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Abstract
Waste electrical and electronic equipment (WEEE) comprises a globally important waste stream due to the scarcity and value of the materials that it contains; annual generation of WEEE is increasing by 3-5% per annum. The effective management of WEEE will contribute critically to progress towards (1) realisation of the United Nations’ Sustainable Development Goals, (2) a circular economy, and (3) resource efficiency. This comprehensive review paper provides a critical and contemporary examination of the current global situation of WEEE management and discusses opportunities for enhancement. Trends in WEEE generation, WEEE-related policies and legislation are exemplified in detail. Four typical future WEEE management scenarios are identified, classified and outlined. The European Community is at the forefront of WEEE management, largely due to the WEEE Directive (Directive 2012/19/EU) which sets high collection and recycling targets for Member States. WEEE generation rates are increasing in Africa though collection and recycling rates are low. WEEE-related legislation coverage is increasing in Asia (notably China and India) and in Latin America. This review highlights emerging concerns, including: stockpiling of WEEE devices; reuse standards; device obsolescence; the Internet of Things, the potential for collecting space e-debris, and emerging trends in electrical and electronic consumer goods. Key areas of concern in regard to WEEE management are identified: the partial provision of formal systems for WEEE collection and treatment at global scale; further escalation of global WEEE generation (increased ownership, and acceleration of obsolescence and redundancy); and absence of regulation and its enforcement. Measures to improve WEEE management at global scale are recommended: incorporation of circular economy principles in EEE design and production, and WEEE management, including urban mining; extension of WEEE legislation and regulation, and improved enforcement thereof; harmonisation of key terms and definitions to permit consistency and meaning in WEEE management; and improvements to regulation and recognition of the informal WEEE management sector.
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Highlights

· Contemporary review of trends/insights to established/ emerging e-waste issues
· Four typical future WEEE management scenarios are identified & discussed
· Emerging concerns: stockpiling; reuse standards; obsolescence; Internet of Things (IoT), space e-debris
· Key areas of concern & measures to improve WEEE management identified & recommended
· Generation & management data standardisation required alongside political solutions

1. Introduction

Waste Electrical and Electronic Equipment (WEEE), also known as electronic waste (e-waste) is the world’s fastest growing single waste stream. Four key global issues make WEEE a priority waste stream, specifically: global quantities of WEEE (including outer-world materials such as space debris); resource impacts; potential health and environmental impacts; and ethical concerns (Ongondo and Williams, 2011; WEF, 2019). Annual generation estimates vary markedly because of diverse methodologies employed to quantify the volumes generated (Widmer et al., 2005; Ongondo et al., 2011; Baldé et al., 2015). The trajectory in the volumes generated remains upward and has raised concerns about WEEE management (Baxter et al., 2016), particularly WEEE that is subjected to inadequate end-of-life management and a significant quantity being exported to developing and frontier countries (Ongondo et al., 2011; Salhofer et al., 2016). Priority areas of concern include impacts on health and environment (Ongondo et al., 2011) and resource depletion. Proposed solutions include urban mining, which encompasses the cyclical material usage and flows within the human environment (Anthroposphere) (Ongondo et al., 2015; Pierron et al., 2017), involving a structured management system of resources which includes waste with the overarching aim of promoting resource conservation and environmental protection. This is in line with the concept of the Circular Economy (CE)
.
There has been an increase in research on WEEE in recent years as shown in the bibliometric analysis carried out by Zhang et al. (2019). Previous studies on WEEE have often focused on rudimentary management techniques and their potential adverse impacts on human health and the environment, particularly in developing countries (Osibanjo and Nnorom, 2007; Nnorom and Osibanjo, 2008a; Ongondo et al., 2011; Li et al., 2013; Igharo et al., 2014). There has been a growing body of research on WEEE as a secondary source of raw materials contained within them; precious metals (PM) and rare earth metals (REM) (Ongondo et al., 2015; Mueller et al., 2015; Pierron et al., 2017; Mueller et al., 2017) as well as the potential for prospecting of mineral-rich WEEE (urban mining) and the recovery of reusable EEE (Ongondo et al., 2015; Mueller et al., 2015; Pierron et al., 2017; Mueller et al., 2017; ProSUM, 2018). Work by Prasad et al. (2019) and Goodship et al. (2019) also provide case studies and analyses on WEEE management from a sub-national and international perspective. This present study examines the current global situation of WEEE management as well as providing some future perspectives on WEEE management. The key areas covered are as follows:
· Trends and scenarios of WEEE generation;
· Collection, recycling and disposal data from countries reviewed;
· Legislation and regulations pertaining to WEEE in countries and regions reviewed;
· Identification and classification of typical waste management scenarios;

· Future perspectives on WEEE, including emerging and novel WEEE streams; novel WEEE management concepts (including urban mining and distinct urban mines), and future WEEE management options.
2. End-of-life/Waste electrical and electronic equipment composition and generation 

2.1
Definitions
Electrical and electronic equipment (EEE) is defined as a gadget or piece or equipment that requires electrical currents or electromagnetic fields to perform the function for which it was designed and manufactured (Environmental Protecton Agency, 2017). A more detailed definition is given by the European Union (Directive 2012/19/EU) which defines it as:

 “… equipment which is dependent on electrical currents or electromagnetic fields in order to work properly and equipment for the generation, transfer and measurement of such currents and fields and designed for use with a voltage rating not exceeding 1000 Volts for alternating current (AC) and 1500 Volts for direct current” (European Union, 2012)
EEE is often designed to function for a period, after it ceases to function (end-of-life) or performs sub-optimally (obsolescence). When this occurs, the user or owner of the device may choose to discard it; when an item is discarded, it becomes waste EEE (WEEE or e-waste). WEEE includes peripherals and accessories that are included as part of the equipment at the time of disposal (WEF, 2019). WEEE is also a term used to describe EEE and its sub-components that have been, or intended to be, discarded by its owner with no intention of reuse (European Union, 2012).
2.2 Categories of WEEE

The use of EEE has become integral to present-day living and lifestyles and they exist in a myriad of forms, functionality and levels of complexity (Beigl et al., 2017). EEE, and by extension WEEE, are categorised using factors including size and weight, functionality and composition. W/EEE can be broadly classified into six categories (Baldé et al., 2015) as set out in the supporting information file. A broader classification by the European Union Directive on WEEE (2012/19/EU, Annex I) (European Union, 2012) and the total weight generated per category in 2016 are shown in the supporting information file.
WEEE is non-homogenous and forms a complex mixture of materials and components, often containing hundreds of different substances, many of which are potentially toxic (Williams, 2016). The composition of WEEE varies markedly, depending on the design and functionality of the device. Typically, WEEE comprises a mixture of different substances and, while constituent material fractions have varied over the years and between devices, certain substances are common. The main uses of all metals in EEE are summarised in Williams (2016), alongside estimates of geogenic and anthropogenic stocks. Ongondo, Williams and Cherrett (2011) noted that whilst the metal content of typical WEEE constitutes most of materials used in the manufacture of WEEE, components that are potentially more hazardous have reduced steadily. Generally, materials present in WEEE can be grouped into five categories (Tanskanen, 2013; Baldé et al., 2015; Beigl et al., 2017): 

· Ferrous metals

· Non-ferrous metals

· Glass

· Plastics

· Other materials

Ferrous metals tend to constitute the largest proportion of a typical WEEE in size and weight (Ongondo et al., 2011; Tanskanen, 2013; Baldé et al., 2015; Beigl et al., 2017). A summary of the composition of WEEE is provided by Williams (2016).
3. Global WEEE management

Global WEEE generation in 2019 was approximately 54 million tonnes (MT) (Forti et al., 2020), a rise from 45 MT reported in 2016 (Baldé et al., 2017), with a global average of 7.3kg/person/year. This generation rate is expected to increase significantly annually over the next few years, as can be seen in Figure 1, with total volume generated expected to rise to 75 MT by 2030 (Forti et al., 2020)
[image: image1.png]2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Year




Figure 1. WEEE generation between 2019 and 2030. Adapted from Forti et al. (2020)

Note: figures from 2020 onwards are projections; weight unit is in million tonnes (MT)
It is proving immensely challenging to develop strategies to manage WEEE effectively on a global scale (Williams, 2016). Different methods and scenarios of WEEE management occur around the world, with variation from region to region. The flows and movement of W/EEE can be intertwined and complex, often with unaccounted flows (Peagram et al., 2014). However, four typical management scenarios have been identified and classified.
Scenario 1 involves formally-documented and collected WEEE, in accordance with statutory requirements provided by existing WEEE/WEEE-related legislation (see Williams, 2016). The collection of WEEE in this scenario is usually carried out via municipal collection points, EEE producers and retailers or through dedicated pick-up arrangements. Items of WEEE collected are transported to specialised treatment facilities, where they are treated via processes (including manual disassembly, shredding and materials recycling) under controlled conditions to ensure environmentally sound manner (ESM) of treatment.

