, we have observed that current research
primarily focuses on the development of non-toxic chemical alternatives and approaches
that mitigate the risks of SoC at a chemical and material level (i.e., substitution), lacking
the necessary holistic approach to avoid trade-offs or unforeseen consequences. Available
design specific methods, tools, and information to address SoC in products are extremely
limited and have too a material focus. To address this, we investigated five cases to un-
derstand how SoC were dealt with across the product lifecycle and identify mitigation
interventions used. We then analyzed the interventions and classified them into five levels
of influence, i.e., chemical, material, component, product, and system, and evaluated their
respective implications for design, advantages, and drawbacks. Our analysis results in
three groups of mitigation strategies that are specifically relevant to product design: Avoid,
which entails any modification to the product that eliminates the SoC, Control, in which
the SoC remains in use, but its emissions are prevented, and Reduce, which includes any
modification that results in the reduction of the volume of the SoC or its emissions. Our
findings establish the potential contribution of designers in the mitigation SoC in products
and constitute a basis for the development of methods or guidelines to address SoC from
a product design perspective.
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Introduction

Hazardous substances, or substances of concern (SoC), are present in numerous products
and may be the source of significant risks to human health and the environment. The pres-
ence of SoC in products also challenges the transition towards a circular economy (CE). By
implementing strategies such as reuse or recycling, SoC can be reintroduced in subsequent
lifecycles, generating new forms of risk. To fit the circular economy, products should not
cause harm to human health or to the environment throughout their lifecycle, or subse-
quent lifecycles. This will require that consumer products are designed to be safely reused,
repaired, refurbished, recycled, or reintroduced into nature, which is reflected in European
legislation, about the transition to a clean circular economy [1, 2].

Examples of SoC in products include additives, such as phthalate-based plasticizers used
in flexible plastic products [3, 4], PFAS, used for their water and oil repellent properties in
food packaging and textiles [5, 6], or lead, used in metal alloys and solder for electronics [7,
8]. The risks posed by SoC are increasingly worrying. In 2022, Europe produced 285 tons
of chemicals of which over 60% were found to be hazardous to either the environment or
health [9]. Of the total number of chemicals put in the market, only a few have been well
characterized for their hazards, and only a fraction of these is currently regulated to avoid or
reduce their presence in specific applications, with many remaining in use [10]. Health haz-
ards of SoC can include acute toxicity, carcinogenicity, mutagenicity, and reproductive tox-
icity, among others [11]. Additionally, SoC may have different effects on the environment
depending on their characteristics, they may cause acute or chronic toxicity in environments
and organisms, they may be persistent, bioaccumulative, and/or mobile [11]. Furthermore,
Persson et al. [12] recently stated that humanity has surpassed the safe operating space of
the planetary boundary of novel entities and has a lower capacity to assess and monitor
substances [12].

Substances are currently classified as hazardous based on known hazard types and sever-
ity, in accordance with the globally acknowledged hazard classification and labelling system
for chemical substances and mixtures [11]. This classification is however solely based on
known and reported effects, not considering substances that are in use but have not yet been
identified as hazardous, or pollutants generated by products throughout their lifecycle (e.g.,
microplastics). In this research, we follow a broader classification based on the definition
of the planetary boundary for chemical pollution (now known as novel entities proposed
by Rockstrom et al. [13, 14]) “Primary types of chemical pollution include radioactive
compounds, heavy metals, and a wide range of organic compounds of human origin which
adversely affect human and ecosystem health”. Such a definition is suitable from a CE
perspective as it allows for the inclusion of a larger array of compounds of human origin
(e.g., plastics), that not only account for substances that are present in the product, but also
considers those used during production or generated during other stages of the lifecycle.
Hence, our classification of SoC includes:

— SoC added to the composition of the product to achieve a permanent function, for
instance additives such as phthalates that increase the flexibility of PVC products.

— SoC added during the production process to provide a temporary function, for instance
textiles treated with formaldehyde during production to reduce creases.
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— SoC generated by the product throughout Use or End of Life, for instance microplastics
released from agricultural mulch films.

Microplastics are not usually considered ‘SoC’. We included them here because of their
ubiquitous presence in the environment [15—17], and their ability to damage aquatic and ter-
restrial wildlife and cause respiratory problems and cardiovascular diseases in humans [18].

The presence of SoC in products can usually be linked to a desired functionality or per-
formance. In addition, the presence or absence of SoC in products can be linked to a number
of tradeoffs in relation to safety, sustainability, and performance. An example is the pres-
ence of flame retardants in upholstery products and other applications, where the potential
benefits regarding fire safety need to be weighed against health and environmental risks
due to the toxicity of the substance [19]. This indicates that to mitigate the risks of SoC in
products while minimizing potential tradeoffs, a holistic approach is required. Furthermore,
SoC in products challenge the transition to the circular economy, not only due to the health
and ecological risks they pose, but also for the limitations they put on circular strategies
[20-23]. The materials or components intended for reuse or recycling may contain hazard-
ous substances that could impede their re-introduction or pose risks in new applications [20,
24]. Examples of this include contaminants deriving from recycled paper introduced in food
packaging [25, 26], and toys containing contaminated recycled plastics derived from waste
electrical and electronic equipment (WEEE) [27]. Furthermore, legislations banning the use
of these substances in new products has created barriers for recycling, increasing the amount
of incinerated plastic waste suspected to contain legacy hazardous substances [28, 29]. In
transitioning to a Circular Economy (CE), products must thus be designed either without
substances of concern (SoCs) or with measures in place to prevent exposure to their emis-
sions throughout all stages of the product’s life cycle.

