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SUMMARY

The accelerating pace of resource consumption threatens long-term availability of critical materials: those
resources that play an essential role in modern society but are vulnerable to supply chain disruptions. Estab-
lished resource management strategies have struggled to reduce the risks of metal criticality, and the de-
mand for these materials continues to grow. Circular economy offers a new paradigm for addressing metal
criticality through solutions that enable material and product reuse, remanufacturing, and recycling. How-
ever, products containing critical materials are rarely designed to be upgraded, reused, or disassembled
at end of life to access the valuable materials contained within. Here, we explore the potential for design in-
terventions across the technology life cycle that can enable circular economy solutions and minimize risks of

material criticality.

INTRODUCTION

Technological innovation has a key role to play in achieving sus-
tainable development goals such as clean and affordable
energy, clean water and sanitation, and sustainable cities and
communities.” However, new technologies may also lead to un-
foreseen sustainability challenges. For example, widespread
adoption of automotive catalysts in response to air pollution reg-
ulations, such as the 1970 US Clean Air Act,” was followed by a
tripling in consumption of platinum group metals.® These metals,
including platinum, palladium, and rhodium, face declining re-
serves, require significant energy and expense to mine,* and
have no viable material substitutes that offer comparable
performance.® Although the emergence of electric vehicles
may diminish the need to treat combustion engine exhausts, it
also comes with new material risks. The lithium-ion batteries
that power electric vehicles rely on cobalt,® which has a
geographically concentrated supply chain’ in which resource
extraction contributes to environmental, human health, and so-
ciopolitical impacts.®*

These examples embody the problems of technology devel-
opment under the current paradigm of a “linear economy.”
This model, often described as “take, make, and waste,” sees
high-quality resources extracted from the natural environment,
converted into products with a finite lifetime, and then dispersed
back into the environment in a degraded form, with minimal
resource or value recovery.'® Although the linear economy
contributed to rapid economic growth and global development
for many years, it is now pushing against the biophysical limits
of what the planet can support."""'? A growing concern is
whether continued technological innovation can be sustained
with a shrinking pool of accessible natural resources.

This concern is particularly evident for the resources known as
critical materials. In 2008, a committee of the US National Acad-
emies published an analysis that sought to determine which non-
fuel minerals might be “critical” to the national economy.'® This
study devised a two-axis system (Figure 1) to make this determi-
nation based on “supply risk” and “impact of supply disruption.”
The idea was that if a country, a region, or the world were unable
to procure a specific material that was needed for an important
technology or application, the inadequacy could hamper indus-
trial progress. The first axis of this rating system was intended to
capture the likelihood of supply disruptions, which may be
caused either by real physical scarcity of a resource or by
short-term shortages due to rapid-demand growth, natural di-
sasters, trade policies, or geopolitical unrest and instability.'* '
The second axis was designed to evaluate the degree to which
that supply-demand imbalance would cause disruption in essen-
tial infrastructure and industrial activities, particularly in the
defense'® and clean energy'” sectors. Variations of this basic
concept underlie all subsequent evaluations of criticality.

Over the years since the concept of criticality was formalized,
a number of evaluations of critical material risks have occurred.
Recent approaches have also demonstrated that the environ-
mental impacts of obtaining a material’® and the availability of
comparably functioning material substitutes'® should be consid-
ered in determining criticality. Despite differences in approach
and in local resource availability, the lists of critical materials
for countries and regions around the world have turned out to
be largely similar. This consistency is shown in Figure 2 for crit-
icality assessments for the United States?® and the European
Union (EU).?" Now, well over half of all elements that are not no-
ble gases or highly radioactive are so identified. As a conse-
quence, the issue of material criticality is not an occasional
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Figure 1. Determination of material criticality based on the criticality
matrix

This approach assesses the risk of a supply restriction or disruption occurring
(horizontal axis) and the potential impact of that supply disruption on the
economic sectors in which the material is used (vertical axis).'® Criticality risk
increases as one moves from the lower-left to the upper-right quadrant of the
matrix.

finding of interest but a universal concern for considerations
involving resource availability and sustainable development.
These trends are unlikely to change in the future if critical ma-
terial extraction and use continue in a business-as-usual
manner. In fact, supply chain risks are likely to worsen going for-
ward, potentially leading to additional materials being deemed
critical.?® Disruptive events like the COVID-19 pandemic demon-
strate vulnerabilities in critical material supply.*2*2* But these
are only a precursor to the supply chain impacts anticipated in
the future, including disruptions due to natural disasters and
climate change,?* increased demand for clean energy technolo-
gies that mitigate climate impacts,®® and growing trends of
nationalism, extremism, and geopolitical conflict.?”