Scenario 2 is characterised by the direct disposal of WEEE together with commingled household waste (see Williams, 2016). Consumers dispose of WEEE together with non-segregated household waste. The commingled waste may then be destined for landfill or incineration, depending on prevalent disposal methods. 
Scenario 3 involves unofficial collection of WEEE. Waste brokers and dealers may be involved in these activities. Outcomes include recycling of collected WEEE at specialist facilities, refurbishment or exportation to developing countries. Unlike scenario 1, collected WEEE in this scenario is not officially documented, making generation and collected amounts difficult to audit or track; this may be due to the absence of legal requirements or framework for WEEE management. Consequently, treatment of WEEE collected may not be environmentally sound or WEEE may be destined for illegal export.

Scenario 4 is more prevalent in developing countries
 and involves informal collection of WEEE from consumers by waste brokers and scrappers (see Williams, 2016). These activities are not regulated as there is absence, or no enforcement, of legislation relating to WEEE management. Consequently, treatment methods are often basic and rudimentary; typically, collectors seek metal constituents within the WEEE and resort to open burning and acid leaching for metal extraction. This scenario, which involves reuse, repair and cannibalising WEEE for parts, also occurs within Europe. 
3.1
Europe 

WEEE management scenarios in the continent of Europe can be assessed from two different perspectives; European Union (EU) countries and non-EU countries. WEEE generation data from 2019 indicates that 12 million tonnes (MT) of WEEE was generated (see Figure 1) (Forti et al., 2020).
3.1.1
WEEE Directive

The Waste Electrical and Electronic Equipment Directive (WEEE Directive) is a legislative instrument established by the European Union to enable environmentally sound management of WEEE. In force since 2003, it sets targets for the collection and recycling of WEEE for all Member States (MS) (Eurostat, 2017). The primary aim of the WEEE Directive is the minimisation of the generation of WEEE by promoting and enhancing environmental performance through reuse, recycling and material recovery (Ongondo et al., 2011; Yla-Mella et al., 2015; Eurostat, 2017). As an EU Directive, each EU Member State is required to devise various schemes and strategies to achieve collection and recycling targets set by the Directive. The Directive classifies EEE broadly into 10 categories (Annex 1), although from 2018, all EEE has been classified into six categories (European Union, 2014).

The WEEE Directive (Directive 2002/96/EC) was established based on the principle of extended producer responsibility (EPR), mandating producers (manufacturers, importers) of EEE to collect end-of-use and end-of-life EEE from consumers and treating the collected volumes in an environmentally sound manner (European Union, 2003b; Widmer et al., 2005). When enacted, the Directive set a minimum collection target of 4 kg per person per year. Implementation of the WEEE Directive resulted in significant hurdles in Member States, particularly with legal and technical frameworks for collection and treatment (Ylä-Mella et al., 2014). To address some of these problems, the WEEE Directive was revised in 2012. The recast (Directive 2012/19/EU) aimed to provide more clarity on scope and set new collection targets, based on WEEE generation in each Member State (European Union, 2012; Yla-Mella et al., 2015). The Recast WEEE Directive (Directive 2012/19/EU) officially replaced Directive 2002/96/EC in 2014 and, from 2016, each Member State is required to collect, annually, a minimum of 45% of the average weight of EEE put on market (POM) in the preceding three years (Yla-Mella et al., 2015). From 2019, the minimum required collection rate will be 65% of average EEE put on market in the 3 preceding years, or 85% of annually generated WEEE within each Member State (European Union, 2012).

3.1.2
RoHS Directive

Directive 2002/95/EC (Restriction on Hazardous Substances Directive) came into force in 2004 with the primary aim of restricting the use of toxic substances lead, mercury, poly-brominated diphenyl ether (PBDE) and other persistent organic pollutants (POPs) in the manufacture of EEE (European Union, 2003a). The Directive was subsequently recast (Directive 2011/65/EU) to expand the restriction of toxic substances to more types of EEE, details of which are summarised in European Union (2017). 

3.2
Africa

An estimated 2.9 MT of WEEE was generated in Africa in 2019, with the highest quantities originating from western Africa (Forti et al., 2020). Also, a number of countries are the destination of significant quantities of WEEE exported by developed countries (Ongondo et al., 2011; Baldé et al., 2015; Snyman et al., 2015). The shipments, mostly imported as used electrical and electronic equipment (UEEE) are often not subjected to robust functionality tests before being exported (Ongondo et al., 2011). The trend, coupled with inadequate infrastructure for WEEE management and inadequacy or lack of WEEE legislation, has contributed to the WEEE management challenge in Africa.

While WEEE-specific legislation is lacking or not adequately enforced in many African countries, there are international agreements such as the Basel Convention and Bamako Conventions (see §3.2.1 and §3.2.2) to regulate and control trans-boundary movement of hazardous waste (including WEEE) (Li et al., 2013; Snyman et al., 2015).

3.2.1
The Basel Convention

The Basel Convention is an International Environmental Agreement (IEA), currently with 53 countries as signatories, which took effect in 1992 to control trans-boundary movement of hazardous waste. It specifically targets the restriction of movement of toxic waste from developed countries to developing/less developing countries (LDCs) (Andrews, 2009; Li et al., 2013). The Basel Convention has no direct influence on WEEE management or movement. However, with WEEE known to contain trace amounts of hazardous substances, its trans-boundary movement falls within the convention’s purview. The Basel Convention originated as a result of high profile transboundary movement of toxic waste, most notably the incident involving an Italian shipment of toxic waste to Nigeria in 1988 (Amanze, 2013). The Convention allows for movement of hazardous waste provided there is bilateral or multilateral agreement for its safe treatment within the countries importing the waste (Lepawsky and McNabb, 2010).

The assessment of the effectiveness of IEAs such as the Basel Convention is challenging partly due to lack of data on activities before the enactment of such agreements; this makes comparative and meaningful analysis difficult. However, it has been argued that the Basel Convention has failed to deliver on its mandate of limiting toxic waste trading (Andrews, 2009; Daum et al., 2017); the Convention permits trading of waste between member countries (as stipulated in Article 4 of the Convention
). There is also no provision in the Convention to strictly ensure the availability of appropriate treatment protocol in the importing country. It was the failure of the Basel Convention to curb dumping of toxic waste in Africa that led to the enactment of the Bamako Convention (UNEP, 2018).

3.2.2
Bamako Convention

The Bamako Convention is an African treaty adopted in 1991 that came into force in 1998. As with the Basel Convention, it restricts the importation into, and movement of hazardous waste, but within Africa. The Bamako Convention aims to complement the Basel Convention in the prevention of transboundary toxic waste to African countries (UNEP, 2018). The Convention also seeks - together with stemming transboundary waste movements – to protect African communities from the environmental and human health hazards posed by indiscriminate dumping of waste and uncontrolled incineration whilst creating a framework for the environmentally sound management of toxic waste (UNEP, 2018).

The effectiveness of the Bamako Convention in curbing transboundary movement of toxic waste has been the subject of considerable debate (UN Environment, 2018). It has been argued that the lack of an enforcement arm of the Convention stifles its potency in delivering on its mandate (Daum et al., 2017). This has been exemplified with the occurrence of high profile dumping incidents such as the Probo Koala incident 
 in Ivory Coast, and the net inward flow of e-waste to countries such as Ghana and Nigeria despite their being signatories to the Convention. As with the Basel Convention, the Bamako Convention in its current form only plays an advisory role and does not enforce member countries to comply with its mandate (UN Environment, 2018).
3.3
Asia

A high number of Asian countries have experienced economic prosperity in the last few decades, and this in turn has resulted in a steep rise in the amounts of WEEE generated (Ongondo et al., 2011; Baldé et al., 2017, Forti., 2020). In 2014, WEEE generation was an estimated 16MT (Baldé et al., 2015), with China alone contributing approximately 6 MT (38%). The figure for Asia increased to 24.9 MT in 2019 (Forti et al., 2020), constituting almost 50% of WEEE generated globally. This makes the continent of Asia the largest WEEE generator globally.

3.4
North America

North America has two of the most affluent countries globally in Canada and the United States of America, with GDP (PPP) of $45,000 and $57,000 respectively (OECD, 2018b). This is evident in the consumption and turnover of EEE in both countries.

3.5
Latin America

Latin America is experiencing increased penetration of ICT with sales of computers and mobile phones rising rapidly. As a whole, it generates over 4.5 MT of WEEE annually and this figure is expected to rise steadily (Forti et al., 2020). This can be attributed to rapid urbanisation, with a rate of 75% compared to the global average of 50% (de Oliveira, Bernardes and Gerbase, 2012). A number of legal and regulatory frameworks on WEEE exist in Latin America, which have led to WEEE management practices in some of the countries. 
A comprehensive country by country review of WEEE management is presented in Table 1.

