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Many of the issues associated with recycling devices containing small but significant amounts of technology

critical metals, arise from the choice of materials and, most importantly, the joining methods for different

materials. In many cases, recycling could be simplified and made more efficient by employing design for

recycle principles which consider the requirements for separation. This study highlights recent innovative

recycling tools which can impart greater selectivity during material separation and shows how often

small changes in device architecture can greatly simplify critical metal recovery and promote circularity.

It also discusses how design can be used to enable these tools to be assembled into the recycling

flowsheet, to decrease energy and chemical input and maximise the recovery of technology critical

metals. It also promotes how digital product passports could be used in combination with AI to develop

algorithms to develop smart recycling flowsheets.
Sustainability spotlight

The movement from a carbon-based economy to one based on renewable energy puts increased demands on a group of technology critical metals. It is essential
that new devices for creating and storing electrical energy are designed to recover these critical elements. A toolbox of recycling techniques has recently been
developed that makemetal recovery more efficient and this article shows how product design can bemodied to enable efficient use of these tools. This review is
the rst to show how design can be used to improve recycling efficiency for a variety of devices. It also includes a variety of case studies. The work aligns directly
with UN SDGs 7, 9 and 11.
1 Introduction

The ongoing deployment of mobile technologies and sustain-
able energy production has accelerated demand for so-called
technology critical metals (TCMs) across the globe. Subse-
quently, it is predicted that for most TCMs, including iron and
aluminium, global demand could increase by up to 215% by
2050.1 While TCMs like aluminium are relatively efficiently
recovered and recycled, with 75% of all aluminium ever
produced still being used today,2 many TCMs used in high-tech
applications are spread more disparately throughout complex
architectures and are accordingly more difficult to recover and
purify. For instance, recovery rates of TCMs from waste elec-
trical and electronic equipment (WEEE) range from 20% for
gold, down to less than 1% for some rare earth elements (REEs)
and most semiconductor elements.3 (REF) WEEE is one of the
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fastest growing sources of waste, due to clean energy generators
and energy storage devices having nite lifetimes. In 2022,
Europe had an annual production of 17.6 kg of WEEE per
capita, while is one of the highest collection and recycling rates,
those rates still remain lower than 43%.4

Therefore, implementation of a circular economy is neces-
sary to deal with such a complex, worldwide problem, ideally
with a strong focus on strategies aimed at reducing the volume
of waste generated through reuse, repair, or lifetime extension.
However, recycling is unavoidable in the long-term, at the
eventual end-of-life (EOL) of devices. Improved recycling rates
are vital, but hindered by the complex architecture of WEEE,
which are oenmade of interpenetrated layers of metal, organic
(polymers) and inorganic (ceramics, glass) materials.5 The
metals themselves can be found in various components, such as
silver bus bars on solar cells, soldered tin–silver–copper on
composite materials at the surface of printed circuit boards
(PCBs) or powder-like mixed oxides attached to current collec-
tors in the cathodes of lithium-ion batteries (LIBs).

Various methodologies have been explored to efficiently
recover key materials from these complex devices and these
have recently been highlighted in a critical review.6 It demon-
strated techniques such as; removal of organic layers by
RSC Sustainability, 2025, 3, 2455–2471 | 2455
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dissolution with appropriate organic solvents, shredding, or
high temperatures. Inorganic materials are generally brittle and
can be shredded or broken up with techniques such as ultra-
sound. A range of established physical techniques are available
to concentrate the metals and, to some extent, separate mate-
rials, such as froth otation, or separation by density, magnetic
or electrostatic means, among others.6 However, the effective-
ness of such strategies is determined by the separation of each
waste stream. Oen multiple separation steps are required and,
due to the interconnected nature of the devices, these steps
oen consume a lot of energy, driving up costs and also tend to
have low recovery rates. For example, small WEEE products
such as smartphones are difficult to recycle because they consist
of multiple materials, with elements and components glued
and soldered together, making their liberation harder and
leading to recycling rates close to or lower than 20% for most
products.

This should be addressed with appropriate design of the
product aimed at facilitating repair, remanufacture, reuse and,
ultimately, recycling. Ultimately the goal is to create products
more akin to lead–acid batteries, where a combination of
simplicity of design and appropriate regulations has led to
a 99% recycling rate in Europe and USA.7 The present study
aims to highlight how simples changes in materials and their
connectivity could enhance the effectiveness of recovery meth-
odologies, enabling TCMs to be recovered more easily. This will
be done by highlighting how designing devices for recyclability
can change the key impact factors for life cycle assessment
(LCA) and techno-economic assessment (TEA). Additionally,
case studies relating to design for recyclability of LIBs, photo-
voltaic cells, high-powered magnets and WEEE will be dis-
cussed, to explore the current state-of-the-art and future
perspectives for each technology.

Product design is just one aspect to achieving a circular
economy. Numerous stakeholders including manufacturers,
retailers, economists, recyclers, consumers, legislators and
designers control the fate of a product during its lifetime.
Device circularity has component integration and separation at
its heart and design architecture is the cornerstone to simpli-
fying segregation and recovery of TCMs. Identifying end of life
fate as a design criterion is the rst step to achieving circularity
and AI, labelling, legislation, discussion and education are all
tools that can be used to promote design for recycle and this
article aims to start the discussion for the important area of
technology critical metals. It will focus on the TCMs in devices
used to make and store renewable energy as these will experi-
ence the largest biggest changes in their use. The approaches to
achieve circularity are, however, transferrable to other devices
not specically discussed in the cases studies.
2 Techno-economic and life cycle
analysis perspective
2.1 Retro-economic analysis

When assessing the economics of recycling it is useful to
consider the value of the recovered materials. This could be
2456 | RSC Sustainability, 2025, 3, 2455–2471
based on the value of the elemental components – for example,
Fig. 1 shows the relative value of components in WEEE and
silicon solar cells, when returned to their elemental state.
Where the majority of the value lies in minor components: gold
in the former and silver in the latter.8,9 However, in some cases,
the metal salts possess more value as they can be used directly
as precursors in remanufacturing processes. The purity and
form of the recycled product needs to be of a similar grade to
that required in remanufacture. It should also be appreciated
that all recycling processes currently carry a processing “gate”
fee which is usually applied per tonne of material processed
and it is expected that this approach will continue. This
removes the risk associated with metal content variability, while
also raising the issue of where the cost for this is born in
a circular economy.

