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tegies. The research dives into the intricacies of E-waste and examines how regulatory barriers,
public ignorance, and the limited lifespan of electronic devices all contribute to the significant
production of E-waste. This study emphasizes the vital need for ongoing and appropriate man-
agement practices by bringing attention to the short lifespan of electronic devices and the
resulting generation of E-waste. This work also addresses the increased risks that people who live
close to informal recycling sites for electronic waste face, as well as the dangerous substances that
are found in them and how they harm the environment and human health. Furthermore, in order
to promote circular economies and increase productivity, the study assesses management prac-
tices in both developed and developing nations, placing special emphasis on component reuse and
recycling. Along with addressing the grave consequences of the illicit E-waste trade on the
environment, particularly in developing nations, this review attempts to enlighten stakeholders
and policymakers about the vital need for coordinated efforts to address the issues related to E-
waste in the South Asian region by offering insights into E-waste assessment and management
techniques.

1. Introduction

E-waste refers to discarded electrical appliances and electronic devices, which has become a significant category of waste on a
global scale [1]. It encompasses previously owned electronic equipment for recovery, repurposing, recycling, refurbishing, material
discarding, or abandonment [2]. In recent years, the swift advancements in technology, industrial expansion, economic progress, and
shifts in living habits have led to a significant rise in the need for electronics, including smartphones, PCs, TVs, air conditioning units,
hardware parts, fridges, and other electronic gadgets for use in personal, professional, and home environments [3-6]. This surge in
demand has consequently led to the generation of a large volume of E-waste worldwide, as the availability of resources and prosperity
contribute to higher levels of consumption [7-9]. The surge in electronic waste generation has become a notable and concerning
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problem in recent years.It is estimated that the global output of electronic waste currently stands at approximately 57.4 million metric
tons (MMT) per year. Among the continents, Asia leads in E-waste production, generating the highest amount of E-waste at 24.9 MMT,
followed by America, Europe, Africa, and Oceania [10]. Only a minority of the world’s nations, totaling 78, currently possess laws
related to electronic waste. However, these laws are often not effectively enforced across various regions. In numerous developing
areas, especially in Northern Africa and Southeast Asia, legislation pertaining to electronic waste is often minimal or entirely absent
[11].

On the other hand, E-waste encompasses valuable materials such as iron and steel (50%), plastics (21%),other metals (13%), both
hazardous and non-hazardous components, as well as and various substances including wood, glass, ceramics, and rubber (16%) [12].
Electronic devices such as printed circuit boards (PCBs), smartphones, TVs, computers, printers, washing machines, refrigerators,
photocopiers, telecommunication servers, and coffee machines are making greater use of precious materials including gold (Au),
platinum (Pt), silver (Ag), cadmium (Cd), palladium (Pd), copper (Cu), zinc (Zn), lead (Pb), nickel (Ni), cobalt (Co), and rare earth
elements like lanthanum (La), cerium (Ce), neodymium (Nd), and yttrium (Y) [13]. Moreover, E-waste also contains heavy metals such
as cadmium (Cd), nickel (Ni), mercury (Hg), lead (Pb), copper (Cu), and chromium (Cr), along with halogenated organic compounds
including polychlorinated biphenyls (PCBs), chlorofluorocarbons (CFCs), polybrominated biphenyls (PBBs), and brominated flame
retardants (BFRs) [13,14]. The estimated value of E-waste raw materials stands at $57 billion, yet only $10 billion of this E-waste is
sustainably recycled and reclaimed, resulting in a reduction of 15 million tons of CO emissions [11]. Therefore, E-waste needs to be
handled with proper care to minimize the chances of releasing hazardous substances into the environment, including soil, water, and
air [15]. E-waste has also possesses detrimental effects on aquatic life which causes harm to plants and animals in water bodies [16].

Metal extraction has been successfully utilized as a means of generating financial value from electronic waste in developed
countries such as the United States, Japan, Taiwan, the European Union, and Canada [17]. Comprehensive management of E-waste
involves distinct phases of collection, recycling, and disposal. In developed countries, authorized local government or private entities
typically handle the collection of electronic waste. The majority of the waste is processed at advanced facilities equipped with
well-managed infrastructure and technologies to ensure the safe and efficient extraction of valuable materials. Any remaining waste is
disposed of in accordance with regulations [18]. In contrast, waste collection services in developing and underdeveloped countries are
frequently inconvenient, and unregulated and poorly monitored dumping sites are common. The situation is worsening, and gover-
nance challenges further complicate the problem. Insufficient waste management institutions, rapid urbanization, and chronic
underfunding make waste management a difficult undertaking in these countries and their cities [19]. On the other hand, despite of the
significant market potential, the sustainability of the recycling industry is compromised due to the high labor and utility costs asso-
ciated with E-waste recycling facilities [20].Therefore, most undeveloped countries and developing, gather E-waste in an unofficial,
dispersed, and illegal manner by various businesses, merchants, or governmental entities. About 20% of the total E-waste generated in
developing countries is recycled to extract valuable elements, using rudimentary technology without proper occupational safety
precautions [21]. The leftover electronic waste frequently finds its way into landfills, leading to environmental harm by releasing
harmful substances into the soil and water sources. As a result, the mix of poor waste management methods and the vast amounts of
electronic waste pose considerable social, environmental, and economic issues for developing nations in the South Asian area,
including India, Pakistan, Bangladesh, among others.

Based on our current understanding, the majority of existing literature primarily concentrates on examining the effects of resources,
policies, and regulations on the retrieval of materials. Several articles have explored the processes involved in metal recovery,
encompassing techniques such as pyrometallurgy, physical methods, and bio-hydrometallurgy [22]. However, few studies examined
south Asian E-waste generation, management, and hazardous aspects. Therefore, the aim of this article is to thoroughly investigate the
E-waste predicament in the South Asian region via a three phrase analysis. This study leverages secondary data gathered from diverse
published materials, focusing primarily on the insights derived from existing publications.

This review paper compiles a comprehensive analysis of the E-waste generation in South Asian countries by presenting a
comparative analysis on the E-waste consumption and import by those countries. The subsequent section highlights the effects of E-
waste recycling on social, environmental, and economic aspects, along with the utilization of diverse assessment methods and tools.
Additionally, the review includes an evaluation of the potential recovery of valuable metals through E-waste recycling and its eco-
nomic implications. Moreover, this review paper sheds light on sustainable E-waste management and proposes pragmatic strategies to
regulate and monitor E-waste generation and management.

2. E-WASTE generation scenerio

Electrical and electronic equipment (EEE) is prevalent in modern life and society, existing in various forms, sizes, functionalities,
and compositions. EEE, along with its huge pile of wastes (WEEE), is categorized based on size, weight, functionality, and composition.
According to the United Nations (UN), the global production of electronic waste (excluding PV panels) reached 53.6 MMT in 2019,
equivalent to an average per capita of 7.3 kg per person. This data highlights the alarming situation we currently face, as there has been
a significant (about 21%) increase in E-waste generation worldwide over the past five years [23]. From 2010 to 2020, the global
E-waste generation witnessed an annual increase of 2 MMT. Starting at around 33.8 MMT in 2010, the amount of worldwide E-waste
production rate has consistently risen each year and it is reported that over the course of ten years, by 2019, the quantity had surged by
58%. Yet, in the forthcoming decade, a substantial surge in E-waste generation is anticipated. Projections suggest that between 2010
and 2030, the worldwide volume of E-waste will experience an astonishing increase of about 121%, effectively more than doubling the
present figures [24].