Table 1. WEEE management in selected countries and regions
	Region
	Country example
	Generation rate (MT/year)
	Remarks

	Europe
	Finland


	0.11 (Forti et al., 2020)


	Finland had a producer responsibility scheme prior to the existence of the WEEE Directive for the management of waste tyres, waste paper and packaging (Ylä-Mella et al., 2014). The WEEE Directive was harmonised with existing legislation (Finnish Waste Act [1072/1993]) to establish a framework for WEEE management. The amended legislation (Finnish Waste Act 452/2004) requires producers to facilitate the management (including re-use and recovery) of EEE they put on the market, including bearing the costs incurred (Ylä-Mella et al., 2014).



	
	Germany
	1.60 (Forti et al., 2020)
	The WEEE Directive was transposed into Germany via the Act Governing the Sale, Return, and Environmentally Sound Disposal of Electrical and Electronic Equipment (ElektroG) (Walther et al., 2009). Producers are required to register with the Elektro-Altgeraete Register (National Register for Waste Electrical Equipment) (Rotter et al., 2011).

	
	Switzerland
	0.20 (Forti et al., 2020)
	Switzerland was the first country in the world to inaugurate a formal WEEE management system (Duygan and Meylan, 2015). The SENS, also known as the Swiss Foundation for Waste Management, is the first WEEE management EPR scheme in Switzerland which collects WEEE on behalf of manufacturers and retailers. Initially with a limited scope of just refrigerator and freezer collection, it later expanded to collect a wider range of household EEE (Ongondo et al., 2011).

	
	United Kingdom


	1.59 (Eurostat, 2017; Forti et al., 2020)


	The Environment Agency (EA) is responsible for the oversight of WEEE management in England (Ongondo et al., 2011; Environment Agency, 2017), and until 2013, Wales (Natural Resources Wales, 2017); in Scotland, the Scottish Environmental Protection Agency is responsible (SEPA, 2017). The WEEE Directive was transposed in the United Kingdom (UK) as the WEEE Regulation, which was fully implemented in January 2007 (Ongondo et al., 2011; WRAP, 2017).



	
	Other
	-
	The Balkan sub-region in Europe has, in the past, been a destination of WEEE from developed countries (Baldé et al., 2015). This, in addition to internally-generated WEEE, has led to challenges in WEEE management in the region. A few countries in the region have WEEE legislation including Albania, Bosnia, Slovenia and Bulgaria, the latter two being EU Member States. Albania generates 20KT of WEEE annually with 0.6Kg generated per person per year (Baldé et al., 2017), making it one of the lowest generators of WEEE in Europe. At the higher end of per capita generation is Slovenia which generates 16.1Kg/person/year and a total of 33KT annually. Bulgaria and Bosnia & Herzegovina generate 79KT and 25KT of WEEE respectively (Baldé et al., 2017). WEEE collection and recycling in relatively low in this region compared with western Europe, although Bulgaria reportedly collects over 60% of WEEE generated annually (Baldé et al., 2015).



	Africa
	Ghana


	0.05 (Forti et al, 2020)


	WEEE legislation was passed in Ghana in 2016. Known as the Hazardous and Electronic Waste Control Management Bill, 2016, it aims to bring some control to the WEEE management sector (Campen and Enders, 2016). It aims to regulate and restrict the influx of WEEE from abroad, as stipulated by the Basel Convention, and manage WEEE generated internally (Campen and Enders, 2016; Baldé et al., 2017).



	
	Kenya


	0.05 (Forti et al, 2020)
	Kenya is a signatory to both the Basel and Bamako Conventions that restrict the transboundary movement of WEEE (Ongondo et al., 2011). The Kenyan E-waste Act is the most recent WEEE related legislation but is yet to be formally approved and it stipulates the end-of-life management of WEEE as the responsibility of manufacturers (Baldé et al., 2017). EPRON (Extended Producer Responsibility Organisation of Nigeria) was set up in 2018 and it involves companies such as Dell and Microsoft (Forti et al., 2020).

	
	Nigeria


	0.3 (UNEP, 2019)
	Nigeria banned the importation of used electronics in 2011. WEEE/near end-of-life EEEs are often mixed with used electrical and electronic equipment (UEEE) (Ogungbuyi et al., 2012; Li et al., 2013). The NESREA regulation (National Environmental [Electrical/Electronic Sector] Regulations 2010 S.1.No 23) requires importers of UEEE to register with the National Environmental Standards and Regulations Enforcement Agency (NESREA) before commencing with importation (NESREA, 2016).



	
	South Africa
	0.41 (Forti et al., 2020)
	The Basel Convention is ratified by South Africa, although it is notably not a signatory to the Bamako Convention which places a complete ban on hazardous substances including WEEE. This is to ensure possible hazardous waste trading and recycling in the country (Snyman et al., 2015). There is a National Waste Management Strategy, under which WEEE is classified as hazardous waste (Snyman et al., 2015; Salhofer et al., 2017). The WEEE management plan developed by the electronics industry has been forwarded to the Department of Environmental Affairs, which is planning to introduce an EPR tax to be collected from producers of WEEE and used to fund producer compliance schemes (PCS) (Campen and Enders, 2016).



	
	Other
	-
	In North Africa and the Maghreb sub-region, Algeria generates 252 KT of WEEE with per capita generation of 6.2 kg/person/year (Baldé et al., 2017), making it one of the biggest contributors of WEEE in Africa (Campen and Enders, 2016; Baldé et al., 2017). Algeria currently has no WEEE-specific legislation and no recorded official collection of WEEE. Libya has a very high rate of annual WEEE generation per capita at 11 kg (Baldé et al., 2017); this rose from a reported 8.3 kg/person/year in 2014 (Baldé et al., 2015). There is little information on collection and recycling as formal recording does not take place. Mauritania is on the lower end of the generation trend as it produces 1.3 kg/person/year, lower than the continental average. The total amount generated in Mauritania in 2016 was approximately 5.1 KT (Baldé et al., 2017). Morocco is not known to have WEEE legislation; it produced 127 KT of WEEE in 2016 (3.7 kg/person/year). Tunisia has mooted plans to introduce a tax system believed to be for funding compliance schemes (Campen and Enders, 2016). Total WEEE generation is 63 KT (Baldé et al., 2017).

In eastern and southern Africa, Tanzania generated 38 KT of WEEE in 2016 (Baldé et al., 2017). There is no legislation on WEEE management and there is significant informal sector focused on collection and recycling. A partnership between Finland and Tanzania is in place for knowledge and skills transfer involving the assembling of 3D printers using material fractions from recycled WEEE (Gale, 2015). Rwanda drafted a policy on WEEE management in 2012 (Campen and Enders, 2016); the proposed WEEE management scheme is to be based on the EPR principle and the framework development is still ongoing. Madagascar generated 14 KT of WEEE in 2016 (Baldé et al., 2017). It put in place a decree in 2015 to develop a national electronic waste management plan based on EPR principle on historic and future WEEE streams (Campen and Enders, 2016). The Seychelles generated the highest per capita WEEE generation in Africa in 2016 (11.5 kg/person/year) (Baldé et al., 2017). This could be partly attributed to its high GDP and per capita income. WEEE in the Seychelles is reported to be generally commingled with general waste. Mauritius also on the high end with regards to WEEE generation estimates (8.5 kg/person/year) and currently has no WEEE-related legislation. 



	Asia
	China


	10.1 (Forti et al., 2020)
	WEEE-related legislation in China has been developed over the last decade, providing the legal framework for official collection and treatment of WEEE. The national legislation encompasses the collection and treatment of small and large electrical equipment such as TVs, refrigerators, washing machines; screen/monitors and ICT equipment (Wang et al., 2013) – 18% of total generated WEEE was reportedly collected in 2016, amounting to 1.3MT (Baldé et al., 2017). There is a system of formal WEEE collection in China which comprises licensed collection stations and recyclers.  These entities are in direct competition for WEEE with informal collectors who are more prevalent and easily accessible. Informal collection is mainly carried out by door-to-door pick-ups, mostly by street peddlers. The WEEE collected via these channels is rarely destined for official treatment systems (Cao et al., 2018), but goes to repair shops or dismantling houses, depending on the condition of the items.

	
	Hong Kong
	0.15 (Forti et al., 2020)
	Hong Kong recently established its first formal recycling plant for processing WEEE. The facility, which is government-supported in partnership with a German waste management company, handles large and small WEEE under strict and controlled conditions (Bland, 2018). This has been followed up with plans to impose a levy on imported EEE, with the income generated from this being used to fund the recycling facility (Bland, 2018). However, there remain illegal WEEE recycling sites still in operation and their impact on the environment is poorly understood due to a paucity of data (Lin et al., 2020).

