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Abstract
The rapid expansion of electronic waste (e-waste) has emerged as a critical global sustainability challenge, with low- and middle-income countries (LMICs) bearing a disproportionate share of its environmental and health burdens. Large volumes of discarded electronics are processed through informal and weakly regulated systems that rely on manual dismantling, open burning, and crude material recovery, leading to widespread contamination of air, soil, water, and food systems. These environmental releases generate chronic exposure pathways that contribute to neurological, respiratory, reproductive, and developmental health risks, particularly among informal workers, women, and children. Using a narrative and conceptual review approach, this article synthesizes evidence across environmental science, public health, and circular economy literature to examine contamination pathways, human health impacts, and institutional constraints associated with e-waste management in LMICs. Building on this synthesis, we advance a health-embedded circular economy framework that integrates exposure reduction, equity, and governance into circular e-waste interventions. Our analysis demonstrates that circular strategies focused solely on material recovery are insufficient and may reproduce existing inequities if health protection is not treated as a core performance metric. Embedding public health considerations, social inclusion, and global responsibility into circular e-waste systems is essential for achieving sustainable and just transitions. Aligning e-waste governance with planetary health principles and the Sustainable Development Goals offers a pragmatic pathway to reduce environmental contamination, safeguard vulnerable populations, and transform e-waste from a public health liability into an opportunity for inclusive development in LMICs.
 Keywords: Electronic waste (e-waste), Circular economy, Environmental health, Informal recycling, Health equity
1. Introduction
The proliferation of electronic devices has transformed modern life, accelerating digital connectivity, economic productivity, and access to information. However, this rapid technological turnover has generated an unintended and escalating consequence: electronic waste (e-waste)(1). E-waste is now the fastest-growing solid waste stream globally, driven by shortened product lifespans, planned obsolescence, and expanding consumer markets. Recent estimates indicate that tens of millions of metric tonnes of e-waste are generated annually, with projections showing continued growth as digitalization intensifies across all sectors of society. Despite its high material value, e-waste remains predominantly managed through linear systems of production, consumption, and disposal, resulting in substantial environmental leakage and lost economic opportunity(2,3).
The global e-waste economy is deeply asymmetric. While high-income countries generate the majority of discarded electronics, low- and middle-income countries (LMICs) disproportionately absorb the environmental and health consequences of their disposal. Through a combination of legal trade in second-hand electronics and illegal transboundary dumping, large volumes of end-of-life devices are exported to LMICs, where regulatory oversight, waste infrastructure, and occupational protections are often limited. In these settings, e-waste processing is frequently undertaken by informal actors using rudimentary methods such as open burning, manual dismantling, and acid leaching to recover valuable metals. These practices release toxic substances including heavy metals and persistent organic pollutants into surrounding air, soil, and water, contaminating ecosystems and human settlements alike(4).
The burden of exposure in LMICs is neither evenly distributed nor accidental. Informal recyclers, often operating without protective equipment or health surveillance, face chronic occupational exposure, while surrounding communities experience secondary contamination through food, water, and ambient air(5). Children are particularly vulnerable, with evidence linking e-waste-related exposures to impaired neurodevelopment, respiratory illness, and long-term metabolic and reproductive effects. Women, especially those engaged in informal sorting or residing near recycling sites, face compounded risks during pregnancy and early child development(6). These patterns reflect broader environmental justice concerns, whereby populations contributing least to global electronic consumption bear the greatest health costs(7).
Despite increasing global awareness of e-waste as an environmental challenge, policy and research responses have remained fragmented. Environmental governance frameworks have largely focused on waste volumes, material recovery rates, and compliance with international conventions, while public health research has often examined exposure and disease outcomes in isolation from upstream economic and policy drivers(8). At the same time, circular economy approaches promoted as solutions to resource depletion and waste accumulation have primarily emphasized efficiency, recycling, and value retention, frequently overlooking health protection and equity considerations. As a result, circular economy interventions in LMICs risk reproducing existing harms if they prioritize material recovery without addressing unsafe labor conditions, informal sector realities, and exposure reduction(9).
This disconnect reveals a critical gap at the intersection of environmental sustainability, public health, and development. There is a pressing need for integrated frameworks that conceptualize e-waste not only as a material flow problem but also as a determinant of environmental and population health(10). In LMIC contexts, where informality dominates e-waste management systems, effective solutions must reconcile economic livelihoods with health protection, regulatory feasibility, and social inclusion. Moreover, responsibility for e-waste harms cannot be localized solely within LMICs; global production, consumption, and design decisions play a decisive role in shaping downstream risks(11).