The surge in electronic waste primarily stems from electronic gadgets, reduced longevity of products, and restricted repaiability. In
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Fig. 1. E-waste generation (a) India [33-39], (b) Bangladesh [40-46], (c) Pakistan [47,48-53], (d) Sri Lanka [54-60], (e) Nepal [61-67], (f) Bhutan
[68-74], (g) Myanmar [75-80], (h) Afghanistan [79-84].
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2019, Asia emerged as the largest contributor to E-waste production, accounting for 24.9 MMT and Oceania being the least in terms of
E-waste generation 0.7 MMT, Americas with 13.1 MMT is the second highest followed by Europe with 12 MMT. Africa generated 2.9
MMT of e -waste. Notably, China, being a technologically advanced nation, plays a significant role in Asia’s dominant position in E-
waste generation. According to the WEEE report on International E-waste Day held on October 10, 2021, China alone is responsible to
generate about 57.4 MMT of E-waste in the same year. Moreover, developing nations in Asia, including Pakistan, India, and
Bangladesh, import electronic waste for recycling purposes, thereby reinforcing Asia’s dominant status as the leading continent in this
regard [24,25].

In addition, standard of living is influenced by an individual’s financial resources, which in turn affects their purchasing behavior
when it comes to electronic devices. When people buy electronic devices solely to upgrade to the latest models, it indicates that the
purchase is driven by luxury rather than necessity. This consumer behavior contributes to the increasing demand, production, and
supply of goods with limited lifespans, resulting in a rise in electronic waste generation In a developing economy, electric and elec-
tronic devices are essential, and the amount of E-waste produced is closely linked to the Gross Domestic Product (GDP) of a nation [26,
27]. A higher GDP (PPP) indicates increased purchasing of electronics by the population, leading to a greater volume of electronic
waste being generated. For instance, the European Union (EU) has seen an annual increase of 3-5 percent in electronic waste gen-
eration, surpassing the average GDP growth rate of 2.6 percent between 2005 and 2008 [28]. The nature of E-waste is also being
shaped by technological developments in the electrical appliance and electronics industries. Outdated electrical and technological
equipment is being disposed of more frequently due to the increasing availability of more affordable and easily accessible electronic
devices. The choice of cheaper and more accessible raw materials by manufacturers adds to the evolving composition of E-waste [29].
For instance, during the last three years, the massive Asian nation of China—which generates roughly 150,000 tons of electronic waste
annually—has seen average economic growth of 8% [30]. After an extensive eight-month investigation, Mumbai, India’s financial hub,
was found to be the biggest producer of electronic waste, producing 19,000 tons annually [31].

Additionally, Europe produced the most E-waste in 2019, with each person producing 16.2 kg on average. This appears to be a little
bit more than what Oceania produced per person (15.9 kg). On the other hand, America is third with 13 kg of E-waste produced per
person, behind Asia (5.7 kg), and Africa (2.7 kg). However, Asia produces the most E-waste than the total Europe despite having the
greatest per capita rate due to the region’s high population density (more than 50% of the world’s population). It is also reported that
in 2019, several European countries (such as Germany, Italy, France, United Kingdom, and Spain) exhibited relatively higher levels of
E-waste generation per capita, ranging from 20 to 25 kg per capita, compared to other nations. The development of E-waste in the
United States exhibits a similar pattern. Among various Asian countries such as India, Indonesia, Turkey, and Egypt, the amount of E-
waste generated per unit of GDP was notably higher and exceeding 1 metric ton per million dollars of GDP. Iran stood out with the
highest value, reaching approximately 4 MT per million dollars of GDP. Fascinatingly, India recorded the lowest per capita generation
of electronic waste, estimated at approximately 2 kg per person. This lower figure could potentially be attributed to India’s high
population density in relation to E-waste generation. Thus, greater economic prosperity in countries with higher GDPs results in more
EEE being sold and, as a result, higher E-waste production. Kusch et al. highlight a non-linear correlation between GDP and the
generation of E-waste, pointing to a saturation phenomenon that occurs as the focus shifts from richer economies to those with lower
economic prosperity [32]. Fig. 1 presented below displays a linear trend in E-waste output annually in eight countries in South Asia
and serves as an illustration of how consumption is rising as a result of rising local demand.

South Asia has emerged as a major destination for E-waste disposal, with countries like India, Pakistan, Bangladesh, and Sri Lanka
being prominent in this regard. India ranks fourth and Pakistan ranks twenty-sixth among the largest E-waste producers globally [85,
86]. The worldwide practice of manufacturing low-cost, short-lived electronic products has played a significant role in the escalation of
waste production. In 2019, India produced 3.23 million metric tons (Mt) of E-waste, surpassing other countries in South Asia with the
highest volume. However, only 20% of India’s total E-waste is collected and recycled. Bangladesh, too, contributes to the generation of
a considerable volume of electronic waste on an annual basis [87]; however, Bangladesh recycles 20% of total E-waste which is more
than any other south Asian country, excluding India. Sri Lanka, Nepal, Bhutan, Afghanistan, and Myanmar have no fixed collection or
recycling infrastructure, even though they produce a certain amount of E-waste each year. In Pakistan, domestic E-waste generation
reached 1790 kilotons in 2018-2019, and it is projected to increase by 10.2% annually. Furthermore, between 2011 and 2014,
Pakistan imported 95,145 tons of E-waste per year [47].In Myanmar, approximately 29,000 tons of E-waste were reported in 2014. It is
estimated that globally, with a population of 66.25 million, each person generates about 0.4 kg of electronic waste annually [88].
Based on this estimate, the volume of E-waste is expected to reach 20,000 tons by 2030, using the same per capita factor of 0.4 kg/year
[88]. The generation of electronic over the period from 2015 to 2021 is depicted in Fig. 1, with subfigures (a-h) for India, Bangladesh,
Pakistan, Sri Lanka, Nepal, Bhutan, Myanmar, and Afghanistan respectively.

3. Consumption and import of E-waste

Asia has become the top region in the world for the generation of E-waste over the last ten years. This is especially true in South-East
Asia, which is now a well-known centre for the production and assembly of electrical and electronic devices. These goods are created
not only for regional demand but also to meet the growing technological demands of the area [89]. Even though the Basel Convention
was established to control the transboundary movement and disposal of hazardous wastes, some E-waste scraps and used goods are
exempt [90]. As a result, developed nations are still able to ship electronic waste to developing countries [91]. Therefore, the export of
electronic waste from developed nations has seen a considerable upsurge, making up about 50-80% of the total E-waste generated.
Nearly 90% of E-waste is divided into three categories: consumer electronics (33.7%), ICT equipment (33.9%), and large domestic
appliances (42.1%) [41]. Over 70% of all E-waste comes from computers, with the remaining 30% coming from domestic sources,
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according to India’s Electronic Waste Management. Computers are trailed by phones, telecommunications equipment, and electrical
and electronic devices by 12%, 8%, and 7%, respectively [92]. Importing used and partially used goods is one of the primary reasons
why the production of E-waste is rising in developing and underdeveloped nations.

In Bangladesh, 3.2 million electrical devices are consumed annually [93]. By the end of September 2022, there were 181.43 million
active mobile phone subscribers whereas it is predicted that there will be 362.86 million sets in all [94]. Out of all the categories
contributing to E-waste in Pakistan, cell phones are the most significant. Sales of handsets increased by 10.4% annually, while those of
televisions/monitors and computers increased by roughly 5.2 and 3.8% per year (BMI 2017). The total number of mobile phone
subscribers has reached 175.62 million at the end of September 2022. This growth of E-waste in Pakistan is projected to align with the
rate of sales growth, as electronic devices reach the end of their useful lives.