When developing an entire recycling methodology, as a rst
approximation, the chemical and energy costs for the whole
recycling process should be less than half the cost of the virgin
raw materials. To ensure protability, the cost of labour and
overheads should be a fraction of the cost. For instance, it was
estimated that the cost of recycling LIBs should be in the range
US$2–6 per kg of battery waste.10 While protability is expected
to improve with increased scale, labour in the US, UK and EU is
a signicant component of the processing costs therefore,
process automation would need to be implemented to ensure
recycling costs are kept within this range. Additionally, articial
intelligence is already starting to play a role in material identi-
cation and separation, being particularly advanced for plastic
separation, where the composition is dominated by one
component.11 Similar machine learning algorithms are also
being developed to sort through WEEE waste and remove
certain components from different waste streams.12 Overall,
when designing products for circularity, it is useful to consider
the potential value of the recycled components once they have
been recovered – i.e. how much of the remanufacturing costs
can be offset from recoverable starting materials.
2.2 Environmental impacts of recycling processes

Recycling secondary resources, particularly for metal-
containing waste, signicantly improves Life Cycle Assess-
ment (LCA) outcomes, compared to extracting and processing
primary resources. This is primarily due to the higher metal
content within the waste and lower consumption of both energy
and chemicals, which should generally reduce the global
warming potential (GWP) and the amount of waste generated.
For example, aluminium obtained from recycled sources can
save up to 95% of the energy required for primary production
from Bauxite ore, circumventing energy-intensive mining,
crushing, grinding, and rening steps.13 Additionally, during
recycling schemes it is vital to use the minimum quantities of
chemicals and energy on as highly concentrated a waste stream
as possible, so as to minimise the chemical and energy inputs
and their associated impacts. Also, it should be noted that while
GWP, energy consumption and waste generation are the most
commonly assessed LCA impacts due to the relatively ease of
data acquisition, other impact factors, such as land usage,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Composition of typical (a) WEEE and (b) single crystal solar cell by mass and value. Value data calculated using London metal exchange
prices 29/10/24, with the assumption that metals are returned to their elemental state.
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acidication potential and ozone depletion potential should be
considered.14

Generally, recycling processes can be classied into thermal
(smelting and pyrolysis), mechanical, and chemical processes
(in which a chemical reaction is involved), although there are
processes within each category which require combinations of
these. For example, smelting is usually required in most recy-
cling methodologies, to process the metals into its required
form for subsequent treatments. Fig. 2 shows the variable
energy and chemical consumption of a range of recycling
process categories.

Decisioning between recycling routes can also depend on
aspects beyond environmental impact. For example, choosing
between hydrometallurgical and pyrometallurgical routes oen
Fig. 2 Assessing the relative energy and chemical intensities of thermal

© 2025 The Author(s). Published by the Royal Society of Chemistry
hinges on the feedstock characteristics, regulatory require-
ments, and economic trade-offs. LCA comparisons suggest that,
while hydrometallurgy has a lower carbon footprint and energy
demand, pyrometallurgy is more suitable for large-scale oper-
ations due to established infrastructure and lower waste
management costs.15

2.2.1 Energy intensity in recycling. The signicant energy
consumption and the energy sources of some recycling
processes need to be accounted for and addressed, to maximise
the environmental benets of recycling. Energy consumption of
thermal processes, such as pyrolysis, is generally high, with
smelting temperatures oen exceeding 1000 °C. If the energy
produced relies heavily on fossil fuels, the associated green-
house gas emissions can reduce the potential environmental
, chemical and mechanical recycling processes.

RSC Sustainability, 2025, 3, 2455–2471 | 2457
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advantages.16 For instance, steel recycling, similarly to steel
production, generates approximately 78% more CO2 if coal-
powered blast furnaces are used instead of electric arc
furnaces.17 Therefore, integrating appropriate renewable energy
sources, such as wind, solar or hydropower, into energy-
intensive processes presents an opportunity to further reduce
emissions.18 An example of this is the implementation of
concentrated solar power (CSP) into calcination and roasting,
where pilot projects have demonstrated the feasibility of using
CSP, though scalability remains a challenge.19,20

Additionally, the usage of high temperatures for roasting,
drying, solvent evaporation and pyrometallurgy also lead to
emissions of SO2, NOx, uorinated compounds and particulate
matter. The air pollution, acid rain, and respiratory health
issues are not accounted for in most LCAs. High energy inputs
can also result from innocuous looking processes such as
electrostatic separation as they require both drying and
comminution steps as pre-treatments. Both processes require
relatively large energy inputs and, in the case of comminution,
can require more energy depending on the type of materials
processed and the magnitude of the desired particle size
reduction.21

2.2.2 Chemical inputs in recycling. In hydrometallurgical
recycling schemes, chemical inputs, rather than energy inten-
sity, are oen the focal point of LCA, due to them operating at
ambient or moderately elevated temperatures using aqueous
solutions.22 These inputs are essential to leach metals from
waste streams as well as other key processes like purication
and the removal of contaminants. While effective, proper
management is required to prevent toxic emissions.23 There-
fore, LCA is vital to gain a complete understanding of the long-
term effects to the local environment. Crucially, LCA can also be
used in decision making e.g., to identify process ‘hotspots’ and
‘bottlenecks’ as well as choosing compable methodologies. For
instance, an LCA study on a hydrometallurgical process treating
WEEE, identied the nitric acid leaching step as the primary
contributor in several environmental impact categories such as
global warming potential, ecotoxicity and acidication due to
the high consumption of harmful chemicals and generation of
liquid waste.24

Reuse of waste from another process can signicantly reduce
environmental and energy impact e.g. waste organic solvents
can be used when removing plastics from a waste stream and
these can be reused following redistillation.25 Similarly,
processes that use supercritical uids can use pressure to
regenerate the uids, however, this does require elevated
temperatures. Additionally, advancements in green chemistry
offer alternatives to hazardous chemicals. For example, biol-
eaching uses microorganisms to recover metals from waste,
reducing the need for strong acids and lowering environmental
risks.26 Furthermore, ionic liquids and deep eutectic solvents
are being explored as alternative solvents for metal extraction
due to their ability to control speciation in media of low water
activity.27 These approaches are, however, best used on
concentrated metal streams with higher value metals, where
smaller volumes of liquids are required.
2458 | RSC Sustainability, 2025, 3, 2455–2471
In some cases, the concentrations of metals in a waste
stream can be very low and may be uneconomic to extract using
hydrometallurgy. There is also a growing research potential of
various lithotrophic and organotrophic microorganisms for
extracting metals by producing inorganic and organic acids
(bioleaching), through selective excretion of metallic nodules or
by making use of the metal-binding ability of various bioma-
terials, including algae, fungi, bacteria, and yeasts.28

