
Supplementary Information: Repair as a System-Level Enabler of Circularity in the Electrical and Electronic Equipment Sector

1. Supplementary Table S1. Interpretation and use of 10R circular economy strategies in the reviewed literature

Description: This table summarises how circular economy strategies (R0–R9) are defined and applied across the reviewed literature. It highlights variations in terminology, overlaps between strategies, and common ambiguities, particularly where concepts such as reuse, repair, refurbishment, and remanufacturing are used interchangeably or inconsistently across studies.

	R Strategy
	Definition
	Remarks on usage in literature

	R0 Refuse
	Avoid the use of certain products or raw materials altogether in the creation of goods, processes, or through services offered.
	For consumers, it often means declining to buy new products; for producers, it implies eliminating specific materials or inputs during manufacturing, or also refusing the need for the product altogether by offering an alternative.

	R1 Rethink
	Reconsider how products are designed, used, or provided (e.g. shifting ownership models or improving product use and maintenance).
	Often refers to rethinking business models or service models (such as product-as-a-service or shared use) to maximize product utility and longevity.

	R2 Reduce
	Use fewer raw materials and resources in products and services.
	Commonly discussed in the context of dematerialization—minimizing material and energy per product. Reduce frequently appears alongside R0 (Refuse) as a strategy to limit resource consumption.

	R3 Reuse
	Use products again for the same purpose instead of discarding them.
	In consumer contexts, reuse typically involves buying or selling second-hand goods for continued use. In production contexts, some authors use reuse to describe component reuse which may in fact indicate R6 (Remanufacture) or R7 (Repurpose) where parts of old products are used in new products.

	R4 Repair
	Extend a product’s life through maintenance and fixing of faults.
	Repair is widely used in its intended sense—fixing items to extend their use. It is often mentioned alongside other life-extension strategies (R3 Reuse, R5 Refurbish, R6 Remanufacture), though not all sources explicitly distinguish between these terms.

	R5 Refurbish
	Restore a used product into a like-new condition for extended use.
	Used in its intended sense especially in consumer contexts (e.g. consumers purchasing refurbished electronics). However, the term is not always explicitly used in literature; authors may simply describe this process as repairing and reselling products.

	R6 Remanufacture
	Rebuild a product (or create new products) using discarded or recovered parts, to serve the original purpose.
	In consumer-focused discussions, remanufacture appears when talking about the availability of remanufactured products (e.g. buying a remanufactured engine). In manufacturing literature, the process is sometimes not explicitly labelled remanufacturing – authors might refer to it as reuse of components, effectively describing remanufacturing without using the term.

	R7 Repurpose
	Reuse discarded product parts in a new product with a different purpose than the original.
	Literature often discusses similar concepts as creative reuse or adaptation of materials (for instance, in frugal innovation examples where waste materials are given new functions).

	R8 Recycle
	Process waste into raw materials for use in new products.
	Recycle is used in the conventional way (materials recovery from waste). Some authors also emphasize designing products with recycled materials, which ties this strategy to R2 (Reduce) or R0 (Refuse) by cutting down the need for virgin inputs.

	R9 Recover
	Retrieve remaining value from waste, often through energy recovery (e.g. incineration with energy capture) when material recycling isn’t feasible.
	The term recover is applied variably. Most sources use recovery to mean energy recovery from waste, while some include material recovery in this term. In fact, authors often treat recovery as a subset of recycling (e.g. discussing waste recycling processes that implicitly include energy recovery) without always distinguishing the two.



2. Supplementary Table S2. Barriers to circular economy implementation in the EEE sector identified in the literature

Description: This table presents the full set of barriers identified through the systematic review. Barriers are grouped into thematic categories and derived inductively from the coded corpus. They reflect behavioural, market, infrastructural, technological, and policy-related constraints affecting circular economy strategies across design, use-phase, and end-of-life stages.


	Barrier
	Sub-category
	Description
	Cited in

	Attitude and Behaviour
	Consumer Belief
	Psychological and cultural barriers driven by perceptions of quality, reliability, and status.
	[1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12]


	[bookmark: _Hlk226973142]
	Cost and Effort
	Practical barrier related to financial burden and logistical challenges.
	[1], [2], [3], [4], [9], [10], [11], [12], [13], [14], [15], [16], [17]


	[bookmark: _Hlk226973252]
	Hibernating
	The practice of storing unused electronics instead of returning them for reuse or recycling.
	[4], [13], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26]

	
	Awareness
	Lack of information preventing consumers from engaging in circular practices despite willingness.
	[4], [5], [11], [12], [13], [15], [21], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38]

	Collaboration
	Between EEE value chain
	Lack of collaboration across the value chain during product design and business models.
	[12], [20], [26], [27], [28], [37], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48]