We have observed that currently available research on how to deal with SoCs in prod-
ucts is predominantly focused on the development of non-toxic chemicals and safe material
alternatives [20, 30, 31]; from the chemical engineering, biotechnology, and nanomateri-
als perspective in particular, with approaches such as the Safe and Sustainable by Design
framework [32-34]. Here, the presence of SoC in products is not explicitly dealt with from
a product design perspective and no specific design guidelines, other than recommenda-
tions at a chemical or material level, are provided. Likewise, regulations regarding SoC in
products also focus almost exclusively on interventions at a chemical and material level.
The Circular Economy Action Plan requires, for example, the increase of recycled content
in products while ensuring their performance and safety, and the development of meth-
odologies that minimise the presence of hazardous substances in recycled materials [1].
Meanwhile, the Ecodesign Directive indicates to refrain from using substances considered
as hazardous, facilitate access to components containing hazardous substances (with a focus
on recycling), restrict the presence of substances that inhibit circularity, and establish new
information requirements that make it easier to track SoC, such as Digital Product Passports
[35, 36]. Similarly, available literature and guidance for product designers regarding SoC,
such as ecodesign and design for sustainability, provide recommendations at a material
level, to identify if toxic materials are in use in a product, and to select “low impact” materi-
als instead [37, 38].

This “chemical” focus on dealing with SoC might limit the contribution of designers to
material choices, which doesn’t do justice to the integral nature of a product design pro-
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cess. Designers have the skills to adopt a broader approach, considering the lifecycle of
the product, as well as relevant stakeholders and specific contextual aspects while meet-
ing performance (functional) requirements. To the best of our knowledge, there is hardly
any guidance that considers other than material focused strategies or provides a holistic
approach to SoC, available for professional product designers to create safe products that
have no negative effects on human and ecosystem health throughout their life cycle, includ-
ing reuse and recycling. Our research objective is therefore to identify interventions used to
mitigate the effects of SoC across the lifecycle of five example products containing SoC, as
well as their implications for product design, their benefits, and their drawbacks. Through
the analysis of these cases, we aim to identify the contribution designers can offer in dealing
with SoC in products and derive requirements for the future development of design methods
and guidelines that enable designers to address SoC in products in a more systematic and
comprehensive way. The research questions to address this research aim are: RQ (1) What
kind of interventions have been used across the lifecycle of products to mitigate the risks
posed by the SoC they contain? And RQ (2) What are the implications of these interventions
in the discipline of product design?

In this paper we first present the process we followed to investigate the cases and analyse
the mitigation interventions we identified. We then present the results obtained for the case
of refrigerants in household refrigerators in detail (the rest of the cases can be consulted in
the supplementary information S1), and a table summarizing all identified mitigation inter-
ventions. Finally, we discuss our results and their implications in design practice and design
for the circular economy.

Methodology

In this section we first present our process and criteria for the selection of the cases. We
then present the process we followed to perform the literature review to research each case
of products containing SoC and identify mitigation interventions. Finally, we present the
series of steps we took to analyse the identified mitigation interventions to understand and
describe their implications to the discipline of product design.

Selection of Cases

We investigated five cases of products containing SoC to understand how and why SoC
were used in products and to identify mitigation interventions and their implications for
product design. An original selection of eleven cases relevant to the European society was
done during a study performed by the Dutch Ministry of Infrastructure and Water Manage-
ment [39]. They considered the significance or impact of SoC by accounting the annual ton-
nage used in the EU and the type of hazard. We selected five cases out of the eleven based
on the following criteria:

— Variety in type of products and applications/fields (electronics, textiles, etc.).
— Variety in the nature of the SoC, considering the above-mentioned classification of SoC.

@ Springer



Circular Economy and Sustainability

— Relevance to the field of product design based on the variety of release mechanisms
across the product lifecycle and thus potential for mitigation interventions beyond sub-
stitution of materials or chemicals.

Table 1 presents the selected five cases with background information about their regulatory
status and function of the SoC in the product.

Literature Review of Cases

We performed a literature review on each of the selected cases. The main databases used
for the literature review were Google Scholar and Scopus, as well as the chemical databases
ECHA’s C&L inventory, SIN List, and Pub Chem. Additionally, the search engine Google
was used to investigate relevant regulations. Considering only documents in English, we
used a combination of Boolean functions “AND” and “OR” and keywords, including Haz-
ards, Effects, Risk Assessment, Life Cycle Assessment, Emissions, Exposure, Regulation,
Waste management, Production, Manufacturing, Function, Risk Management, Alternatives,
Risk Management Strategies, Disadvantages, Name of the substance (i.e., DEHP, Bis(2-
ethylhexyl) phthalate, HFC 134a, etc.), Name of the substance group (i.e., phthalates, PFAS,
fluorinated gases, etc.), Name of product (i.e., charging cable, cable, PVC flooring, mulch
film, etc.), and Product category (i.e., flooring products, electronics, agricultural plastics,
cooling equipment, etc.).

We retrieved a total of 6,548 documents from this search. Through the screening of
titles, abstracts, and scan reading, we eliminated irrelevant documents and duplicates. The
remainder of 426 documents was considered for information regarding the human health
and environmental effects of the product-substance combination, the emission and expo-
sure scenarios of the product-substance combination, mitigation interventions applied to
manage the effects of the SoC. In addition to the database search, we used a snowballing
technique to identify relevant articles that may not have appeared in the initial search results
by reviewing the reference lists of relevant articles.