According to Sri Lanka’s Telecommunication Regulatory Authority, mobile penetration increased noticeably from 126% in 2017 to
131% in 2018 [95]. According to recent survey data from the Department of Census and Statistics of Sri Lanka, the country boasts the
highest cell phone penetration rate among South Asian nations. Furthermore, the data reveals a 23.5% increase in the number of homes
equipped with computers in 2017 compared to 2016 [95]. The demand for EEE, particularly mobile phones and laptops, is anticipated
to rise in the coming years as a result of technological advancements that give the products more alluring features, as well as
competitive costs and marketing initiatives among importers in the nation. Imported items dominate Sri Lanka’s EEE market. About
95% of EEE is imported, and imports have recently surged [95]. In Nepal, the use of electronic products is steadily increasing as almost
every house has multiple electronic gadgets. Nepal’s imports of electronic products are on the rise, but the government lacks suitable
standards and laws for their disposal once their useful life has expired [96]. Similar to Myanmar, large and small appliances (such as
dishwashers, solar panels, dryers, washing machines, and electric stoves) and appliances (such as video cameras, toasters, microwaves,
and electric shavers) often contribute more than 90% of the electronic trash (refrigerator, AC, etc.) by the end of their life [88]. Table 1
below displays data on local electronic goods consumption and imports across a number of south Asian nations.

According to a study, developed countries currently export approximately 23% of their electronic waste to developing nations
annually [137]. This percentage is expected to rise in the future, driven by the growing demand for electronic products in the Western
world. It is anticipated that two factors contribute to the increasing transfer of E-waste from developed to underdeveloped nations.
Firstly, strict rules and regulations in industrialized countries like the United States which makes it challenging to dispose of electronics
in landfills, considering that the potential pollution of hazardous substances and sub sequent harm to ecosystems and human health.

The lack of appropriate safety and environmental regulations in many developing countries makes it dangerous for their

Table 1
Local electronic product consumption and product imports in several south Asian countries.

Country Product category  Appliances Product consumed Product Import Countries import from
(million) (million)
Bangladesh Electronic Mobile phones 170.14 [97] 0.62 [98] India, China, Hongkong [99]
gadgets Computer 6.56 [100] 1.29 China, Singapore, Malaysia [101]
Home appliances  Television 21.76 [102] 0.03 [103] China, Malaysia, Vietnam [104]
Refrigerator 2.6 - -
Air conditioner 0.14 - -
India Electronic Mobile phones 1,180 [105] 5.6 [106] China, Taiwan, Hongkong, South Korea,
gadgets Thailand [107]
Computer/ 27.36 (2020) [108] 0.73 (2020) [109] China, Hongkong, Malaysia, Taiwan
laptops
Home appliances  Television 210 [110] 1.12 [111] China, South Korea, Hongkong
Refrigerator 98.35 [112] 0.001 [113] Thailand, Indonesia, South Korea [114]
[115]
Washing 22.48 - -
machine
Mixer grinder 89.92 - -
Pakistan Electronic Mobile phones 175.62 [116] 24.51 [117] USA, UK, China [118]
gadgets Computer/ 4.5 [27,119] 0.628 [120,121] China, USA, Malaysia, Singapore [122]
laptop
Home Television 27.47 [123] 0.025 [124] -
Appliances Refrigerator 30 [125] 0.0037 [126] China, Slovakia, Austria
Air Conditioner 3[127] 0.007 [128] China, Thailand, Bahrain
Sri Lanka Electronic Mobile phone 29.73 [129] - -
gadgets Computer/ 8 [130] - -
laptops
Home appliances Television 3.8 [131] - -
Nepal Mobile phones 38.3 [132] 5.63 China
Bhutan Electronic Mobile phones 0.73 [133] - -
gadgets
Myanmar Electronic Mobile phones 68.24 [134] - -
gadgets
Afghanistan Electronic Mobile phones 22.68 [135] - -
gadgets

Home appliances

Television

24.91 [136]
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populations and ecosystems to accept these imports. Second, the labour required for formal recycling facilities to separate, disas-
semble, and classify electronics by material can drive up the operational costs of recycling plants in developed nations like the USA.
Due to the substantially lower processing expenses for hazardous E-waste in developing nations compared to developed ones,
numerous affluent countries engage in the illegal export of their E-waste to these less economically advanced regions. Furthermore, it
is stated that Vietnam, India, Ghana, Pakistan, and Nigeria are the main export destinations for E-waste [138]. Fig. 2 illustrates the
transportation of E-waste from developed to developing countries and the associated health risks. The Basel Action Network conducted
an investigation to trace the destination of E-waste collected at recycling sites across the country. By placing tracking devices in
laptops, TVs, and printers, researchers monitored the movement of these devices. Astonishingly, approximately one-third of the
tracked E-waste was found to be shipped to countries such as the Dominican Republic, China, Kenya, Hong Kong, Taiwan, Pakistan,
and Mexico [137,139].

A recent study conducted in India aimed to evaluate the impact of electronic waste on developing nations, specifically focusing on
two Indian locations - Mandoli and Loni.These two locations are recognized for processing a substantial volume of E-waste originating
from developed nations. The study revealed alarming levels of lead contamination in the soil of both areas, with the Loni sample
showing approximately 150 times higher concentration compared to the control sample. Furthermore, heavy metal contamination,
including mercury, was detected in the water supplies of both regions. In fact, one water sample from Mandoli contained nearly 710
times higher than the recommended level of mercury [137]. In Ghana and Nigeria, it is also very common to burn obsolete electronics
in open air which releases heavy toxic fumes into the air. These activities not only harm the environment but also endanger the workers
themselves, who lack safety equipment like goggles and facemasks to protect them from the hazardous pollutants. In developing
countries, the informal sector of E-waste recycling utilizes basic methods for the recovery and disposal of electronic components,
aiming to extract valuable metals like cobalt, lithium, platinum, silver, gold, copper, and palladium. Families and workers depend on
this metal extraction for their livelihoods. The presence of high mercury levels poses risks to the neurological system, mucosal
membranes, and muscles. Prolonged exposure to mercury can lead to difficulties in chewing and swallowing food [143]. To
responsibly dispose of old electronics, recycling is often considered the most convenient option. However, it is crucial to ensure that
these devices do not end up in developing countries as E-waste. Unfortunately, numerous recycling companies that portray themselves
as sustainable and environmentally friendly choose to export their materials instead of processing them domestically in the developed
countries.

4. General composition of E-waste
E-waste features a complex composition, including a variety of materials such as steel (47% by weight), plastics (21%), copper

(7%), glass (5%), and others like wood and ceramics [144]. Due to the presence of various precious metals (Au, Ag, Pt, Pd, Nd) as well
as hazardous metals, E-waste is frequently referred to as an urban mine [145]. An efficient and ecologically friendly recovery of these
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precious metals not only diminishes the huge pile of waste but also ensures the conversion of a useful resource [143]. In this very way,
it can be identified that electronics scrap from the information technology and telecommunications industries is richer in precious
metals than that from regular home equipment. For example, a mobile phone is comprised of over forty elements, including base
metals like tin (Sn) and copper (Cu); special metals such as cobalt (Co), antimony (Sb), indium (In), and lithium (Li); along with
precious metals like gold (Au), palladium (Pd), and silver (Ag) [146]. Fig. 3 presents an overview of the typical composition found in
frequently used electronic devices like mobile phones, laptops, and televisions. Electronic appliances material composition is pre-
sented in Fig. 3, with subfigures (a-c) for mobile phone, laptop, and television, respectively.

The main hazardous substances found in electronic waste, metallic (including Pb, Ni, Hg, and As) and organic compounds (such as
polychlorinated biphenyls, polybrominated diphenyl ethers), have significant health impacts. In developing nations like India,
Pakistan, Bangladesh, Myanmar, a substantial portion of E-waste is not properly recycled and instead disposed of along with regular
solid and liquid waste, without undergoing any treatment. This practice poses a significant health risk to workers involved in E-waste
handling [150]. Unfortunately, these workers lack awareness about the potential risks and are not provided with personal protective
equipment (PPE) to safeguard themselves. As a result, those most affected by E-waste exposure are the individuals who work with it,
including children, women, and especially pregnant women, who often face the dangers of this hazardous environment without being
fully aware of the risks involved [151].