	
	India
	3.2 (Forti et al., 2020)
	India introduced a WEEE-related legislation (E-waste Management and Handling Rules) which came into force in 2012 (Turaga and Bhaskar, 2017). In common with other WEEE legislation, it is based on an EPR framework. This regulation requires producers to attain set collection targets in an effort to boost collection and recycling rate in a country that still has a predominant informal WEEE sector (Turaga and Bhaskar, 2017); 95% of recycling is carried out in the informal sector (Awasthi et al., 2016). Under the regulation, producers (including recyclers and dismantlers) are required to register with state-controlled environmental regulators. The regulators-known as State Pollution Control Boards (SPCBs) are responsible for the issuance of permits for WEEE collection and treatment (Turaga and Bhaskar, 2017). The regulation has been amended to promote higher recycling rates. The amendment, similar to the changes made to the EU WEEE Directive, sets collection targets as a percentage of EEE put on market (Turaga and Bhaskar, 2017). The regulation has resulted in an increase in the number of registered WEEE treatment facilities (Turaga and Bhaskar, 2017).



	
	Japan


	2.1 (Balde et al., 2017)
	Japan was amongst the first countries in Asia and globally to develop and implement a WEEE management system based on EPR (Baldé et al., 2015; Sugimura and Murakami, 2016, Forti et al., 2020). In 2001, a law on WEEE recycling was introduced called Home Appliance Recycling Law (HARL) that specifically targets consumer electronics (Zhang and Kimura, 2006; Ongondo et al., 2011). Consumer electronics such as washing machines, air conditioners and TVs constitute the highest percentage of WEEE by volume and weight (Ongondo et al., 2011). The HARL law underwent amendment to include new and emerging consumer products such as LCD (Liquid Crystal Display) and Plasma TVs. The HARL law also requires producers of EEE to take back products that have reach end of life (EoL) and treat, with materials recovered reused or recycled (Aizawa et al., 2008; Ongondo et al., 2011).



	
	South Korea


	0.8 (Forti et al., 2020)
	WEEE generated in South Korea is managed using an EPR based system under the Waste Management Act (Act on the Promotion of Conservation of Resources) (Hyunmyung and Yong-Chul, 2006; Kim et al., 2013), which was introduced in 2003. There are collection networks within municipalities involving either kerbside drop-off points or door-to-door collection (Kim et al., 2013). Collected WEEE is then transported by authorised transporters to designated recycling facilities (Turaga and Bhaskar, 2017). Under the Korean WEEE Act, six hazardous substances are regulated (lead, cadmium, mercury, poly-brominated diphenyl ethers, hexavalent chromium & poly-brominated biphenyls). Coverage of EEE under the Act is limited to 10 types of EEE including refrigerators, washing machines, mobile phones and TVs (Kim et al., 2013).



	
	Vietnam
	0.25 (Forti et al., 2020)
	Vietnam’s WEEE-related policy, the Prime Ministerial Decision on E-waste, came into effect in 2016, with huge dominance of informal recycling and transboundary importation persisting (Baldé et al., 2017; Borthakur and Govind, 2017). EEE producers are presently responsible for only discarded EEE that originate from the production line, not consumer-generated WEEE (Borthakur and Govind, 2017).



	
	United Arab Emirates
	0.16 (Forti et al., 2020)
	There is currently no formal WEEE legislation in UAE, however a partnership with Switzerland is to deliver a recycling plant in Dubai which, when commissioned, will handle 39 KT of WEEE annually (Gulf Today, 2017).



	North America
	Canada


	0.7 (Balde et al., 2017; Forti et al., 2020)
	Canada has no federal WEEE legislation. However, the Ministry of Environment is responsible for WEEE management. The management of WEEE in Canada is predominately handled by the private sector under a Stewardship Programme:  Electronic Product Stewardship Canada (EPSC) (Kumar and Holuszko, 2016; Baldé et al., 2017). Eight provinces have product stewardship programs in Canada - Alberta, British Columbia, Manitoba, Newfoundland & Labrador Nova Scotia, Ontario, Quebec and Saskatchewan (Kumar and Holuszko, 2016; Borthakur and Govind, 2017). These programmes have resulted in proliferation of WEEE management organisations in the provinces. These organisations require operating licences, which are issued subject to an audit carried out by the Recycler Qualification Office (RQO). The RQO runs the national Recycler Qualification Programme, which ensures that WEEE is recycled in an environmentally safe manner (Recycler Qualification Office, 2015). The recyclers mainly collect and recycle laptops, personal computers, together with other associated peripherals and small household appliances.



	
	United States of America
	6.9 (Forti et al., 2020)
	WEEE management in the USA varies between states as there is no federal legislation on WEEE. California, in 2003, adopted a management system which laid financial responsibility by the consumers of EEE for EoL management (Li, 2011). The state of Maine followed with an EPR-based e-waste law in 2004, which is based on involvement of all stakeholders (producer, consumer & municipality) in shared responsibility of WEEE management (Ongondo et al., 2011; Borthakur and Govind, 2017). Different schemes and initiatives exist in the USA for WEEE management. One of such is the National Strategy for Electronics Stewardship (NSES). The programme enables the promotion of environmentally safe EoL management of WEEE, reduction of WEEE exports to developing countries as well as encouraging concepts such as eco-design in electronics manufacturing (USEPA, 2017c). Its framework has been adopted widely for the development of action plans for WEEE management across different states in the USA (Baldé et al., 2017). Another initiative is the US-EPA managed Sustainable Materials Management (SMM) programme. This involves the partnership between the USEPA and original equipment manufacturers (OEMs) for the collection of WEEE from consumers. It also advocates for the purchase of certified ‘green’ electronics, particularly by federal agencies and to recycle generated WEEE at certified recycling facilities, including in states without WEEE takeback regulations (Baldé et al., 2017).

There are two certification programmes for the recycling of WEEE in the USA; the Responsible Recycling Standard for Electronic Recyclers (R2) Standard, which is run by the Sustainable Electronics Recycling International (SERI), and the E-Stewards certification programme, by Basel Action Network (BAN). The programmes provide accreditation to electronic recycling facilities, subject to auditing and meeting set criteria. Over 550 recyclers in the US across different states are accredited by one or both schemes (US-EPA, 2017b).



	Latin America
	Argentina


	0.46 (Forti et al., 2020)
	Argentina is a signatory to the Basel Convention, but it currently has no national WEEE legislation. Laws on hazardous waste treatment exist and currently cover the handling and treatment of WEEE (Torres et al., 2016). The national government is currently in collaboration with the National Institute of Industrial Technology on a programme that will establish WEEE recycling facilities and provide necessary training for relevant stakeholders (Torres et al., 2016). The primary objective of the programme is to increase collection and recycling rates, currently only 3% (Torres et al., 2016), and divert WEEE away from landfill.



	
	Brazil


	2.1 (Forti et al., 2020)
	Brazil has regulations and policies aimed at the management of WEEE. The National Solid Waste Policy (Waste Law) mandates every single stakeholder within the lifecycle of EEE to be responsible for its EoL management (Torres et al., 2016); the policy aims to promote reverse logistics of WEEE. There are recycling companies operating in Brazil, specialising in dismantling and recovery of materials such as aluminium, plastics and wires. Despite the significant increase in WEEE generation rate in Brazil, few authorised WEEE management systems are present, with large quantities of WEEE commingled with household waste and landfilled (de Souza et al., 2016).



	
	Bolivia


	0.04 (Forti et al., 2020)


	There is no WEEE legislation currently in Bolivia, but the government has a partnership with United Nations Industrial Development Programme (UNIDO) on tackling persistent organic pollutants (POPs) emitted from uncontrolled WEEE recycling



	
	Chile


	0.18 (Forti et al., 2020)


	Chile introduced a WEEE-specific law in 2016 which provides a legal framework for WEEE management via extended producer responsibility (Silva and Baigorrotegui, 2020).  The law is unique as, unlike other legislation in Latin American countries, it incorporates informal recyclers such as waste pickers into the WEEE management system (Silva and Baigorrotegui, 2020). 



	
	Colombia
	0.31 (Forti et al., 2020)
	Columbia generates an estimated 250 KT of WEEE annually (Kuehr et al., 2015; World Resources Forum, 2017). Regulation on WEEE is being developed that encompasses EPR principle for all categories of EEE including integrated management of WEEE (Forti et al., 2020). The first WEEE-related guidelines were set in 2013 which provided a framework for WEEE compliance schemes (Kuehr et al., 2015). This was followed up with a national policy on WEEE management in 2017 with key objectives including responsible consumption and proper end of life management of WEEE (World Resources Forum, 2017).