After reviewing each SoC, to understand their nature, applications, regulatory status, and
potential hazards to human health and the environment, we investigated each product-sub-
stance combination in more detail. The focus of this review was to understand the function
of the substance in the product and establish the most concerning emission and exposure
scenarios across the lifecycle, considering the emissions of the substance, exposure to the
substance, the mechanisms through which the SoC is released (e.g., volatilization, leach-
ing, migration), and the inputs that could aggravate the release mechanisms (e.g., UV light,
chemicals, temperature). In our analysis, we considered the most concerning emission and
exposure scenarios to be those that were specifically or repeatedly mentioned in literature
or reports as having the greatest effects on human health and/or the environment. Finally,
we investigated and listed the mitigation interventions used or proposed to address the SoC
in the product.

Analysis of the Interventions to Deal with Soc in Products
Using the results of the literature review, we identified mitigation interventions for each of

the cases. We then analyzed each intervention through the following steps:
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Table 1 Selected cases of
products containing substances
of concern

@ Springer

Case Background — Current regula-  Specific
tory status rationale for
selection
Case 1 - House-  Current common refriger- The case is

hold refrigerators
containing refrig-
erant gases

Case 2 — Charg-
ing cables
containing DEHP
(Bis(2-ethylhex-
yl) phthalate) as
plasticizer

Case 3-PVC
flooring contain-
ing DEHP (Bis(2-
ethylhexyl)
phthalate) as
plasticizer

Case 4 — Emis-
sion of micro-
plastics from
agricultural mulch
films

Case 5 - Synthetic
textiles, such as
outdoor garments,
containing PFAS
for water and oil
repellency

ants (e.g., HFC 134a) are not
banned but regulated by:
Regulation (EU) (No
517/2014), on fluorinated
greenhouse gases, [40].
Directive 2008/68/EC, on the
inland transport of dangerous
goods, [41].

Regulation (EC) No 1272/2008,
on classification, labelling and
packaging of substances and
mixtures [42].

Banned in the EU since 2021
by:

Regulation (EC) No
1907/2006 on the Registra-
tion, Evaluation, Authorization
and Restriction of Chemicals
(REACH) [43].

Banned in the EU since 2021
by:

Regulation (EC) No
1907/2006 on the Registra-
tion, Evaluation, Authorization
and Restriction of Chemicals
(REACH) [43].

Not currently banned or
regulated.

Several PFAS groups (e.g.,
PFOS, and PFOA) are re-
stricted and regulated by:
Regulation (EC) No
1907/2006 on the Registra-
tion, Evaluation, Authorization
and Restriction of Chemicals
(REACH) [43].

Regulation (EU) 2019/ 1021
on persistent organic pollutants
[44].

A number of PFAS remain
unrestricted and not regulated.

interesting for
its long history
of interven-
tions, and
because the
use of refriger-
ants is heavily
regulated.

The case is
interesting
due to the ban
of DEHP in
products.

The case offers
opportunities
for compari-
son with Case
2 to observe
interventions
to mitigate

the same SoC
in 2 different
applications.
Microplastics
are emitted
throughout the
use and EoL
of the product,
allowing the
observation of
interventions
in these stages.

The case is
interesting due
to discussions
on the essenti-
ality of PFAS
and the ban on
specific types,
where alterna-
tives can be
observed.
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— Identify potential benefits of the intervention. We collected literature that described:
(a) positive effects on the reduction of emissions, (b) no perceived trade-offs related to
performance, sustainability, or safety.

— Identify potential drawbacks or trade-offs of the intervention. We collected literature
that described: (a) limited or no effects on the reduction of emissions, (b) perceived
trade-offs related to performance, sustainability, or safety. If this information was not
available, we noted the uncertainty of the potential negative effects of the intervention.

— Analyze and describe how the intervention impacted the design of the product. This
analysis was based on own observations and discussions with design experts within our
research group.

— Classify the intervention based on their effects at a chemical, material, component,
product, or system level.

— Finally, an inductive analysis of the mitigation interventions to identify patterns was
done, which resulted in the identification of three overall strategies.

Results

In this section, we first provide the results obtained for one of the cases: household refrig-
erators containing refrigerant gases. The other four cases were analyzed in the same way
and are presented in the supplementary information (S1). The results of all cases are then
summarized and clustered, resulting in three major groups of mitigation strategies that can
be followed by designers.

Case 1 - Dealing with Refrigerant Gases in Household Refrigerators

Refrigerant gases are used in household refrigerators as part of the cooling system and as a
blowing agent for insulating foam. Prior to the enactment of the Montreal Protocol in 1987
[45] and the regulations concerning substances that deplete the ozone layer [46], the most
commonly used substances for refrigerants and blowing agents in cooling equipment were
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), recognized as ozone
depleting substances (ODS) [47, 48]. Regulatory actions led to the replacement of these
refrigerants with hydrofluorocarbons (HFCs), which, while not depleting the ozone layer,
are greenhouse gases with a high global warming potential (GWP) [47, 48]. Among HFCs,
HFC 134a (also known as 1,1,1,2-tetrafluoroethane), stands as the most used type [47, 49].
When utilized within the cooling system, HFC 134a circulates through the components of
the hermetically sealed refrigerating unit [48, 50]. When used as a foaming agent, HFC 134a
remains contained within the cells of the polyurethane foam that constitutes the insulation
walls of the refrigerator [48, 50].