THE CHALLENGES OF CRITICALITY AND DESIGN

Despite the growing body of literature that has established the
concerns surrounding material criticality,”>*® demand for these
metals and minerals continues to grow. For example, the global
demand for rare earth elements (REEs), deemed critical by the
United States and the EU, has more than doubled since 1995,
with a nearly 60% production increase in the last decade alone
(Figure 3). In the case of metals like cobalt and lithium, which
find applications in all major sectors—aerospace, defense, en-
ergy, transportation, electronics, and telecommunication—the
demand has grown more than 300%.7%?° A similar case is
observed for indium, a geologically scarce metal that is a key
raw material in flat panel displays and solar photovoltaics
(PVs). The annual global demand for indium has increased to
over 750 metric tons in recent years, a 125% increase since
2000.%°

While studies project that the annual demand for most of these
critical metals will continue to maintain rapid growth into the
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future,®' there has been limited success in supplementing the
supply of some of these materials through recycling. Many crit-
ical materials, especially gallium, indium, and the REEs that are
used in renewable energy technologies and other high-tech ap-
plications, are mostly obtained from primary metal mining and
refining. Even with major policy and technology efforts to support
recycling in the EU, only about 20% of platinum and cobalt is ob-
tained from secondary (recycled) sources; this rate is 5% or less
for most other critical materials.?®

The continued demand for critical materials and reliance on
primary mineral sources can be traced back through the technol-
ogy and product design process. Scientists and engineers have
taken full advantage of the periodic table of elements in creating
truly revolutionary materials and products. Unfortunately, scant
attention has been paid to redeploying those materials and prod-
ucts following initial use. The result has been very low product
reuse, remanufacturing,® and recycling.** Design for material
recovery is not a routine priority for the product designer, whose
role has historically been to create products that are functional,
desirable, and easy to understand and operate.** The design
process typically incorporates factors such as a real or antici-
pated market need, a firm’s business strategy, technical and
economic specifications, and scientific advancements and inno-
vation,®® with environmental dimensions included only if they
align with broader business needs.

Material criticality is also rarely a factor that influences the
material choice in product designs for a technology. Material se-
lection typically focuses on narrowing down a broad suite of
candidate materials on the basis of their characteristic proper-
ties, such as strength, hardness, reactivity, conductivity, or elec-
trical resistance, and their match to the fabrication and service
requirements of the intended application.*® Whereas cost con-
tinues to be one of the most important decision points, parallel
consideration of a material’s environmental attributes is only
recently becoming more common.®’ In the past few years, there
has been a rapid expansion of sustainable design tools and
methods intended to support these decisions, but uptake of
these practices by designers is still limited and inconsistent.*®

Further, many of the design decisions that directly influence
critical material use happen well before the product realization
phase, typically occurring during fundamental scientific research
or technology development.®® At this early stage, the focus is on
materials that provide the greatest performance in an applica-
tion. By the time the technology comes to market, downstream
engineering and product designers may not even realize that
they are specifying a component with criticality risk, particularly
if the materials are present in low concentrations, as is the case
for critical metals found in aluminum alloys.40 However, even
without full control over material selection, product designers still
have the ability to influence a product’s durability, lifespan, and
potential for end-of-life reuse or recycling to displace demand
for future critical material extraction.

Take, for example, the case of consumer electronics, which
are estimated to contain more than 60 elements*’ that originate
from over 50 countries. Over half of these elements™ are in the
critical material list shown in Figure 2. Most are embedded within
composite materials and complex components, such as tin-
based solder, germanium in semiconductors, cobalt-rich cath-
odes in lithium-ion batteries, and neodymium in hard drives
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Figure 2. Elements designated as critical materials by the United States and the European Union

and headphones.®**** Very few of these resources are currently
obtained from secondary sources or recycled when electronics
reach their end of life.”> Whereas part of the problem is a lack
of recycling technology to carry out chemical separation and re-
covery, a greater challenge stems from the underlying product
design. Figure 4 illustrates the design barriers to material recov-
ery for a typical smartphone, a high-tech product that has both
wide adoption and multiple critical material dependencies.