5. Environmental and health effects of electronic waste

The management and recycling of electronic waste negatively influence the environment, affecting air, soil, and water quality, in
addition to posing threats to aquatic ecosystems and human health [152-154]. If E-waste is abandoned, inadequately disposed of, or
recycled without proper regulations, hazardous chemicals like mercury-gold amalgam or cyanide may leach or get washed out by
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heavy rainfall, contaminating drinking water sources such as rivers, ponds, and underground water [9,155]. Producers and recipients
of E-waste take different pathways based on factors like treatment facilities, the condition of the E-waste, and convenient trans-
portation options [18]. Improper recycling of E-waste may also pose significant health and safety risks for those involved, including
E-waste collectors, handlers, and the local community residing near E-waste recycling facilities.

Individuals residing near electronic waste recycling facilities may be exposed to environmental risks, even if they are not actively
participating in the recycling activities, due to the contamination of the environment, food, and water sources by the pollutants from E-
waste. Inhalation, ingestion through food, and direct skin contact are the main ways that one can become exposed. According to
research, people who live close to E-waste recycling facilities are more likely to be exposed to heavy metals on a daily basis and carry
more weight overall. Exposure to this substance has been associated with a number of health problems, such as physical illnesses,
cognitive decline, mental health disorders, and general bodily damage [156]. Prolonged exposure to harmful substances can lead to
various detrimental health consequences, such as negative birth outcomes, cancer, persistent and irreversible cognitive impairment,
and organ damage affecting the kidneys, liver, lungs, and thyroid [157,158]. Excessive intake of copper can lead to liver damage and
cause irritation in the nose and throat, whereas long-term exposure to cadmium increases the risk of kidney damage, musculoskeletal
disorders, and lung cancer. Individuals exposed to lead, chromium, cadmium, and nickel are at a lifelong risk of developing various
types of cancer [159]. Beyond harming the lungs and kidneys, exposure to certain substances also impacts the reproductive and
nervous systems. Mercury exposure is associated with both carcinogenic and non-carcinogenic effects, including disorders of the brain
and liver. Due to the pollution emanating from informal recycling locations, residents, especially children, have a higher likelihood of
developing cancer and other health issues. Exposure to E-waste during pregnancy and in the neonatal period can have negative impacts
on newborns’ health. This includes issues such as low birth weight, low APGAR scores, stillbirths, as well as long-term learning and
behavioral difficulties [19]. In mothers from Guinea, significant exposure to perfluorooctanoic acid has been observed to impact the
growth and development of infants. Newborns in Guiyu, a major electronic waste recycling hub, exhibited elevated levels of placental
metallothionein, a protein indicative of exposure to dangerous metals. This condition was associated with the parental participation in
electronic waste recycling activities [160]. Additionally, newborns in Guiyu exhibited higher levels of lead in their cord blood, which
correlated with parental participation in the re-use process and the amount of time mothers spent in E-waste recycling facilities during
pregnancy [153]. Additionally, research has indicated an increase in DNA damage among populations exposed to electronic waste,
encompassing newborns, children, and adults, in comparison to groups not exposed to such conditions [161]. DNA breaks can lead to
errors in DNA replication, mutations, and potentially cancer if tumor suppressor genes are affected. The specific impacts of electronic

Table 2
Status of different e waste components after utilization.
Material ~ Percentage Heavy Toxic Health Hazard Waste to Waste to Direct Reference
contribution in total material material energy product dumping

E-waste (%)

Pb 0.01 v v > Cause to damage of brain and X v X [92,162]
nervous system
>Can affect reproductive system
>Negative impact on cognitive
growth in children, cardiovascular and
renal system impairment

Hg 0.0022 v v >Cause long-term brain damage X v v [149,160,
>Cause issues related to breathing 161]
and skin

Cd 0.0094 v v >Cause to damage of kidney and bone v/ v v [149,163,
density 164]
>Can cause cancer

Cr 0.0063 v v >Can causes bronchitis - v - [149,165]
>Can result in a severe allergic
response
>Cause DNA damage to cells

Ni 2 v v >Causes allergy to the skin and to the v/ - v [149]
lung results in asthma

Cu 20.12 v v >Copper negatively affects the lungs v v X [149,164]
and kidneys

Plastics 30.23 v v > Dioxin is produced during the v v - [163,164,
burning process, which causes 166]

reproductive and developmental
issues
>Liver problems, skin disorders, and
impairment of the immune system can
cause cancer
Be — X v >Carcinogenic can cause (lung — v - [163,164]
cancer)
>Chronic beryllium illness can be
developed through inhaling fumes and
dust
Sn 4% v X v v -
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waste on human health are summarized in Table 2.

E-waste harms not only just the water but also the land and surrounding air [167]. Gallium (Ga), chromium (Cr), lead (Pb),
palladium (Pd), beryllium (Be), and other toxicants contaminate our food chain through interacting with soil, water, and air [168].
E-waste is also associated with a variety of chemical pollutants, including dioxins, polyvinyl chloride, esters of benzene, polyaromatic
hydrocarbons, phthalate, and others, which represent a risk to nearby soil, plant, and microbial species in addition to people [169].
Among the hazardous components discovered in E-waste those are thrown into landfills are arsenic, mercury, lead. The soil loses its
fertility and ground water gets contaminated as a result and becomes useless (by preventing the growth of beneficial bacteria). Table 3
below displays the allowable concentration of heavy metals in air and soil in relation to electronic components.

Flame retardants and heavy metalscan leach out from electronic waste, penetrating the soil and leading to the contamination of
groundwater and crops in the future. This soil contamination with heavy metals makes crops more vulnerable to absorbing these
harmful substances, resulting in various ailments and reduced agricultural productivity. When E-waste is shredded, burned, or
demolished, large particles are released and quickly settle back onto the ground which further pollutes the soil. Factors such as
temperature, soil type, pH levels, and composition influence the extent of soil contamination. These contaminants may remain in the
soil for prolonged durations, affecting plant life and soil-dwelling microorganisms.Ultimately, animals and wildlife reliant on the
natural environment may consume affected plants, leading to internal health complications.

Lead, lithium, mercury, and barium—heavy metals that can contaminate soil and eventually reach groundwater—are found in E-
waste. Heavy metals have the ability to spread to streams, rivers, ponds, and lakes after they have contaminated groundwater. Even
though the communities, plants, and animals are located several kilometers away from the E-waste dumping site, they are nevertheless
at serious risk due to this contamination pathway. Finding clean drinking water for communities is a challenge due to the presence of
acidic and toxic substances in the water, rendering it unsafe for consumption. When freshwater and marine organisms are affected by
acidification, it can have disastrous effects that disrupt biodiversity, kill off species, and destroy ecosystems. Acidification’s detri-
mental effects can impede or even prevent the recovery of an ecosystem’s water resources. Refer to Fig. 4 for a visual representation of
the environmental impact of E-waste.

In contrast, the importation of electronics into economically disadvantaged countries can pose a significant risk to the health and
environment of towns and villages. Various types of E-waste contain harmful substances, and hazardous processing methods like
burning, crushing, and the use of acid baths can result in the release of mercury, cadmium, lead, and arsenic into the surrounding
environment. Countries like the United States have acknowledged the potential dangers these substances pose to human health and
ecosystems, resulting in the enactment of legislation that bans the landfill disposal of electronic devices [179]. However, many
impoverished nations lack similar legislation and the capacity to restrict the influx of such imports.

6. The financial dimensions of electronic waste

Effective management of E-waste is vital and still much needed for ensuring environmental sustainability. Throughout the process
of E-waste recycling, valuable items are collected and sold to individuals or entities who can enhance their value or find potential
buyers. The value of E-waste is determined by factors such as its composition, processing location, and other relevant considerations.

