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ional ecological knowledge into
a circular economy framework using the example
of consumer durable goods for northern rural
communities

Yasamin Atabaki Fard Tehrani,a Atanu Sarkar*a and Shegufta Shetranjiwalla *b

Consumer Durable Goods (CDG)s have a large energy and water footprint during their lifecycle and are one

of the largest contributors to municipal waste upon disposal. While CDG waste becomes invisible to

consumers in urban communities, due to relatively well-established waste management infrastructure, it

is inequitable in rural communities where deteriorating/decomposing goods remain on native lands/

landfills and pose a risk to people and ecosystems. Therefore, a sustainable approach that emphasizes

resource efficiency, waste reduction and an inclusive framework for the design, use and circularity of

CDGs is imperative. This study examines the circular economy (CE) as a promising approach for CDGs in

the Canadian context, where there are unique geographical challenges, particularly in remote, rural, and

indigenous communities with limited recycling and repair infrastructure. It carefully considers the

integration of Traditional Ecological Knowledge (TEK) in developing sustainable strategies for the circular

materials management of CDGs to mitigate these challenges. This critical analysis explores global and

national consumption trends and translates them into local knowledge gaps to reveal the barriers to the

effective adoption of CE practices and identifies the opportunities and challenges in integrating TEK into

CE for CDGs in remote and rural communities. It also provides recommendations and insights into how

CE principles infused with TEK and indigenous wisdom can address UN SDGs 10, 11, 12, 13, 14, 15 and 3

globally and help build capacity to support local solutions for waste reduction, resource efficiency,

improved community economy and environmental health of remote and rural communities.
Sustainability spotlight

Waste from consumer durable goods (CDGs) not only contributes signicantly to municipal waste and environmental burden but it is particularly inequitable
for northern remote and rural communities that have insufficient repair and recycling infrastructure. An inclusive Circular Economy (CE) framework for the
design, use, and end-of-life management of CDGs that integrates Traditional Ecological knowledge (TEK) is proposed, to promote resource efficiency and waste
reduction in these communities. The proposed framework aligns with UN SDGs 10 (Reduced Inequalities), 11 (Sustainable Cities and Communities), 12
(Responsible Consumption and Production), 13 (Climate Action), 14 (Life Below Water), 15 (Life on Land), and 3 (Good Health and Well-being), offering
a holistic solution to improve environmental health, and social equity.
1. Introduction

According to the US Census Bureau,1 consumer spending is the
largest driver of the economy, contributing billions of dollars to
the world economy with signicant power to directly impact
jobs and tax revenue. The six-year annual revenue trends for the
Organization of Economic Cooperation and Development
d Health Sciences, Faculty of Medicine,
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(OECD) consumer expenditure and emerging economies such
as China and India in Asia show that consumer expenditure is
consistently growing globally (Table 1).2 Table 2 includes Can-
ada's household nal consumption expenditure data. Personal
expenditure on durable goods includes house trailers, new and
used automobiles, furniture, household appliances, radio and
television sets and sporting and wheeled goods. These data
provide a clearer understanding of spending trends within
Canadian communities, complementing the global context
presented in Table 1.

Durable goods are products that have a lifetime of more than
three years as dened by the US Environmental Protection
Agency (EPA).4 Consumer durable goods (CDGs) (such as
refrigerators, televisions, washing machines, vacuum cleaners,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Growth trend in annual revenue from consumer expenditure
for consumer durable goods in OECD and emerging economies (India
and China)

Countries

Revenue from consumer durable goods
(USD, in billions)a

2017 2018 2019 2020 2021 2022

OECD 2441 2540 2605 2658 3104 3456
India 38 43 41 41 52 59
China 525 564 598 592 674 698

a Fixed 2022 exchange rates.

Table 2 Household final consumption expenditure

Chained (2017) dollars (in billion Canadian dollars)

Country 2017 2018 2019 2020 2021 2022

Canada 644.11 662.14 663.17 613.62 673.15 674.27
Source3
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etc.) constitute a large part of consumer expenditure worldwide.
The CDGs market is a major driving force in the economy, and
businesses benet from increased in manufacturing, trans-
portation, sales, prots and taxes when consumers spend
more.5 These include large and small appliances, furniture/
furnishings, rubber tires, lead–acid batteries, electronics and
miscellaneous durable goods such as luggage, sporting goods
and household goods. For long lasting function and durability,
CDGs are made from materials including wood, metals, plas-
tics, glass, paper and paperboard, rubber, leather and other
miscellaneous inorganic and organic wastes.6 The US EPA and
the solid waste diversion report by the Canadian government
measure the generation, recycling, composting, combustion,
energy recovery and landlling of these materials from the
durable goods in municipal solid waste (MSW).7 The data from
these measurements indicate that the waste management of
these goods and materials requires strategic sustainable mate-
rials management, planning and reporting.7,8 Table 3 shows the
categories of CDGs and their associated generation, landlling
and recycling as characterized in 2018 by the US EPA.

In 2018, in the US and Canada, 57 and 36 million tons of
MSW were generated, with waste from CDGs contributing 20%
and 36% of the overall MSW, respectively.4,9

All member states of the United Nations (UN) adopted the
2030 Agenda for Sustainable Development in 2015, providing
a blueprint for peace and prosperity for people and the planet,
both now and in the future. The 17 Sustainable Development
Goals (SDGs) are at the heart of the agenda. They recognize that
ending poverty and other deprivations must go hand-in-hand
with strategies that improve health and education, reduce
inequality, and spur economic growth, while tackling climate
change and working to preserve our oceans and forests.10 From
Table 3 it is evident that large appliances have a large genera-
tion and landlling footprint and are also dependent on energy
resources for their use without contributing to energy recovery
© 2025 The Author(s). Published by the Royal Society of Chemistry
through combustion. These have direct implications for the UN
SDGs 12 (Responsible Consumption and Production), 7 (Clean
and Affordable Energy) and 13 (Climate Action), providing
opportunities to redesign renewable energy CDGs with an
equitable, circular, regenerative model keeping both rural and
urban communities in mind.