2.2.3 Separation efficiency. Comminution (grinding,
shredding etc.) can have a mixed effect on separation by both
reducing particle size and liberatingmaterials but it can also lead
to the loss of valuable ne particles and increase energy
consumption and disperse the valuable phase.29,30 While shred-
ding is commonly applied to reduce amaterial into amanageable
form, it results in a high degree of mixing making the target
materials more dilute and thus harder to recover. Structured
disassembly enables pure major phases to be separated e.g.
removal of aluminium frames from solar cells. This can simplify
subsequent processing, such as hydrometallurgy, resulting in
signicant improvements in environmental performance
through smaller volumes of solvents and lower energy inputs.

Physical separation uses differences in physical properties,
such as density, size, magnetic, electrostatic charge, to separate
components. The most commonly used is magnetic separation,
as ferrous metals make up >90% of all metals used each year.
Magnetism is particularly effective in separating steel and iron
from waste streams.31 For conductive non-ferrous metals,
including aluminium and copper, there are processes such as
eddy current separation, which induces eddy currents in these
metals, repelling them from the waste stream.32 Sensor-based
sorting technologies have advanced signicantly, enabling the
identication and separation of materials based on colour,
conductivity, atomic density, and other properties.33 X-ray
transmission (XRT) sorting can differentiate materials based
on atomic density, which is useful for separating metals with
similar physical properties.34 The increasing complexity of
products, especially WEEE, poses challenges for physical sepa-
ration. Mixed materials and miniaturisation make it difficult to
isolate metals without prior dismantling.35

Shredding can, in some cases signicantly simplify separa-
tion e.g. in photovoltaic devices glass is ca. 70% by mass, but its
value is relatively small, and it is glued to the most valuable
components. This separation is complex, but the glass and
substrate are brittle, so shredding rapidly reduces the size and
separates the glass, plastic and silicon phases which can be
separated electrostatically and reduces the mass by 80%. The
remaining 20% has >60% of the value but the expensive
leaching and recovery steps can be carried out on a smaller
mass of material.

Knowledge of the spatial location of the TCMs within
a device can signicantly improve recycling efficiency through
efficient separation. Walton et al. demonstrated that imaging of
computer hard drives enabled the magnet segment to be guil-
lotined from the rest of the structure, which signicantly
concentrated all of the REEs.36,37 The magnet segments are then
demagnetised and exposed to a hydrogen atmosphere, where
they become brittle and break down into a demagnetised alloy
© 2025 The Author(s). Published by the Royal Society of Chemistry
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powder. This enabled jet milling and recycling of the alloy
powder into sintered magnets. This is an example of short loop
recycling, where the components are not taken back to their
starting materials before being remanufactured.

Smaller or embedded items will always be a complex stream,
unless a mechanism for consumer segregation can be easily
enabled. An example of this are mobile phone cameras, which
are currently soldered onto the motherboard making replace-
ment or facile recovery almost impossible. A small number of
modular mobile phones are starting to appear on the market
where major components can be easily exchanged for repair or
upgrade. Furthermore, the movement to have hermetically
sealed batteries in devices also means that the component most
likely to limit the usability of the device cannot be easily
replaced. This shortens the entire product's service lifetime and
makes recycling more hazardous and less efficient.
Fig. 3 Potential model for the life cycle of products in a circular
economy when sustainable design criteria is implemented.
2.3 Recycling challenges

2.3.1 Compliance with legislation. Legislation and stan-
dards are proven methods for enabling circularity. Regulation is
seen most noticeably in the management of WEEE.38 The
European WEEE directive is a prominent regulatory framework
designed to address the EOL management of electronic devices
and enhance the efficiency of recycling processes. Updated in
2019 (directive 2012/19/EC), it sets a goal of collecting 65% of
WEEE, alongside specic targets for reuse, recovery, and recy-
cling. However, few EU countries currently meet these targets,
due to a mixture of economic, logistical, and technical chal-
lenges.39 Furthermore, the existing recycling targets do not
target the recovery of critical raw materials (CRMs), which are
immensely important for circularity in electronics. New legis-
lation from the EU “Ecodesign for Sustainable Product Regu-
lation” will gradually improve product durability, reusability
and repairability. But more signicantly, it will address the
substances that currently inhibit circularity, set targets for
improving energy/resource efficiency and recycled content in
electronics, as well as requiring information on environmental
impacts of electronic goods such as carbon footprints.39 While
not currently enforced, manufacturers may adopt a scenario
similar to that presented in Fig. 3, to meet these targets.

These targets seek to establish an Extended Producer
Responsibility (EPR) that makes manufacturers responsible for
monitoring their products and WEEE waste collection and
treatment schemes.40,41 Effective labelling would be a key
enabler to inform recyclers about content and potential recy-
cling protocols. Labelling is being explored for battery tech-
nology as a ‘battery passport’ and could consist of RFID/NFC
tags or QR codes linked to cloud-based systems containing
key information on the battery such as state of health, cell
conformation and electrode chemistry.42,43 “Battery passports”
are expected to be implemented as early as 2026.44 However, it is
unclear how detailed the information will be as it is oen
sensitive to battery and/or car manufacturers. In addition, the
Digital Product Passport for WEEE is expected to become
mandatory around 2027 in alignment with the EU's Ecodesign
for Sustainable Products Regulation (ESPR).
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.3.2 Generation and collection of WEEE. Fragmented
regional or national regulation can hinder waste management
and make it difficult to monitor WEEE ow.45 Generally, the
“production and trade” of WEEE are used for monitoring waste
generation, as there is a strong link between trade statistics and
national production statistics.46 WEEE is collected through
various channels, including retailers, communal collection
points, or local government services. However, in the EU, less
than 40% of WEEE is formally collected in this manner.47

Collected waste may be recycled, sent to landll or exported
(mostly to West Africa or SE Asia). A signicant portion of WEEE
also ends up in mixed waste bins. In this instance WEEE is
typically incinerated or sent to landll sites without material
recovery. The cumulative effect is that WEEE is oen lost to
landll, which minimises how many TCMs can be recovered.