Numerous studies have analyzed the generation of electronic waste through different economic evaluations, highlighting the
importance of proper E-waste management while also considering the economic aspects of waste [8]. The global demand for precious
metals such as Pt, Au, Ag, Pd and base metals including Pb, Cu, Zn, Ni, as well as rare earth minerals like La, Ce, Yt, Nb, has spiked
linearly with the use of electronic items like printed circuit boards (PCBs), smartphones, computers, refrigerators, photocopiers,
televisions, printers, washing machines, telecommunication servers, and coffee machines [180].In a report from London, it was noted
that the total value share ranged from 85% (in printed circuit boards, or PCBs) to 93% (in mobile phones) and primarily consisted of
precious metals such as Pt, Pd, Au, Ag, with less than 10% consisting of base metals like Fe, Cu, Al and others [181]. It is forecasted that
in 2020, the recoverable quantities of silver (Ag), palladium (Pd), gold (Au), copper (Cu), and platinum (Pt) could reach 119 metric
tons (MT), 54 MT, 21 MT, 12.5 MT, and 10 MT, respectively. The corresponding market values per kilogram for these metals are
estimated to be $2020 for Ag, $66,500 for Au, $2184 for Pd, $6.45 for Cu, and $97,400 for Pt [182]. From 2021 to 2040, E-waste
creation will increase by 60% per capita, increasing the total commercial value of Pt, Cu, Au, Ag, and Pd in E-waste streams from US$
2.2 billion to US$ 14 billion. Forecasted electronic waste materials are estimated to include 165 metric tons of gold, 826 metric tons of
silver, 368 metric tons of palladium, 95 thousand tons of copper, and 109 metric tons of platinum [181]. The extraction of valuable
metals plays a crucial role in attaining sustainability within the management of electronic waste.

Screens, monitors, and small information and telecommunication equipment contain more than 80% Au, Ag, and PGMs. Over 40%

Table 3

Comparison of concentration of material in electronic components and their acceptable concentration in Air and Soil.
Components  Concentration (mg/ Concentration in air (pg/ Acceptable concentration in air Acceptable concentration in soil References

kg) m®) (hg/m?) (hg/m’)

Lead 14129.9 17.30 x 10° 0.10-0.30 600 x 10° [170-172]
Nickel 13244.7 16.22 x 10° 0.03 [173] 700 x 10° [174]
Copper 41237.3 50.51 x 10° 0.2 [175] 200 x 10° [176]
Chromium 72.4 88.69 x 10° 0.309 221 x 10° [175]
Cadmium 1.9 2.32 x 10° 5 - [1771
Zinc 12471.4 - - [177]
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Resulting  from  the
disposal of electronic
waste into groundwater.

Plant Life Reduction

Deterioration of plant health

because of toxins leaching from

electronic waste into the soil. Soil Contamination
Decline in soil health
due to the dumping
of electronic waste.

Environmental
Impacts of
E-waste

GHG Emission
and Global Warming

Burning E-waste emits hydrocarbons,
triggering greenhouse gas emissions

and warming the planet. Air Pollution

Reasons for air contamination
include the emission of
hydrocarbons.

Fig. 4. Environmental impacts of e waste [47,163,178].

of E-waste valuable metals including Au, Ag, and Pd are in PCBs [16]. In Chandigarh, India, from all household appliances 6.2 kg Ag,
0.3 kg Pd and 1.2 kg Au can be recovered annually [183]. The anticipated yearly monetary losses for those precious metals were 0.042
million USD for Au, 0.0024 million USD for Ag, and 0.00448 million USD for Pd [183]. Moreover, smartphones, tablets, and notebooks
contain the higher volume of precious and crucial metals [184]. Based on available literature, it is projected that the total value of
recovered metals and plastics in Australia will reach up to US$8 billion by the year 2040. This underscores the enhancement of
Indonesia’s economic gains by extracting metals from electronic waste [181]. The success of recovery and revenue generation depends
on the strategies employed. Meng et al.’s research employed super-gravity separation methods to successfully isolate Zn, Cu, Pb, and Sn
from printed circuit boards (PCBs), achieving extraction rates of 80.86%, 93.23%, 94.54%, and 97.67% for each metal, respectively
[185].

Each participant in the E-waste recycling chain has the potential to generate profit. For instance, a scavenger purchased a faulty
electrical device from a consumer for $5 and later sold it to an aggregator for $7, making a profit of $2 in the process. At this particular
instance, the consumer ended up earning more profit than the scavenger. Aggregators and classifiers, who collect materials from
multiple sources including at least 10 scavengers, households, or small-scale industries, can expect their revenue to be 5-10 times
higher compared to that of individual scavengers. Processors and recyclers operate outside of urban areas, servicing various industries,
and often lack detailed sales records, which makes their analysis more challenging [186]. A comprehensive field investigation
discovered that the average economic value of reusable electronic items or parts, based on equation (1), amounted to $2.14 per
kilogram.

Average selling price - Average buying price = Profit (€]

In case of a developing country like Bangladesh, to engage in complete E-waste recycling from 2016 to 2020, it is estimated that they
could potentially save over 500 million dollars. By the year 2030, Bangladesh has the potential to generate approximately 5 billion
dollars through E-waste recycling. Therefore, engaging in E-waste recycling has the potential for economic profitability. However, to
achieve this, there is a need for increased awareness about recycling practices and the establishment of an effective management
system. Consequently, it is crucial for the relevant authorities to enhance E-waste recycling efforts and provide modern training fa-
cilities to ensure successful implementation.

Hence, considering the gathering, categorization, and handling of materials at different points in the recycling process is vital for
evaluating the economic worth of electronic waste. The recycling chain involves five key participants: the household consumer,
scavenger, aggregator, classifier, and processor. The majority of E-waste contains over 60 various metals, including precious, valuable,
rare base, and earth metals, which are collectively considered valuable due to their cumulative worth [187]. One promising approach
to unlock this economic potential involves multiplying market prices (in $/kg) with the composition of E-waste (in grams per unit)
[184]. To minimize construction and transportation costs, it is advantageous for an E-waste recycling facility to be situated near
railways and roadways, ensuring a return on investment [16].
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7. E-WASTE management
7.1. Formal E-waste management

Significant enhancements in material recovery and environmental protection can be achieved by integrating advanced electronic
waste recycling technologies into formal E-waste management strategies. However, the initial stage in formal recycling procedures is
typically involved classifying, checking, reusing, and mending recovered goods. The recyclable components are then manually or
automatically retrieved after the recyclable devices have been disassembled and occasionally crushed. In addition, a large number of
formal e-recycling facilities supply materials like metal, glass, and plastics to downstream parties. As an example, in India, still the
informal sector handles the majority of the E-waste because of the formal sector struggles with sufficient input materials. Even though
there are just a few official recyclers working in India. The formal sector’s procedures are mostly restricted to separating and dis-
assembling electronic waste up to the point of shrinking printed circuit boards (PCBs) [188]. The basic stage of formal E-waste process
is presented in Fig. 5.

Sri Lanka has formal E-waste management processes under which there are eleven E-waste management facilities in operation; the
majority of them are located solely in the Colombo district and pick up trash from door to door. The formal collection network has
expanded during the last four years. Only seven formal sector collectors are active at the moment, though. There are currently a few
non-profit organizations operating in the nation, however the money they raise is comparatively quite small. All of the gathered
electronic waste is sent to licensed collectors, who carry out the process of collecting, storage, and dismantling in a more orderly
manner [95]. However, there is no organized mechanism for managing E-waste in Nepal or Bangladesh. E-waste is mostly collected,
disassembled, recovered, and recycled by unorganized sectors using a crude and manual process [41]. In Bangladesh, for instance, the
identification of electronic waste as a carrier of hazardous substances was first incorporated within the nation’s guidelines for man-
aging medical waste [150]. Nevertheless, on June 10, 2021, amendments were made to the Bangladesh Environmental Protection Act
of 1995 through the introduction of the Hazardous Waste (E-waste) Management Rules [190]. Despite this, there is no evidence of
conferences, workshops, or public events addressing E-waste issues. In order to effectively enforce the E-waste Management rules, the
Department of Environment and other relevant agencies need to address competing challenges.