This review addresses these gaps by synthesizing evidence on e-waste generation, environmental contamination pathways, and health impacts in LMICs through the lens of a health-centered circular economy. We advance the argument that closing the e-waste loop must be understood as a preventive public health intervention as much as an environmental or economic strategy. By integrating insights from environmental science, epidemiology, policy analysis, and circular economy scholarship, we propose an equity-informed framework for mitigating e-waste-related risks while supporting sustainable development.
The remainder of this article is structured as follows. We first present a conceptual framework linking e-waste flows, circular economy interventions, exposure pathways, and health outcomes in LMICs. We then examine environmental contamination mechanisms and associated ecological impacts, followed by a synthesis of human health evidence spanning occupational and community exposures. The role of the informal e-waste sector is critically assessed, highlighting both vulnerabilities and opportunities for inclusive transitions. We subsequently evaluate circular economy interventions and governance approaches relevant to LMIC contexts, before outlining future research and policy priorities. The article concludes by framing health-protective e-waste circularity as a global equity and planetary health imperative.
2. Conceptual Framework: Circular Economy, E-Waste, and Health
Conventional approaches to electronic waste management are grounded in a linear economic model characterized by extraction, production, consumption, and disposal. Within this paradigm, end-of-life electronics are treated primarily as residual waste rather than as carriers of both recoverable value and potential harm(12). Linear systems externalize environmental and health costs by allowing hazardous components to leak into ecosystems and human settlements, particularly in contexts where regulatory oversight and waste infrastructure are limited(13). In low- and middle-income countries (LMICs), this linearity is reinforced by global trade asymmetries, whereby discarded electronics from high-income economies are transferred downstream with little accountability for their eventual environmental and health impacts(14).
In contrast, the circular economy reframes e-waste as part of a closed-loop system in which materials, components, and products are retained at their highest possible value for as long as feasible. Circular strategies encompass upstream design interventions, such as durability, modularity, and design for disassembly; midstream practices including repair, reuse, and refurbishment; and downstream processes focused on safe recycling and material recovery. While circular economy models have gained prominence as tools for resource efficiency and waste reduction, their application to e-waste has often prioritized economic and material outcomes over human health considerations. As a result, circularity has sometimes been operationalized in ways that increase recycling intensity without adequately addressing exposure risks, particularly in informal processing environments(15).
This review advances a health-embedded circular economy framework that explicitly integrates exposure reduction and health protection into each stage of the e-waste lifecycle. Within this framework, circular interventions are evaluated not solely on their capacity to recover materials or reduce waste volumes, but also on their ability to minimize toxic releases, interrupt exposure pathways, and protect vulnerable populations. For example, design choices that eliminate hazardous substances or facilitate non-destructive disassembly reduce downstream exposure risks, while formalized recycling processes with appropriate safeguards can substantially lower occupational and community-level health burdens. Health is thus positioned as a core performance metric of circularity rather than a secondary or incidental outcome.
Equity is a central dimension of this framework, particularly in LMIC contexts where e-waste management is deeply intertwined with informal economies and social vulnerability. Informal workers often occupy the most hazardous positions within e-waste value chains while capturing only a fraction of the economic benefits. Women and children are disproportionately exposed through both occupational roles and residential proximity to recycling sites, reflecting broader patterns of environmental injustice. A health-embedded circular economy therefore requires deliberate strategies to redistribute risks and benefits, ensuring that improvements in material recovery do not come at the expense of those already bearing the greatest burdens(8,16).
Importantly, this framework recognizes informality not merely as a problem to be eliminated, but as a structural reality that must be engaged constructively. In many LMICs, informal e-waste workers provide essential collection and dismantling services that underpin existing recycling systems. Exclusionary formalization efforts risk undermining livelihoods and driving hazardous practices further underground. Instead, inclusive circular transitions should aim to integrate informal actors into safer, regulated systems through training, access to protective equipment, financial incentives, and participatory governance mechanisms(8,17).
Figure 1 summarizes this conceptual framework by linking global e-waste flows to local processing practices, environmental contamination pathways, and health outcomes within LMICs, while highlighting points of intervention across the e-waste lifecycle. By embedding health and equity considerations into circular economy thinking, the framework provides a basis for evaluating and designing e-waste interventions that advance environmental sustainability alongside public health and social justice goals.
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Fig 1: Circular Economy, E-Waste, and Health Equity Framework. This figure contrasts the linear “take–make–waste” model with a health-embedded circular economy approach. It highlights how reduce, reuse, recycle, and recover strategies can minimize e-waste, protect environmental and human health, and promote equitable outcomes particularly in low- and middle-income countries (LMICs).