2.3.3 A hierarchy of assemblies. Any product which is an
assembly of components is, in turn, composed of a collection of
sub-assemblies or functional modules, which are themselves
composed of components containing critical materials. For any
technological product to be recycled, the rst challenge is
splitting the product into relevant sub-assemblies, to get to the
component level, and then disassembling the components
themselves in order to get to the point where materials can be
recovered. Automated industrial disassembly will be a key
enabler of recycling systems, to break products down to the
component level, where their materials can be valorised.48

Automated disassembly is hindered by the vast array of
connectors used to create these sub-assemblies. For instance,
depending on the type of LIB cells (pouch, prismatic or cylin-
drical) battery modules can be assembled with nuts and bolts,
structural adhesives, screws or using solder.49 Standardisation
of connectors would allow for automated disassembly and
simplication of structure and manufacture. Fig. 4 shows the
hierarchy of connectors for dis/re-assembly in terms of how easy
they are to use. This outlines which connectors, or combination
RSC Sustainability, 2025, 3, 2455–2471 | 2459
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Fig. 4 A matrix of fixing methods ranked for ‘Ease of Disassembly’ on
the x-axis and ‘Ease of Reassembly’ on the y-axis.
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of connectors, can be utilised to ensure rapid disassembly and
reassembly. For example, it was proposed that a combination of
pressure sensitive adhesives in combination with Nylon zip
cables could be used for small battery module assemblies.
Where the time taken to dismantle the module was reduced
from a few hours to under a minute, due to the removal of
adhesive glues and welds.50

2.3.4 Shredding and separation. Full disassembly of WEEE
is oen not preferred due to the lack of full automation mini-
mising the economic viability.51 Instead, the standard method
for recycling WEEE involves the manual removal of casings,
such as plastics, glass, steel, aluminium, or copper wiring.
Then, a series of sequential steps are applied to reduce the size
of the material. This typically involves shredding, crushing,
pulverising, and grinding. During shredding, the waste is
Table 1 Techniques available for the processing and separation of mate

Type of recycling process Example techniques

Comminution and
pre-treatments

Manual inspection

Disassembly or shredding

Sieving
Separation Density separation

Ultrasound

Electrostatic separation

Magnetic separation

Froth otation
Leaching Acid leaching (or use of selective

redox catalysts)

2460 | RSC Sustainability, 2025, 3, 2455–2471
broken down into smaller fragments, which are then further
granulated into ne particles. Inline processing techniques can
be commonly used to analyse the material composition and
homogeneity, with methods such as X-ray uorescence spec-
troscopy (XRF) or surface-enhanced Raman spectroscopy
(SERS).52 Aer pulverisation, various separation methods are
applied to divide raw metals from non-metal components, such
as gravity separation (to remove plastics, resins and glass from
heavy metals), pyrometallurgy (to remove plastics), electrostatic
or magnetic separation (to remove ferrous metals) and hydro-
metallurgy (to dissolve metals). However, there are few sites that
deploy the full range of processes, so waste management facil-
ities tend to specialise in one or two of these separation
approaches and in collaboration with other separation
companies.
2.4 Design for recycle approaches to deliver a circular
economy

2.4.1 Current state of the art separation processes.
Currently there are various techniques that can be employed,
each targeting specic materials within the waste stream.
Examples of separation processes and their specic targets are
given in Table 1.

Many of these procedures originate from traditional mining
and waste recycling industries, e.g., magnetic separation has
historically been used to remove impurities from non-metallic
ores as well as treat solid waste streams, such as bottom ash
from incinerators, and is now used to remove steel casings and
other iron and nickel rich phases from WEEE waste.63,64

Furthermore, density-based methods, such as air jets, are
effective for sorting lightweight plastics from other, denser,
materials. However, separation processes such as these become
challenging when materials with different densities remain
interlocked, e.g. the solar panel example discussed above. Many
of techniques listed in Table 1 exhibit limited effectiveness
rials from TCM-containing wastes

Target Example

Separate WEEE that could be
reused or is hazardous

Ensure uids are removed
Removal of batteries
Conrm WEEE does not contain
radioactive sources

Brittle materials Processing of battery cells and
modules into ‘black mass’53

Particle size Mixed WEEE streams
Heavy metals Lead acid batteries
Brittle materials Delamination of active material

from current collectors in
batteries53

Plastics Separation of mixed polymer waste
(e.g. polyethylene from polyvinyl
chloride)54

Ferrous metals Separation of iron and nickel from
WEEE.55,56

Hydrophobic materials LIBs,57 PCBs,58 photovoltaics59

Base metals Dissolve Cu from PCBs,60 recovery
of Co and Ni from LIB cathodes.61,62

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where target metals are present in low concentrations e.g.
WEEE. Therefore, incorporating design for recycle principles,
can signicantly enhance the efficiency and effectiveness of
these tools. The missing element is an open, cooperative
conversation between manufacturers, recyclers and legislators
on what these tools are and how they can be applied.

Recovery of TCMs can be improved by selective separation
from plastic waste. Most recycling centres rely on optical sorting
and infrared cameras to sort plastic waste as it moves along
a conveyor belt. The speed of the conveyor belt is a critical factor
for achieving high throughput and maximising efficiency.
However, several important factors must be considered. Elec-
tronic substrates in WEEE oen contain additives such as
brominated ame retardants and use pigments that extend the
lifetime of the plastics in the environment via their breakdown
into microplastics.65 Both of these lead to the classication of
such waste as “hazardous”, necessitating proper treatment and
sorting. However, these darker plastics also complicate the
application of infrared sorting techniques, so the success of
these processes in sorting WEEE waste and avoiding the envi-
ronmental impact lies in design changes and the use of alter-
native pigments.65 Current regulatory trends are moving
towards lowering the concentration thresholds for hazardous
chemicals commonly found in WEEE (e.g. peruoroalkylated
substances, and brominated re retardants).66,67 This regulatory
evolution has signicant implications, as detecting lower
concentrations of these substances may require a shi from
infrared to X-ray uorescence detection techniques, which
could in turn reduce conveyor belt speeds and affect the
magnitude of the waste treated and the subsequent protability
of a recycling scheme.