Preventing and diverting waste by reusing, repairing, refur-
bishing, remanufacturing, repurposing, recycling and com-
posting is a key component of a more circular economy which
can help reduce the impact of solid waste on the environment.7

In Canada, although the diversion rate of MSW from landlls
has increased consistently since 2002, the province of
Newfoundland and Labrador (NL) showed the lowest diversion
rate at 10%,9 compared to Ontario and Quebec which had the
highest diversion rates at 25% and 33% respectively.9 Although
this seemingly appears to be a failure of consumer behavior and
waste management, it requires a deeper insight into population
demographics, geographical location and a systemic under-
standing of the rural versus urban waste management criteria as
well as the inequities associated with waste management in
northern rural communities that result in these statistics. These
statistics impel a more circular, equitable and proactive
approach to the design of materials used in manufacturing
CDGs, especially for achieving an inclusive net-zero transition
by 2050.

Due to increasing affordability, the CDGs have become more
accessible to consumers, which has resulted in an increase in
demand and manufacture (Table 1).1 With the growing inu-
ence of the CDGs industries on the economy, this sector
signicantly inuences businesses, policymakers, and societies
in general. Therefore, understanding the drivers and trends of
the CDGs sector along with its resource, environmental and
health impacts along the product life cycle is critical.5 The Ellen
MacArthur technical cycle is particularly useful in under-
standing how CDGs can be maintained, repaired, reused,
refurbished, remanufactured, and ultimately recycled within
the technical cycle of the CE (Fig. 1). This model emphasizes
extending product life through repair, refurbishment, and
second-hand markets before nal recycling.11

The inner circle shows the power of CE to keep products,
materials, and resources circulating within a local system
through repair, reuse, and remanufacturing to minimize
resource extraction and waste. This principle is especially rele-
vant to rural and indigenous communities, wherein TEK has
encouraged resource conservation, localized repair economies,
and sustainable crasmanship.12,13 Studies have shown that
indigenous circular practices resonate with closed-loop
systems, reducing dependency on external supply chains.14 In
rural settings, community connections enable the sharing,
repairing, and refurbishing of durable goods in line with inner-
circle waste minimization and value preservation principles.15

These practices contrast with conventional linear economic
models and highlight the sustainability benets of localized
circular systems. Enhancing policy support for CE transitions in
rural and indigenous regions will require scaling up local repair
economies, revitalizing traditional crasmanship, and inte-
grating TEK-based models into mainstream circular economy
RSC Sustainability, 2025, 3, 2048–2063 | 2049
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Fig. 1 The circular economy product technical cycle.
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strategies.16 Strengthening these practices aligns with global CE
goals while respecting indigenous self-sufficiency and sustain-
ability principles.

The product life cycle of CDGs (Fig. 2) includes (i) the
beginning-of-life stage that includes both the design and
production stages, (ii) the middle-of-life stage which includes
the use and second life stages and (iii) the end-of-life stage that
includes disposal.

The current design of CDGs in the beginning-of-life phase
and market strategies that maximize protable production and
sales in the use phase, accompanied by planned obsolescence
just beyond the mandated three years that denies a second
product life, are becoming common.1 The latter further
encourages modular designs in the beginning of life that
prevents convenient repair to promote purchase of new prod-
ucts made from virgin materials.11 These stratagems have led to
Fig. 2 The typical life cycle of consumer durable goods.

© 2025 The Author(s). Published by the Royal Society of Chemistry
an intentionally reduced product shelf life to increase sales of
newer products without any extended producer responsibility
(EPR).5 Without any known mandate requiring discarded
products to be returned to producers, all disposed products
ultimately end up in landlls at the end-of-life stage (UN SDG
12) causing severe ecological damage.17 These have amplied
impacts on traditional food sources (UN SDG 3) that become
contaminated with leached metal and plastic additive pollut-
ants emerging from the disposed CDGs, leading to adverse
effects on local ecosystems including water, soil and air (UN
SDGs 14, 15 and 13). Ultimately, these impacts are biomagnied
to species and humans living in the surrounding areas where
vulnerable populations in the remote and rural communities
(UN SDG 10 and 11) without access to advanced waste
management systems are most inequitably affected. Mitigating
these collateral consequences calls for a circular, sustainable
approach for the management of CDGs in their end-of-life stage
with a proactive innovative redesign stage that minimizes their
adverse impacts throughout all life cycle phases.

Another innovative measure that can inuence the design
stage is to include already existing knowledge that is local and
environmentally sensitive. The indigenous people living in
remote locations have traditional ecological knowledge (TEK),
which they use in their daily decision making. They have used
this knowledge to make tools for daily usage in local environ-
ments that work in a symbiotic manner with their surround-
ings. Since TEK emphasizes the interconnectedness of all living
beings and the importance of living in harmony with nature,18 it
can contribute towards sustainable resource management,
waste reduction, and energy efficiency and be a source of
inspiration at the design stage of the CDG life cycle.19 TEK can
also guide the selection of materials and products that are both
accessible and equitably used by communities at the end-of-life
stage of a CDG without having to discard the product entirely
(UN SDG 12). This extends product shelf life and potentially
serves to reduce greenhouse gas (GHG) emissions, promoting
energy efficiency, and enhance local resilience to climate
change (SDG 13).19,20

One of the challenges of implementing CE is ensuring that
marginalized communities, particularly rural and indigenous
RSC Sustainability, 2025, 3, 2048–2063 | 2051
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Fig. 4 The circular economic system.
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populations, have equitable access to sustainable infrastructure
and policy support.21 This study advances the discussion by
showing how localized, TEK-driven CE strategies can bridge this
gap, fostering a more contextually sensitive approach to
sustainable consumption and production. This review aims to
focus on the strategic application of CE principles to the life
cycle management of CDGs in the context of northern and rural
Canadian communities by highlighting the need to integrate
TEK principles for an inclusive and just transition towards net-
zero. It compares the global and Canadian contexts of two life
cycle stages of CDGs, the design and production and the use
stages, to identify the barriers to circular and sustainable
systems in particular for the northern remote rural communi-
ties inhabited by predominantly indigenous people.
2. Circular systems and the circular
economy

The International Standards Organization (ISO) denes the
Circular Economy (CE) as an economic system that is embedded
within the social and environmental systems (Fig. 3) and that
maintains a circular ow of resources, by recovering, retaining
or enhancing their value, while contributing to sustainable
development.22 ISO recently introduced the rst standard for
CE, the ISO 59004, which provides the above international
denition of the circular economy and identies six comple-
mentary and interconnected principles of (i) systems thinking,
(ii) value creation, (iii) value sharing, (iv) resource management,
(v) resource tracking, and (vi) ecosystem resilience within the
three circular systems that are interdependent (Fig. 3). The
economic system is nested primarily within the social system
and both are encompassed by the planetary environmental
system (Fig. 3), clearly demonstrating that the social system and
Fig. 3 The interdependent circular economic, social and environ-
mental systems for sustainable development.