3. Environmental Pathways and Ecological Impacts
Electronic waste constitutes a complex mixture of hazardous substances that, when improperly managed, are released into surrounding environments through multiple, interconnected pathways. In low- and middle-income countries (LMICs), where informal processing dominates e-waste handling, environmental contamination is driven less by isolated incidents than by routine, everyday practices embedded within local recycling economies. These practices transform e-waste from a contained solid material into a diffuse source of persistent environmental pollution(18).
A limited set of toxicants accounts for a substantial proportion of observed ecological harm. Heavy metals such as lead, mercury, and cadmium are prevalent in circuit boards, cathode ray tubes, batteries, and solder, and are readily mobilized during dismantling, burning, and acid leaching. Organic compounds, including brominated flame retardants and related additives, are released when plastic casings and wiring are combusted or mechanically fragmented(19). These substances are environmentally persistent, capable of long-range transport, and prone to bioaccumulation, making them particularly consequential even when released in small quantities. While e-waste contains a broader array of chemical constituents, these compounds serve as sentinel toxicants that illustrate the dominant contamination mechanisms observed across LMIC settings(6).
Airborne pathways represent one of the most immediate routes of environmental dispersion. Open burning of cables and electronic components, commonly used to recover copper and other valuable metals, emits particulate matter and toxic fumes that contaminate ambient air and settle onto surrounding surfaces. Fine particles laden with metals and organic pollutants can travel beyond recycling sites, depositing in residential areas, agricultural fields, and surface waters. This atmospheric redistribution expands the spatial footprint of contamination well beyond the point of processing, complicating containment and remediation efforts(4,20).
Soil contamination arises from both direct deposition and secondary accumulation. Acid leaching residues, dismantling debris, and ash from burned electronics are frequently discarded onto open ground, where metals and organic compounds bind to soil matrices. Over time, these contaminants can alter soil chemistry, reduce microbial diversity, and impair nutrient cycling. In agricultural zones located near informal recycling sites, contaminated soils pose risks to crop productivity and safety, particularly for leafy vegetables and root crops that readily accumulate metals. The persistence of these contaminants means that soil pollution can endure long after recycling activities cease, creating long-term ecological legacies(21,22).
Aquatic systems serve as both sinks and vectors for e-waste-derived pollutants. Surface runoff during rainfall events transports contaminants from contaminated soils and dumping sites into rivers, streams, and wetlands. In some settings, wastewater from informal recycling operations is discharged directly into surface waters, introducing dissolved metals and organic pollutants into aquatic food webs. Sediments can act as reservoirs for these substances, facilitating chronic exposure of benthic organisms and enabling trophic transfer to fish and higher predators. In communities reliant on local water bodies for drinking, irrigation, or fishing, aquatic contamination directly links environmental degradation to human livelihoods and nutrition(23).
The ecological impacts of these contamination pathways extend beyond isolated toxic effects to broader ecosystem disruption. Metal accumulation can impair plant growth, reduce species diversity, and alter community composition in both terrestrial and aquatic environments. Persistent organic pollutants interfere with endocrine and reproductive functions in wildlife, with implications for population stability and biodiversity. Importantly, these ecological effects feed back into human systems through the food chain. Crops grown in contaminated soils, livestock grazing near recycling sites, and fish harvested from polluted waters all represent pathways through which environmental contamination is internalized by human populations(24).
Taken together, these environmental pathways underscore that e-waste pollution in LMICs is not confined to waste sites but embedded within surrounding ecological and food systems. The diffuse and persistent nature of contamination challenges conventional waste management approaches and reinforces the need for upstream interventions. By interrupting these pathways through health-centered circular economy strategies such as safer design, controlled recycling processes, and containment of hazardous fractions it becomes possible to reduce environmental loading at its source, rather than relying on costly and often infeasible downstream remediation. This ecological perspective provides a critical foundation for understanding subsequent human exposure and health impacts, addressed in the following section.
4. Human Health Impacts
Human health impacts of e-waste in low- and middle-income countries (LMICs) arise from sustained exposure to complex mixtures of toxic substances released during informal and poorly regulated recycling activities. Unlike acute industrial accidents, e-waste-related health risks are characterized by chronic, low-to-moderate exposures that accumulate over time and operate across occupational, residential, and dietary pathways. These exposures are embedded within everyday economic practices and living environments, making them difficult to avoid and challenging to detect through conventional public health surveillance systems(6).