7.1.1. Extended producer responsibility

The polluter pays principle is supported by extended producer responsibility (EPR), which shifts responsibility from consumers and
local governments to producers who are much aware about the environmental effects of their products at the end of their useful lives
(EoL) and have the capacity to avoid these issues from the start of product development. Through the efficient collection, treatment,
and reuse or recycling, EPR primarily serves to achieve two goals: (i) design enhancements of items and their systems, and (ii) high
utilization of product and material quality [191]. The flow process of EPR policy is presented in Fig. 6.

Developed countries have established robust collection and logistical systems through their national register systems. Germany was
the pioneer in implementing an Extended Producer Responsibility (EPR) program, mandating that producers are responsible for
collecting and minimizing packaging waste. This model was later adopted by countries like Norway, Taiwan, Sweden, and Switzerland

o KEl g

Disassembly

B

Collection o

Refurbish/Reuse

SioP

Sorting/Testing i:ullli‘;aﬁlﬁ'

Fig. 5. Formal E-waste process [189].
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Fig. 6. Flow process of EPR policy.

for EEE manufacturers. In the European Union, legislation introduced in 2003 restricts the utilization of dangerous substances and
promotes the gathering and recycling of these materials in Electrical and Electronic Equipment (EEE) and electronic waste. In contrast,
China and India, lacking a national registry system to track EEE producers, have implemented the EPR system to discourage producers
from generating excessive E-waste as a backup. These countries face challenges due to extensive grey markets for second-hand EEE,
which weakens their position compared to industrialized nations. Although benefiting from lower labor expenses, these nations
encounter significant electronic waste generation, arising from both imports and domestic manufacturing. The costs associated with
transportation and the proper disposal of E-waste, coupled with expensive technology requirements, pose additional challenges,
despite the presence of environmental legislation. The E-waste management sector in North America categorizes waste and recycling
based on their types. This includes various market segments such as household appliances, IT, consumer electronics telecommuni-
cations, and others. Subsegments within the household category include lights, refrigerators, and more. The telecommunications and
IT segment covers laptops, mobile phones, computers, printers, and related items. Consumer electronics and other divisions encompass
devices like radios, CDs TVs, and music systems [192].

In India, E-waste management regulations, which cover all electronic waste, from small SIM cards to refrigerators, were enacted to
give guidelines for the effective and correct handling and recycling of E-waste in that country. EPR responsibility under the E-waste
(management) Rules, 2016 mandates collection targets of E-waste for producers, whether it be in weight or number [179]. The targets
set are for 30% of the anticipated volume of waste to be achieved within the first two years following the regulations’ enactment, 40%
in the third and fourth years, 50% in the fifth and sixth years, and escalating to 70% starting from the seventh year onwards [193]. The
local distributor of Lex Mark Toner cartridges in Sri Lanka uses an efficient EPR strategy by collecting used cartridges and reexporting
them to the parent company in order to safeguard the brand [95].

7.1.2. Extended consumer responsibility

Extended consumer responsibility (ECR), take back system (TBS), and other specialized programs aid in facilitating this collection
and subsequent processing system by reminding consumers that they are also responsible for the secure disposal of their items. For
example, certain countries, like Japan, have implemented designated bins for collecting various types of waste, including hazardous,
municipal, and recyclable materials. Conversely, some countries impose deposit fees, allowing consumers to reclaim their money upon
returning their used Electrical and Electronic Equipment (EEE) products to authorized collectors or dealers. In Japan, residential users
must pay a fee that contributes to covering recycling and shipping costs. This practice, known as Extended Cost Recovery (ECR),
incorporates the expenses related to E-waste processing into the initial purchase price of products. Furthermore, imposing higher fees
and taxes on luxury EEE items represents another strategy to mitigate environmental risks while minimally affecting market-based
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Total Benefit Sharing (TBS) [194].

7.1.3. Take back system

The primary goal of EPR is to identify active TBS or design for the environment (DfE) components that will facilitate the safe
disposal of E-waste. Conversely, first-world nations employ developing and underdeveloped nations like India, China, and Africa as
dumping grounds in an effort to mimic donation or take-back efforts. This is because of the rigorous environmental legislation in place
in these nations. Electronic equipment manufacturers in India are physically responsible for collecting electronic devices after they
have reached the end of their useable lives. Takeback policies enable manufacturers to choose between creating their personal
recycling and collection networks or joining a shared scheme, often called a Producer Responsibility Organization (PRO) [195]. A
flowchart of the entire take-back procedure is shown in Fig. 7.

7.2. Informal E-waste management

In lower-income and developing nations, the collection and processing of electronic waste is largely handled by the informal sector,
serving as an essential source of income for a vast number of individuals. Known as Tokai in Bangladesh and Kawariwala in India, or as
local collectors in other countries, these entities or individuals make house calls to collect E-waste, allowing them to maintain their
economic activities [196]. This not only aids in the collection of E-waste but also guarantees that consumers receive favourable pricing
for their outdated EEE items. Despite facing significant health risks, E-waste workers depend on the informal economy for their
livelihood. There is little material recovery from E-waste in developing and transitional nations due to inadequate government
regulation and safety safeguards in the unregulated sectors processing the waste [197].

Regarding the improvement of the recycling system, one recommended method for reducing E-waste in underdeveloped nations is
using the extensive gathering network of informal recyclers. Instead of dismantling this network, developing nations should leverage
these businesses to transfer their E-waste to the legitimate sector. Another way to minimize the quantity of E-waste illegally exported to
developing countries is for governments to invest in the resources required to provide the enforcement and monitoring required to
prevent E-waste imports. The current pace at which customers are acquiring, updating, replacing, and discarding devices provides
little reason to anticipate that the E-waste situation will be resolved anytime soon. There’s a significant need for increased awareness
about the impact of E-waste on the well-being of males, females, and young ones in underprivileged nations [139].The informal
E-waste process is illustrated in Fig. 8.

In India, the informal sector is responsible for recycling 95% of electronic waste, with only 5% being processed by formal units.
More than 3000 recycling units within the formal industry are operational in and around the country’s major cities, handling the
recycling of E-waste. Despite the existence of informal E-waste recyclers throughout India, there are major industrial clusters located in
various regions such as Delhi, Dharavi near Mumbai, Tamil Nadu, the U.P., Karnataka, Gujarat, Kerala, Andhra Pradesh, Maharashtra,
Rajasthan, and West Bengal [199]. However, when waste is handed over to unlicensed waste collectors, it contributes to the expansion
of unregulated markets. These markets aim to extract metals from electronic devices for resale, but they may lack the necessary skills

Fig. 7. Flow diagram of a TBS.
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Fig. 8. Informal E-waste process [198].

and fail to adhere to essential safety regulations [200]. When it comes to the production of electronic waste in India, 70% originates
from the public, governmental, and industrial sectors, with households contributing 15% and manufacturers supplying the remaining
40% [199]. Mumbai ranks first among cities, producing approximately 120,000 tons of E-waste annually, followed by Delhi and
Bengaluru with outputs of 98,000 and 92,000 tons, respectively [201]. In Bangladesh, there is a lack of organized infrastructure for
managing E-waste. The collection, dismantling, recovery, and recycling of electronic waste are primarily carried out by informal
sectors using manual and rudimentary methods [41]. Table 4 provides details about the current regulations pertaining to E-waste
management and related rules that address the management of hazardous substances in the absence of specific E-waste management
guidelines.

7.2.1. Local vendors

Due to inadequate infrastructure and arrangements made by the responsible authorities, such as municipalities, to collect and treat
E-waste, the informal economy is expanding. The informal sector does not follow current laws and regulations and is unfamiliar with
the scientific methods needed to treat E-waste properly. The informal sector’s waste collectors, also known as "Kabriwala," "Scrap
dealers," "street hawkers," and "dismantlers," typically go door to door in addition to visiting nearby electronics stores to purchase old
(mostly non-functional) equipment or its parts (including repairers).