2052 | RSC Sustainability, 2025, 3, 2048–2063
the economic systems can only exist within a healthy environ-
mental framework.

The CE principles impel the use of various complimentary
tools for evaluating threats to planetary boundaries including
biodiversity, resource and energy ows. The CE standard
encourages the use of life cycle assessment (LCA) at all stages of
the product or process life cycle to align with these principles.
One way to evaluate the resource ows is to ensure that virgin
resources and extraction for production are kept as low as
possible and energy ows are also circularized to minimize
waste, losses and release from the economic system, leading to
both social and environmental benets. A successfully imple-
mented, quantied circular economic system then amplies the
three pillars of sustainability positively.

The circular economy places a high value on conserving
products, materials and energy. It differentiates between end-
of-life mechanisms for materials that can and cannot be pro-
cessed or decomposed by living organisms.23 It classies the
former as the biological materials and the latter as technical
materials (Fig. 4). Living organisms such as microbes, decom-
pose waste, whereas technical materials need to be processed
either in a landll or circularized through re-design following
CE principles to minimize resource leakage.11 Applying the CE
priorities from ISO 59004 to technical materials such as CDGs,
prioritizing concepts of refuse, rethink, source, reduce, repair,
reuse, refurbish, remanufacture, repurpose, cascade, recycle,
recover energy, and re-mining is essential.24

2.1 Consumer durable goods and their life cycle in the
circular economic system

Mass production and growing prosperity in the 1950s led to the
development of the modern consumer society, encouraging the
‘consume and throw away’ mentality. It encouraged consump-
tion and planned obsolescence to sustain consumption. Plan-
ned obsolescence is an intentional production of goods and
services with short productive and economic lives, stimulating
consumers to repeat purchases frequently,25 increasing
consumer debt, especially among the most vulnerable. Short
product life also affects product quality; for example, battery
failure in electronic devices such as smartphones, phasing out
of operating system updates and older models slowly becoming
non-functional over time26 despite their materials being robust
and useful. Also, large appliances like washing machines
become useless when one part fails, for example, when the
sealed drum has issues, it becomes economically unfeasible for
the consumer to repair or replace it, decommissioning the
entire machine.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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A circular system does not replace traditional systems but
aims to integrate reducing, reusing recycling, and recovering of
materials in the current established systems, eventually priori-
tizing the conservation of natural resources while incorporating
economic, social, and environmental values at every stage.27 In
preparation for the production phase of the life cycle (Fig. 2),
materials are mined and extracted from the earth, which are
eventually discarded as waste.11 Reintroducing the materials in
the production phase of the life cycle again using a CE approach
is expected to reduce the burden on mining and extraction and
associated environmental, social, and economic harm and
loss.15,28–31 Circular products and systems can be designed to
prevent planned obsolescence in the production stage by
ensuring a better, durable product design, by providing the
consumer with useful information, by standardizing technical
designs for the benet of the consumer in the use phase, and
introducing cost-efficient reparability of products in the second
life stage.25 At this stage, the existing CDG designmodels are not
conducive to repair and reuse due to the modular design and
proprietary nature of production methods. The training and
infrastructure required for repair and recycling are lacking
especially in less densely populated communities. Therefore,
improving access, equity, capacity and other logistical resources
is crucial for the successful adoption of CE in these
communities.
3. Challenges with CDGs in the
current linear economy
3.1 Environmental challenges from CDGs

Just as the waste from discarded CDGs such as refrigerators,
washing machines, dryers, heaters, or mattresses lies visibly on
the land due to the inaccessibility of recycling and recovery
facilities, particularly in remote locations, the toxic burden from
hazardous elements also leads to undesirable adverse
impacts.17 The contamination of local terrestrial and aquatic
ecosystems and bio-magnication of the contaminants in the
food chain particularly affect indigenous people who rely on
local traditional land-based and marine food. Electronics and
large and small appliances, among other consumer durables,
have raised signicant concerns regarding human health and
the environment. For instance, electronic waste (e-waste) from
products like smartphones and electronic parts in large appli-
ances contain hazardous substances that pose serious health
risks, including neurological damage, kidney disease, and
cancer.32 Local garbage collectors and workers who handle e-
waste are at risk of exposure to over 1000 harmful substances,
including lead, mercury, and polycyclic aromatic hydrocarbon
contaminants. The disposal and decay of these goods release
toxic substances into the environment, contaminating soil and
water and entering the food chain, affecting both wildlife and
humans.33 In addition to contributing to environmental
degradation, the beginning-of-life stages, especially the
production process stage itself, increase greenhouse gas emis-
sions and contribute to climate change. The mining and
extraction of raw materials for these products oen lead to
© 2025 The Author(s). Published by the Royal Society of Chemistry
habitat destruction, loss of biodiversity, and water pollution,
severely impacting ecosystems.34 In the middle life cycle stage
(Fig. 2), the consumption of energy and water associated with
these consumer durables is signicantly higher in areas with
inefficient infrastructure, which exacerbates environmental and
health problems for these vulnerable populations.35 As a result,
environmental damage can worsen, contributing to habitat
destruction and climate change impacts, which, in turn, can
have an adverse effect on population health.17

The contamination of soil and water caused by improperly
disposed appliances can have long-term effects on local
ecosystems. Degradation of the environment can disrupt
traditional land-based activities and further threaten food
security and cultural practices. The combination of these
factors – from production to disposal – contributes to broader
environmental concerns, such as habitat destruction and
biodiversity loss.
3.2 Recycling challenges for CDGs