Occupational exposure in informal e-waste work
Occupational exposure represents the most direct and intense interface between e-waste and human health. Informal recyclers routinely engage in manual dismantling, open burning, and chemical extraction without adequate protective equipment or engineering controls. These activities generate inhalable particulates, toxic fumes, and dermal contact with contaminated materials, resulting in multi-route exposure to metals and persistent organic compounds. Workers are often exposed for prolonged periods, beginning in adolescence or early adulthood, which increases cumulative body burdens over the life course(25).
Health outcomes among e-waste workers consistently reflect the nature of these exposures. Neurological symptoms such as impaired cognition, reduced motor coordination, and sensory disturbances are commonly reported, reflecting the neurotoxic properties of metals such as lead and mercury. Respiratory conditions, including chronic cough, reduced lung function, and asthma-like symptoms, are linked to inhalation of fine particulate matter and combustion by-products. Reproductive and endocrine-related effects, including altered hormone levels and reduced fertility indicators, have also been observed, particularly among workers engaged in high-intensity recycling tasks. Importantly, these outcomes are shaped not only by toxic exposure but also by coexisting vulnerabilities such as poor nutrition, limited access to healthcare, and lack of occupational protections(26).


Community-level exposure and child health
Beyond the occupational setting, e-waste-related health risks extend into surrounding communities through environmental contamination of air, soil, water, and food systems. Residents living near informal recycling sites experience continuous background exposure, often without direct involvement in recycling activities. This diffuse exposure blurs the boundary between occupational and environmental health, transforming e-waste from a workplace hazard into a community-wide risk(27).
Children are particularly vulnerable to these exposures due to physiological, behavioral, and developmental factors. Higher rates of hand-to-mouth activity, greater absorption of certain metals, and ongoing neurodevelopment increase susceptibility to toxic effects. Evidence across LMIC contexts indicates that children residing near e-waste sites exhibit elevated body burdens of metals and organic pollutants compared to those in non-exposed areas. These exposures have been associated with deficits in cognitive performance, attention, and psychomotor development, as well as increased respiratory symptoms. Prenatal exposure further compounds these risks, as toxicants can cross the placental barrier and interfere with fetal development during critical windows of vulnerability(4,27).
Women of reproductive age represent another population facing compounded risks. In many LMIC settings, women participate in sorting and ancillary recycling activities or live in close proximity to e-waste sites while managing household responsibilities. Exposure during pregnancy has been linked to adverse birth outcomes, including low birth weight and preterm delivery, highlighting the intergenerational nature of e-waste-related health impacts. These patterns underscore that e-waste exposure is not confined to individual workers but is distributed across households and life stages(28).
Structural determinants and health inequities
The health impacts of e-waste in LMICs cannot be understood solely through toxicological mechanisms; they are deeply shaped by structural determinants. Informal e-waste workers often lack access to healthcare, social protection, and legal recognition, limiting opportunities for early diagnosis and treatment. Economic dependence on hazardous recycling activities constrains individual agency, forcing trade-offs between income generation and health protection. These dynamics reinforce cycles of exposure and illness that disproportionately affect marginalized populations, reflecting broader patterns of environmental injustice(29).
Moreover, global production and consumption systems externalize health risks to LMICs while concentrating economic benefits elsewhere. This asymmetry complicates accountability and underscores the need to frame e-waste-related health impacts as a shared global responsibility rather than a localized failure of waste management.
Surveillance gaps and limitations of existing evidence
Despite growing recognition of e-waste-related health risks, substantial gaps remain in surveillance and evidence generation. Most existing studies rely on cross-sectional designs, small sample sizes, and proxy exposure measures, limiting causal inference and the ability to assess long-term health outcomes. Biomonitoring is sporadic and geographically concentrated, leaving large regions and populations underrepresented. Health information systems in many LMICs are not configured to capture environmentally mediated diseases, leading to underdiagnosis and misattribution of symptoms(30).
Children and informal workers are particularly underrepresented in routine surveillance, despite bearing the highest risks. Longitudinal cohort studies, exposure registries, and integrated environmental–health monitoring systems are rare, constraining the ability to evaluate the effectiveness of interventions or track progress over time. These limitations highlight the need for health-centered metrics within circular economy initiatives, ensuring that reductions in material throughput are accompanied by measurable improvements in population health(31).
Taken together, the evidence indicates that e-waste constitutes a significant but under-recognized determinant of health in LMICs. The diffuse, chronic, and inequitable nature of exposure underscores the importance of upstream interventions that reduce environmental contamination and occupational hazards at their source. Addressing these health impacts therefore requires not only improved surveillance and healthcare access, but also systemic changes in how e-waste is designed, traded, and processed—an issue explored further in the following sections. Table 1 summarizes the major exposure stages, associated health risks, and health-protective intervention points relevant to e-waste management in LMIC contexts.