Despite being considered non-toxic and non-flammable under typical temperature and
pressure conditions and posing no substantial human health risks under normal exposure
conditions (except for overexposure) [51, 52], its elevated GWP makes HFC 134a a sig-
nificant contributor to radiative forcing and, consequently, climate change [49, 53]. For
this reason, the identification, containment, use, transportation, recovery, and destruction
of fluorinated gases are subject to regulation in Europe [40—42], as well as the waste man-
agement of cooling equipment [54]. Nonetheless, the literature we examined indicates that
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emissions of gases like HFC 134a still occur due to leaks in uncontrolled environments, dur-
ing filling of hermetically sealed cooling units, insulation foam manufacturing, refrigerator
use, repairs, and improper treatment and disposal [48, 50, 55-57]. HFC 134a is primarily
released into the atmosphere, where it remains with an atmospheric lifetime of about 12
years [58]. Emissions into wastewater and water bodies are expected to volatilize and accu-
mulation in any form of organism or to be absorption in soil is not expected [52]. Exposure
scenarios are normally of low or no concern [52]. In case of spillage, it is recommended to
wear personal and respiratory protection [52]. Overexposure via inhalation can cause cen-
tral nervous system depression and cardiac sensitization [51].

The goal of this case was to examine the interventions that have been developed or
were considered for managing refrigerant gases in domestic refrigerators at different levels
(Table 2). For conciseness, we focused on identifying mitigation interventions related to
currently prevalent refrigerants like HFC 134a and their associated risks. Table 2 shows the
potential benefits and drawbacks for each of the identified interventions, as well as their
implications for the design of the refrigerator and associated systems (e.g., recovery sys-
tems). The interventions are classified to observe their level of influence: Chemical refers to
changes or substitution of additives or individual substances, Material refers to substitution
of a material type or substantial changes in the composition of a material, Component refers
to interventions that influence individual parts of the product, Product refers to interventions
that influence the design, features, or functionality of an entire product, System addresses
changes in the product’s context.

Summary of Identified Interventions in the Five Cases

Table 3 shows a summary of all identified interventions in the five different cases, classi-
fied into their effects on a chemical, material, component, product, and system level. We
performed an inductive analysis of the interventions to identify patterns. We observed that
interventions could be classified into two groups, those that focused on eliminating the
SoC, and those that maintained the SoC in use but focused on managing their effects. Fur-
thermore, when the SoC remains in use, we found two visible differences on the effects
(benefits) of the interventions, with some aiming to prevent emissions altogether, and others
only focused on reducing emissions of the SoC in a particular stage. From this analysis we
then identified three main strategy groups relevant to product design: Avoid, Control, and
Reduce, which we describe further in Table 4. These strategy groups are also used as order-
ing principle in Table 3.

Table 3 shows each of the cases has interventions at different levels. On the vertical axis,
we find that most interventions clustered under Avoid happen at a chemical or material level,
with a couple of exemptions where the substance is dealt with at a product level by deliver-
ing a function with non-chemical techniques. Under Control we find all interventions found
at a component level, focused on preventing leakage, and several system level interventions
focused on controlled recovery. Under Reduce we find a single intervention at a chemical
level, focused on reducing the overall volume of the substance, as well as several interven-
tions at a product level to increase the useful lifetime through mechanisms such as mainte-
nance, durability, and repair, to prevent the accumulation of the substance at EoL. System
level interventions under Reduce focus on providing information to the user to minimize
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Table 2 Identified mitigation interventions for dealing with refrigerant gases (HFC 134a) in household refrig-

erators. Levels of intervention are indicated as follows: Chemical, Material, Component, Product, System

Identified
intervention

Potential benefits

Potential drawbacks

Implications for product design
(authors’ interpretation)

Substitution of HFC
134a as a refrigerant
with inert gases,
CO2, and
hydrocarbons, [57],
[59].

- Decreased global warming
potential and lower atmospheric
lifetimes, [57], [59].

- No substance fulfills all criteria: no Ozone
Depleting Potential (ODP), low GWP, non-
flammable, non-toxic, and highly energy-
efficient, [49], [60].
- CO2's higher operating pressures make it
itable for I hold applications, [59].
- Some alternative refrigerants have a lower
energy efficiency, potentially increasing
indirect environmental impact, [49].

- The refrigerator and its cooling system

need to be redesigned to address
potential drawbacks or effects of
substitution (e.g., flammability,
performance, higher costs, higher
operating pressures).

- The product design needs to be adapted

together with new recycling and

manufacturing systems to account for the

fl bility of the new subs

Substitution of HFC
134a as a blowing
agent with HFOs,
inert gases, and
hydrocarbons, [57],
[59].

- Decreased global warming
potential and lower atmospheric
lifetimes, [57], [59].

- Higher production costs and changes in
the production methods, [57].

- Risk of explosion and high flammability
for the use phase and recycling processes,
[57].

- No substance fulfills all criteria: no Ozone
Depleting Potential (ODP), low GWP, non-
flammable, non-toxic, and highly energy-
efficient, [49], [60].

- The refrigerator and its insulation

system need to be redesigned to address

potential drawbacks or effects of
substitution (e.g., higher costs,
flammability).

- The product design needs to be adapted

together with new recycling and

manufacturing systems to account for the

fl bility of the new subs

Hermetic cooling
units, [50].