	
	Mexico
	1.2 (Forti et al., 2020)
	According to waste legislation in Mexico, WEEE is classified as special handling waste and there is a framework in place that sets out the responsibilities of various players (from manufacturers to consumers) (Cruz-Sotelo et al., 2016). Plans to expand current regulation to in order to increase collection and recycling of WEEE (Forti., 2020).

	
	Other


	-
	In Paraguay, a significant amount of the 44 KT of WEEE it generates is destined for open dumps, as there is currently no WEEE legislation. Peru, with rapid ICT penetration in recent years, generates 182 KT of WEEE mainly from ICT devices (Torres et al., 2016). WEEE-related legislation – the National Regulation for the Management of Waste Electrical and Electronic Equipment - specifies the roles of producers, retailers. Official collection occurs with planned capacity enhancements. Nicaragua’s generation of WEEE is estimated to be 2Kg/person/year (Central America Data, 2020) with total generation estimated at 11 KT in 2014 (Kuehr et al., 2015). There are no known official treatment channels for WEEE management (Central America Data, 2020).

Uruguay currently has no WEEE-specific legislation to deal with the 32 KT of WEEE it generates annually (Kuehr et al., 2015). Collected WEEE is dealt with mostly by manual disassembly and recovery of metals.



	Oceania
	Australia


	0.57 (Balde et al., 2017; Forti et al., 2020)
	Australia has regulations that cover WEEE management; the National Waste Policy (2009); Product Stewardship Act (2011); Product Stewardship (for TVs and computers) regulations and the National Television and Computer Recycling Scheme (NTCRS) (Morris and Metternicht, 2016). These regulations have led to the introduction of schemes for EoL management of WEEE. The Product Stewardship (TVs and computers) regulation that came into force in 2011 provides a legal framework for the establishment of the NTCRS for recycling services. These privately-funded schemes, supported by the national government, provide services for the collection and recycling of computers and TVs (Morris and Metternicht, 2016; Baldé et al., 2017). While the scheme does not cover other WEEE categories, it aims to attain 80% collection rate of computers and TVs (Australian Government, 2018). The Australia Mobile Telecommunications Association (AMTA) coordinates discarded mobile phones collection and recycling. It carries out collection and recycling through its accredited programme, Mobile Muster, which are then recycled (AMTA, 2018).



	
	New Zealand


	0.09 (Balde et al., 2017; Forti et al., 2020)
	There is currently no WEEE legislation in New Zealand. However, the government has explored the possibility of creating a product stewardship scheme by undertaking stakeholder consultations and WEEE data collection and analysis (Baldé et al., 2017).



	
	Other
	-
	WEEE management in the Pacific Island countries and territories (PICTs) is mostly informal. The Pacific Regional Waste Pollution Management Strategy was recently adopted to facilitate waste management in the sub-region (Baldé et al., 2017). Current and future WEEE management, alongside other waste streams, are included in this strategy. Another project backed by the European Union known as PacWaste, which is based in Samoa, is ongoing to collect relevant data on WEEE management, including generation data and current management practices in the Pacific Island Countries (Baldé et al., 2017).




4. Discussion 

4.1
Global scenarios and trends of WEEE

WEEE is the fastest growing single waste stream in the world with annual growth rate of 3-4%. This rapid growth is attributable to advances and evolution of EEE and the ever-increasing integration of these into day-to-day activities. While the developed countries (particularly in Europe and America) have been predominately the biggest generators of WEEE, developing and emerging countries in Asia and Africa are advancing in this regard (see Table 1). A summary of global generation figures is presented in Figure 2. In addition to terrestrial forms of WEEE, we note that there are likely > 500,000 pieces of anthropogenic space debris, many of which may be defined as WEEE. Whilst there is currently no mechanism for bringing space debris back to Earth for potential recovery, strategies for removing space debris are currently evolving (White and Lewis, 2014).
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Figure 2. Summary of global WEEE generation (kg/person/year).

Data from Forti et al. (2020)
Table 2. Global WEEE generation data for 2019; Adapted from Forti et al. (2020).
	Continent/Region
Population

Total WEEE

WEEE generated




(Millions)

generated (MT)

(kg/person/year)

	Africa


1,152                

2.9                                      
2.5
Americas

984                             
13.1                                    
13.3

	Asia


4,445


24.9

               
5.6

	Europe


740


12

               
16.3

	Oceania

42


0.7

               
16.1

	


Integrated WEEE management still presents a significant challenge. One of the most notable challenges in WEEE management is data reporting on generation and disposal of WEEE. The use of different methodologies for the classification and reporting of WEEE means that the data relating to generation, recycling and disposal available lack consistent meaning and value, and prevent meaningful comparison; data may be considered to be underestimated or misreported in some instances. Underestimation or misreporting is most likely for countries with notable informal recycling sectors. There is a standardised framework developed by the United Nations University which takes into account parameters such as total EEE put on the market, WEEE generated and collection rate (Baldé et al., 2015; 2017; Forti et al., 2020). The framework is based on classification of WEEE into six main categories (Annex III of the EU WEEE Directive). Table 3 summarises some changes in global WEEE management since 2011.
Table 3. Summary of WEEE management changes based on review of literature between 2011 and 2019. 
	Changes





2011



2019

	WEEE Legislation coverage


<44 countries


78 countries

	Total WEEE generated



35.8MT



54MT (approx.)

	% of WEEE officially collected


-



<20%

	EU WEEE Directive collection targets

4 kg/person/year


45% of EEE 









put on market 









in 3 










preceding years


WEEE management in Europe has evolved significantly since the transposition of The European Union WEEE Directive into the national laws of Member States. While countries such as Finland already had measures in place pre-dating the WEEE Directive, introduction of the WEEE directive has helped other EU Member States to put in place structures and mechanisms for WEEE management. The Recast WEEE Directive (2012/19/EU) aims to enhance recycling rates further by setting targets based on EEE put on market. 
Whilst imperfect, the defined framework has resulted in Europe being the top collector and recycler of WEEE globally, with a 42% recycling rate (Figure 3) (Forti et al., 2020). Of the total 12 MT generated in Europe in 2019, approximately 5.1 MT was reportedly collected (Forti et al., 2020). Although countries such as Finland and Sweden collect above the European average (55% and 69% respectively) (Eurostat, 2017), areas such as the Balkans and eastern Europe currently achieve lower collection rates. Africa has seen a surge in levels of ICT penetration and sales of consumer electronics in recent years. With widespread usage of electronics and electrical devices, due in part with to affordability and economic growth, many African countries, particularly in the Maghreb, western and southern sub-regions of Africa, use more EEE. There is also an influx of used electronics/WEEE from developed countries in Europe, America and Asia; this compounds the challenges of WEEE management in Africa, especially in West Africa where countries such as Nigeria and Ghana have booming activities in informal WEEE trading and recycling. With WEEE management strategies and legislation still sparse on the African continent, informal dismantling and recycling is rife, often resulting in adverse environmental and health outcomes (Nnorom and Osibanjo, 2008b; Ongondo et al., 2011; Ogungbuyi et al., 2012; Schluep et al., 2012; Li et al., 2013; Odeyingbo et al., 2016; Williams, 2016). The Basel Convention, as well as the Bamako Convention, have been ratified by a host of African countries, and countries such as Nigeria and Ghana have legislated against WEEE importation. A recent study in Nigeria to evaluate WEEE imports shows that the 2 main container ports in Lagos (Apapa and Tin-Can ports) still receive huge shipments of WEEE, mostly from China and the European Union (Odeyingbo et al., 2016).
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Figure 3. WEEE collection rate by region (Figures in million tonnes); Adapted from Forti et al. (2020).
Asia is home to over a third of the total global human population, with China and India accounting for over half of Asia’s total. The activity of China in the WEEE sector dominates, due to its population and economic power. As a major EEE manufacturer, and indeed, generator of WEEE, China influences the movement of electronics within the Asian region and beyond. China has legislation to regulate WEEE management, but the activities of the informal recycling sector still overshadow official management schemes; only 18% of WEEE generated (7.2 MT) in 2016 was officially collected and recycled (Baldé et al., 2017). India, with a population of over 1 billion, also contributes in terms of total WEEE generated in South East Asia region, though its per capita generation of 1.5 kg is amongst the lowest (Baldé et al., 2017). As in China, informal sector collection and recycling is highly established, involving over 1 million people (Baldé et al., 2017). Countries such as Japan and South Korea have developed their collection and recycling networks in recent years. WEEE generation is significantly high in the Middle East, especially in the Gulf nation states such as United Arab Emirates and Kuwait where turnover rates of EEE are amongst the highest in the world (Baldé et al., 2017).