Table 1. Health-Relevant Leverage Points Across the E-Waste Exposure Continuum in Low- and Middle-Income Countries.
The table summarizes key stages of e-waste handling, dominant health risk mechanisms, populations most affected, and corresponding intervention points where health-centered circular economy strategies can reduce exposure and disease burden in LMIC settings.

	Stage of exposure
	Dominant health risk
	Population most affected
	Why risk persists
	Health-protective leverage point

	Manual dismantling and sorting
	Chronic dermal and inhalation exposure to mixed toxicants
	Informal workers
	Lack of protective equipment; economic dependence
	Formalized workspaces; PPE access; training(32)

	Open burning and crude metal recovery
	High-intensity inhalation of particulates and fumes
	Workers and nearby residents
	Low-cost recovery methods; weak enforcement
	Ban on open burning; safer recovery technologies(33)

	Environmental dispersion
	Accumulation of pollutants in soil and air
	Communities near recycling sites
	Residential proximity; unzoned land use
	Spatial zoning; site containment(34)

	Food-chain transfer
	Dietary ingestion of bioaccumulated toxicants
	General population
	Subsistence agriculture and fishing
	Food safety monitoring; site relocation(35)

	Prenatal and early-life exposure
	Disruption of neurodevelopment and growth
	Fetuses and children
	Maternal exposure; lack of screening
	Maternal health surveillance; relocation support(36)

	Long-term cumulative exposure
	Chronic disease risk over the life course
	Entire exposed population
	Absence of exposure registries
	Environmental–health monitoring systems(37)



5. The Informal E-Waste Sector: Challenge or Opportunity?
The informal e-waste sector occupies a central yet contested position within e-waste management systems in low- and middle-income countries (LMICs). Informal actors dominate collection, sorting, dismantling, and primary material recovery, forming the backbone of e-waste value chains in settings where formal infrastructure is limited or absent. This sector persists not because of regulatory failure alone, but because it fulfills critical economic functions, providing income opportunities for marginalized populations and enabling high rates of material recovery through labor-intensive processes. Any attempt to address e-waste-related environmental and health risks in LMICs must therefore grapple with informality as a structural feature rather than a temporary anomaly(8).
Economically, informal e-waste activities support livelihoods for large numbers of workers who face limited alternatives in formal labor markets. Low barriers to entry, flexible work arrangements, and immediate cash returns make informal recycling particularly attractive in urban and peri-urban settings characterized by unemployment and underemployment. Informal collectors also perform essential upstream services, including aggregation and sorting of discarded electronics, that are often underprovided by formal systems(38). From a circular economy perspective, this labor-intensive efficiency contributes to high rates of reuse and component recovery, underscoring the paradox that some of the most resource-efficient e-waste practices coexist with the most hazardous working conditions(8).
The health trade-offs embedded in informal e-waste work are substantial and persistent. Informal workers routinely operate in environments with elevated exposure to toxic substances, limited access to protective equipment, and no occupational health surveillance. The absence of regulatory oversight transfers the costs of material recovery from producers and consumers to workers and nearby communities, manifesting as chronic disease, reduced productivity, and intergenerational health impacts. These trade-offs are not the result of individual risk-taking but reflect constrained choices shaped by poverty, informality, and weak social protection systems. Framing informal e-waste work solely as a health problem risks obscuring its economic necessity and reinforcing stigmatizing narratives(39).
Formalization is often proposed as a solution to these challenges, yet conventional formalization approaches have frequently produced exclusionary outcomes. Efforts that prioritize licensing requirements, capital-intensive technologies, or strict compliance standards can displace informal workers without providing viable alternatives, inadvertently pushing hazardous practices into less visible and less regulated spaces. Such outcomes undermine both health protection and circular economy goals by fragmenting value chains and eroding trust between workers and authorities(40).
A more effective approach emphasizes inclusive formalization that integrates informal actors into safer, regulated systems while preserving livelihoods. This includes recognizing informal workers as legitimate stakeholders, providing access to training and protective equipment, and creating hybrid models that combine informal collection networks with formal processing facilities. Financial incentives, such as buy-back schemes and guaranteed pricing for safely processed materials, can align economic motivations with health and environmental objectives. Crucially, inclusive formalization shifts the focus from eliminating informality to transforming its risk profile(41).