- When functioning correctly,
hermetic systems can entirely
prevent refrigerant emissions

from the cooling system, [50],
[61].

- Leakage may result from faulty or loose
components, such as joints, [50].

- Servicing the system, which may require
puncturing for recharging or releasing
refrigerant, can lead to leakage [50].

- Damage during use or transportation is a
p ial source of leakage, [50], [56].

- Hermetic systems require redesign to
prevent emissions throughout the
product's lifecycle, accounting for

various processes and stakeholders (use,

servicing, recycling, etc.).

Leakage detection
systems, [62].

- Prompt detection and warning
can result in immediate response,
[62].

- Not currently applied to household
refrigerators, only applied in professional
refrigerating equi [62].

- The design of the product needs to be
adapted to allocate new components.

Controlled recovery,
and collection of
refrigerant gases,

[54

- Refrigerants are collected to be
recycled or destroyed, avoiding
emissions of improper disposal,
[48], [54], [56].

- Emissions resulting from the extraction
process, due to puncture, faulty
components, or operations, [48], [50], [55].
- Emissions resulting from the cooling
system breakage during transportation or
handling, [56].

- The product needs redesign associated

with the development of new recycling
systems and transportation protocols.

Collection of
blowing agents at
end-of-life, [48],
[56].

- Blowing agents are collected
during the shredding process in a
controlled environment to then
be recycled or destroyed,
avoiding emissions of improper
disposal, [48], [54], [56].

- The process can only be performed by
specialized treatment plants due to
explosion risk, [48], [54], [56].

- The product needs redesign associated

with the development of new recycling
and recovery systems.

Addition of a valve
for extraction and
recharge of
refrigerants, [48].

- The puncturing of the hermetic
system is no longer necessary,
avoiding leakage during
servicing and recovery
processes, [48].

- The cooling system is hermetic by
regulation, [40].

- The valve could increase risks of leakage
during the use phase if users misuse it, [48].

- The valve requires redesign
considering the different processes and
actors of each stage of the lifecycle of
the refrigerator to prevent emissions or
new risks.

Strengthening or
protecting the
components of the
cooling system, [48],

[56

- Prevention of leakage caused
by breakage during
transportation and handling,
[48], [56].

- No documented drawbacks were found for
this intervention.

- The refrigerator might need redesign to

counteract potential drawbacks (e.g.,
increased costs, reduced
disassemblability).

Reducing the volume
of refrigerant gas in
the cooling system,
[48].

- Lower refrigerant emissions,
[48], [50].

- Reduction is constrained since the
refrigerant volume influences the energy
efficiency of the appliance, [48].

- Reduced energy efficiency could lead to
an increased indirect environmental impact,
[49].

- The refrigerator and its cooling system

need redesign to avoid loss of
performance.

emissions in different stages of the lifecycle. Table 4 presents each of the identified strategy

groups and describes its characteristics as observed from the cases.

Figure 1 presents the strategy groups in a hierarchy that prioritizes 4void over Control

and Reduce, and examples for each of the strategy types.

Discussion

In this section we first discuss observed characteristics, advantages and disadvantages of the
strategy groups we identified (Avoid, Control, and Reduce). We then compare our findings
with existing literature and approaches to deal with SoC. Furthermore, we discuss observed
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Table 3 Summary of identified mitigation interventions in all five cases classified into strategy
groups according to the authors’ interpretation. The levels of intervention are indicated as follows:
Chemical, Material, Component, Product, S

Casel Strategy group

Avoid. Any action that eliminated the SoC from the
product or avoided its use.

Control. Any action that prevented
exposure and emissions of the SoC.

Reduce. Any action that reduced the volume of the
SoC in the product or reduced exposure or emissions
afthe SoC.

1) Household
refrigerators
containing
refrigerant gases

o Substitution of HFC 134a as a refrigerant with
inert gases, CO2, and hydrocarbons, [57), [59].

o Hermetic cooling units, [50].

«  Reducing the volume of refrigerant gas in the
cooling system, [48].

o Substitution of HFC 134a as a blowing agent with

o Leakage detection systems, [62].

HFOs, inert gases, and [57). [59].

« Addition of a valve for extraction and
recharge of

o Strengthening or protecting the

components of the cooling system, [48],
56].

« Infrastructure for controlled recovery,
and collection of refrigerant gases, [54].

o Infrastructure for the collection of
blowing agents, [48], [56].

2) Charging cables

(Bis(2-ethylhexyl)

o Substitution of DEHP by another phthalate-based
plasticizer (¢.g., DINP and DIDP), [63].

o Infrastructure for controlled recovery
[54).

o Increasing the useful life of cables through repair
and durable design, to reduce accumulation at EoL
(European Commission, 2019).

«  Substitution of DEHP by a non- phihalate-based
plasticizer (c.g., DEHT, Dioctyl Adipate, biobased

[63].

e Substitution of the cable material (e.g., PE, PP,
PUR, PS, rubber), [65].

3) PVC flooring
containing DEHP
(Bis(2-ethylhexyl)
phthalate)

o Substitution of DEHP by another phthalate-based
plasticizer (¢.g., DINP and DIDP), [63].

o Preventing emissions with layered
materials, [66], [67].

e Increasing the useful life of flooring products by
supporting product selection based on user
requirements (level of comfort, acoustic properties,
etc.), preventing early disposal and reducing

ion at EoL, [68].