Several challenges exist when it comes to recycling consumer
durables, including electronics and large household appliances,
primarily because of their complex designs and the presence of
numerous hazardous materials. Toxic components in these
items like lead, mercury, and ame retardants pose major
challenges while separating various components, particularly
when safety regulations are not in place.36 These hazardous
substances require specialized procedures for safe extraction
and disposal to prevent environmental contamination and
health risks to workers and the community.37 The diversity of
materials used in CDGs, including plastics, metals, and elec-
tronic components, further complicates recycling efforts. This
material complexity necessitates sophisticated and oen
expensive recycling technologies to effectively separate and
recover useable materials.38 It is also important to prioritize
end-of-life disassembly and material recovery when designing
products, enabling efficient repurposing, reusing and recycling
processes.39 Management of materials at end-of-life are more
pronounced for rural, remote and indigenous communities due
to the factors iterated above. Table 4 lists the various challenges
associated with the recycling of CDGs in the current linear
economy, with a particular focus on challenges in remote, rural
settlements.
4. Traditional ecological knowledge
in an emergent circular economy

The aforementioned challenges related to CDGs are more
complex in remote and rural communities, including indige-
nous population, who follow a different paradigm of spiritual
and environmental stewardship of the land. Hence, rural and
indigenous communities face distinct challenges regarding
CDGs. As a result of a lack of repair facilities and waste
management systems, these communities oen encounter
difficulties in accessing, maintaining, and disposing of CDGs.
The inability to purchase and replace CDGs in rural areas is
RSC Sustainability, 2025, 3, 2048–2063 | 2053
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Table 4 Repair and recycling challenges for CDGs in rural settlements

Challenges in recycling CDGs Description of challenges References

Lack of facilities and technicians for repair Rural areas oen have few shops that offer repair services for
appliances and electronics. Several reasons can explain the shortage
of such shops and technicians in rural areas

40 and 41

� The low population density of these areas makes it challenging to
sustain repair businesses economically
� Low wages and limited opportunities for career advancement need
to be improved in attracting and retaining skilled technicians
� Rural areas lack training facilities for developing local talent

Lack of specialized equipment Consumer durable goods oen contain materials that are not
recyclable, such as certain plastics and liquids, making separation
and processing challenging without specialized equipment

42
Non-recyclable materials

Insufficient volume for economic viability In rural areas, there is oen a low population density, resulting in
insufficient volumes of recyclable materials to justify collection and
processing costs

38 and 43

Low market demand for recycled materials Recycled materials are oen perceived as less desirable compared to
buying second-hand goods at full price, also making them less
attractive than virgin materials for businesses

44 and 45

Limited access to recycling infrastructure Remote rural communities oen lack recycling facilities, making it
difficult and costly to transport recyclable materials for processing

42 and 43

Lack of education and awareness about
recycling

Many people are unclear about what items are recyclable leading to
the inclusion of non-recyclable materials in the recycling stream,
contaminating recyclable materials and damaging recycling
equipment and machinery

43

Loss of traditional knowledge and with
modernization

Modern CDGs rapidly replace traditional skills and knowledge used
for creating, maintaining, and repairing traditional tools and items
in remote and indigenous communities. Consequently, long-
standing cultural practices, economic systems, and relationships
with the local environment are altered by this shi. Increasing
consumption of modern, durable goods lead to waste management
issues in remote areas that are not equipped to handle them
efficiently

46 and 47
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partly due to lower average incomes, higher transportation
costs, and fewer retail options compared to urban centers.48

These environmental changes can profoundly impact the
well-being of indigenous communities with strong spiritual and
cultural ties to the land. There is also a growing concern over
consumer durables' energy and water efficiency, particularly in
communities with limited resources.35 The water usage associ-
ated with durables such as washing machines and dishwashers
can strain local water supplies, which are oen under pressure
due to agricultural demands and climate change.17

Traditional Ecological Knowledge (TEK) is the accumulated
knowledge and practices of local communities, rich in culture,
customs and environmental sensitivity that are passed from
generation to generation, evolving with the changes in the
community.19 TEK emphasizes the interconnectedness of all
living beings and the importance of living in harmony with
nature.18 The integration of TEK with scientic approaches is
recognized as a valuable resource for climate change solu-
tions.19 Collaborative efforts involving indigenous communities
have been shown to lead to more effective and culturally
appropriate climate change policies and practices, respecting
their rights and ensuring equitable outcomes.49,50 TEK offers
valuable insights into sustainable environmental management
because it is based on centuries of observations, practices, and
cultural understandings of indigenous communities.49,51
2054 | RSC Sustainability, 2025, 3, 2048–2063
Contributions from TEK have been particularly relevant in
developing urban green areas, awareness-raising, water and
energy saving, the cultivation of more resilient agricultural
species, and entomological surveillance, however the uses of
TEK for the design of CDGs is not known and has not been used
to inform the development of existing products and processes
of emergent appliances in circular economy.

In Canada, TEK is being increasingly recognized and incor-
porated as part of the Canadian environmental management
and conservation effort. The indigenous communities collabo-
rate with scientists and policymakers to integrate their time-
honored practices and observations into climate change solu-
tions and sustainable resource management. The Nature
Conservancy of Canada (NCC) has forged partnerships with
indigenous peoples, combining Western scientic approaches
with traditional knowledge in conservation projects. This inte-
gration of TEK is enhancing conservation efforts and contrib-
uting to reconciliation between indigenous and non-indigenous
communities in Canada.52,53 Similar concerted efforts and
policy facilitation are required for the integration of TEK in
sustainable circular strategies for CDGs.

Apart from product design, TEK has the potential to promote
sustainability in the use phase and the end-of-life phase of the
product life cycle. CDGs such as washing machines that are
widely used in northern rural communities, use a lot of water
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and energy in their operation. TEK offers practices like the
traditional management of water resources through terracing
and the use of renewable energy sources like biomass, which
indigenous communities have used sustainably for generations.
Therefore, integration of TEK principles in the use phase,
second life phase and the end-of-life (Table 5) of the consumer
durable life cycle (Fig. 2) would contribute to mitigating the
undesirable environmental impact and managing water and
energy resources.