Reconceptualizing the informal e-waste sector as a potential asset rather than an obstacle aligns with a health-embedded circular economy framework. When supported by appropriate policy, technology, and governance arrangements, informal workers can become key agents in exposure reduction and material recovery. Achieving this transformation requires moving beyond binary distinctions between formal and informal systems and toward adaptive governance models that balance economic inclusion with health protection. In this sense, the informal e-waste sector represents not only a challenge to be managed but also an opportunity to advance equitable and health-protective circular transitions in LMICs(8,42).

6. Circular Economy Interventions in LMICs: From Principle to Practice
Circular economy interventions are increasingly promoted as solutions to the environmental and resource inefficiencies of e-waste, yet their effectiveness in low- and middle-income countries (LMICs) depends on how well they are adapted to local economic realities, governance capacities, and health risks. In LMIC contexts, circularity cannot be reduced to recycling targets or material recovery rates alone. Instead, interventions must be evaluated by their ability to reduce toxic exposures, protect livelihoods, and operate within hybrid formal–informal systems. This section examines key policy, technological, and community-based pathways, alongside the structural barriers that shape their scalability(43).
Policy instruments: enabling circularity with accountability
Policy frameworks play a foundational role in shaping e-waste circularity, particularly through instruments that assign responsibility across the product lifecycle. Extended Producer Responsibility (EPR) schemes are among the most widely endorsed tools, shifting financial and operational responsibility for end-of-life management from municipalities and workers to producers. In LMICs, EPR has the potential to mobilize resources for safer recycling infrastructure, incentivize design changes, and internalize health and environmental externalities. However, its effectiveness is highly contingent on enforcement capacity and institutional design. EPR schemes that operate parallel to, rather than in coordination with, informal collection networks risk marginalizing the very actors who dominate e-waste flows(44).
International agreements, notably the Basel Convention and its amendments, provide an additional governance layer by regulating transboundary movements of hazardous waste. While these frameworks establish important legal norms, implementation gaps remain substantial in LMICs due to limited customs capacity, ambiguous classifications of second-hand electronics, and uneven political commitment. As a result, policy instruments alone are insufficient unless paired with domestic mechanisms that translate global obligations into locally enforceable standards. Health-centered circularity requires that such policies explicitly incorporate exposure reduction and worker protection as performance criteria, rather than focusing narrowly on waste diversion(45).
Technological pathways: aligning safety with feasibility
Technological interventions are central to operationalizing circular economy principles, yet many high-income country solutions are poorly suited to LMIC conditions. Capital-intensive recycling facilities, advanced automation, and centralized processing systems often face barriers related to cost, energy requirements, and supply chain fragmentation(46). More promising are modular, intermediate technologies that improve safety and efficiency without displacing labor. Examples include low-emission cable stripping devices, enclosed dismantling units, and non-acid-based metal recovery processes that reduce airborne and dermal exposures(47).
Upstream technological interventions also play a critical role. Design for durability, repairability, and disassembly can significantly reduce downstream hazards by minimizing the need for destructive processing. Eliminating or substituting hazardous substances at the design stage further lowers health risks throughout the lifecycle. While such design decisions are largely determined by global manufacturers, their health benefits accrue disproportionately in LMICs, reinforcing the importance of aligning circular design standards with global responsibility frameworks(43,47).
Digital technologies can further support circular transitions by improving traceability, facilitating collection logistics, and enhancing regulatory oversight. However, digital solutions must be carefully implemented to avoid excluding informal actors who may lack access to digital infrastructure. Technology, in this sense, should be understood as an enabler of safer systems rather than a substitute for inclusive governance(48).
Community-based and hybrid models: bridging formality and informality
Community-centered and hybrid models represent some of the most context-appropriate circular economy pathways in LMICs. These approaches recognize informal collectors and recyclers as essential system actors and seek to integrate them into safer value chains through cooperation rather than displacement. Cooperative recycling models, aggregation hubs linked to formal processing facilities, and public–private partnerships that leverage informal collection networks have demonstrated potential to improve material recovery while reducing health risks(42,49).
Hybrid models are particularly effective when they combine economic incentives with health protections(50). Guaranteed pricing for safely processed materials, access to protective equipment, and training programs can shift practices away from hazardous methods without undermining livelihoods. Importantly, these models redistribute value along the e-waste chain, ensuring that health gains are not achieved through economic exclusion. From a circular economy perspective, such arrangements enhance system resilience by maintaining high collection rates while improving environmental and health outcomes(51).
Barriers to scale: structural constraints and misaligned incentives
Despite the promise of circular interventions, scaling remains a persistent challenge. Financial constraints limit investment in safer technologies and infrastructure, while fragmented governance structures hinder coordination across agencies responsible for environment, health, labor, and trade. Informality itself complicates enforcement, as many regulatory tools are designed for formal enterprises and fail to engage decentralized actors effectively(52).