Other design criteria can have unintended consequences for
recycling efficiency. Extensive use of structure adhesives, for
example, may extend the product lifetime but may make
recovery of TCMs impossible at EoL. The fast pace of change
with product design may make smart recycling techniques
outdated as product designs never reach a steady state. Regu-
lations for control tend to be harsher on recyclers and easier on
manufacturers. Principles of responsible innovation need to be
applied to legislation, particularly in the area of WEEE.68

2.4.2 Identied “design for recycle” strategies. The need for
design for recycle is obvious but for most manufacturers there is
little incentive other than obtaining raw materials at reduced
costs. This is why legislation, and standards also need to be
implemented along with business and logistic models to ensure
products become part of a circular economy and are economi-
cally viable to ensure market growth. Another essential mech-
anism to ensure the delivery of a sustainable recycling market is
to establish forums for users, designers and recyclers where
examples of improved design and generic tools can be show-
cased. Some examples for LIBs, photovoltaic devices and
mobile phones already exist as case studies.69–72

Design for recycle tends to nd favour is specic markets
where the product is relatively uncomplicated, can be obtained
in a standard form and is available in large volumes with higher
intrinsic value. It is easier to apply to items such as solar cells
than small devices such as mobile phones.73,74 It is also clear
© 2025 The Author(s). Published by the Royal Society of Chemistry
that for mixed waste streams such as WEEE shredding followed
by physical then chemical purication will always win as it is
design and chemistry agnostic, and has a higher throughput
compared to disassembly.

The choice of which materials are used in complex devices
need to consider their performance, longevity and their recy-
clability in equal measure. An example of this is with the metals
utilised in the casings, wiring and active materials. To enhance
the product's durability, metals that are resistant to corrosion
should be prioritised. However, these metals must also be
amenable to dissolution during the recycling process. Base
metals are generally easier to dissolve and should be considered
for applications where recyclability is a key concern. The chal-
lenge lies in balancing the need for corrosion resistance with
the requirement for efficient dissolution during recycling,
making the careful selection of metals essential to both the
product's longevity and its environmental impact. Additionally,
choosing metals that can be efficiently recovered and puried
with minimal energy input and waste production can further
improve the sustainability of the recycling process.

Choice of polymers used in a device is almost as important as
the types of metals as the formation of microplastics and
uorine-containing degradation products can have signicant
health and environmental consequences.65,75 In many devices,
structural adhesives are used to bind components together, due
to the low cost, high strength and universal compatibility with
different types of materials (metals, plastics, ceramics etc.).
Many of these adhesives are thermoset materials, like epoxy
resins, which do not dissolve or soen in solvents and do not
become brittle at low enough temperatures to facilitate energy
efficient removal steps.76 This essentially irreversible bond
necessitates shredding and pyrolysis steps when dealing with
this kind of waste. However, debondable adhesives present an
alternative to structural adhesives that possess either reversible
linker units or structures with a fatal aw.76 In these adhesives
the bonding can be reversed with a variety of stimuli such as
heat, light, magnetism, electric elds or microwaves, as shown
in Fig. 5. A simple example of this is the use of water-soluble
binders to replace uorinated binders within LIB electrode
active materials.77,78 The disadvantage of this approach is that
exposure to natural stimuli can lead to unintended debonding.
This could be circumvented by designing a need for two stimuli
to be simultaneously applied, e.g. both a chemical and
a thermal trigger.

The use of TCMs in short-lived products should be pro-
hibited, where possible, for example lithium in single use
batteries. The next tool is to enable reuse or repair where
possible, extending the energy embodied in the device, from the
extraction of its component materials and its fabrication.
Design for recycle and design for repair do however have slightly
different principles, which are sometimes in conict.79 For
example, modularisation of a product would facilitate ‘design
for repair’ by allowing failing modules to be taken out and
repaired in isolation of the rest of the device. However, this
principle will create barriers for recycling as modular designs
hinder dismantling processes and could add additional mate-
rial contaminants into shredded waste streams. The bonding of
RSC Sustainability, 2025, 3, 2455–2471 | 2461
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Fig. 5 Schematic representation of an example debonding process, triggered by a thermal stimulus. Adapted from Scheme 11 in ref. 76.
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internal components and materials typically occur through
welds, adhesive joints or physical connections, such as screws,
clips or bolts. The rst two of these are poorly reversible,
whereas the latter, while reversible, can cost additional time to
separate. The use of these physical connections in place of
welds and adhesives enables repairs and replacement of
modules, extending the life of the product. This concept has
recently been discussed in terms of LIBs and the effect of design
on disassembly time and costs has also been quantied (Table
2).51
3 Case studies

EOL fate is currently not a topic that commonly appears in
design criteria lists. Extended producer responsibility is one
method to ensure that this becomes an important criterion that
designers and manufacturers consider. In order to illustrate
how some of the aforementioned strategies can be imple-
mented, this section will focus on ve case studies: LIBs,
Table 2 Potential design for recycle tools along with example applicatio

Tool Potential application Ad

Etchable substrate
under TCMs

Supported PGM
catalysts or PCBs

Ea

Additive manufacturing Electronic circuitry Ea
Fewer metals in alloys Aerospace metals Mo

rec
More easily detachable tech Speakers in cars or portable

electronics, electric motors,
replaceable batteries

Pr

Biodegradable composites Electronic circuitry,
wind turbine blades

Re

Water/solvent
dispersible binders

LIBs Ea
ha
ma

Design for expected life All technology Ge
co

Design out TCMs LIBs, aerospace alloys Re
ma

2462 | RSC Sustainability, 2025, 3, 2455–2471
photovoltaic cells, fuel cells, wind turbines and WEEE. These
are some of the key technologies associated with the transition
to sustainable energy creation and storage and are the key areas
where the establishment of a circular economy is most critical,
due to their high usage of critical materials. While the cases
described are not exclusive, many of the technologies discussed
are transferrable e.g., the use of base metal substrates for
catalytic metals is applicable across a wide range of
applications.
3.1 Lithium-ion batteries