	
	Consumer engagement
	Limited interaction between EEE actors and consumers leading to unclear roles and reduced participation in circular practices.
	[4], [5], [7], [11], [12], [13], [17], [29], [36]

	[bookmark: _Hlk226973527]
	Legislation and Industry
	Lack of collaboration between industry and policy leading to fragmented enforcement and limited circular innovation.
	[5], [28], [29], [35], [37], [46], [49], [50], [51], [52], [53], [54]

	[bookmark: _Hlk226973845]Information data
	Data on impact
	Challenges in quantifying the environmental and social impacts of circular practices.
	[4], [10], [15], [51], [55], [56], [57], [58]

	
	Data on repair
	Data needed for intermediaries to repair products effectively, including technical manuals and repair rights.
	[5], [6], [7], [11], [17], [29], [46], [59], [60], [61]

	
	Data to inform policy
	Data required to support policymakers in making informed decisions, planning, and prioritizing circular economy policies.
	[17], [22], [30], [42], [52], [62], [63], [64], [65], [66]

	
	Data for planning
	Operational data required for effective circular economy planning, including material flows, forecasts, and recycling capacities.
	[5], [13], [24], [33], [43], [46], [54], [56], [63], [65], [67], [68], [69], [70]

	
	Data management tools
	Lack of tools and processes to systematically collect, track, and manage circularity data for effective decision-making.
	[5], [37], [54], [58], [71], [72]  

	[bookmark: _Hlk226974253]Infrastructure
	Digitisation
	The use of digital tools and automation to streamline operational processes, such as product identification and material tracking.
	[14], [17], [23], [28], [43], [45], [47], [56], [62], [63], [71], [73], [74], [75], [76], [77], [78], [79], [80], [81]

	
	Investment needs
	The requirement for significant financial resources to establish and scale circular economy infrastructure.
	[15], [17], [35], [37], [51], [54], [55], [63], [65], [76], [82]

	
	Missing lifecycle thinking
	The absence of a systems-based approach that considers product design, use, and end-of-life stages for circularity.
	[2], [7], [11], [12], [27], [28], [41], [44], [45], [46], [51], [55], [74], [79], [83], [84], [85], [86]

	
	Nature of e-waste
	The diverse and non-standardized composition of e-waste, leading to high variability in waste streams.
	[23], [29], [35], [44], [47], [48], [52], [59], [71], [73], [75], [87], [88], [89], [90], [91], [92], [93], [94]

	
	Systems & structures
	The lack of effective workflows, processes, and support structures to fully leverage existing infrastructure.
	[3], [8], [13], [17], [18], [55], [65], [73], [76], [79], [95], [96], [97], [98]

	[bookmark: _Hlk226974672]Market
	Cost vs benefit
	Economic imbalance between circular strategies and linear practices.
	[7], [8], [10], [27], [34], [39], [43], [46], [52], [55], [56], [61], [79], [86], [98], [99], [100]

	
	Waste Quantity
	Variability and volume of waste streams affecting circular operations.
	[13], [17], [20], [23], [28], [30], [32], [37], [42], [55], [58], [61], [65], [71], [76], [79], [88], [89], [101], [102], [103], [104], [105], [106], [107], [108]

	
	Finance & Economics
	Financial constraints and limited economic support for circular initiatives.
	[15], [20], [28], [34], [35], [36], [47], [65], [76], [79], [82], [86], [94], [109]

	
	Linear Lock-in
	Dependence on linear economic models with limited incentives for repair.
	[4], [7], [11], [12], [17], [29], [39], [59], [60], [68], [89], [104], [110], [111], [112], [113]

	
	Skills
	Shortage of technical skills and training for circular economy operations.
	[17], [29], [33], [37], [38], [47], [48], [59], [71], [74], [76], [79], [93], [94]

	
	Taxation
	Tax policies and financial regulations impacting circular economy practices.
	[8], [11], [13], [17], [46], [55], [65], [67], [74], [79], [83], [86]

	
	Trade laws
	Import/export restrictions and market regulations limiting circular trade.
	[8], [34], [35], [36], [54], [79], [94], [100]

	[bookmark: _Hlk226975295]Obsolescence
	In-built Obsolescence
	The deliberate design of products with a limited lifespan, often through design limitations, material quality, and technical restrictions.
	
[7], [9], [12], [13], [17], [19], [22], [29], [41], [59], [60], [61], [83], [108], [114]

	
	Perceived Obsolescence
	Consumer-driven obsolescence where products are discarded despite being functional, often influenced by marketing, trends, and social perceptions.
	[3], [4], [7], [9], [10], [11, p. 3], [17], [18], [19], [22], [26], [30], [38], [41], [51], [96], [111], [115]

	[bookmark: _Hlk226975535]Policy
	Complexity
	Fragmented policies and inconsistent frameworks across regions create compliance burdens and discourage innovation.
	[6], [8], [14], [16], [37], [45], [48], [72], [79], [83], [88], [100], [113]  

	
	Implementation
	Gaps between policy design, enforcement, and industry adoption hinder systemic circular economy shifts.
	