The design phase of CDGs is very crucial since function and
quality for the next generation products and their uses are
integrated. It is in this phase that sustainability and respect for
the environment and equitable uses and end-of-life of the
products require to be incorporated especially with the
emerging technologies such as renewable energy products in
the CDG categories.56 Integrating TEK with modern technolo-
gies would benet equity and sustainability at all stages of
development of the product life cycle of CDGs. The rich, and
culturally responsive history of TEK, can guide the resource
conscious design of products and processes can be imple-
mented in these phases.18 This can effectively decrease the
demand for raw materials, mitigating emissions and adverse
environmental impacts from mining, extraction, production
and energy use and maximize the use of local resources and
energy loops within these communities.60,70 One of the most
important guidelines from TEK for the design phase is the
cultural, gender, geriatric and environmental sensitivity in the
product design that can create a product that can be used
equitably and in an inclusive manner rather than focusing only
on function and price of the product. This in turn will also
promote the responsible use of raw materials during both
production and manufacture phases of the product life cycle.
5. The circular economy and TEK in
northern rural and indigenous
communities

There is a knowledge gap concerning the application of CE
principles to the life cycle of CDGs in the Canadian context. Due
to its vast and varied geography, Canada faces unique chal-
lenges when it comes to implementing CE, especially in remote,
rural, and indigenous communities, where recycling and repair
facilities may be limited, and environmental sustainability is
imperative for maintaining traditional lifestyles and food
security. Research indicates that Canada's northern rural and
indigenous communities are particularly susceptible to
contamination due to nearby landll waste contaminating their
food supplies.71 These communities follow a lifestyle that is
markedly different from urban areas, as they are heavily
dependent on subsistence activities and closely related to their
environment.72 Additionally, there are signicant disparities
between urban and rural waste management systems, with rural
systems lacking the infrastructure and technological support
found in urban settings, increasing environmental and health
risks.48
RSC Sustainability, 2025, 3, 2048–2063 | 2057
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Incorporating TEK along with the principles of a circular
economy provides a potential avenue for achieving sustain-
ability in rural and indigenous communities. This approach
utilizes local expertise and resources, ensuring conservation
and social-economic resilience.20 Therefore, the shi towards
a circular economy does not merely represent a technical or
economic adjustment but a deeper cultural and ecological
integration, where TEK can play a pivotal role in shaping
sustainable futures. This can help strengthen the treatment of
CE aspects in remote rural and indigenous communities.
Table 6 shows how TEK and CE intersect with respect to
communities, highlighting rural communities in particular.
The use of TEK can complement efforts in making consumer
products more sustainable, especially regarding resource use,
product longevity, design for end of life, and the reduction of
adverse environmental impacts. Using this approach is critical
to address the broader environmental challenges identied
through life cycle assessment studies, which have highlighted
signicant concerns regarding the consumption of water and
energy during the lifetime of household appliances. These
ndings underscore the need for a shi towards more
sustainable practices in producing and using consumer goods,
where TEK can provide valuable insights and
methodologies.23,57,60

Rural and indigenous people face distinct difficulties and
opportunities concerning the consumption of CDGs, and
tailored environmental measures must be formulated with the
knowledge and support from the communities. As shown in
Table 2, major appliances, furniture, and miscellaneous
durable goods generate signicant waste with recycling rates
varying greatly between categories. For instance, 58% of major
appliances are recycled, but only 5.6% of small appliances are
recovered. These issues emphasize the need to develop better
recycling technologies and infrastructure for recycling
processes, particularly in rural areas where such facilities are
scarce.43 Thus, it explains the need for better, less wasteful
manufacturing methods and more mindful, engaged
consumption. Concerning these aspects, avoiding such
Table 7 Case studies of indigenous-led CE projects

Indigenous community organizations

Daylu Dena (Kaska Nation)

Gitxaała Nation (Git Lax M'oon)

Gwa'sala-'Nakwaxda'xw Nations

Kanaka Bar Indian Band (T'eqt''aqtn'mux)

Mother Earth Recycling Inc.

Tsleil-Waututh Nation (səlilwətaɬ)

Vitatek Cleaning Solutions

2058 | RSC Sustainability, 2025, 3, 2048–2063
situations is very important in order to prevent severe health
and environmental issues, especially in remote areas where
there are several issues regarding a lack of repair service facil-
ities, low recycling amounts, and erosion of traditional skills for
repairing and maintaining durable goods.

Innovative approaches, such as regional cooperation, mobile
recycling units, and community-based initiatives, are emerging
to address these issues. Rural, remote communities can benet
from improving education, developing local processing capa-
bilities, and creating incentives for recycling to move towards
more sustainable waste management practices and contribute
to the circular economy by improving waste management
practices (Table 6).48,71

The integration of TEK at all stages of the CDG product life
cycle will not only positively impact the environment but also
foster inclusivity and equity in design, use and safe disposal for
rural communities. In the production andmanufacturing phase
of the product, resource-efficient, reliable, repairable, regener-
ative, re-purposable and recyclable materials may be used,
keeping in mind the production with sustainable biomass
residues, renewable energy and equitable end-of-life outcomes
for both positive use and environmental impact, all following
the guidelines from TEK. The middle phase that constitutes the
use phase of the life cycle is a consumer driven phase where the
CDG undergoes value creation from use and service. In this
phase, TEK can guide the use of renewable energy, the sacred
nature of water and therefore the responsible use of the product
with a mindset that its use is connected and interdependent on
the sharing of resources with other natural species and there is
accountability associated with it. The second life is the phase
where the product goes through reuse making it the most
suitable phase to proactively include product eco-design. In this
phase the shi in consumer behavior would also be the most
impactful making reuse, sharing, repurposing, pay-per-use, and
other collaborative measures to extend the shelf life of a product
or service a part of the business models.54,65–69 The end-of-life
phase is another phase where signicant development in
circular repurposing, refurbishment, redesign, recycling and
Projects

Reducing disposable tableware use and addressing plastic waste
through fabric reuse, community recycling bins, a quilt-making
program, and reusable dinnerware for gatherings
Expanding a reuse and recycling facility and piloting a method to
eliminate single-use containers by integrating commercial dishwashers
and reusable containers
Reducing and processing plastic waste within the community, installing
sorting bins, and providing reusable dishes for community events
Providing a commercial dishwasher and reusable dinnerware at the
community hall to reduce single-use dinnerware at events
Recycling windshields and laminated glass using specializedmachinery,
diverting material from landlls and recovering value
Leading a year-long awareness campaign through community events
and school-based activities to prevent and reduce plastic waste
Providing zero-waste, reusable containers for commercial cleaning
supplies in the Okanagan region