Another facet of the design challenge is the overall complexity,
low elemental concentration, and poor separability of compo-
nents and composites that contain critical materials. Products
rarely bear labels or compositional profiles that could be used
to identify the presence of critical materials during recovery pro-
cesses.“*® Without such information, or knowledge of initial mate-
rial formulation, it is likely to be more difficult to recover critical
materials through recycling than to extract them from a primary
ore.*’ Further, the design phase typically fails to consider mate-
rial dissipation during product manufacturing and use. Take, for
example, the case of germanium and antimony used in
manufacturing polyethylene terephthalate (PET) and acrylonitrile
butadiene styrene (ABS) plastics. Some 25% of the germanium
used in the United States is used as a polymerizing catalyst for
PET;*® the germanium remains in the plastic once manufacturing
is completed, and PET discarded in the United States is primarily
landfilled. Even if the PET were recycled, there is no technology
for germanium recovery. A similar situation holds for ABS, in
which antimony is used as a flame retardant.*®

A second example is that of modern high-strength low-alloy
steels, which see increasing use in automotive technologies,
industrial equipment, farm and construction machinery, and en-
ergy transmission infrastructure. In current practice, niobium, va-
nadium, and other critical materials are used in low percentages
to enhance the properties of those alloys.*®°" Although the mi-
nor element quantities are small from the alloy perspective, their
use constitutes around half of all flows into use for those critical

materials. Moreover, in current industrial practice, those trace
metals are generally lost to larger alloy streams during recy-
cling.**® As a consequence, the failure to consider recovery
and recycling during alloy design and use unintentionally results
in the loss of the minor metals.

CIRCULARITY AS A SOLUTION FOR CRITICALITY

The unique sustainability challenges presented by critical mate-
rials require new approaches to maximize benefits in emerging
technologies while minimizing production and consumption im-
pacts. The emerging circular economy paradigm offers a portfo-
lio of solutions that may help minimize criticality risks and
improve the overall sustainability of critical material extraction,
use, and end-of-life management. The circular economy—in
contrast to the current linear model—aims to foster continued
innovation and economic development but decouple growth
from extractive and wasteful use of natural resources. This
approach is achieved through the three interconnected ap-
proaches of narrowing, slowing, and closing resource loops.>*>°
Narrowing resource loops refers to resource-efficient pro-
cesses that fulfill societal needs but reduce the net amount of
materials used per unit of economic activity.’®>°” Potential
strategies include substituting renewable for non-renewable re-
sources,’® dematerializing products through technological prog-
ress and multifunctionality,®® substituting digital alternatives for
physical goods,®° and sharing or leasing products and services
rather than individually owning goods.®":°> The common goal
across these strategies is to reduce the net amount of resources
extracted from nature, which, in turn, can reduce the waste that
is ultimately generated. The success of such approaches often
hinges on behavioral response. For example, efficiency gains re-
sulting from technological innovation may reduce marginal
costs, which in some cases leads to lower prices and increased
demand,®*%* potentially creating a rebound effect.®®
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Figure 3. Global production of critical materials: Rare earth elements, cobalt, indium, and lithium
REEs represent rare earth oxide production, cobalt and lithium represent mine production, and indium represents refinery production. Data extend through 2018

or 2019 based on the most recent estimates available.*°

Slowing resource loops refers to methods used to retain the use
and value of a material or product for as long as possible. This
approach includes designing products that are durable and retain
both their function®® and their appeal to users®” over an extended
lifespan. A complementary strategy is creating products that are
more easily disassembled and upgraded,®® both to allow the initial
user to carry out maintenance and repair that extend the initial ser-
vice life and to facilitate access to components requiring repair or
replacement so that the critical material value can be extended
over multiple life cycles.®® Remanufacturing follows a standardized
process of testing, cleaning, and restoring components or prod-
ucts to “as-new condition and performance or better,”*? theoreti-
cally allowing for a complete substitution for a new product and
avoiding upstream material extraction and manufacturing
processes. The success of these strategies depends on manufac-
turers seeing a business case for value-retaining designs and sys-
tems’? as well as consumers being willing to alter their behavior.”
For example, consumers have historically expressed resistance
toward remanufactured goods due to negative misperceptions
about their quality and performance.”