In the Americas, there is distinct disparity between WEEE generation in the north and south. In North America, Canada and United States per capita generation is ca. 19-20 kg/person/year. Both countries have WEEE-related legislation which varies from state to state in the USA. Generation rates vary wildly; a state like New York would generate more WEEE than Wyoming due to huge difference in their respective populations. This also has an effect on decisions regarding the type and scale of infrastructure needed for WEEE management. However, WEEE collection in the USA is selective with only items such as video & audio equipment, screens & monitors, mobile phones usually covered in collection schemes. Canada collects a wider range of products, but the recycling rate is reported to be 20% (Kumar and Holuszko, 2016). In South America, WEEE-related legislation is not widespread, although countries like Argentina and Brazil have recently drafted related legislation for WEEE management. The WEEE generation rate is on the rise, as seen in countries such as Chile and Peru. Formal collection and recycling is currently not well-developed in the sub-region but with further development of WEEE legislation in the coming years, this is expected to increase steadily.

In Oceania, Australia and New Zealand are the largest producers of WEEE. While Australia has a product stewardship programme that has spawned schemes for takeback and recycling of WEEE, New Zealand is yet to develop a legal framework to support WEEE management.

4.2
Transboundary movement of WEEE

Transboundary movement of WEEE occurs on a global scale. Movements include new and used electrical and electronic products. UEEE are exported predominately from developing countries in Europe, Asia and America to less developed countries, where demand for cheaper used electronics has been high in recent years. However, due to difficulty in distinguishing between UEEE and WEEE, thousands of tonnes of the latter are shipped to developing and less developed countries, especially in Africa and Asia. These shipments can become burdensome to the importing country, many of which lack adequate infrastructure for environmentally safe WEEE management.

Transboundary movement is banned under the Basel Convention and signatory countries are expected to restrict the movement of hazardous waste, including WEEE, across their borders. This has done little to stem the movements in some signatory countries as WEEE is still imported under the guise of UEEE. Difficulty in distinguishing WEEE from UEEE, as well as loose enforcement at importing countries, has resulted in continued movement of WEEE. In Nigeria, for instance, despite the ban on the importation, shipments of WEEE make their way into the country as used electronics, with 19% of such electronics failing basic functionality tests (Odeyingbo et al., 2016). A high amount of electronics originates from the EU and China. Hopson and Pucket (2016), using Global Positioning System (GPS) tracking devices, confirmed the occurrence of transboundary movement of WEEE, mainly from the EU and United States to developing countries in Asia.

4.3
Contemporary Issues

4.3.1
WEEE and the Sustainable Development Goals (SDGs)

In 2015, the United Nations (UN), in collaboration with Member States, pledged to an ambitious plan for sustainable development. The plan involves achieving 17 major goals (SDGs) by the year 2030 (United Nations, 2017); goals include ending poverty and promoting sustainable prosperity. Waste management, among other activities, is crucial in the realisation of all 17 SDGs (WasteAid, 2016; Rodic-Wiersma & Wilson, 2017). Increased prosperity will lead to higher standards of living, and by extension, contribute to increase in the generation of WEEE. The environmentally safe management of WEEE contributes in some way to the attainment of all 17 goals, but contributes majorly to: Goal 3: Good health and well-being; Goal 6: Clean water and sanitation; Goal 12: Responsible consumption and production; Goal 13: Climate action
It is well known that crude treatment such as uncontrolled burning and recycling of WEEE    poses a health risk to those directly involved as well as the surrounding area. Contamination of air, water and soil by effluents emanating from such activities undermines actions towards achieving SDGs 3 and 6. In addition, closed-loop management of WEEE potentially helps with achieving goal 12 in ensuring recovery of secondary resources and minimisation of waste. The effective recovery and reuse or recycling of WEEE can contribute significantly towards a net climate benefit (SDG 13) (Clark et al., 2019).
4.3.2
Urban mining of WEEE

EEE are of different categories and forms. The constituents vary largely between different categories; while an electric kettle mainly consists of plastics and ferrous metals, a smartphone is a more complex mix of ferrous, non-ferrous metals and rare earth elements. As many as 60 elements can be found in some EEE; materials such as plastics, precious metals (PMs) and rare earth metals (REE) are commonly used to manufacture these products. Some examples are shown in Table 4. Technically, recovery of most of these constituents is possible due to recent advances in metallurgical and recovery technology (Hsu et al., 2019), though the economic viability is a crucial factor. In addition to mining for electronics in urban spaces on earth, there are plans to extend this to outer space with the recovery of potentially valuable materials from space debris from earth’s orbit (Devlin, 2019).

Table 4. Select material contents of WEEE and quantities; Adapted from Royal Society of Chemistry (2017); Forti et al. (2020)
	Material




Top primary producers

Quantities present 








in WEEE (2019) (in Kt; 








approximated)

	Iron (Fe)




China, Australia, Brazil


20,500

	Copper (Cu)



Chile, Peru, China



1,800

	Cobalt (Co)



Democratic Republic of Congo

13





China, Zambia

	Silver (Ag)



Mexico, Peru, China


1.2

	Gold (Au)



China, Australia, United States

0.2


An estimated value of 57 billion dollars of secondary raw materials is present in total WEEE generated in 2019 (Forti., 2020). With such value locked in WEEE, recovery of secondary materials is important to conserve depleting primary raw materials. This will involve a closed loop (circular economy) model of operation as the linear model leads to higher waste generation. Whilst WEEE can be seen an urban mine of valuable resources, it also contains potentially hazardous substances that, if not adequately handled and processed, can pose health and environmental risks. Such substances such as mercury and other heavy metals are the prevalent sources of pollution at sites of uncontrolled and crude recycling of WEEE.
4.3.3
REM availability

Rare earth metals (REMs) are a sub-category of metals which, together with rare light metals, rare refractory metals, rare scattered metals and rare radiation metals, belong to a larger group of metals, Rare Metals (RM) (Wang et al., 2017). Despite their name, REMs are a relatively abundant group of metals naturally occurring in the Earth’s crust. However, the difficulty and danger of extraction of these metals has meant that they are produced in limited quantities in few places in the world, predominately in China. Despite their ‘rarity’, their applications have become widespread in the areas of aviation, robotics and EEE manufacture. They are considered strategic resources for national economic and technological growth (Wang et al., 2017).
The use of REMs such as terbium and yttrium is crucial in the technology behind smart devices such as LED TVs, and China extracts and produces the largest amounts of REM (Schüler et al., 2011). This could lead to potential accessibility and supply issues with these metals in the future, especially as China has been known to place export quotas on them (Wilburn, 2012).

4.3.4
Device stockpiling/hoarding 

Holding on to devices after end of use (stockpiling/hoarding) is rapidly increasing, particularly with small electronic devices (Ongondo and Williams, 2011; Ongondo et al., 2015) and this largely contributes the ‘home landfill’ phenomenon. Small items are hoarded more often as they are more convenient to keep, requiring little storage space (Pierron et al., 2017). Their perceived value, together with users wanting to have a ‘back-up’ device, despite not being in use also, accounts for stockpiling and hoarding. 
4.3.5
EEE obsolescence 

Device obsolescence contributes immensely to WEEE generation challenges. This can occur in a number of ways: a device performing sub-optimally because of prolonged use (technical obsolescence); introduction of newer models which offer better economic value (economic obsolescence) (Nnorom and Osibanjo, 2008a). Miniaturisation and increased versatility of devices have contributed in the redundancy of older devices; this is common particularly with small, handheld smart devices such as smart phones and tablet computers, which are increasingly replacing larger devices due to their ability to access, produce and share digital media content. Device obsolescence occurs on a large scale after one-off events such as digital TV switchover and the gradual emergence of digital radio broadcasting. It is expected that device obsolescence will accelerate even further with emergence of new technologies, resulting in an increase in WEEE generation. New and emerging technology in areas such as electronic textiles (e-Textiles) and smart agriculture will in turn lead to the emergence of new WEEE streams as these new devices reach their end-of-life.
4.3.6
Internet of Things (IoT) and data protection

The Internet of Things is the term used to describe the interfacing and interconnectivity through a network (the Internet) between multiple EEE. This allows for the interaction and exchanging of data between the connected devices. Modern variants of devices such as toasters, refrigerators, portable speakers, as well as items such as coffee mugs, are becoming internet-enabled making them capable of accessing and storing personal information. It is estimated that the total number of IoT devices will exceed 30 billion by end of 2020 (Nordrum, 2016).