«  Substitution of DEHP by a non- phihalate-based
plasticizer, (¢.g.. DINCH), [69], [70], [71].

o Infrastructure for controlled recovery
for controlled landfill and incineration
of flooring waste, [72].

«  Inform the user to reduce emissions and exposure:
Improving indoor air quality, [4], [67], [73]. E.g..
avoiding high temperatures and humid
environments near PVC flooring, and cleaning

inated dust, [66]. [67]. [74].

. Substitution of the material (e.g., PE, PP, PUR,
PS, rubber), [65].

o Infrastructure for recovery and
recycling, [68], [72].

o Increasing the useful life of flooring products
through maintenance and repair, to reduce

accumulation at EoL, [68].

4) Emission of
microplastics from
agricultural mulch
films

o Substitution of LDPE films for photodegradable
and biodegradable materials, [751, [76].

o Automated mulch recovery systems,
[75), (7], [78)-

e Reduce mechanical degradation through reduced
use of machinery or increase of film thickness, [78].

«  Substitution of LDPE films for paper mulch, [75).

e Infrastructure for recovery and
recycling of used agricultural mulch
films, [79], [80].

o Substitution of material for biobased alternatives

(e.g. straw, woodchips living mulches). [81).

5) Synthetic textiles,

such as outdoor

garments, containing
FAS

o Substitution of long carbon chain PFAS with those
with shorter carbon chains, [82].

. No control interventions for PFAS were
Jound.

o Increasing the useful life of textile products through
repair, reuse, and recyeling, to reduce accumulation
at EoL, [83], [84], [85).

. itution of PFAS with i
substances or materials (e.g., polyurethanes,
dendrimers, silicones, hydrocarbons, and paraffin),
[86].

«  Reduce PFAS emissions from washing by providing
washing instructions to users, [82].

« Delivering waterproof function with non-
chemical techniques (e.g., weaving and fiber
control), [82], [87].

« Phasing out PFAS by re-cvaluating functional

requirements, [88). [89]. (901,

challenges of dealing with SoC and their potential relation to the field of design. Finally, we
provide recommendations for future research, focusing on the development of methods to
deal with SoC in products that are targeted at designers.

Potential Contribution of Design Compared to a Material/Chemical Approach

The inventory of interventions shows that SoC in products can not only be addressed at a
chemical or material level, but also at a component, product, and system level. However,
we observed that available research and guidelines to deal with SoC are mainly focused
at the chemical and material levels. We have identified mitigation interventions that often
have implicit consequences on product design, and from our analysis derived three main
strategies with the goal of supporting designers in making intentional design decisions at a
material, product, and context level to mitigate SoC in products.
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Table 4 Definition of the
identified strategy groups to deal
with SoC in products (authors’
interpretation)

Strategy groups Definition and characteristics

Avoid

Any action or modification to the product
that eliminates the SoC. Including any form
of chemical/material substitution.

Control Any action or modification to the product
or the systems surrounding it that results in:
a) The prevention of emissions of the SoC
in any stage of the lifecycle

b) The prevention of exposure to the SoC

in any stage of the lifecycle.

Reduce Any action or modification to the product
or the systems surrounding it that results in:
a) A significant reduction of the volume of
the SoC in the product.

b) A reduction of emissions of the SoC in
any stage of the lifecycle.

¢) A reduction of exposure of the SoC in
any stage of the lifecycle.

{ ) @ Avoid

‘ Avoid Alternative value proposition or function \ Wateproofing weaving techniques
) With substances or materials known to be safe\ Natural rubber for flooring
Substitute ! St {
With less harmful substances or materials \ Non ozone depleting refrigerants
Phase out Re-evaluate essentiality ‘ No PFAS in non essential uses
o SR
Reduce s Control
Reduce content | Reduce content of the SoC | Reduced amount of Contain / Prevent emissions or expo- | Hermetic cooling
(lower volumes | in the product or limit use refrigerant isolate sure by isolating the SoCin systems
= lower to certain components the product.
exposure) = =
F t Redefine production/ Controlled chambers
Increase Durability Increase quality manufacturing processes in manufacturing
useful life / - .
:ienegpeirn use [ Maintenance and repair Reinforcing cable sleeves Conlro} Separate collection Collection of refrigerants
(a(:ci‘:g:ﬁalion Alternative business models | Reusable food packaging | | recovery Monitor materials to avoid SoC| Monitoring flooring waste
atend of life) SoC can be easily separated | Design for disassembly
intail intain i ein case Design for disassembly
To protect vulnerable groups | Risk information control over unforeseen negative effects
Inform / ! the product arise.
customize To avoid mechanisms that Washing information on
aggravate emissions abel

Fig. 1 Hierarchy and examples of the identified strategy groups to deal with SoC in products (authors’
interpretation)

We described Avoid strategies as any action or modification to the product that removes
the SoC. Avoid strategies have a hazard approach, which focuses on the elimination of
harmful substances rather than dealing with potential risks caused by the substances in later
stages. Substitution was a recurrent intervention, for instance the substitution of the SoC
with safer or safe substances, or the use of alternative materials that don’t contain SoCs.
Substitution could however lead to drawbacks, such as new health risks and environmental
impacts, or trade-offs such as loss of performance and increased costs. An example was the
case of DEHP in cables, where the alternative materials (non-phthalate-based plasticizers
like PE and PP) led to reduced cable durability. The increased flammability of substitute
refrigerants with lower GWP was another example. In both examples, substitution with
alternative materials or substances impacted the design of the products. Although these
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interventions occur at a chemical or material level, we can observe the potential contri-
bution of designers in facilitating their implementation through interventions at a product
level. However, it is important to note that substitution is not always a viable solution,
for some SoC no safe alternatives have been yet identified, which requires addressing it
through interventions other than at a chemical or material level. A second Avoid approach
was the elimination of the SoC by delivering the function of the product in a different
way, or by eliminating non-essential applications. In the case of PFAS in synthetic textiles,
we observed the development of a new weaving technique to generate waterproof fabrics
without the use of chemicals. This solution, however, also came with trade-offs such as stiff
fabrics, that will need to be addressed in the design of the product. Avoid strategies suggest
that designers can deal with SoC at a product and/or system level by delivering alternative
value propositions.