LIBs are oen cited as being the most signicant technology to
power a net zero future and are currently the fastest growing
energy technology on the market, due to falling costs and
improving performance.80 LIBs see widespread use across the
transport and energy sectors, in electric vehicles (EVs) and
stationary energy storage solutions for wind/solar farms and
local communities. By 2023, the global number of EVs reached
ns and their respective advantages and disadvantages

vantages Disadvantages

sier recovery of TCMs Performance?

sier assembly May slow production
re applications of
ycled alloy

Performance?

e-concentration of TCMs Trained disassembly required

duced EoL waste Potential degradation in service

sier to recycle, reduces use of
rmful solvents during
nufacturing

Need to ensure sufficient stability
during use

t the most value out of
mponents during initial use

Critical materials tied up in
technology for longer. Can be at
odds with design for recycle

duces initial costs of
nufacturing

Less economic incentive to recycle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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45 million and the total volume of batteries used in the energy
sector surpassed 2400 GW h globally.80 In both instances, this is
predicted to rise substantially, so that by 2035 there will be
between 525 and 590 million EVs on the roads and a six-fold
increase to stationary energy storage capacity supplied almost
completely by LIBs.80,81 Conversely, the capacity for battery
recycling is in its relative infancy, where recycling capacity
reached 300 GW h in 2023, pushed mainly by China. In a ‘best
case’ scenario, where all proposed recycling projects are ful-
lled, this is predicted to increase to 1500 GW h in 2030, but is
highly dependent on future supply chains, overall effectiveness
of recycling strategies on different waste streams and the envi-
ronmental impacts.81

In their present form, LIBs are primarily designed with
regards to optimising energy or power density, as well as their
durability/longevity and cost. This usually involves the use of
a large amount of packs or cells joined together with structural
adhesives, such as thermoset resins, and an array of permanent,
physical fastenings, such as screws and welds.49,51,76 However,
these design choices lead to severely limited economically
viable disassembly routes for LIBs sent for recycling. Disas-
sembly is preferable to shredding from an LCA perspective but
the number of connectors and the complexity of the pack design
hinders automation of disassembly.10 Furthermore, the
inherent stability of the polymeric binders present in the elec-
trodes limits the effectiveness of delamination.77 Quick and
relatively cheap electrode delamination processes are essential,
in order to separate cell components such as the metal oxides,
current collector foils and graphite into distinct waste streams.
However, current binders require high energy input or the use
of expensive and toxic solvents, in most cases, to achieve this.
Both of these factors contribute to shredding being the indus-
try's preferred pre-treatment step for LIB waste.73

Recent reviews and articles have highlighted key factors,
which could result in making LIBs easier to recycle. The main
recommendations are:
Fig. 6 Schematic diagrams showing an example of a ‘traditional’ battery
cell configuration, and the BYD blade battery pack design, exhibiting a m

© 2025 The Author(s). Published by the Royal Society of Chemistry
� Reduce, where possible, the number of interfaces by
replacing the conventional pack-module-cell conformations
with battery packs that have no modules. i.e. replace modular
Nissan Leaf pack designs with conformations like that of the
BYD ‘blade’ cells (Fig. 6)

� Standardise physical connectors (clips, screws, bolts)
within the battery to simplify tooling during disassembly.

� Replace structural adhesives, such as thermoset resins,
with debondable adhesives in pack designs. These in-built
failure modes can be made stable during use but can be
exploited at EOL to simplify disassembly.50,76

� Place or anchor the anodes and cathode tabs on opposite
ends of the pack, to simplify dismantling and collection of the
electrodes into separate waste streams for subsequent recycling
processes.69

� Use alternative water miscible binders other than carbox-
ymethyl cellulose/styrene butadiene rubber to facilitate efficient
delamination in environmentally friendly solvents.

� Implement battery passports, allowing recyclers to deter-
mine the state of health of an entire battery (on a cell, module
and pack level), the pack design used, and the cell chemistries
involved. They require this information to determine the most
effective recycling processes to use, for safe material recovery at
high yields.83,84

Adoption of these design principles are necessary to ensure
that battery recycling can feed into a circular economy, whilst
keeping costs and disassembly times low. It is also important to
note that these concepts need to be accounted for in all future
battery technologies beyond lithium-ion, in order to establish
and maintain a sustainable supply chain and circular economy
for these emerging technologies.
3.2 Photovoltaics

Photovoltaic (PV) systems are predicted to be a signicant driver
in the growth of renewable energy capacity, where new solar
pack design, using cells and modules, with an example of an 8-pouch
odule-less system. Adapted from Fig. 3 in ref. 82.

RSC Sustainability, 2025, 3, 2455–2471 | 2463
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systems will make up 80% of the growth between now and
2030.85 However, the growth in waste PVs is projected to grow at
a similarly rapid rate, so that by 2030 1.7–8 million tonnes will
be generated, growing to 78 million tonnes by 2050.86 This surge
in waste will stem from older PV systems reaching the end of
their life cycle, whilst the deployment of new PV installations
rapidly expands. Additionally, any large-scale recycling
processes for PV modules remain rudimentary, relying on
mechanical shredding and crushing techniques, followed by
chemical processing to recover the more valuable materials.87

The preliminary mechanical treatments are necessary due to
the sealed, sandwich-like structure of the PV modules, which
are manufactured to prioritise durability over recyclability due
to the large warranty periods (20–30 years) expected of PV
devices.88 Subsequently, due to the mixed waste streams
produced from these processes and the poor quality of the
recovered material, primarily due to antimony contamination,
current PV recycling methodologies generally fail to turn
a prot, as the products oen end up downcycled into less
valuable forms.89,90 Alternative recycling pre-treatment steps,
focusing on the disassembly of PV modules and the separation
of each component, would lead to the creation of higher value
products, however, the difficulty of separating encapsulation
materials, i.e. EVA, from module components such as cells,
glass, and backsheets, hinders PV recycling.

