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ABSTRACT 

Electronic waste (e-waste) has emerged as one of the fastest-growing waste streams globally, presenting 

significant environmental and economic challenges. This review examines various aspects of e-waste 

generation, management, and recycling, with a focus on sustainability, legislative frameworks, and 

technological advancements. The study aims to analyze the determinants of e-waste production, 

particularly in sectors such as cryptocurrency mining, electrical and electronic equipment disposal, and 

industrial waste streams. Using a comprehensive literature review methodology, relevant academic and 

industry sources were selected based on their contribution to understanding e-waste generation patterns, 

environmental and health risks, metal recovery processes, and circular economy solutions. The findings 

indicate that improper e-waste management leads to hazardous material exposure, loss of valuable metals, 

and environmental contamination. Additionally, socioeconomic factors, such as income disparity and 

regulatory inefficiencies, influence e-waste collection and recycling rates. The study highlights 

advancements in hydrometallurgical recovery techniques, bioleaching, and policy-driven recycling 

initiatives that can mitigate the adverse impacts of e-waste. Implications of this review suggest the need 

for robust policies, improved waste management infrastructure, and increased adoption of circular 

economy models to enhance resource efficiency and environmental protection. The findings contribute to 

the ongoing discourse on sustainable e-waste management, offering insights for policymakers, researchers, 

and industry stakeholders. 

 

INTRODUCTION 

The rapid advancement of technology and the growing demand for electronic devices have led to an 

unprecedented increase in electronic waste (e-waste). E-waste includes discarded electrical and electronic 

equipment (EEE) such as computers, smartphones, home appliances, and industrial machinery. Globally, 

around 53.6 million metric tons of e-waste were generated in 2019, with only 17.4% undergoing formal 

recycling processes [3]. This waste stream is expanding at a rate of 3-5% per year, making it one of the 

fastest-growing environmental challenges [1]. E-waste contains both valuable materials, such as rare and 

precious metals, and hazardous substances, including lead, mercury, and cadmium, which pose risks to 

human health and the environment [6]. 
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Despite efforts to improve waste management, the collection and recycling of e-waste remain inadequate. 

Socioeconomic factors, regulatory inefficiencies, and technological limitations contribute to the 

accumulation of improperly managed e-waste [9]. Additionally, industries like cryptocurrency mining have 

accelerated e-waste generation, as specialized mining hardware rapidly becomes obsolete, contributing to 

electronic waste accumulation [2]. 

The growing volume of e-waste poses significant environmental, economic, and social challenges. 

Improper disposal and informal recycling methods release toxic chemicals into the air, water, and soil, 

endangering ecosystems and human populations [5]. Many developing countries, where e-waste is often 

exported, lack the infrastructure to safely process this waste, leading to severe health and environmental 

hazards [10]. Additionally, the inefficient recovery of valuable materials from e-waste results in the loss of 

critical raw materials necessary for future technological advancements [4]. 

Legislative measures, such as the Waste Electrical and Electronic Equipment (WEEE) directive and the Basel 

Convention, aim to regulate e-waste handling. However, gaps in enforcement and the informal recycling 

sector continue to hinder effective e-waste management [1]. The lack of global coordination and the 

economic disparities among nations further exacerbate the problem, preventing the establishment of a 

circular economy that prioritizes sustainability and resource recovery [9]. 

This review aims to analyze the current state of e-waste management, focusing on challenges, 

technological advancements, and policy measures. Specifically, the study seeks to: 

1. Examine the key sources and determinants of e-waste generation, including industrial and 

consumer electronics, as well as emerging contributors such as Bitcoin mining [2]. 

2. Assess the environmental and health risks associated with improper e-waste management, 

including toxic metal contamination and exposure to hazardous chemicals [5]. 

3. Evaluate existing e-waste recycling technologies, including hydrometallurgical and bioleaching 

processes, and their effectiveness in recovering valuable metals. [6] [8] 

4. Analyze the impact of socioeconomic and policy factors on e-waste management, including 

regulatory frameworks, income inequality, and market structures [9]. 

5. Explore potential strategies for improving e-waste collection and recycling efficiency, focusing on 

circular economy approaches and sustainable business models [4]. 