Control strategies include any modification to the product, or its related systems, that
prevents exposure to the SoC or prevents its emissions. Control strategies have the potential
to prevent emissions and exposure when a SoC remains in use (because it is deemed essen-
tial for a certain application or no substitutes are available), or when substitute substances
cannot be deemed safe. To eliminate risks completely, Control strategies should prevent
any form of leakage throughout the entire product lifecycle. The case of refrigerants, for
example, required the redesign of both the fridge (hermetic systems, extraction valves, etc.)
and its recycling system (controlled recovery and extraction of the refrigerant). And in the
case of PVC flooring, use-phase emissions of DEHP were controlled by an additional layer
of an alternative material over the plasticized PVC layer. Control strategies were most often
associated with end-of-life drawbacks. For instance, the presence of SoC in materials often
limited their recyclability, because of the risk of reintroducing contaminants into the value
chain. From the results we can observe Control strategies are very visibly linked to compo-
nent and system level interventions, which from a design perspective will require knowl-
edge of the specific context of use and EoL.

Under the category of Reduce, we classified interventions that decreased the overall vol-
ume of the SoC in the product, and those that lowered SoC emissions or exposure at various
stages of the lifecycle. Although Reduce strategies contributed to reducing the effects of
SoC in specific stages of the lifecycle, making a product safer, they usually didn’t eliminate
all risks for the product to be deemed safe. Approaches at a product level to extend the use-
ful life were common under this category, due to their potential systemic effects of reducing
the accumulation of SoC during EoL. For example, increasing the useful life of textiles
containing PFAS through (design for) repair, or preventing early replacement of PVC floor
tiles. However, keeping products containing SoC in use for longer had the potential trade-
off of aggravating emissions or prolonging exposure during the use phase. For example,
prolonging the life of textiles containing PFAS, could increase emissions from laundering
and potential replenishing of the waterproof treatment. However, we also found system
level interventions under Reduce focused on the provision of information to users to mini-
mize emissions during the use phase. An additional Reduce approach was the reduction of
the overall volume of a SoC in a product. This strategy may require design modifications
to counter associated performance reduction. We observed this in the case of refrigerators,
where reducing the volume of the refrigerant gas had a direct effect on the performance of
the product.
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Comparison of Strategy Groups to Existing Chemical Approaches

We identified Avoid, Control, and Reduce as strategies to manage SoC in products from the
analysis of the cases. The Chemicals Strategy for Sustainability of the European Commis-
sion [91] proposes a framework, the Toxic-fiee hierarchy for chemicals management, which
prioritizes interventions that eliminate SoCs (i.e., use of safe and sustainable chemicals)
over those that address risks, focusing on preventive measures over reactive ones (i.e., mini-
mizing exposure, providing full information on chemicals, eliminating SoC from waste, and
remediation). Similar approaches are proposed in the Inherently Safer Design Approach
for chemical process safety [92], and the Twelve principles of Green Chemistry and Green
Engineering [93, 94]. We consider a similar recommendation should be given to designers;
prioritizing Avoid strategies over Reduce or Control. These approaches, however, have a
chemical focus, while our strategies also consider interventions at a product and component
level, as well as behaviour around the product and infrastructure (System level).

Dealing with SoC in design was challenging and had, at times, far-ranging consequences.
The main learnings from the cases were the following:

Combination of Mitigation Strategies

In the cases we reviewed, interventions were regularly combined at different levels (chemi-
cal, material, component, product, context). The case of refrigerants, for instance, showed
a combination of Avoid, Control, and Reduce strategies, where ozone-depleting refriger-
ants were substituted by less hazardous substances, in a smaller volume, the product was
designed to prevent leakage, and systems throughout the lifecycle of the product were
designed to control emissions during production, transportation, and EoL. Combining strat-
egies seems most effective when the SoC is substituted by a safer (but not safe) alternative,
or when the safety of the alternative substance remains inconclusive. In this way, Control
and Reduce strategies can generate additional safety barriers. This requires an understand-
ing of the context and stakeholders surrounding the specific application of SoC, which is
within the boundaries of design practice.

Dealing with Tradeoffs

All identified interventions presented drawbacks and/or trade-offs; these included the gen-
eration of new environmental or health risks, changes in product performance, or increased
product costs. An example in the cases was the substitution of DEHP for DINP, a substance
with a similar risk profile. Another example is the resulting increase in costs, necessary
changes in manufacturing processes, and energy intensive processing, from the substitution
of PVC plasticized with DEHP for materials that do not require plasticizers to be flexible,
such as PUR, or rubber in flooring products. The prediction of these unintended (negative)
side-effects is very difficult. When developing solutions for dealing with SoC, it is impor-
tant to consider a holistic approach that considers the full product lifecycle, the product’s
functional requirements, its context, and the relevant users and stakeholders. Designers typi-
cally count with the skills to acquire such an integrated approach, which can increase the
chance that potential drawbacks, trade-offs, and unintended side-effects are identified in the
early stages of the design process, when changes are still relatively easy and cost-effective.
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Designers can contribute to dealing with tradeoffs in performance, sustainability, and safety
at a material, component, product, and system level.