Global value chain asymmetries further constrain local action. LMICs often lack leverage over product design, material composition, and export practices determined upstream. Without stronger international alignment, local circular initiatives risk addressing symptoms rather than root causes. Additionally, metrics used to assess circular economy performance frequently emphasize recycling volumes or economic returns, obscuring health outcomes and equity impacts. This misalignment weakens accountability and limits learning across interventions(53).
Overcoming these barriers requires reframing circular economy implementation as a socio-technical transition rather than a purely technical fix. Health-protective circularity depends on coordinated policy design, appropriate technology selection, inclusive governance, and metrics that capture exposure reduction and well-being alongside material efficiency. When these elements align, circular economy interventions can move beyond incremental improvements and contribute meaningfully to environmental protection, public health, and sustainable development in LMICs. As illustrated in Figure 2, health risks emerge across multiple stages of the e-waste lifecycle but can be mitigated through upstream circular interventions.”
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Figure 2. Health Impacts and Circular Economy Intervention Points Across the E-Waste Lifecycle.
This figure maps the e-waste lifecycle—from product design and manufacturing through use, end-of-life handling, and recycling—onto dominant environmental release points, human exposure pathways, and associated health outcomes in low- and middle-income countries. It highlights key intervention points where health-centered circular economy strategies, including design for disassembly, extended producer responsibility, safe collection, inclusive formalization of informal recycling, and regulated material recovery, can interrupt exposure pathways and reduce population-level health risks. The figure emphasizes upstream interventions as preventive mechanisms that limit downstream environmental contamination and chronic health burdens.  Parajuly, K., & Wenzel, H. (2017). Potential for circular economy in household WEEE management. Sustainability, 9(5), 768. https://doi.org/10.3390/su9050768. Reproduced with permission from Parajuly and Wenzel (2017), Sustainability, 9(5), 768, under CC BY 4.0. 

7. Policy, Governance, and Global Responsibility
Effective e-waste governance in low- and middle-income countries (LMICs) is constrained less by the absence of policy frameworks than by persistent gaps in implementation, coordination, and accountability. In many settings, regulatory authority over e-waste is fragmented across environmental, trade, labor, and health agencies, resulting in overlapping mandates and weak enforcement. This institutional fragmentation limits the capacity to manage e-waste as a cross-cutting issue that simultaneously implicates environmental protection, occupational safety, and public health. As a result, policies often address isolated components of the e-waste system while failing to engage its full lifecycle or its health implications(54,55).
A central governance challenge lies in regulating informality within systems designed for formal enterprises. Licensing requirements, compliance standards, and reporting mechanisms frequently exclude informal actors who dominate collection and processing in LMICs. When governance frameworks fail to engage these actors, they inadvertently perpetuate unsafe practices while undermining policy effectiveness. Health-protective governance therefore requires adaptive regulatory approaches that combine enforcement with inclusion, enabling informal workers to transition into safer arrangements without loss of livelihood. This necessitates coordination between environmental regulators and labor and health authorities, an alignment that remains underdeveloped in many LMIC contexts(56).
Global responsibility is a defining yet often underacknowledged dimension of e-waste governance. High-income countries (HICs) drive global electronics production, consumption, and design decisions that shape downstream waste characteristics and hazards. Despite international agreements governing hazardous waste trade, transboundary flows of e-waste—often under the guise of second-hand goods continue to shift environmental and health risks toward LMICs. Addressing these asymmetries requires moving beyond compliance-oriented interpretations of international conventions toward shared responsibility frameworks that recognize upstream obligations for downstream impacts(57).
High-income countries and multinational manufacturers play a critical role in enabling health-centered circular transitions. Design choices that prioritize durability, modularity, and the elimination of hazardous substances can substantially reduce exposure risks across the e-waste lifecycle. Financing mechanisms that support safer recycling infrastructure and inclusive formalization in LMICs further redistribute responsibility along global value chains. Without such upstream engagement, LMIC-led interventions risk remaining reactive, addressing symptoms rather than structural drivers of harm.
Framing e-waste governance within the Sustainable Development Goals (SDGs) and planetary health discourse provides a unifying policy narrative. E-waste intersects directly with SDG 3 (Good Health and Well-being), SDG 8 (Decent Work and Economic Growth), SDG 12 (Responsible Consumption and Production), and SDG 13 (Climate Action). A planetary health perspective emphasizes that e-waste-related health risks are not localized externalities but manifestations of unsustainable global production systems that erode both environmental integrity and human well-being. This framing strengthens the case for integrated governance approaches that transcend sectoral silos and national boundaries(10,58).