Closing resource loops refers to the processes used to recover
aresource, once its full useful life is complete, and return it to pro-
ductive use, i.e., on a cradle-to-cradle basis. This model of
closed-loop material flows takes inspiration from organisms in
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natural ecosystems that continually cycle nutrients and en-
ergy.”>"* Circular economy envisions industrial ecosystems that
mimic their biological analogs, whereby waste from one process
becomes the “food” for another. This approach entails an inter-
connected suite of activities beginning with collection of
manufacturing scrap or end-of-life products, followed by trans-
portation and consolidation of similar components or materials,
and finally the use of physical, chemical, and thermal technologies
to separate and purify individual elements or compounds. Recy-
cling is the concept most commonly associated with circular
economy studies,”® likely because of the full circle it evokes,
wherein recirculation of materials would prevent future extraction
of raw materials from nature. In practice, material recovery is
imperfect, due to dispersion of elements during processing and
loss of their functional quality.”® However, recirculation is a
needed final step in the circular economy cascade, as it retains
the resource, economic value, and embodied energy77 of mate-
rials after lifespan extension and reuse pathways are exhausted.”®

ENABLING CRITICAL MATERIAL CIRCULARITY
THROUGH DESIGN

Circular economy strategies offer the potential to reduce mate-
rial criticality risks, particularly if implemented proactively.”®
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Figure 4. lllustration of critical material use in a smartphone and the design challenges that limit circular economy strategies that may slow

and close resource loops for these materials

The design stage is one of the first leverage points at which these
strategies can be enacted. However, many traditional ap-
proaches to sustainable design have not explicitly focused on
critical materials or are not well aligned with challenges specific
to their extraction, use, and recovery.39 Thus, there is both a
pressing need and a compelling research opportunity to explore
new design approaches that will enable circular economy solu-
tions for critical materials. This section explores potential design
avenues and the enabling innovations and systems that may
help facilitate their broader adoption.

Design solutions are discussed here in the context of the crit-
ical material life cycle: resource extraction, raw material pro-
cessing, component and product manufacturing, distribution,
use, and end-of-life value retention and material recovery
(Figure 5). This life-cycle perspective recognizes that critical ma-
terial use does not happen in isolation, but rather comes about as
a result of numerous upstream processes and may influence
environmental impacts in downstream processes or interacting
systems.®® The material life cycle exists in a broader technolog-
ical innovation cycle, which spans fundamental research and
development that studies the properties, uses, and performance
of critical materials; technology and product design that spec-
ifies and tests these materials in specific applications; and the
ultimate scale-up and widespread adoption of products contain-
ing these materials.

The earliest point at which circular economy interventions
might minimize critical material risk is at the onset of technology
research and development. Unfortunately, potential risks are
difficult to anticipate this early, because sufficient data about a
technology’s use do not yet exist; but, paradoxically, changes
are increasingly difficult to enact once a technology is widely
adopted and such data become available.®! This dilemma moti-
vates the need for prospective®® or ex ante®® environmental
assessment methods to simulate future impacts of early-stage

technologies. In critical material research, scenario-driven mate-
rial flow analyses have modeled potential material demand and
recycling needs due to technology adoption in the clean energy
sector.”®*# However, due to data availability, such forecasts
typically model technologies that are at or near commercial
scale. For example, a forecast of indium demand due to future
solar panel adoption®® may base estimates on known PV sys-
tems. Ideally, such impact forecasts would be incorporated
even earlier, during the lab-scale design of next-generation solar
cells.®":8

As technology development progresses, the next opportunity
for narrowing resource loops is through material selection. Take,
for example, the case of lithium-ion batteries used in electric
vehicle applications. These batteries contain the eponymous
lithium, as well as varying amounts of cobalt, aluminum, nickel,
and manganese in the cathode and graphite in the anode.*®
Shifting toward battery designs with lower cobalt concentrations
can reduce criticality risk and the social, environmental, and eco-
nomic impacts of the cobalt supply chain.?®°° However, material
substitutions are not without trade-offs, as low-cobalt battery
chemistries are likely to increase demand for nickel,®" which is
often jointly mined with cobalt,” and decrease the economic po-
tential of battery recycling.”” A similar perspective might inform
the consideration of silicon-based anode materials that substi-
tute for critical natural graphite in the lithium-ion battery anode,
but which introduce trade-offs in terms of battery performance
and upstream energy for manufacturing.®* These examples
highlight the importance of proactively evaluating design
choices through a life-cycle perspective.