End of use (EoU) and end of life (EoL) management of IoT EEE can potentially result in personal data theft and security threats, as highlighted by Doyon-Martin (2015), which brings to fore concerns about data theft and other forms of cyber-crime. With more EEE becoming smart and IoT-enabled, there is growing concern about unauthorised access to, and usage of, personal information; indeed, data theft and unauthorised access to personal information is increasing (Kuchler, 2018; Murray, 2018).
4.3.7
Free-riding 

So-called “free-riding” occurs when EEE retailers do not register with a take-back scheme for EoL/EoU collection and management of W/EEE. The issue is particularly exacerbated by online trading of EEE by retailers and sellers. Registration of EEE producers and retailers with compliance and WEEE take-back schemes is required in certain countries. However, online traders are known to circumvent this; the issue being made more pronounced with the upward trend in online purchases.

4.4
Urgency-Importance Matrix
This matrix is used to aid decision-making by ranking actions or events in order of priority (Likert, 1932; Parducci, 1983; Krosnick & Fabrigar, 1997; Menold & Tausch, 2016).

A summary, including an Urgency-Importance matrix scores of the issues highlighted previously is presented in Table 5. 
	Contemporary issue
	Remarks
	
Urgency 
rating
	
Importance 
rating
	
Urgency/Importance 
score

	WEEE and SDGs 
	WEEE recovery + EoU EEE reuse contributes to realisation of SDGs, especially SDGs 3, 6 & 12
	3
	4
	12

	Urban mining of WEEE
	Materials recovery from discarded EEE/WEEE is in line with circular economy and a shift away from linear production and consumption
	3
	4
	12

	REM availability
	REMs such as indium and access to them are increasingly important with their use in devices such as LED flat panel displays (FPDs)
	2
	2
	4

	Electrical/electronic products stockpiling/hoarding
	Perceived value of discarded electrical/electronic devices + little or no EoL/EoU management infrastructure contributes to stockpiling/hoarding
	3
	4
	12

	Obsolescence
	Technical obsolescence likely to occur more rapidly as technological improvements are made, especially with consumer audio/visual electronics
	2
	3
	6

	IoT and data protection
	With more appliances becoming smart and internet-enabled, concerns over personal data stored within them will increase particularly after EoL/EoU
	2
	4
	8

	Free-riding of EEE
	Increase in online trading of EEE has resulted in 'free-riding' in countries/regions where EEE producers are required to belong to a PCS
	3
	4
	12


Table 5. Contemporary issues in WEEE management including urgency/importance rating.
Definitions for Urgency rating: 1: Requires action in 5+ years; 2: Requires action in 5 years; 3: Requires action in 2-4 years; 4: Requires action immediately. 

Definitions for importance rating: 1: Not important; 2: Least important; 3: Important; 4: Most important.
4 Future challenges
The demand for, and production of, EEE is expected to continue to rise in future. With technological advances and increased accessibility and penetration of electronics, WEEE generation is expected to rise substantially; globally, it is expected to exceed 50 MT by 2020 (World Economic Forum, 2019). New developments in fields such as artificial intelligence (AI) (Kelnar, 2019); e-textiles (smart textiles and wearables) for aesthetic, performance-enhancing and medical purposes, automated agriculture, clean and renewable energy technologies and space systems are expected to contribute significantly to WEEE generation soon. WEEE generation will also grow with increasing penetration of products such as 3D TVs, 5G cellular communications, virtual reality systems, flexible screen devices and electric vehicles. These new streams of EEE will reach obsolescence at some point and will require end of life or end of use management. Current attempts to collect e-waste related space debris (defunct satellites, spent rocket parts) (Devlin, 2019), using satellites that deploys a spring-loaded net and a tethered harpoon that aims to latch onto space junk and remove it from orbit - will eventually result in WEEE being returned to Earth for treatment and processing. Technological convergence (especially via media and digital convergence), changes in design and miniaturisation of EEE will increasingly make older and bulkier electronics less fashionable and hence they will be discarded in larger quantities. The advent of Internet of Things (IoT) devices and systems means that products will evolve to interface with one another and there will be huge redundancies of older devices that lack such integrative functionality. 

With the introduction of newer products, recycling of emerging WEEE streams may become challenging as facilities may suddenly become redundant with new waste streams. For instance, a recycling facility designed to handle CRT TVs would need a wholesale revamp to handle LCD/LED TVs or it will rapidly become redundant. This also applies to preparation for reuse of discarded but functional EEE as refurbishment may require the use of spare parts that may no longer exist. This may prove to be an obstacle for promoting the reuse of discarded devices in the future. Designing devices with the view of recycling will help alleviate this challenge. The use of modular design, as used in Fairphone
 mobile phones, promotes easier disassembly and recovery of materials that can then be recycled. This will only be achieved by putting pressure on manufacturers to adopt design for repair, refurbishment, reuse/recycling (D4R) in the design and manufacture of EEE (Hickey et al., 2014).
Developing and emerging countries will continue to record increases in EEE penetration, particularly with ICT devices. With internet connectivity increasing, countries in Africa and Asia will further enhance mobile telephony and usage of consumer electronics. This is expected to increase as the use of renewable energy and electrification, especially from photovoltaic (solar) panels - which themselves will increasingly contribute to future WEEE streams - become more widespread in countries with limited electrical power distribution. One-off events such as the digital switchovers for TVs (and potentially for radios), as occurred in the UK and other European countries in recent years (Ongondo et al., 2011), significantly add to the WEEE stream as older products reach obsolescence rapidly. This will become more prevalent, particularly in Africa in the near future where countries such as Nigeria have started the switch over from analogue to digital media transmissions.

The coverage of WEEE legislation is expected to accentuate as more countries and regions adopt legal frameworks to regulate WEEE management officially. Currently, some form of legislation covers approximately 66% of the world’s population, whether WEEE-specific or WEEE-related. Europe leads the way in this regard; the 28 Member States all have legislative coverage and North America also has 100% WEEE legislation (Baldé et al., 2017). Regions such as the EU are expected to increase recycling rates in accordance to the provisions of the Recast EU WEEE Directive, while developing countries in Africa and Asia will be pushing to adopt, improve and enforce legal frameworks for efficient and environmentally friendly WEEE management. The USA and Australia may eventually increase the coverage of their current collection and recycling schemes to include more product categories. Legislation globally will need to evolve to accommodate new EEE and future WEEE streams.
A key measure to ensure better WEEE management in the future is a unified understanding of WEEE terminologies and standardisation of WEEE data. This can be achieved by adopting a harmonised set of definitions and methodologies in data collection. Currently, only the EU implements WEEE management using a defined framework as specified in Directive 2012/19/EU (EU, 2014). Within this framework, key WEEE-related definitions are provided as well as the roles of all parties in a product’s lifecycle. Adoption of a unified framework in other regions would help to standardise data reporting and likely lead to better management of WEEE. Such measures will also need to take into account the importance of informal WEEE management to ensure data capture of these activities as well as standardising recycling to reduce negative environmental impacts. 
The exploration for and strain on natural resources for WEEE production will continue to rise, particularly if the current open-loop economic model persists (Mueller et al., 2015). With new electronic devices requiring the use of REM such as terbium and yttrium – currently mined actively in China, Korea and Japan - demand for these will increase. Cobalt, which is commonly used by mobile phone and electric vehicles (EV) manufacturers for producing batteries, is increasingly becoming essential. Future use of recovered cobalt from recycled mobile phones to produce batteries for EVs has been mooted (Sanderson, 2018). Other metals such as nickel are likely to be in higher demand as well, as the production of electric vehicles increases. Urban mining, especially from unique anthropogenic spaces, is expected to increase as separation and extraction techniques of PM and REE improve.
Circular economy approaches are becoming more popular and embraced to promote strategic waste minimisation and resource management. Studies by Mueller et al. (2015; 2017), Parajuly & Wenzel (2017) and Huisman et al. (2017) suggest that there is potential for circular economy and resource recovery from WEEE. Such potential should be the subject of further research, with attention paid to investigating the prospects of exploiting distinct and defined urban mines in order to recover more materials from WEEE; this is likely to have a significantly positive effect on the environment and human health by promoting circular economy (Pierron et al., 2017). An increase in recovery of reusable EEE will need to be matched with well-defined reuse standards for products (Dietrich et al., 2014).