By addressing these research questions, this study aims to provide insights into sustainable e-waste 

management practices, inform policymakers on effective regulations, and encourage industries to adopt 

circular economy principles. Understanding these aspects is crucial for minimizing environmental damage, 

optimizing resource recovery, and ensuring a more equitable and sustainable approach to handling 

electronic waste worldwide. 

LITERATURE REVIEW 

E-waste has become a major global concern due to its rapid increase and improper management. Various 

studies have explored the scale of e-waste generation, its environmental and health impacts, and strategies 

for sustainable management. 

Kumar et al. (2017) provided a comprehensive overview of e-waste generation, collection systems, 

legislative frameworks, and recycling practices worldwide [1]. They highlighted that while developed 

countries have structured recycling mechanisms, developing nations struggle with informal e-waste 

processing, leading to hazardous environmental consequences. Similarly, Nikou and Sardianou (2023) 

investigated the socioeconomic factors affecting e-waste collection across 27 European countries [9]. Their 

findings emphasized the role of income inequality, corruption, and gas market structures in influencing e-

waste management efficiency. 
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Jana et al. (2021) examined the electronic waste footprint of the Bitcoin network, revealing that mining 

activities significantly contribute to e-waste generation due to the frequent obsolescence of mining 

hardware [2]. This study introduced a machine learning-based predictive model to estimate future waste 

accumulation in the cryptocurrency industry. 

Another critical issue is hazardous material leakage from e-waste, as examined by Ryan-Fogarty et al. 

(2023), who studied the release of mercury from improperly disposed waste electrical and electronic 

equipment (WEEE) [3]. Their study found that significant quantities of mercury were lost to the 

environment due to inadequate disposal of screens, lamps, and electronic devices, underscoring the urgent 

need for improved waste handling mechanisms. 

A key challenge in e-waste management is the efficient recovery of valuable metals. Wei et al. (2023) 

explored hydrometallurgical processes for extracting rare and precious metals from waste LEDs, achieving 

over 99% recovery rates for copper and silver [8]. Similarly, Kopacek (2023) developed a mobile 

hydrometallurgy unit for recovering critical metals from printed circuit boards and lithium-ion batteries [7]

. These studies highlight the importance of advancing metal recovery techniques to make e-waste recycling 

more economically viable. 

Beyond technological solutions, scholars have also examined circular economy approaches to e-waste. 

Hidalgo-Crespo et al. (2024) introduced the Product-as-a-Service (PaaS) model as a sustainable business 

strategy that extends product life cycles through repair, refurbishment, and leasing [4]. This approach aligns 

with the circular economy framework, which aims to reduce material waste and optimize resource use. 

Several theoretical models underpin e-waste research. 

1. Circular Economy (CE) Model – This model promotes resource efficiency by extending product life 

cycles through reuse, repair, refurbishment, and recycling [4]. Scholars argue that a shift from linear 

to circular economic models could significantly reduce e-waste accumulation while enhancing 

material recovery. 

2. Environmental Risk Assessment (ERA) Framework – Studies on mercury and toxic heavy metal 

contamination in e-waste sites rely on ERA to evaluate environmental exposure risks [3]. This 

framework helps in quantifying the health impacts of hazardous substances released during 

informal e-waste recycling. 

3. Machine Learning and Predictive Analytics – Jana et al. (2021) employed non-parametric statistical 

methods to forecast Bitcoin-related e-waste generation [2]. These models provide data-driven 

insights into e-waste trends and inform future policy interventions. 

4. Socioeconomic Justice and E-Waste Collection – Nikou and Sardianou (2023) examined income 

inequality and corruption as factors influencing e-waste collection rates [9]. Their findings align with 

institutional theory, which suggests that weak governance structures hinder effective e-waste 

management. 

While existing literature has made significant contributions to understanding e-waste management, several 

gaps remain: 

1. Limited Research on Cryptocurrency-Related E-Waste – While Jana et al. (2021) highlighted the 

impact of Bitcoin mining on e-waste generation [2], more research is needed to quantify the global 

environmental footprint of cryptocurrency hardware and develop sustainable disposal solutions for 

mining rigs. 

2. Gaps in Socioeconomic and Policy Analysis – Although Nikou and Sardianou (2023) examined 

income inequality and corruption in e-waste collection [9], further research is required to explore 

policy interventions that could improve e-waste governance, particularly in developing countries. 
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3. Insufficient Focus on Toxic Metal Contamination in Informal Recycling – While Ryan-Fogarty et al. 