Ultimately, effective policy and governance must reposition health as a central objective of e-waste management rather than a secondary concern. Aligning regulatory frameworks, global responsibility mechanisms, and sustainability agendas around health protection offers a pathway to more coherent and equitable circular economy transitions in LMICs.
8. Future Directions: Toward Health-Centered Circular E-Waste Systems
Advancing health-protective circular economy approaches for e-waste in LMICs requires a forward-looking agenda that integrates research, measurement, and innovation. Existing evidence has established the presence of environmental contamination and associated health risks, but significant gaps remain in understanding long-term impacts, intervention effectiveness, and system-level trade-offs. Addressing these gaps is essential for translating circular economy principles into measurable health gains.
From a research perspective, there is a pressing need for longitudinal and systems-oriented studies that move beyond cross-sectional assessments of exposure. Life-course approaches can illuminate how cumulative e-waste exposures interact with social and biological vulnerabilities to shape chronic disease risk. Integrated environmental–health surveillance systems, combining biomonitoring with environmental sampling and health outcomes data, would enable more robust causal inference and support evaluation of policy and technological interventions(59). Importantly, research agendas should prioritize populations most affected by e-waste, including informal workers, women, and children, who remain underrepresented in current datasets.
Measurement frameworks also require reorientation. Circular economy performance is typically assessed using material-centric indicators such as recycling rates, recovery efficiency, or economic value retention. While important, these metrics fail to capture health outcomes, exposure reduction, or equity impacts. Developing health-centered circularity indicators—such as reductions in ambient contamination, occupational exposure levels, or environmentally mediated disease burden would align evaluation with public health objectives. Equity-sensitive metrics that account for the distribution of risks and benefits across populations are particularly critical in LMIC contexts, where circular transitions can either mitigate or exacerbate existing inequalities.
Innovation pathways must similarly reflect contextual realities. LMIC-led innovation, grounded in local knowledge and economic conditions, offers opportunities to develop low-cost, scalable solutions that improve safety without undermining livelihoods. Such innovation extends beyond technology to include institutional arrangements, financing models, and participatory governance mechanisms. Supporting South–South knowledge exchange and strengthening local research and manufacturing capacity can reduce dependence on externally imposed solutions that may be poorly adapted to local systems.
Finally, future progress depends on reframing circular e-waste transitions as preventive public health strategies. This requires sustained collaboration between environmental scientists, public health researchers, policymakers, and affected communities. When health protection is embedded as a design criterion rather than an afterthought, circular economy initiatives can deliver co-benefits that extend beyond waste management to encompass social inclusion, resilience, and sustainable development.
Together, these future directions underscore that closing the e-waste loop in LMICs is not a finite technical challenge but an ongoing socio-technical transition—one that demands integrated knowledge, adaptive governance, and a sustained commitment to health equity.
9.  Conclusion
The global e-waste crisis represents a convergence of environmental degradation, public health risk, and structural inequity, with low- and middle-income countries (LMICs) bearing a disproportionate share of its burdens. This review has demonstrated that e-waste-related harms are not accidental by-products of technological progress, but predictable outcomes of linear production systems, asymmetrical global trade, and governance frameworks that externalize health and environmental costs. Informal processing practices, while economically indispensable, create persistent exposure pathways that contaminate ecosystems, disrupt food systems, and undermine population health across generations.
By advancing a health-embedded circular economy framework, this article reframes e-waste management as a preventive public health intervention rather than a narrow waste-handling challenge. Integrating circular design, inclusive formalization, and health-centered governance can interrupt exposure pathways at multiple points along the e-waste lifecycle, reducing toxic releases while sustaining livelihoods. Importantly, circular economy interventions that focus solely on material recovery risk reproducing existing inequities unless health protection and social inclusion are treated as core performance criteria.
The analysis further underscores that responsibility for e-waste harms extends beyond LMIC borders. High-income countries, manufacturers, and global supply chains shape the material composition, durability, and downstream hazards of electronic products. Aligning international trade rules, producer responsibility mechanisms, and sustainability agendas with public health objectives is therefore essential for achieving equitable and effective circular transitions. Framing e-waste within planetary health and the Sustainable Development Goals highlights its relevance to global commitments on health, decent work, and responsible consumption.
Ultimately, closing the e-waste loop in LMICs demands more than technical solutions or regulatory compliance. It requires a systemic reorientation that places human health and equity at the center of circular economy practice. When designed and governed with these priorities in mind, circular e-waste systems can transform a growing environmental liability into an opportunity for inclusive development, healthier communities, and more just global production systems.
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