© 2025 The Author(s). Published by the Royal Society of Chemistry
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benign disposal can be integrated. Traditional knowledge of
natural decomposition processes may also be used in the design
of environmentally safe biodegradable materials.74 TEK may
inform the disposal stage with indigenous waste management
practices that have been rened and passed down through
generations if practiced75 or provide culturally appropriate
upcycling programs that are aligned with the values and tradi-
tions of the local community.74 Case studies of indigenous-led
circular economy initiatives in northern rural Canada incorpo-
rating TEK were studied to provide practical examples of
indigenous-led circular economy initiatives in northern rural
Canada. These projects showcase best practices for addressing
waste, recycling, and using sustainable materials in indigenous
communities. These projects are summarized in Table 7 and
illustrate how TEK is being used as a solution for local
sustainability.76
6. Challenges in implementing
circular practices

The CE, an economic model that aims to reduce waste and
optimize resource usage, presents inherent and external chal-
lenges to organizations and societies.77 One of the most
signicant challenges in a CE is the complexity of supply
chains. Global supply chains introduce complexity, as CE
principles must be implemented and coordinated across
different regions with varying economic, environmental, and
regulatory contexts.77 A circular model requires the integration
of recycling, refurbishing, and reuse processes instead of
traditional linear models in which products are manufactured,
used, and discarded. This integration requires a comprehensive
understanding of material ows, product design, and end-of-
life management, posing logistical and operational difficul-
ties.78 To facilitate these processes, CE requires substantial
investments in new technologies and infrastructure, a challenge
particularly acute for small and medium-sized enterprises
(SMEs) with limited nancial resources.79

Another critical challenge is changing consumer behaviors.
Circular models depend heavily on consumer participation in
recycling and product return schemes. However, changing
consumer habits is a slow and complex process, oen hindered
by a lack of awareness or incentives.29 A variety of factors can
inuence this transition, including policy frameworks, market
demand, and technological solutions. In addition to investing in
research and development, the CE may require new, more
sustainable products and processes.80 In addition, regulatory
frameworks play a deciding role. The absence of supportive
legislation or conicting regulations can prevent circular prac-
tices from being adopted. Effective policies encouraging circular
economy initiatives, such as extended producer responsibility or
incentives for sustainable product design, are crucial.12

Addressing the skills gap is a crucial part of transitioning to
a CE. Business models and processes inherent to this system
require specic skills in areas like sustainable design, waste
management, and reverse logistics.13 The CE model presents
a unique set of challenges and opportunities for rural
© 2025 The Author(s). Published by the Royal Society of Chemistry
communities. Geographic isolation and limited infrastructure
oen exacerbate the complexity of these supply chains, making
the implementation of recycling, refurbishing, and reuse
processes more challenging.77 SMEs in rural areas may face
signicant nancial obstacles when investing in new technol-
ogies and infrastructure necessary to implement CE practices.
Changing consumer behavior in rural areas can be challenging
due to limited access to recycling facilities and product return
programs.79

Rural communities, however, typically have stronger social
ties and a stronger connection to natural resources, which can
be utilized to promote the principles of CE. The skills gap in
sustainable design and waste management may be more
pronounced in rural areas, necessitating targeted education
and training programs.19 Despite these challenges, rural
communities have the unique opportunity to implement CE
practices, such as local food systems and renewable energy
projects, which can contribute to their economic resilience and
environmental sustainability.

Numerous technical challenges and issues are also associ-
ated with the transition to a CE even though it represents
a sustainable alternative to the traditional linear economic
model. Designing circular products is one of the primary chal-
lenges.56 This involves creating products that are not only
durable and long-lasting but also designed for easy disassembly
and recycling. Achieving this requires overcoming signicant
technical hurdles in materials science and engineering, as well
as in the design process itself.56 Another technical challenge is
the need for standardized materials to facilitate recycling and
remanufacturing. The wide variety of materials used in prod-
ucts, especially in complex electronics, makes recycling and
remanufacturing processes difficult and costly.15 Moreover, the
development of efficient and effective recycling technologies is
essential. Consequently, rural communities may rely on less
efficient recycling processes that result in downcycling.81 This
challenge requires advanced recycling technologies that can
maintain or even improve material quality.

Themanagement of supply chains in a circular economy also
presents technical challenges. Managing the return of used
products and materials for reuse, remanufacturing, or recycling
requires sophisticated logistics systems.81 Managing circular
supply chains in rural areas presents additional logistical
challenges due to geographic isolation and limited trans-
portation networks.82 In order to implement such systems, it is
necessary to overcome technological barriers related to the
collection, sorting, and transportation of used materials.29

The integration of renewable energy sources into circular
economy models is another issue. For maximum sustainability,
circular economies should be powered by renewable energy for
production, use, and recycling. Integrating these energy sources
poses technical challenges, particularly in storing and distrib-
uting the energy.77 Rural settings can be particularly challenging
when integrating renewable energy sources due to infrastruc-
ture limitations and a lack of specialized energy storage and
distribution knowledge.83

For a better understanding of the concepts discussed
regarding the problems, challenges, advantages, and options in
RSC Sustainability, 2025, 3, 2048–2063 | 2059
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Table 8 Comparative analysis of rural and urban challenges and opportunities in circular economy

Category Challenges in rural areas Challenges in urban areas Opportunities in rural areas Opportunities in urban areas

Waste management Limited waste collection;
accumulation of discarded
goods in landlls or
informal dumps

High waste generation;
landlls at capacity;
difficulties in segregating
recyclables

Community-led waste
management strategies;
reuse and upcycling
programs

Advanced sorting
technology; potential for
high-efficiency recycling

Access to repair
services

Lack of repair facilities and
trained technicians; high
transport costs make repairs
costly

Repair services are available
but expensive; planned
obsolescence discourages
repairs

Local training initiatives and
community workshops for
self-sufficient repair

Government incentives can
strengthen repair culture
and consumer awareness

Infrastructure &
recycling

Scarce recycling facilities;
low protability due to small
populations

More recycling facilities but
issues with contamination
and logistical inefficiencies

Potential for small-scale,
decentralized recycling hubs
and mobile units

Investment in large-scale
recycling infrastructure and
product take-back programs

Circular economy
integration

Limited policy enforcement
and awareness; reliance on
external markets for disposal

Strong policy frameworks
exist but face bureaucratic
resistance from industries

TEK integration for
sustainable product
lifecycles and repair
strategies

More stringent CE policies
pushing industries toward
sustainability

Economic viability Small businesses struggle
with circular models due to
logistical and nancial
constraints

More investment
opportunities but strong
competition and regulatory
burdens

Circular models can create
localized economic
resilience and jobs

CE startups have access to
investment, innovation, and
consumer markets

Community
engagement

Traditional knowledge and
community-based
approaches exist but lack
formal integration

Consumer-driven approach
to sustainability but lacks
community-centered
engagement

Stronger community ties
facilitate knowledge-sharing
and participation

Digital platforms improve
engagement in CE initiatives

Sustainability
potential

High dependence on local
natural resources; risk of
depletion without regulation

CE solutions are growing,
but urban resource
consumption remains
disproportionately high

Localized circular strategies
promote regenerative land
use and conservation

Tech-driven solutions can
improve circularity
outcomes
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rural and urban areas, all the information discussed above, has
been summarized in Table 8. This table compares the chal-
lenges and opportunities in rural and indigenous communities.