For many critical materials, however, substitution is difficult if
not impossible, due to the unique properties that these elements
provide in high-tech applications. Many elements listed as crit-
ical have no functionally comparable substitutes, including
rhenium used in superalloys for jet engines and turbines,
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rhodium used in industrial catalysts, and several REEs used in
phosphors, magnets, and other industrial applications.'
Because many known substitutes are also designated as critical
materials, as is the case for platinum group metals, material
ranking systems used in parallel with technical design con-
straints can help prioritize which material presents the lowest
criticality risk for a given application.®%°

When substitution is not possible, another early-stage inter-
vention is design of a resilient supply chain to minimize the likeli-
hood or severity of a supply disruption occurring. In principle, a
diversified supply chain that could obtain needed materials
from multiple suppliers who mine and refine metals in many
different countries would minimize risks in the same way that a
financial portfolio is diversified to reduce the risk of poor portfolio
performance due to large loss in value by a single stock. Supply
chain diversification strategies include expanding the
geographic mix of countries from which a critical material is
mined and refined,'* increasing the number of material and
component suppliers,’” implementing lean manufacturing,”®
and stockpiling critical material resources to buffer against future
shortages.?® The supply chain can also be diversified through

358 One Earth 4, March 19, 2021

increased use of secondary material sources. Here, a promising
research avenue is urban mining, that is, the process of recov-
ering resources from the existing stocks of products, materials,
buildings, and infrastructure dispersed in urban systems that
would otherwise end up in a landfill.?®%°

In situations where the use of a critical material cannot be
completely avoided or minimized, product design, policy, tech-
nology, and business models—in concert—can improve circular
economy prospects and reduce criticality risks over a product’s
life cycle (Figure 5). Keeping products, components, and mate-
rials in circulation by design through reuse, remanufacturing,
and recycling will require thoughtful and proactive consideration.
For example, the PV panel manufacturer would consider assem-
bly with an eye toward eventual disassembly and material recov-
ery. Bold strategies are needed in all life-cycle stages.

In product design and manufacturing phases, design opportu-
nities center on component manufacturing and product assem-
bly (see Figure 5, blue life-cycle stages). Today’s increasing
complexity and heterogeneity of parts and composites leads to
mixing of materials that are later difficult to recover or reuse.'®
In contrast, design strategies that enable a more circular
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economy include modular design, design for disassembly (DfD),
the use of components with standard dimensions, and appro-
priate material combinations.'®" For example, Dell has intro-
duced computer designs with modular components that can
be easily disassembled for repair, remanufacture, or reuse.'®?
The theory and practice of DfD'%® predates circular economy '
and has been a core tenet of the broader eco-design field.
Although its application to critical materials has not been fully
explored, DfD may help overcome barriers for recovery of critical
materials. A recent study on PV module decommissioning
concluded that applying DfD strategies to PV systems can in-
crease overall recovery and recyclability of their materials and
should be a priority for solar deployment in OECD countries.'®®
In addition to DfD and modular design, other circular economy
design strategies include dematerialization (designing with as
few materials and components as possible) and design for dura-
bility. At a physical level, durability reflects a product’s ability to
withstand wear, fatigue, and degradation over time,'® a goal
that can be addressed through the use of high-quality parts
and robust assembled components. Theoretically, a durable
good will slow demand for new critical materials entering the
economy without decreasing value, particularly if the higher-
quality durable good is reflected by higher prices.'®” However,
durability goes beyond physical properties: design for emotional
durability®” can be used to create products that are loved and
trusted for longer.* This strategy is understudied, but potentially
offers the most promise in extending the lifespan of products
whose working lifetime is directly influenced by consumer be-
haviors.'% For example, emotional attachment to a laptop or
smartphone, which would typically be discarded before its full
useful life is complete, could spur a user to invest in its mainte-
nance and repair and delay replacement with a new device.'®
Complementary design enablers will be required to support
these strategies and overcome some of the economic barriers
to design for reuse and recycling. For example, recovery of PV
panels, which may contain gallium, indium, and tellurium, is
complicated by the geographical dispersion of the modules,
the low value of materials in small quantities, and lower costs
of ore extraction.””''® Material tracking technologies and
geographic information systems can be used to identify
economically viable points to localize dispersed recoverable
metals and enable urban mining at larger scales.® 0111112
Another innovation is using material tracking technologies to
bring the recovery plant to the material. A successful case study
is HydroWEEE, a highly automated mobile recycling plant devel-
oped to extract critical metals at the point where wastes are
collected, which avoids the need to invest in expensive central-
ized facilities or haul materials over long distances.’'®
Upstream design strategies will require both a policy “push”
and a market “pull.” Potential policy mechanisms include
extended producer responsibility, economic incentives and
taxes, '® requirements for supply chain disclosures and transpar-
ency,"" and eco-labeling and procurement standards that
credit recovered material use.'™ The relative ability of such
mechanisms to alleviate criticality risks has yet to be fully evalu-
ated. Scaling up design approaches will be in the context of cir-
cular business models that promote long-term relationships with
customers during the product-use phase, while providing timely
maintenance services and take-back programs.®* Circular busi-
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ness models have shown economic potential in the PV indus-
try,"'® and leasing solar panels is a common option for many
manufacturers, who retain the ownership of the modules and
provide repair and maintenance as needed. Committed mainte-
nance and repair in turn can avoid premature obsolescence of
products and components and extend the product life cycle to
enable future reuse, remanufacturing, and recycling. Advancing
circular economy business models will require ongoing experi-
mentation to verify their environmental and economic out-
comes,'"” demonstration projects to build trust in participating
firms,'"® and incubators to foster early-stage network develop-
ment and funding for entrepreneurial efforts.”"®