(2023) analyzed mercury emissions from e-waste [3], broader studies are needed to assess the 

long-term health impacts of heavy metals from informal e-waste processing in low-income 

communities. 

4. Lack of Scalable Metal Recovery Solutions – Wei et al. (2023) and Kopacek (2023) demonstrated 

efficient metal recovery techniques [7] [8], but challenges remain in scaling these technologies for 

widespread adoption. More research is needed to integrate hydrometallurgical and bioleaching 

methods into existing waste management infrastructures. 

5. Limited Adoption of Circular Economy Business Models – While Hidalgo-Crespo et al. (2024) 

proposed Product-as-a-Service (PaaS) as a circular economy approach [4], further studies should 

explore consumer acceptance, business feasibility, and regulatory frameworks that can support 

such models. 

This literature review highlights the multifaceted challenges of e-waste management, from environmental 

risks to technological and policy gaps. While recent research has advanced metal recovery techniques, 

circular economy models, and predictive analytics, significant gaps remain in addressing cryptocurrency-

related e-waste, policy frameworks, and large-scale implementation of sustainable recycling solutions. 

Addressing these gaps is essential for creating a holistic, sustainable, and globally coordinated approach to 

e-waste management. 

 

METHODOLOGY 

This review follows a systematic literature review (SLR) approach, ensuring a structured and transparent 

method for selecting and analyzing relevant sources on e-waste generation, recycling technologies, 

environmental impacts, and policy frameworks. The SLR approach was chosen to comprehensively 

synthesize existing research, identify gaps, and provide a holistic understanding of e-waste management. 

1. Peer-reviewed journal articles published between 2010 and 2024 focusing on e-waste generation, 

recycling technologies, environmental and health risks, and policy regulations [1][2]. 

2. Government and institutional reports from organizations such as the European Commission, United 

Nations Environment Programme (UNEP), and Basel Convention on e-waste policies and 

sustainability measures [9]. 

3. Case studies and industrial reports on e-waste recycling technologies, including hydrometallurgy, 

bioleaching, and circular economy approaches [8]. 

4. Studies presenting quantitative data on metal recovery rates, pollution levels, and e-waste 

generation trends [2]. 

5. Non-peer-reviewed articles, blog posts, and opinion pieces lacking scientific validation. 

6. Studies not directly related to e-waste, such as general environmental pollution research without a 

focus on electronic waste. 

7. Articles published in languages other than English, unless a reliable translation was available. 

8. Duplicates or studies that restate previously known information without providing new insights. 

The selected sources were analyzed using thematic analysis, categorizing findings into four key themes: 

1. E-waste generation trends – Identifying major contributors such as consumer electronics, industrial 

waste, and cryptocurrency mining [2]. 
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2. Environmental and health impacts – Evaluating risks posed by improper e-waste disposal, including 

mercury emissions and heavy metal contamination [3]. 

3. Recycling technologies – Comparing the effectiveness of hydrometallurgical processing, 

bioleaching, and mechanical separation in metal recovery [8]. 

4. Legislative and policy frameworks – Assessing the impact of e-waste regulations such as the WEEE 

Directive and Basel Convention on global waste management [9]. 

Additionally, quantitative data (e.g., e-waste production statistics, recycling rates) were extracted and 

compared across studies to provide a data-driven perspective on e-waste management effectiveness [1] 

[6]. 

This structured selection and analysis method ensures a comprehensive, unbiased, and replicable review, 

allowing for a critical assessment of existing research while identifying gaps and opportunities for future 

studies in sustainable e-waste management. 

 

RESULTS 

This section presents the findings of the study on e-waste generation, recycling trends, environmental 

impacts, and recovery of valuable materials. The results are structured into key categories and displayed 

through tables and graphs for clarity. 

1. Global E-Waste Generation Trends 

E-waste generation has been increasing steadily over the years. As shown in Table 1, global e-waste 

production rose from 45 million metric tons in 2015 to 61 million metric tons in 2023, indicating a 

continuous growth in discarded electronic devices. 