[13], [14], [17], [27], [34], [36], [37], [40], [62], [66], [79], [82], [83], [86], [94], [97], [116]

	
	Privacy & data security
	Data security concerns and intellectual property restrictions impede circular strategies, particularly in reuse and remanufacturing.
	[3], [22], [29], [50], [58], [60], [66], [72], [76], [77], [79], [89], [117], [118]

	
	Scope of policy
	Circular economy policies often focus narrowly on recycling, neglecting broader lifecycle strategies and systemic integration.
	[11], [12], [20], [27], [28], [37], [38], [58], [59], [63], [67], [68], [72], [73], [80], [83], [93], [102], [116], [119]

	[bookmark: _Hlk226975897]Standardisation
	Legislation & processes
	Lack of harmonization across regulatory frameworks complicates compliance and slows circular economy transitions.
	[9], [17], [18], [30], [35], [37], [49], [55], [58], [65], [67], [71], [73], [85], [98], [100], [105], [119]

	
	Product design
	Material complexity and non-standardized designs hinder effective recycling and disassembly.
	[13], [27], [32], [41], [45], [46], [47], [48], [52], [60], [67], [73], [87], [105], [108], [120]

	
	Taxonomy
	Inconsistent definitions and classifications of waste hinder reuse and proper material recovery.
	[6], [11], [27], [35], [54], [58]

	[bookmark: _Hlk226976119]Transparency
	Informal sector
	The informal sector dominates e-waste management, handling approximately 65-75% of global e-waste.
	[13], [28], [35], [36], [37], [49], [68], [72], [91], [94], [96], [121]

	
	Transboundary movement
	E-waste is often exported from higher-income to lower-income regions, sometimes in violation of global agreements.
	[9], [17], [30], [35], [37], [54], [68], [79], [96], [112], [122]


3. Supplementary Table S3. Drivers enabling circular economy implementation in the EEE sector identified in the literature

Description: This table presents the key drivers supporting circular economy implementation in the EEE sector. Drivers are identified from the same coded corpus as barriers and organised into thematic categories. The table illustrates enabling conditions such as policy support, technological innovation, market demand, and collaboration mechanisms, and highlights their context-dependent effects across different actors and lifecycle stages.

	Driver
	Description
	Cited In

	[bookmark: _Hlk226976351]Affordability
	The price advantage of repair, reuse and refurbished options reduces adoption barriers—especially for price-sensitive segments—and legitimises secondary markets for electronics. 
	[1], [8], [9], [10], [11], [16], [17], [46], [53], [95], [106]

	Awareness
	Growing consumer awareness of the environmental and social benefits of circular practices encourages more conscious purchasing, repair, and disposal decisions.
	[3], [6], [9], [10], [13], [15], [17], [31], [65], [72], [106]

	Critical Material Resilience
	The concentration of valuable and scarce critical raw materials in e-waste drives circular initiatives focused on recovery, recycling, and material substitution, strengthening supply chain resilience and reducing dependency on primary resource extraction
	[8], [14], [35], [39], [46], [48], [66], [70], [72], [73], [75], [79], [81], [89], [89], [93], [96], [97], [112], [123]

	[bookmark: _Hlk226976685]Reduced material costs 
	Incorporating recycled or closed-loop materials lowers raw material procurement expenses, offering producers a cost advantage while mitigating price volatility and supply risks associated with virgin resource markets.
	[3], [19], [35], [39], [46], [47], [56], [74], [76], [101]

	Reduced compliance costs 
	Integrating circular economy practices into production and value chains lowers regulatory risks by reducing emissions, product footprints, and waste, thereby minimising exposure to penalties and compliance-related costs under environmental and product regulations
	[3], [11], [30], [37], [50], [53], [62], [66], [68], [72], [98], [124]

	New Market Opportunities
	Circular business models—such as product-as-a-service, take-back schemes, and certified refurbished sales—enable producers to access new customer segments and revenue streams while extending product lifecycles and market presence.
	[11], [17], [29], [46], [56], [58], [65], [79], [86], [95], [106]

	Policy
	Circular economy transitions are accelerated by supportive policies—such as eco-design requirements, right-to-repair legislation, and extended producer responsibility—which create incentives for sustainable production, product longevity, and end-of-life resource recovery.
	[1], [2], [7], [11], [13], [14], [17], [18], [21], [27], [29], [37], [38], [49], [51], [53], [58, p. 3], [59], [66], [67], [69], [79], [84], [93], [96], [98], [99], [102], [107], [116], [125], [126]