In India, the management of E-waste is done informally by kawaries (ragpickers), scrap dealers, wholesalers, recyclers, and dis-
mantlers. The entities in the non-formal sector are largely in charge of handling big operations such as collecting, sorting, disassembly,
and dismantling. The door-to-door collection is mostly the responsibility of kawaries and small scrap merchants. E-waste collectors
typically acquire electronic waste from consumers at a fair compensation price. Kawaries, known as one of the most efficient E-waste
collectors, significantly reduce the burden on municipal organizations tasked with waste collection. E-waste is gathered in enormous
quantities from government offices, IT industries, private and public sector organizations, universities, schools, and other business
establishments, etc., by large scrap dealers [213,214].

To maximize financial gain, E-waste from various sources is divided into categories such as modules, glass, metals, plastics, and
components. Kawaries, scrap dealers, distributors, and recyclers all perform segregation. The same parties that dismantlers work with
also perform disassembly and dismantling. To metal/glass smelters and plastic re processors that transform aluminum, copper, glass,
iron, and plastics, kawaries and scrap dealers provide deconstructed and glass, separated metal, and plastic pieces. Non-formal units
sell scrap because they don’t know the difference between smelting and reprocessing. Therefore, they play a crucial role in recycling a
significant portion (more than 95% by weight) of electronic waste in an environmentally friendly manner [215].

In Pakistan, E-waste comes from the manufacture, domestic use, and import. E-waste is gathered from various sources by scrapers
and sellers, who sometimes deconstruct it and sell the parts to extractors and dismantlers. Extractors and dismantlers use environ-
mentally unsound technology to extract valuable materials, and they dispose of the debris in dumps or waterways. Occasionally,
individuals involved in dismantling and scrapping activities reconstruct assorted components of outdated machinery with the
intention of reselling them [216].

In Bangladesh, the informal sector in Dhaka and Chittagong is mostly responsible for recycling E-waste [217]. Buyers, brokers, and
ferriwala collect electronic garbage from various repair shops. at the lowest possible cost and deliver it to local E-waste traders or scrap
dealers. After useful goods came from Useable parts are recovered from these waste devices through refurbishment to bring local
E-waste back into working order and sell it to various customers or mills. Unrepairable items are disassembled, scavenged for valuable
metals, and disposed of in landfills [166].

E-waste is collected informally in Sri Lanka. This is accomplished by scrap collectors that gather in bulk after-end-of-life EEEs from
the business sector while removing E-waste stockpiles. The primary operational approach for collectors in the informal sector is door-
to-door collection. As indicated in the Status Report on E-waste Management (CEA, 2016), approximately 2000 enterprises are
engaged in the informal sector in Sri Lanka [95].Their collection mechanisms are economical. Metal scrap collectors dominate this
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Table 4
Status of managing E-waste in different south Asian region.

Country Having E-waste Name of E-waste Focusing points Dominating waste Having
management management rules/ management sectors recycling and
rules? associated hazardous recovery

Formal Informal R
substance management rule institutes?

India Yes E-waste Management Rules, e Strengthened the EPR 5% Yes [191] No

2016 elnquire about the equipment’s 95%
constituents, components, consumables,
parts, and spares, as well as a statement of
RoHS (Restriction of Hazardous
Substances) conformance in the product
user documentation.
eSince 2023, the E-waste collection goal
has been set at 70% of the amount of waste
generated [202].
Pakistan No [203] Hazardous Substance Rules, eUnder PEPA 1997’s Hazardous Substance Not 8.6% No
2003 Rules, 2003, hazardous material imports available (Recycle)
and transportation require a license. 13.8% (open
dumping)
65.7%
(reuse)
Bangladesh  Yes The Hazardous Waste (E- eThe E-waste regulations cover a range of 3% 97% [41] Yes
waste) Management Rules, items including home appliances, 220 [41]
2021 monitoring and medical equipment,
control equipment, IT and communication
devices, and automated machinery. It
outlines duties and accountabilities for
manufacturers, collectors, assemblers,
consumers, and marketers.
eThe regulation restricts the usage of 10
substances outlined in the EU RoHS
Directive [204]
Sri Lanka No National Environmental elnadequacy of provisions in the National ~ Not Dominant Yes [207,208]
(Protection and Quality) Environmental Act on Electronic Waste available [206]
Orders, No. 1 of 2008 Disposal.
eAccording to the legislation, no one may
produce, collect, transport, store, recover,
recycle, or dispose of Schedule VIII waste,
or build a site or facility for its disposal,
unless they have a license from the
Authority and follow its rules and
standards [205].
Nepal No [209] The Environment eNepal’s Environment Protection Act 1997 Not Dominant Yes [211]
Protection Act, 2053 (1997) does not include E-waste handling. Nepal available [210]
lacks legal provisions for E-waste
management [209].
Bhutan No The Waste Prevention and eE-waste management organizations are Not Dominant No [68]
Management Act, 2009 required under the Waste Prevention and available [210]
Management Regulation 2012 to
safeguard the health and safety of those
who handle E-waste [212].
Myanmar No Myanmar National Waste Not Dominant Not available

Management Strategy and available [88]
Master Plan (2019-2030)

[88].

sector. All 25 districts have informal sector collection. Each of the 25 districts in the nation receives informal sector collecting. This
might be regarded as the nation’s busiest collecting system. In general, door-to-door collecting uses tiny carts and vans. The majority of
recycling in Nepal is carried out by scavengers, junk merchants, and scrap hawkers who separate the recyclable components and
illegally transfer them to another country for formal recycling [210]. Myanmar boasts an active informal sector equipped with a
structured system for gathering items at the end of their lifecycle, and subsequently engaging in recycling, repair, refurbishment, and
salvaging of parts. The leftovers from the extraction of recyclables and reusable parts are either burned by owners, dumped in landfills,
or mixed with other solid waste [88].

7.2.2. Open dumping

E-waste dumps in residential or agricultural regions are environmental "hot spots." These places transfer infections, smells, and
toxic substances into rivers, ponds, and groundwater. Open waste dumping and acid leakage from abandoned lead-acid batteries may
be hazardous to one’s health and the environment. In addition to disposal sites, open burning of E-waste pollutes the air by generating
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furans, dioxins, particulate matter, heavy metals, and hydrocarbons. Most E-waste in India is not recycled because it’s thrown out with
domestic trash and given no special treatment. E-waste is mostly landfilled [215]. In Sri Lanka, the informal sector is expanding
significantly throughout the nation, from door-to-door collecting to primitive demolition and metal recovery. This endeavor pre-
dominantly involves scrap collectors, and in certain regions, it has evolved into a community-driven operation [95].

In Pakistan, informal methods are utilized to process approximately 8.6% of E-waste, equivalent to 154.8 kilo-tons. The majority of
E-waste is either directly disposed of in landfills (13.8% or 245.6 kilo-tons), redistributed for reuse through sales or donations (65.7%
or 1150 kilo-tons), or retained as part of a deferred disposal strategy [47]. The country imports 95,145 tons of E-waste annually. In
2014, it was estimated that Pakistan generated around 50,000 tons of E-waste specifically from computer scrap and had an overall
E-waste generation of 114,000-138,000 tons annually from 2011 to 2014 [17]. The E-waste management process in Pakistan is
characterized by informal practices, which involve hazardous and unsafe recycling techniques such as burning and the use of acid
baths. Consequently, the waste residue eventually finds its way into landfills, local sewers, and waterways [47,218]. In Bangladesh,
just 3% of E-waste is recycled, while the rest is dumped. 97 percent of E-waste ends up in channels, rivers, landfills, sewers, lakes,
ponds, and open places combined with municipal garbage [166]. In Bhutan, government-generated E-waste is deposited at the
Department of National Properties (DNP) storage situated in Chamzamtog.