When considering how PVs can be designed with recycla-
bility in mind, similar aspects to LIBs are quickly identied,
such as minimising the use of non-reversible adhesives as
encapsulation materials, replacing them with alternatives with
exploitable failure modes, which can facilitate disassembly and
material liberation. While EVA is the most widely used encap-
sulation material, primarily due to its good performance and
low cost, alternatives have been investigated in an attempt to
improve PV performance and lifetime, while reducing toxicity
and manufacturing time.91–93

In some cases, these proposed encapsulation materials also
present improved recyclability benets, due to exploitable
failure modes and a lack of additives like UV stabilisers. For
instance, polyvinyl butyral (PVB) already sees use in other
products which are recycled, such as safety glass and wind-
screens, where the recycling rate of PVB is 98%.94 It is thought
that, to some extent, the use of PVB would allow for similar
principles to be exploited in PV recycling, however, the greater
capacity for contamination within PVs may limit the effective-
ness of such recovery routes.94–96

Another approach investigated recently focuses on the
production of modules without any encapsulant material.
Apollon Solar introduced NICE, utilizing technology derived
from the insulating glass industry.97 Here, nitrogen gas replaces
the encapsulationmaterial and is sealed into the modules using
polyisobutylene (PIB).97,98 This approach ensures long-term
resistance to air and humidity, while maintaining mechanical
contact between the module's components and facilitates
a simplied manual disassembly, allowing intact component
recovery. Fig. 7 shows the key differences between a traditional
PV module and a module utilising the NICE technology. The
separation and subsequent purity of the recovered PV
2464 | RSC Sustainability, 2025, 3, 2455–2471
components are especially important when considering rein-
troduction of recycled materials into PV manufacturing. This is
because some of the components are particularly susceptible to
contamination, such as silicon ingots and wafers. For silicon
materials to enter secondary material markets, they must meet
stringent purity specications, where some specic combina-
tions of materials make them incompatible for certain markets.
Furthermore, recovery of PV-grade silicon is a priority, as
production of ingots and wafers, which constitute only 3% of
the mass of a PV panel, contribute the highest impacts to the
life cycle of a PV panel, in terms of energy consumption and
greenhouse gas emissions.

As with battery technology, the implementation of some of
these design strategies and interfacial chemistries could allow
for easier disassembly and subsequent recovery of purer PV
components. However, it should be noted that a passport
system would also need to be implemented, in order to allow
recyclers to account for possible contaminants, such as anti-
mony, lead, iron and uorinated waste, all of which can cause
additional environmental and safety risks during recycling
procedures.100–102
3.3 Proton exchange membrane fuel cells (PEMFCs)

Proton Exchange Membrane Fuel Cells (PEMFCs) are consid-
ered as a promising clean energy source with the majority of
applications in transportation, as well as stationary and
portable energy storage. Within the transportation sector, the
adoption of fuel cell electric vehicles (FCEVs) remains in its
early stages. In 2021, there were 51 600 fuel cell electric vehicles
(FCEVs) worldwide, a relatively modest gure compared to EVs,
which totalled approximately 16.5 million vehicles in the same
year.103 The global PEMFC market was valued at US$0.44 billion
in 2022, with transportation applications accounting for 79% of
the total. This market is forecasted to surge to US$22.6 billion
by 2031, largely driven by increased demand in the automotive
industry.104 Despite FCEV vehicles being commercially available
for over a decade, the growth of the market when compared to
EVs is constrained by a number of barriers. Arguably the largest
barrier to the widespread adoption of this technology is the
limited and expensive hydrogen refuelling infrastructure; it was
reported that there were only 730 refuelling stations worldwide
as of 2021.103 Other factors include the lack of commercial
models on the market and the high fuel and purchase costs.
Geographically, the FCEV market is predominantly concen-
trated in Korea and the US with over 60% of the stock; the
remainder being in Japan and China.103

In some respects, PEMFCs are similar to LIBs in terms of
their structural architecture. Their architecture comprises thin
layers of platinum group metals or metal oxides forming the
cathode and anode, joined to opposite sides of an ion exchange
polymeric membrane, using a uorinated polymer binder
which is commonly peruorosulfonic acid (PFSA). The crucial
aspect of cell design is the stability of the polymer membrane
and binders. Given the chemistry of the anodic and cathodic
processes, it is difficult to use non-uorinated binders as they
oen lack the necessary durability and resistance to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) a schematic diagram depicting a traditional structure of a PV module utilising polymer encapsulation materials and (b) a schematic
diagram showing a PV module with the NICE technology, removing the encapsulation material. (c) Sectional view through a traditional PV
module and sectional view through a module with NICE technology.99
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degradation under operating conditions. Some attempts have
been made to investigate alternative hydrocarbon binders with
limited success.105

Recently, it has been shown that a facile recycling technique
can be applied, which briey pre-soaks the membrane in
ethanol and then removes both the anode and cathode layers
using ultrasound in water. The overall removal takes less than
1 min and no detectable residue of PGM remains on the
Naon™ membrane.106 This potentially allows most of the
components to be recycled, however does not consider the
separation of different metal catalyst nanoparticles. Tailoring
the size of these nanoparticles could facilitate easier separation
of different metals at EOL. However, achieving an optimal
balance between particle size for catalytic activity and recovery
efficiency is a critical trade-off, so could make this design
change difficult to implement.
3.4 Magnets and motors

Rare earth elements are used across a wide variety of applica-
tions including catalysts, phosphors, display devices, batteries
and optics. By far the largest sector is for their use in rare earth
permanent magnets, based on an alloy of neodymium iron
boron (NdFeB), particularly for electric motors in EVs and in
generators in wind turbines. Wind turbines can contain 0.5
tonnes of NdFeB magnets per MW of power generation. The
magnets are very large, and they are hazardous due to their high
eld strength. Therefore, it is important to be able to rapidly
and safely separate the individual modules for repair or recycle.
While magnet recycling has been carried out using
© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrometallurgy, pyrometallurgy and hydrogen decrepitation
there are factors such as carbon inclusion which can affect the
properties of the recycled materials.107,108 The magnets are oen
laser welded into hermetically sealed cans and potted in epoxy.
As the magnets are large then surface contamination is less of
the problem due to the epoxy resins. Automation is likely to play
a role in the disassembly of turbines due to the signicant safety
considerations of handling these large magnets. The design
issues are similar to those for LIBs i.e. large structures,
hazardous to handle and breaking down to manageable units is
the complex part.