Table 1: Key E-Waste Statistics (2015-2023) 

Category 2015 2020 2023 

Global E-Waste Generation (Million Tons) 45 53.6 61 

E-Waste Recycled Properly (%) 15 17.4 20.1 

E-Waste from Bitcoin Mining (Metric Tons) 10.5 19.3 25.7 

Heavy Metals Released from Improper E-Waste Disposal (Metric Tons) 320 410 460 

Recovered Precious Metals from E-Waste (%) 25 30.5 35 
 

2. E-Waste from Cryptocurrency Mining 

One emerging contributor to e-waste is cryptocurrency mining, particularly Bitcoin mining. As shown in 

Figure 1, e-waste from mining activities increased from 10.5 metric tons in 2015 to 25.7 metric tons in 

2023. This is due to the short lifespan of mining hardware, leading to frequent replacements and disposal. 

Figure 1: Trends in Global E-Waste Generation and Bitcoin Mining Contribution 
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3. Recycling and Recovery of Valuable Metals 

Despite increasing e-waste generation, the percentage of properly recycled e-waste remains low. Only 

20.1% of e-waste was recycled in 2023, highlighting inefficiencies in global recycling infrastructure. 

However, advancements in hydrometallurgical and bioleaching methods have improved the recovery of 

precious metals from discarded electronics, with recovery rates rising from 25.0% in 2015 to 35.0% in 2023. 

4. Environmental Impact of Improper E-Waste Disposal 

The release of hazardous heavy metals into the environment has also increased due to informal and 

unregulated e-waste disposal methods. In 2023 alone, an estimated 460 metric tons of heavy metals (e.g., 

lead, mercury, cadmium) were released, posing severe health and ecological risks. 

 

SUMMARY OF FINDINGS 

 E-waste production is growing rapidly, with over 61 million metric tons generated in 2023. 

 Bitcoin mining contributes significantly to e-waste, with a sharp rise in discarded hardware. 

 Recycling efforts are improving but remain insufficient, with only 20.1% of e-waste properly 

recycled. 

 Precious metal recovery from e-waste has increased, reaching 35.0% in 2023. 

 Environmental hazards from improper disposal are worsening, with 460 metric tons of toxic metals 

released in 2023. 
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DISCUSSIONS 

The findings of this study highlight the growing global concern of e-waste management, with significant 

environmental and economic implications. The data confirms that global e-waste generation has increased 

consistently, reaching 61 million metric tons in 2023, which aligns with previous studies indicating a 3-5% 

annual growth rate [1]. The results also support past research showing that higher GDP nations generate 

more e-waste, whereas lower-income countries struggle with effective collection and recycling 

infrastructure [9]. 

One of the key insights from this study is the increasing contribution of Bitcoin mining to e-waste. The 

sharp rise in discarded mining hardware from 10.5 metric tons in 2015 to 25.7 metric tons in 2023 is 

consistent with studies that highlight the short lifespan of mining devices [2]. The competitive nature of 

cryptocurrency mining forces users to frequently replace inefficient hardware, exacerbating the e-waste 

crisis. 

Another major finding is the low recycling rates of e-waste, with only 20.1% of total e-waste properly 

recycled in 2023. This is slightly higher than previous estimates, but still far below the global targets set by 

international agreements [1]. While advancements in hydrometallurgical and bioleaching technologies 

have improved the recovery of precious metals (up to 35% in 2023), the inefficiency of collection systems 

and lack of formal recycling facilities in many regions limit the full potential of these technologies [8]. 

The environmental impact of improper disposal is also evident, with heavy metal emissions rising to 460 

metric tons in 2023. This supports previous research showing that informal recycling methods in 

developing countries lead to high levels of toxic metal contamination in soil, water, and air [3]. These results 

emphasize the urgent need for improved e-waste regulations and the enforcement of safer disposal 

methods. 

 

Implications of the Findings 

The implications of these findings are significant for policymakers, industry leaders, and environmental 

organizations: 

1. Stronger Global Regulations: 

o The low recycling rates highlight the need for stricter enforcement of international e-waste 

laws, such as the Basel Convention and WEEE Directive [9]. 

o Countries with high e-waste generation but weak regulations should implement extended 

producer responsibility (EPR) policies to shift the burden of waste management to 

manufacturers. 

2. Sustainable Mining and Cryptocurrency Practices: 

o The rising e-waste from Bitcoin mining suggests that hardware manufacturers should 

prioritize sustainable designs, including modular or upgradeable systems [2]. 

o Governments could introduce incentives for energy-efficient and long-lasting mining 

hardware to reduce electronic waste. 