	[bookmark: _Hlk226976984]Social benefits
	Circular economy practices generate employment, entrepreneurship, and skill development opportunities—particularly in repair, refurbishment, and recycling sectors—fostering inclusive economic growth and community-level resilience
	[11], [12], [17], [35], [48], [56], [82], [91], [93], [112]

	Technology advancements 
	Emerging technologies—such as digital tracking, automation, and advanced material processing—enhance the efficiency, traceability, and scalability of circular practices, enabling producers and intermediaries to implement circular models more effectively across the value chain.
(See supplementary table 4 for detailed list of technologies covered by literature)
	[12], [34], [35], [37], [46], [51], [58], [66], [72], [77], [95], [100], [118], [127], [128], [129]



4. Supplementary Table S4. Emerging and digital technologies identified in the reviewed literature and their roles in enabling circular economy strategies in the EEE sector

Description: This table provides an overview of emerging and digital technologies identified in the literature, including identification and traceability tools, automation systems, data-driven decision technologies, and digital platforms. It summarises their roles in supporting circular economy strategies, particularly in improving traceability, reducing uncertainty, enabling lifecycle coordination, and supporting repair, reuse, and recycling pathways.

	Category
	Technology
	Summary
	Cited In 

	Automation & Operations
	Robotics
	Robotics can improve the efficiency, speed, and safety of circular economy operations such as sorting, dismantling, disassembly, and recycling. They are especially valuable in handling complex or hazardous electronic waste streams. By increasing process consistency and recovery precision, robotics can improve the economic and environmental performance of circular systems.
	[58], [63], [71], [77], [100], [130]

	
	Human-Robot Collaboration
	Human-robot collaboration combines human judgment and dexterity with robotic precision and repeatability. In circular economy settings, this is useful for tasks like repair, disassembly, inspection, and component recovery, where full automation may be difficult. It can improve worker safety, operational flexibility, and resource recovery while keeping humans involved in higher-value decisions.
	[33], [58], [77], [100], [130], [131]

	Identification and Traceability Technologies

	Digital Product Passports
	Digital Product Passports help circular economy systems by storing and sharing information on a product’s composition, origin, repair history, and end-of-life options. This improves transparency across value chains and helps actors make better decisions about reuse, repair, refurbishment, and recycling. They can also support compliance, traceability, and coordination between manufacturers, service providers, recyclers, and consumers.
	[6], [17], [51], [57], [58], [59], [66], [70], [72], [74], [117], [125], [132]

	
	Product Identification (RFID, QR, SNR)
	Product identification technologies such as RFID tags, QR codes, and serial numbers make individual products and components easier to recognize and track. In a circular economy, this supports sorting, return flows, authentication, maintenance, and reverse logistics. These tools are especially useful for linking physical products to digital records and enabling traceable product journeys.
	[43], [52], [56], [95], [119], [124], [133]

	
	Sensor Technologies
	Sensor technologies help monitor the condition, usage, and performance of products and components over time. This can extend product life by enabling predictive maintenance, timely repair, and condition-based decision-making. In circular systems, sensors also help identify when products are suitable for reuse, refurbishment, remanufacturing, or material recovery.
	[34], [74], [77], [95], [108], [120], [124], [127]

	
	Internet of Things
	The Internet of Things connects products and assets through networks that enable real-time data collection and communication. In circular economy systems, IoT improves traceability, supports lifecycle monitoring, and enables smarter reverse logistics and asset management. It helps organizations move from reactive to data-driven circular strategies.
	[6], [12], [59], [72], [104], [118], [119], [124]

	Intelligent Data and Decision Technologies
	AI, ML, NLP
	AI, machine learning, and natural language processing help circular economy actors analyze large amounts of product, market, and operational data. They can support forecasting, automated classification, return prediction, product assessment, and decision-making across circular value chains. These technologies help make circular systems more adaptive, efficient, and scalable.
	[31], [58], [63], [77], [109], [134]

	
	Digital Twins
	Digital twins create virtual representations of products, components, or systems that can be used to simulate condition, use, and performance over time. In a circular economy, they help evaluate maintenance needs, remaining useful life, upgrade opportunities, and end-of-life scenarios. This supports more informed decisions about product life extension and resource recovery.
	[24], [31], [56], [59], [72], [74], [95], [101], [104], [106], [120], [124], [135]

	Platform & Exchange technologies
	Platforms and Marketplaces
	Platforms and marketplaces help connect buyers, sellers, repair actors, refurbishers, recyclers, and service providers. In a circular economy, they enable the exchange of used, repaired, refurbished, or remanufactured products and make circular options more visible and accessible to consumers. They also support ecosystem coordination by reducing transaction barriers and improving market participation.
	[1], [6], [8], [10], [11], [13], [15], [26], [31], [38], [41], [43], [56], [72], [90], [95], [101], [110], [135], [136]
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