EVs have many components which contain rare earth
magnets including for example drive motors, regen braking,
fans, speakers, power steering units and starter motors. Electric
drives are likely to have a longer lifespan than electric batteries
as they do not suffer from the same degradation issues.
However, the designs for electric motors have evolved through
time as have the strength of the magnets so reuse of these
components in new cars is unlikely. However, there is a growing
market for second hand parts for older vehicles. Stand-
ardisation of motor geometries could further facilitate reuse,
but this should not be at the expense of efficiency in use.
Magnet-containing applications are oen heavily embedded in
the vehicles which oen makes them uneconomic to extract for
recycling or reuse. Once the component (eg – drive motor) is
extracted from the vehicle then the rotor needs separating from
the stator which is oen time consuming due to the xations
holding the motor together. The magnets are sometimes coated
in epoxy resin and glued onto the outside of the rotor, or they
RSC Sustainability, 2025, 3, 2455–2471 | 2465
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are internally mounted and potted in resin. This means that to
recycle the magnets they need to be removed from the epoxy
binders, coatings or potting materials and they need to be
separated from the electrical steels in the motor.

The inclusion of epoxy residues in recycled NdFeB magnets
can increase the carbon content of the extractedmaterials. If the
carbon content is too high in the alloy powders, then it can
signicantly reduce the magnetic properties of the directly re-
sintered magnets. To lower the carbon content of the alloy
powders this requires more complicated mineral processing
and if this does not remove the epoxy then chemical treatment
is required to separate the elements and to then pass the
material back through metal winning, casting and then magnet
manufacture. This signicantly increases the environmental
impact and cost of the recycling processes. Debondable adhe-
sives could signicantly improve the purity of the extracted
NdFeB alloys and make direct short loop recycling easier, it
would increase the product quality, reduce cost and reduce the
complexity of the recycling processes.109

An additional complication when recycling NdFeB magnets
is when the magnets have an anti-corrosion coating used to
protect the magnet during service. A variety of metallic, organic
and inorganic coatings have been used, which needs to be
removed prior to many recycling processes. Some coatings have
been shown to be easier to remove than others and therefore
any design for recycle approach should take this into account.

The magnets used in different applications contain a variety
of compositions and this has changed through time. For
example, heavy rare earths (Dy and Tb) are typically added to the
bulk of the magnet or to the surface to improve the coercivity of
the magnets which stops them demagnetising in high-speed
motors. This results in multiple grades of magnets. Any label-
ling of magnet containing components should state the
Fig. 8 Timeline of key “design for recycle” legislation influencing the rec
legislative goals.

2466 | RSC Sustainability, 2025, 3, 2455–2471
composition and coating type in order to make automated
sorting easier into different compositional streams.
3.5 Other WEEE

With an annual global production of >60 Mt WEEE is a major
topic for design for recycle.4 The mostly breglass substrate
used gives strength which can aid longevity but it is also the
main difficulty when it comes to recycling. A debondable ther-
moset would be a major advantage in the disassembly of prin-
ted circuit boards. An alternative which has been proposed for
products of a shorter life is cellulose based electronics.110,111 Use
of a debonding agent or a biodegradable substrate would enable
the metallic web of wires to be separated. Typically, between 20–
40% by weight of electronic circuitry is metallic. Printed elec-
tronics achieved by additive manufacturing not only increase
sustainability and recovery of materials at EOL but also
decreases the carbon footprint during primary manufac-
ture.112,113 The use of graphene, printed in ink form, on a variety
of surfaces has received signicant interest for both ease of
manufacture and disassembly.

Strong links have been shown to exist between design and
recyclability of WEEE.74 The ability of metals to be liberated
from their matrices have been studied for ores but these are
different from those observed for secondary waste. Extensive
studies have correlated WEEE design recovery rates and found
that in general recovery efficiency depends on the mechanical
properties of the components and their joining methods, the
type of joints between interfaces, the relative sizes and proper-
ties of neighbouring components and the complexity of
spatially close phases and their interconnectivity.114,115 This
affects the degree of liberation and the extent of randomness of
the shredded material and is connected to the type of
overy of technology-critical metals and proposed strategies to deliver

© 2025 The Author(s). Published by the Royal Society of Chemistry
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comminution method used together with the size of the
particulate produced.

4 Conclusions

The concept of “design for recycle” is only just beginning to be
implemented, particularly for complex materials containing
technology critical metals. Fig. 8 presents a timeline of key
legislative milestones, highlighting the progress to date and
suggesting the most effective strategies we propose to integrate
circularity into product design.

Early successes have been noted for plastic items by
simplifying design and including fewer components. Products
with fewer components are easier to sort into purer streams and
lead to higher value source materials for recycled products.
Technology critical metals are harder to separate and concen-
trate due to their dilute presence in most waste streams There
are several recommendations which can signicantly improve
the recyclability of TCMs:

� Tagging and labelling items with digital product passports
for cases where there is higher intrinsic value and creating
reversible bonding mechanisms to promote their facile sepa-
ration are key to efficient separation.

� Promote novel recycling tools to ensure that circularity
becomes a criterion in product design. Forums where product
designers can discuss manufacture with recyclers would start to
remove some of the irreversible bonding techniques which
make recycling so complex. Extended producer responsibility
would make the concept of design for recycle more important
for the manufacturer. Extending product lifetimes with
different ownership models can simplify circularity and product
logistics when combined with robust product labelling.

� Legislation and standards should be selective drivers to
bring about circularity.

� Develop an algorithm for smart owsheet development
which will assess the value of critical metals within a device or
product and suggest a suitable economically viable recycling
owsheet that minimises energy and chemical inputs.

� Simplify components e.g., fewer plastic types, substitute
TCMs where possible.

� Use more reversible connections i.e., more physical
connectors in place of structural adhesives.

�Use adhesives which are debondable or have green solvents
which can be used to detach them.

� Electronic or block-chain labelling of devices containing
TCMs to enable more efficient separation, concentration and
recycling. This is set to be implemented by the EU in the form of
digital product passports for energy-related products between
2026–2027.

Circularity for the critical metals used in sustainable energy
creation and storage e.g. PV and wind turbines should be
comparatively easier due to the unit sizes of devices and the
limited number of owners. EVs need legislation to help create
circularity as the volumes in use gets larger. Miscellaneous
small electronic devices cause difficulties due to the large
volume, difficulty of collection and variable value of its
components. The frequent use of non-detachable batteries
© 2025 The Author(s). Published by the Royal Society of Chemistry
limits reuse and can cause safety issues. Labelling, design and
standards can make TCM recovery more efficient.
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