An example of design strategies that enable products or com-
ponents to be reused either in the same application or across
different sectors is the reuse of lithium-ion batteries from electri-
cal vehicles as backup storage for grid-scale PV installations. '2°
This strategy requires the design of a durable battery pack that
can ultimately be disassembled, tested, diagnosed, repaired,
and reconfigured between the first and the second life cycle.”®
Second-life users may, however, be wary of product quality, as
they do not typically have access to data that characterizes
first-life use and wear. Two emerging types of technology offer
the promise to promote trust across the supply chain: quality
testing and diagnostic technologies for secondary products,
components, and materials, and the innovative technology of
circularity passports. Circularity passports, or material pass-
ports, combine material tracking technology with blockchains
and the Internet of Things to create and store reliable circular
economy-relevant data over a product’s life cycle.'?"'?* The in-
formation provided by circularity passports can then support
stakeholder decisions on whether goods should be reused, re-
manufactured, or recycled.

CONCLUSIONS AND FUTURE RESEARCH OUTLOOK

The ability to sustain technological progress hinges on the
continued availability of the natural resources that power soci-
ety’s most important products and infrastructures. Critical mate-
rials present a complex sustainability challenge, as they are
vulnerable to supply disruptions but also crucial to many essen-
tial products and industries. But critical materials also present an
opportunity for innovations to spur circular economy research
and ongoing development of new business models. Design is
the touchstone between these challenges and opportunities:
current design practices hinder reduction, reuse, and recycling
of critical materials, but circular design solutions have the poten-
tial to transform this system and provide global social, economic,
and environmental benefits.

Achieving circular economy goals will require innovation that
spans every scale of a product, from atoms and molecules to
the built environment. Disassembly and reuse can occur at a mo-
lecular level from early-stage technology design to loop-closing
chemical recycling;'*® reuse and remanufacturing can be
applied at a product or component level; and each phase of a
product’s life cycle requires and interacts with urban and indus-
trial infrastructure. In a truly circular system, the facilities and
infrastructure needed to design, manufacture, sell, collect,
disassemble, and recycle goods are also designed for circularity.
Although the circular design strategies discussed herein are
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specific to technologies and products that contain critical mate-
rials, they can be extended more broadly to transform the build-
ings and infrastructure in which these products are made, used,
transported, and recovered.'%24125 Hence, circular economy
demands a convergence of disciplines and knowledge, together
with the ability to rapidly scale solutions from circular materials to
circular societies.
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