Finally, developing appropriate business models for CE
practices is a technical and economic challenge. Traditional
business models may not be suitable for achieving circular
practices, and creating new economically feasible and envi-
ronmentally sustainable models is a complex process.84

The challenges described above are either amplied or
impossible to overcome in the current northern rural commu-
nities' landscape without a systemic change. Therefore,
a customized, equitable and inclusive solution is warranted for
implementing CE in these communities. In northern rural
communities in Canada, by integrating TEK,18 the concept of CE
can lead to sustainable and culturally responsive resource
management practices. TEK can contribute to CE practices
through sustainable resource management, waste reduction,
and energy efficiency.19 For instance, TEK can inform the design
of circular systems that mimic natural cycles, such as utilizing
biomass residues and by-products as resources, using renew-
able energy and recycling materials.19
7. Conclusions and further
recommendation

Adopting an integrated approach that addresses various chal-
lenges and leverages multiple strategies to achieve a CE for
consumer durables while incorporating TEK is necessary.19 This
2060 | RSC Sustainability, 2025, 3, 2048–2063
paradigm involves embracing both indigenous and national
knowledge systems, by factoring them into the design of prod-
ucts, and building circular supply chain ecosystems. This, also
requires active participation of consumers, utilising renewable
technologies and implementing adequate policies.15,29,77,84

Organizations can design more sustainable and culturally
appropriate products by integrating TEK in product design and
lifecycle management, engaging remote and indigenous pop-
ulations, and applying eco-designmethods.62,85 These efforts are
further supported by the development of localized, inter-
connected supply chains, as well as sophisticated reverse
logistics systems.11,85,86 Also, educating consumers, providing
them with incentives, and reporting on progress achieved in
implementing such a practice will help facilitate a more active
approach to circular economy practices by the consumers.80,86,87

These approaches are consistent with many of the dened UN
SDGs, in particular supporting SDG 12 (Responsible
Consumption and Production) since the concept is about eco-
friendly design and decreasing the amount of waste produced.
It also promotes the achievement of SDG 9 (Industry, Innova-
tion, and Infrastructure) by developing innovative circular
supply chains and applying eco-design concepts. Likewise, the
integration of TEK and the importance given to public
involvement advance SDG 10 (Reduced Inequalities) and SDG
11 (Sustainable Cities and Communities). The advocacy for
using renewable energy in the framework contributes to the
realization of SDG 7 (Affordability and Clean Energy) and SDG
13 (Climate Action). Furthermore, the focus on local economies,
sustainable areas and activities facilitates the attainment of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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SDG 8 (Decent Work and Economic Growth) and SDG 15 (Life
on Land). Applying these circular economy concepts, including
TEK and a sustainable and fair society, where consumerism and
industrialism correspond to nature and native principles, can
help achieve other SDGS and promote environmental health
and economic vitality.10 It is also important to note that this
review analyzes the existing literature using previously analyzed
data to draw conclusions about the barriers to implementing
a circular economy integrated with TEK in northern rural
communities of Canada. Although policy implications that
inform improvements and provide recommendations are
considered in this review, a systematic policy evaluation is
needed to highlight how TEK can be integrated to build an
inclusive and equitable CE for CDGs rather than simply relying
on indirect regulatory frameworks. Data derived from the
literature may be limited in their generic application to all
regions as CE strategies must consider regional and local socio-
economic, environmental and cultural contexts.

Data availability

No primary research results or no new data were generated for
this review. All research analysed has been cited in this article.

Conflicts of interest

The authors declare no conict of interest.

Acknowledgements

We acknowledge the funding from the Social Science and
Humanities Research Council of Canada, under the Imagining
Canada's Future Ideas Lab: Canada and the Circular Economy
(award number 972-2021-00326) for this work.

References

1 U. C. Bureau, Census.gov, https://www.census.gov/en.html,
accessed 30 June 2024.

2 Statistics – Euromonitor: Passport, https://www-portal-
euromonitor-com.qe2a-proxy.mun.ca/StatisticsEvolution/
index, accessed 30 June 2024.

3 S. C. Government of Canada, Household Final Consumption
Expenditure, Quarterly, Canada, https://
www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3610010701,
accessed 12 February 2025.

4 O. US EPA, Durable Goods, https://www.epa.gov/facts-and-
gures-about-materials-waste-and-recycling/durable-goods-
product-specic-data, accessed 29 June 2024.

5 Consumer Spending, https://www.investopedia.com/terms/c/
consumer-spending.asp, accessed 30 June 2024.

6 O. US EPA, Guide to the Facts and Figures Report about
Materials, Waste and Recycling, https://www.epa.gov/facts-
and-gures-about-materials-waste-and-recycling/guide-
facts-and-gures-report-about, accessed 13 September 2024.

7 E. and C. C. Canada, Solid Waste Diversion and Disposal,
https://www.canada.ca/en/environment-climate-change/
© 2025 The Author(s). Published by the Royal Society of Chemistry
services/environmental-indicators/solid-waste-diversion-
disposal.html, accessed 25 September 2024.

8 O. US EPA, Advancing Sustainable Materials Management,
https://www.epa.gov/facts-and-gures-about-materials-
waste-and-recycling/advancing-sustainable-materials-
management, accessed 13 September 2024.

9 J. Yunis and E. Aliakbari, Generation and Management of
Municipal Solid Waste: How's Canada Doing?, 2021.

10 THE 17 GOALSjSustainable Development, https://sdgs.un.org/
goals, accessed 22 September 2024.

11 What is a circular economy?jEllen MacArthur Foundation,
https://www.ellenmacarthurfoundation.org/topics/circular-
economy-introduction/overview, accessed 30 June 2024.