Dealing with Soc in a Circular Economy

Professional designers should consider the potential fate of products, components, and
materials as they design for reuse, refurbishing, remanufacturing, and recycling. Designing
for subsequent lifecycles is challenging, at a material/chemical level, the selection of non-
toxic alternatives (which is the existing recommendation) should be prioritized. However,
safe substitution is not always possible or known. Uncertainty about the safety of a chemical
or material is never recommended, especially if the materials (or components) will be enter-
ing new loops. When the safety of a material is uncertain, for example, when using recycled
materials, Control strategies could be implemented to mitigate potential risks. Furthermore,
we should increase efforts to improve the availability and transparency of information on
material composition throughout the lifecycles of products, for example, through digital
product passports.

Impact on the Design Process and Need for Expertise

The implications for design of dealing with SoCs could vary from negligible to substantial.
Substituting one chemical for another with identical properties has hardly any impact on the
design of the product. But when considering how to deliver the same functional value with-
out using the SoC (e.g., delivering waterproof properties with new weaving techniques; or
using wireless charging to avoid the use of cables), the implications could be considerable,
requiring fundamental design innovations at different levels (material, component, product,
context). Such design innovations may take time but can lead to socially and economically
preferred outcomes. Furthermore, the mitigation of SoC in products can theoretically also
be done through an incremental approach. Control and Reduce strategies could be applied
when a SoC remains in use, while a combination of strategies can be suitable when the
safety of a “new” substance is uncertain.

Designers, engineers, and R&D staff don’t usually have the necessary expertise to make
adequate judgements on the toxicological and regulatory status of substances of concern,
and potential replacements. Working with experts that can provide the necessary informa-
tion in a digestible format is vital. This is particularly important considering the potential
levels of uncertainty and lack of information when dealing with complex products. Col-
laboration with stakeholders throughout the supply chain is recommended. Nevertheless,
such experts are not always available to practicing designers and engineers, which is why
developing a method or a set of guidelines for dealing with SoC might be helpful, to raise
awareness and give initial guidance to design practitioners.

For the future development of a design method or guidelines, we recommend considering
the following aspects and topics for future research:

— Astructured analysis considering all the stages of the product lifecycle when assessing
the effects of SoC to identify relevant action points and provide effective strategies.

— Guidance to identify promising mitigation strategies according to identified action
points.
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— An assessment of the proposed solutions to measure their effectiveness and prevent
unintended consequences. This study mentioned drawbacks and benefits qualitatively,
based on existing literature. Quantitative methods such as Life Cycle Assessment and
Risk Assessment could help give a better idea of the risks and unintended consequences
of alternative solutions.

— Guidance to address trade-offs and drawbacks, considering new forms of environmental
impact, increased costs, performance losses, and new risks, amongst others.

—  Further explore the effects of the combination of strategy groups and strategies at differ-
ent levels (material, product, system, etc.) to deal with trade-offs.

— Guidance to address uncertainty and possible limitations and fluctuations in data
availability.

— Further investigation of the proposed strategy groups to understand if they sufficiently
cover the possible interventions towards SoC from a design perspective and develop
comprehensive guidance on how to apply them.

The investigation of the cases was limited to the available information in the literature. In
some instances, generic information about a substance, or group of substances, was used to
build the case when information on the specific substance or product-substance combination
was not available. For instance, considering PFAS as a cluster and not as a specific sub-
stance. Information availability was not only limited in relation to known hazards or risks
of substances, but also regarding material compositions, the behavior of SoC throughout
the lifecycle of products, and the potential effects of identified alternatives. This challenge
will be similar for product designers dealing with SoC, which calls for an active learning
approach, as well as an anticipatory, preventive approach to known and potential SoC.

Conclusion

Dealing with SoC in products as part of a CE is a complex task, that requires a systemic
approach. Designers have the skills to follow such an approach, considering the subsequent
lifecycles of the product, relevant stakeholders, and specific contextual aspects, while meet-
ing performance (functional) requirements. This could potentially minimize rebounds and
trade-offs and maximize safety. However, current approaches and guidelines to deal with
SoC have a chemical/material focus and no guidelines are available specifically for product
designers to address SoC at other levels, often limiting their contribution to material selec-
tion. In this study we investigated five cases of products containing SoC to understand how
the substance behaved across their lifecycle and to identify mitigation interventions used
to deal with the associated risks. We classified the identified interventions into five levels
of influence, i.e., chemical, material, component, product, and system, and evaluated their
respective implications for design, advantages, and drawbacks. The inventory of interven-
tions shows that SoC in products are not only addressed at a chemical or material level, but
also at a component, product, and system level. Our analysis on this inventory of interven-
tions resulted in three groups of mitigation strategies that are specifically relevant to product
design: Avoid, Control, and Reduce. These strategies serve as a foundation for the future
development of methods and tools that support designers in making intentional design deci-
sions at all levels and address SoC in products in a more systematic and comprehensive way.
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