5 Summary and Conclusions

This review provides a contemporary and comprehensive profile of current trends and insights to established and emerging issues relating to WEEE. The upward trend of EEE usage, with accompanying increase in WEEE generation, is expected to continue and with the advent of new and emerging technologies, services and systems, and space exploration and travel. Economic growth in developing and emerging regions of the world will ensure continued increase in the global usage of ICT and consumer electronics penetration due to more of the global population being able to afford electrical and electronic goods. WEEE recycling rates remain low, even in many developed countries with established WEEE management systems, and informal, unregulated recycling persists in many developing and emerging countries, especially in Africa and Asia.
Four typical WEEE management scenarios have been identified. Efficient and environmentally-sound WEEE management is largely dependent on the availability of data on EEE products put on the market, consumption and WEEE generation; this forms the basis of strategic planning with regard to establishing necessary infrastructure for WEEE management. Data reporting using commonly-agreed and harmonised methodology is essential in monitoring WEEE generation and flows. Just over 40 countries globally currently officially report WEEE statistics using harmonised methodology. As a result, the final treatment and destinations of WEEE are mostly uncertain in the majority of countries; uncertainty in this regard is likely higher where informal sector activities are prevalent. We propose that more countries will need to adopt and implement formal WEEE data reporting to ensure sound and effective management. Another important issue is enforcement of regulations and policy to ensure that WEEE is managed in an environmentally and ethically sound manner. This can be enabled by enacting relevant legal and regulatory frameworks for WEEE management. Whilst approximately 66% of the world’s population is covered by WEEE regulations and law, lack of effective enforcement remains a hindrance to proper WEEE management; this situation is not limited to less economically developed countries.

Our review highlights the current dominance and importance of the activities in the informal recycling sector for WEEE management. These activities are the sources of livelihood for many involved, despite the known potential for human health hazards and environmental pollution. A possible solution in the future is regulation of these activities, together with upgrading the activities in compliance with appropriate safety standards. This will involve the introduction of regulatory frameworks, where non-existent, and enforcement where related regulation already exists.
There is an increasing emphasis on resource recovery from waste (including space debris) as well as recovering reusable EEE, particularly in Europe. This creates the avenue for the urban mining of WEEE from defined anthropogenic spaces. WEEE is a potential source of a myriad of valuable materials, which can be prospected to obtain secondary raw materials. With collection rates currently low in most countries (and non-existent in space) and the stockpiling of WEEE common, valuable and critical raw materials within these items are potentially lost. Loss of such critical raw materials may compromise the future production of EEE. It is essential that circular economy approaches be adopted, as these will have a positive impact on the future management of WEEE. A clearer understanding of distinct urban mines will help in achieving this aim by enhancing resource recovery from WEEE, which will improve WEEE management. However, for an urban mine to be considered viable, there must be detailed and meaningful data and information about its attributes such as location, size, concentration of materials and resources to be prospected and products flows.
From this review the following conclusions can be drawn: (1) Globally, there are few countries or regions in which existing WEEE is properly collected and treated; (2) New and emerging technologies will continue to accelerate obsolescence and create new WEEE streams; (3) An increase in global WEEE legislation coverage, especially in Asia and Africa, is anticipated. In the EU, the EU WEEE Directive (Recast) will enhance collection and recycling rates; (4) Harmonisation of key terms and definitions in WEEE management and standardisation of WEEE data reporting is required for better management; (5) The activities of the informal WEEE sector need to be better regulated and recorded such that their value is known and risks to human health and the environment are reduced; (6) Manufacturers need to adopt circular economy principles from design to end-of-life of WEEE; (7) Stockpiling and hoarding need to be de-incentivised to allow for recovery of reusable and recyclable items; (8) A rapid move towards circular economic approaches to WEEE management and the urban mining of secondary raw materials from discarded EEE is necessary; (9) Recovery of reusable EEE which will turn require setting clear reuse standard for products to be reintroduced into the circular economy; (10) Synergy of activities amongst all players, from manufacturers to consumers, to properly tackle the WEEE management challenge is essential. Collaboration between all players as well as policy frameworks is required to solve the WEEE challenge.
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� Article 4 of the Basel Convention which gives provisions on waste trading between ratified members


� The Probo Koala incident involved the dumping of 500 tonnes of toxic waste by an international company in and around Abidjan, Ivory Coast in 2006


� Fairphone is a social enterprise company based in Amsterdam. It aims to develop smartphones that are designed and produced with minimal environmental impact.
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		Year		Collection rate (%)		Reuse/Recycling rate (%)				Year		Collection rate (%)		Reuse/Recycling rate (%)				Year		Collection rate (%)		Reuse/Recycling rate (%)

		2010		37		81				2010		45		80				2010		45		83

		2011		39		78				2011		46		82				2011		40		84

		2012		39		78				2012		48		80				2012		41		84

		2013		39		79				2013		48		79				2013		41		83
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		2015		38		77				2015		50		81				2015		42		79

		Year		Collection rate (%)		Reuse/Recycling rate (%)				Year		Collection rate (%)		Reuse/Recycling rate (%)				Year		Collection rate (%)		Reuse/Recycling rate (%)

		2010		39						2010		55		82				2010		38		80

		2011		35						2011		59		82				2011		39		82

		2012		33						2012		58		79				2012		42		83

		2013		33						2013		57		81				2013		46		83

		2014		36		81				2014		58		80				2014		50		84

		2015		44		81				2015		58		82				2015		55		83

		Year		Collection rate (%)		Reuse/Recycling rate (%)				Year		Collection rate (%)		Reuse/Recycling rate (%)

		2010		66		84				2010		48		84

		2011		77		84				2011		55		92

		2012		74		84				2012		53		84

		2013		78		84				2013		50		83

		2014		63		84				2014		51		83

		2015		62		84				2015		50		84

		Year		Collection rate (%)		Reuse/Recycling rate (%)				Year		Collection rate (%)		Reuse/Recycling rate (%)

		2010		32		88				2010		19		67

		2011		35		89				2011		21		80

		2012		36		89				2012		22		85

		2013		40		88				2013		32		82

		2014		47		88				2014		31		77

		2015		47		93				2015		41		76
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				Brazil		7.4
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				Madagascar		0.5
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				Mauritius		8.6

				Morocco		3.7

				Nigeria		1.5

				Rwanda		0.5

				Seychelles		11.5

				Tanzania		0.8

				Tunisia		5.6

				Australia		23.6

				New Zealand		20.1
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																						Country		WEEE Generation/capita (Kg/cap/year)

																						Rwanda		0.6

																						Madagascar		0.6

																						Tanzania		1

																						Kenya		1
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																						Mauritania		1.4
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																						Bolivia		3.6

																						Morocco		4.6

																						Peru		6.3

																						Tunisia		6.4

																						South Africa		7.1

																						Algeria		7.1

																						Paraguay		7.1

																						China		7.2

																						Albania		7.4

																						Bosnia		7.8

																						Chile		9.9

																						Mauritius		10.1

																						Brazil		10.2

																						Argentina		10.3

																						Libya		11.5

																						Bulgaria		11.7

																						Seychelles		12.6

																						UAE		15

																						South Korea		15.8

																						New Zealand		19.2

																						Germany		19.4

																						Finland		19.8

																						Singapore		19.9

																						Canada		20.2
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										Weight (Kt)										Weight (Kt)

								Albania		20								Bolivia		36

								Bosnia		25								Paraguay		44

								Bulgaria		79								Chile		159

								Finland		116								Peru		182

								Switzerland		184								Argentina		368

								United Kingdom		1632								Canada		724

								Germany		1884								Brazil		1534

																		U.S.A		6295

																				Weight (Kt)

																		Singapore		100												Weight (Kt)

																		UAE		134										Seychelles		1.1

																		Hong Kong		140										Mauritania		5.1

																		Vietnam		141										Rwanda		5.9

																		Bangladesh		142										Mauritius		11

																		South Korea		665										Madagascar		14

																		India		1975										Kenya		38

																		Japan		2139										Tanzania		38

																		China		7211										Ghana		39

																														Tunisia		63

																														Libya		70

																														Morocco		127

																														Algeria		252

																														Nigeria		277

														Weight (Kt)																South Africa		321

												New Zealand		95

												Australia		574





		



Weight (Kt)



		



Weight (Kt)



		



Weight (Kt)



		



Weight (Kt)



		



Weight (Kt)



		

																																																				Madagascar		0.6

																																																				Rwanda		0.6

																																																				Kenya		1

																																																				Tanzania		1

																																																				Mauritania		1.4

																																																				Ghana		1.8

																																																				Nigeria		2.3

																																																				Morocco		4.6

																																																				Tunisia		6.4

																																																				Algeria		7.1

																																																				South Africa		7.1

																																Bangladesh		1.2																		Mauritius		10.1

																																India		2.4																		Libya		11.5

																																Vietnam		2.7																		Seychelles		12.6

																																China		7.2

																																UAE		15

																																South Korea		15.8

																																Singapore		19.9

																																Hong Kong		20.2

																																Japan		20.4

																																				Albania		7.4								Bolivia		3.6

																																				Bosnia		7.8								Peru		6.3

																																				Bulgaria		11.7								Paraguay		7.1

																																				Germany		19.4								Chile		9.9

																																				Finland		19.8								Brazil		10.2

																																				Switzerland		23.4								Argentina		10.3

																																				United Kingdom		23.9								Canada		20.2

																																														U.S.A		21
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