12 J. Kirchherr, D. Reike and M. Hekkert, Conceptualizing the
circular economy: an analysis of 114 denitions, Resour.
Conserv. Recycl., 2017, 127, 221–232.

13 V. Moreau, M. Sahakian, P. van Griethuysen and F. Vuille,
Coming full circle: Why social and institutional
dimensions' matter for the circular economy, J. Ind. Ecol.,
2017, 21, 497–506.

14 K. Winans, A. Kendall and H. Deng, The history and current
applications of the circular economy concept, Renew.
Sustain. Energy Rev., 2017, 68, 825–833.

15 P. Ghisellini, C. Cialani and S. Ulgiati, A review on circular
economy: the expected transition to a balanced interplay of
environmental and economic systems, J. Clean. Prod.,
2016, 114, 11–32.

16 P. Lacy and J. Rutqvist, in Waste to Wealth: the Circular
Economy Advantage, ed. P. Lacy and J. Rutqvist, Palgrave
Macmillan, UK, London, 2015, pp. 168–188.

17 K. Monahan, Economic Tools to Reduce Household Waste and
Related Greenhouse Gas Emissions, 2018.

18 K. P. Whyte, On the role of traditional ecological knowledge
as a collaborative concept: a philosophical study, Ecol.
Process., 2013, 2, 7.

19 N. Houde, The Six Faces of Traditional Ecological
Knowledge: Challenges and Opportunities for Canadian
Co-Management Arrangements, Ecol. Soc., 2007, 12(2), 1–17.

20 M. Kellam, S. K. Talukder, M. Zammit-Maempel and
S. Zhang, Charting a course for a canadian transition to
a circular economy, 2019, pp. 1–108, https://www.mcgill.ca/
maxbellschool/les/maxbellschool/policy_lab2020.

21 A. Murray, K. Skene and K. Haynes, The Circular Economy:
An Interdisciplinary Exploration of the Concept and
Application in a Global Context, J. Bus. Ethics, 2017, 140,
369–380.

22 ISO 59004:2024(en), Circular Economy — Vocabulary,
Principles and Guidance for Implementation, https://
www.iso.org/obp/ui/en/#iso:std:iso:59004:ed-1:v1:en,
accessed 14 September 2024.

23 WCEF2021 Summary Report, Environment and Climate Change
Canada, 2021.

24 Introducing the New ISO Standards for the Circular Economy,
https://www.renewablematter.eu/en/new-iso-standards-
circular-economy, accessed 14 September 2024.

25 Planned Obsolescence: Exploring the Issue, European
Parlimant, 2016.
RSC Sustainability, 2025, 3, 2048–2063 | 2061

https://www.census.gov/en.html
https://www-portal-euromonitor-com.qe2a-proxy.mun.ca/StatisticsEvolution/index
https://www-portal-euromonitor-com.qe2a-proxy.mun.ca/StatisticsEvolution/index
https://www-portal-euromonitor-com.qe2a-proxy.mun.ca/StatisticsEvolution/index
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3610010701
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3610010701
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/durable-goods-product-specific-data
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/durable-goods-product-specific-data
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/durable-goods-product-specific-data
https://www.investopedia.com/terms/c/consumer-spending.asp
https://www.investopedia.com/terms/c/consumer-spending.asp
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/guide-facts-and-figures-report-about
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/guide-facts-and-figures-report-about
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/guide-facts-and-figures-report-about
https://www.canada.ca/en/environment-climate-change/services/environmental-indicators/solid-waste-diversion-disposal.html
https://www.canada.ca/en/environment-climate-change/services/environmental-indicators/solid-waste-diversion-disposal.html
https://www.canada.ca/en/environment-climate-change/services/environmental-indicators/solid-waste-diversion-disposal.html
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancing-sustainable-materials-management
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancing-sustainable-materials-management
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancing-sustainable-materials-management
https://sdgs.un.org/goals
https://sdgs.un.org/goals
https://www.ellenmacarthurfoundation.org/topics/circular-economy-introduction/overview
https://www.ellenmacarthurfoundation.org/topics/circular-economy-introduction/overview
https://www.mcgill.ca/maxbellschool/files/maxbellschool/policy_lab2020
https://www.mcgill.ca/maxbellschool/files/maxbellschool/policy_lab2020
https://www.iso.org/obp/ui/en/#iso:std:iso:59004:ed-1:v1:en
https://www.iso.org/obp/ui/en/#iso:std:iso:59004:ed-1:v1:en
https://www.renewablematter.eu/en/new-iso-standards-circular-economy
https://www.renewablematter.eu/en/new-iso-standards-circular-economy
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00623b


RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
ili

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
5/

07
/2

02
5 

21
:2

8:
41

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
26 A. E. Yurtesever, The Role and Importance of Shortening
Product Life Cycle with A Planned Obsolescence Strategy in
Green Marketing, J. Manag. Econ. Stud., 2023, 5(1), 20–34.

27 A. Sarkar, Minimalonomics: a novel economic model to
address environmental sustainability and earth's carrying
capacity, J. Clean. Prod., 2022, 371, 133663.

28 J. Walzberg, G. Lonca, R. J. Hanes, A. L. Eberle, A. Carpenter
and G. A. Heath, Do We Need a New Sustainability
Assessment Method for the Circular Economy? A Critical
Literature Review, Sustainability, 2021, 1, 1–20.

29 M. Geissdoerfer, P. Savaget, N. M. P. Bocken and
E. J. Hultink, The Circular Economy – A New Sustainability
Paradigm?, J. Clean. Prod., 2017, 143, 757–768.

30 Y. Geng, J. Sarkis and S. Ulgiati, Sustainability, well-being,
and the circular economy in China and worldwide,
Economy, 2016, 73–76.

31 N. Millar, E. McLaughlin and J. Börger, The circular
economy: swings and roundabouts?, Ecol. Econ., 2019, 158,
11–19.

32 B. H. Robinson, E-waste: an assessment of global production
and environmental impacts, Sci. Total Environ., 2009, 408(2),
183–191.

33 M. Heacock, C. B. Kelly, K. A. Asante, L. S. Birnbaum,
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