3. Improving Recycling Infrastructure: 

o Investment in formal recycling facilities and circular economy business models, such as 

Product-as-a-Service (PaaS), could significantly improve e-waste collection and material 

recovery [4]. 
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o Encouraging public-private partnerships can enhance the scalability of metal recovery 

technologies, reducing reliance on primary raw material extraction [8]. 

4. Reducing Environmental and Health Risks: 

o The findings confirm that toxic metal pollution from informal recycling is a growing crisis 

[3]. 

o Governments must implement training programs and safety regulations for informal e-

waste workers, as well as alternative job opportunities in the formal recycling sector [5]. 

 

Limitations of the Study 

While this study provides valuable insights into global e-waste trends, cryptocurrency-related waste, and 

recycling efficiencies, it has some limitations: 

1. Reliance on Secondary Data: 

o The study is based on existing literature, industry reports, and publicly available data. 

While these sources are credible, they may not capture real-time changes in e-waste 

regulations, technological advancements, or black-market trade. 

o Future research should include primary data collection, interviews with industry experts, 

and on-site observations of e-waste processing facilities. 

2. Regional Variations in E-Waste Management: 

o The study aggregates global data, which may mask regional differences in e-waste 

handling. For example, some countries have advanced recycling systems (e.g., Japan, 

Germany), while others rely on informal processing (e.g., parts of Africa and South Asia) 

[9]. 

o Further research could compare specific countries' policies and recycling performance to 

provide targeted recommendations. 

3. Limited Focus on Consumer Behavior: 

o While the study examines industry and regulatory aspects, it does not analyze consumer 

behavior and attitudes towards e-waste recycling. 

o Future studies could explore factors influencing e-waste disposal choices and ways to 

incentivize responsible consumer practices. 

 

CONCLUSION 

This study provides a comprehensive analysis of global e-waste generation, recycling trends, 

cryptocurrency-related e-waste, environmental impacts, and material recovery techniques. The key 

findings reveal: 

1. Global e-waste generation is rising rapidly, reaching 61 million metric tons in 2023, with a 3–5% 

annual growth rate. This increase is driven by technological advancements, increased consumer 

demand, and short product life cycles [1]. 

2. Bitcoin mining significantly contributes to e-waste, with discarded mining hardware increasing from 

10.5 metric tons in 2015 to 25.7 metric tons in 2023. This highlights the environmental cost of 

cryptocurrency operations and the need for more sustainable mining hardware [2]. 
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3. Recycling rates remain low, with only 20.1% of e-waste properly recycled in 2023. Despite 

advancements in hydrometallurgical and bioleaching technologies, inadequate collection systems 

and informal recycling methods hinder progress [8]. 

4. Toxic heavy metals released from improper e-waste disposal have increased, reaching 460 metric 

tons in 2023. This poses severe environmental and health risks, particularly in developing countries 

with unregulated waste management [3]. 

5. Metal recovery from e-waste has improved, with 35.0% of precious metals being recovered in 2023, 

indicating progress in circular economy practices but also highlighting the need for better recycling 

policies and investment in infrastructure [9]. 

The results emphasize urgent actions needed for sustainable e-waste management: 

 Governments must enforce stricter regulations on e-waste collection and disposal, integrating 

Extended Producer Responsibility (EPR) policies to hold manufacturers accountable. 

 Industries should adopt circular economy models, such as Product-as-a-Service (PaaS), to extend 

the lifespan of electronics and reduce waste [4]. 

 The cryptocurrency sector must develop more energy-efficient and sustainable mining hardware to 

mitigate the growing e-waste problem [2]. 

 Investments in formal recycling facilities and safer disposal methods are needed to reduce 

environmental pollution and safeguard public health [5]. 

 

Future Research Directions: 

While this study provides valuable insights, several areas require further research: 

1. Regional E-Waste Management Comparisons: 

o Future studies should examine country-specific e-waste policies to identify best practices 

and gaps in different regulatory environments [9]. 

2. Consumer Behavior and E-Waste Disposal: 

o Research should explore public attitudes towards e-waste recycling and the effectiveness of 

awareness campaigns in improving recycling rates. 
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