7.3. E-waste management models

Over the past decade, various E-waste management models have been studied These models are designed to guide the collection,
recycling, and disposal operations of E-waste using appropriate technologies. Two noteworthy models in this field are Life Cycle
Assessment (LCA) and Material Flow Analysis (MFA) [219]. Life Cycle Assessment (LCA) is a method utilized to assess the environ-
mental impacts associated with each stage of the life cycle of a commercial product, process, or service [220,221]. LCA enables a
thorough and effective assessment of waste management, covering handling, treatment, recycling, and disposal. It helps identify
environmental impacts, critical factors, decision points, and improvement opportunities across all stages of waste management within
defined system boundaries [222].

Defining system boundaries is essential when conducting Life Cycle Assessment (LCA).Typically, LCA studies on E-waste man-
agement exclude the manufacturing and use phases of electronic equipment. The focus is primarily on treatment and recycling pro-
cesses [223]. The LCA methodology consists of four main steps: defining the purpose and scope, conducting an inventory analysis,
assessing environmental and health impacts, and interpreting the results [224]. Over time, there has been an increasing adoption of
LCA in E-waste management studies [23]. European countries tend to utilize LCA more frequently in such studies compared to
emerging countries, with the exception of China. China, being a significant generator of E-waste, has led to extensive research on its
management practices [14].

LCA applied to E-waste management involves three main categories. The first category entails examining the environmental impact
of a particular electronic product and identifying areas of concern within the treatment process. This can involve comparing different
treatment methods or assessing the life cycle of specific electronic items such as monitors, personal computers, PCBs, electronic toys,
and other discarded electronic waste. Additionally, it includes evaluating metal recovery and recycling processes during treatment
[225,226]. The second category focuses on optimizing the environmental impact of E-waste treatment across all products. This in-
volves studying various strategies and approaches to minimize the environmental effects associated with electronic waste treatment
[14,227-229]. The third category involves evaluating the environmental impact of the E-waste collection system. This assessment
specifically examines the collection phase of E-waste management and its overall environmental implications. In E-waste management,
the utilization of LCA encompasses three main categories: analyzing the environmental impact of specific products, refining treatment
processes, and evaluating the environmental implications of the collection system.

Following the delineation of the scope and objectives of the LCA study, the subsequent step is inventory analysis. This phase entails
tracing the movement of materials and energy throughout the system, a process referred to as life cycle inventory (LCI) [230]. The LCI
includes monitoring input-output balances of waste, energy, water, and environmental pollution. To examine the inputs, outputs, and
internal processes, a process flow diagram is necessary [231]. Data collection, verification, evaluation, and reporting are integral parts
of the LCI process. In the context of E-waste management, the LCI analysis focuses on tracking the material and energy flows
throughout the stages of collection, treatment, disposal, and transportation [232].

After the Life Cycle Inventory (LCI), the subsequent stage is the Life Cycle Impact Assessment (LCIA). LCIA involves both quan-
titative and qualitative evaluations of the environmental impact based on the data gathered during the inventory analysis [233]. It
helps to understand the harm caused by resource consumption and emissions. The LCIA involves selecting specific environmental
consequences, such as human toxicity, climate change, terrestrial acidification, among others, and categorizing them based on the LCI
results. Furthermore, it computes potential impacts across various categories, taking into account emissions and resource consump-
tion, and standardizes the impact outcomes for comparison using a reference or impact factor [234]. The LCIA quantifies the system’s
impacts using various methods.

In the field of E-waste LCIA, the most commonly employed impact evaluation method is the CML method, and various frameworks
and impact categories are utilized for assessing inventory data. LCIA methodologies encompass both mid-point, which focuses on
specific issues, and endpoint, which considers overall risks, approaches. The final step involves interpreting the results, examining
their sensitivity and coherence, and drawing conclusions and recommendations based on the findings [221,223].

LCA studies on E-waste management in many underdeveloped and developing countries are scarce or nonexistent. This is mainly
attributed to the absence of data and a formalized E-waste management sector, leaving a gap for further research in this area. Regional
variations in environmental consequences make it necessary to study the specific context of each region, which can lead to improved
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policies and E-waste management practices. Despite the limited data availability, the LCA approach has been applied in developing
countries such as Malaysia, China, and Pakistan, with researchers relying on assumptions to compensate for the lack of accurate data
[235]. Assumptions are made, for instance, regarding the environmental impact of pre-E-waste collection processes. Transfer co-
efficients and ratios for recycled product replacement are often derived from relevant literature and other sources within recycling
systems [23,236]. Additionally, site-specific conditions and regional characteristics need to be taken into account. Commercial LCA
software often employs European or US characterization parameters to construct the LCA model. However, it is important to consider
the inherent uncertainties associated with these assumptions when interpreting the results of the analysis.

Data collection through surveys and questionnaires enables gathering information directly from the source. Subsequently, life cycle
impact assessment methods can be employed to examine the environmental impact of the entire waste management system. It is
crucial to evaluate the results while recognizing the uncertainties associated with data and characterization factors. The creation of an
LCA model customized to the context of Bangladesh can significantly contribute to establishing a sustainable E-waste management
system in the country.

Material Flow Analysis (MFA) holds considerable importance in the realms of industrial ecology, particularly in managing complex
waste streams such as E-waste. It is frequently employed in research concerning E-waste management and recycling [86]. MFA is used
to analyse and quantify the movement of materials, products, and substances within a specific area, allowing for the assessment of
regional and national economies [13]. It encompasses all streams within a system, whether physical or financial, and provides
measurements and graphical representations of these streams. The validity of the results is also evaluated as part of the MFA process
[237,238].

When applied to E-waste, MFA is used to map and quantify the usage, emissions, and recycling effectiveness of electronic waste
[237]. The MFA process begins with defining the problem, establishing the system boundary, identifying the substances and processes
involved, and then calculating and balancing the flow of mass and concentration within the system. MFA studies have been conducted
at national, regional, and local levels, and both static and dynamic models have been utilized [239]. The static model focuses on
material and product flow over the course of a one-year lifespan, while the dynamic model considers materials and products with
variable lifetimes exceeding one year and predicts their flow within the system [240].

MFA research encompasses various electronic devices such as cell phones, desktop, refrigerators, televisions, vacuum cleaners,
microwave ovens, washing machines, and more. The recovery of valuable metals like gold, palladium, and silver is the primary
concern [239] While most MFA studies at the national level have been conducted in industrialized countries, a few studies have been
carried out in developing countries such as India, Vietnam, China, Indonesia, Brazil, and others. China, in particular, has conducted
numerous MFA studies due to the growing issue of E-waste, and India has also undertaken MFA research [86]. It is crucial for
developing countries to engage in MFA research to inform policy decisions and improve their E-waste management systems based on
the insights gained from the MFA model [238,239,241,242]. Due to its reliance on data, MFA investigations have proven to be more
successful in underdeveloped countries. However, MFA does not assess the environmental effects of E-waste specifically [243]. For
instance, a study conducted in Delhi utilized material flow analysis to measure E-waste [244]. A comparable approach can be adopted
in Bangladesh as it endeavors to quantify E-waste and establish a trade value chain. Additionally, outcomes from the Material Flow
Analysis (MFA) model can provide valuable insights into the economic aspects of the E-waste management system. Conducting an MFA
investigation in Bangladesh will illuminate the transactions and flows of E-waste, empowering the government to regulate and
formalize E-waste management in alignment with the study’s findings.

Managing E-waste presents a substantial sustainability challenge for developing nations. To foster a sustainable and environ-
mentally sound future, forthcoming research efforts should prioritize the improvement of E-waste collection, disposal, and recycling
technologies [245]. One possible solution lies in the integration of both new and existing technologies [246]. Hence, there is an urgent
need for comprehensive research methods to address these issues effectively It is crucial to establish well-documented E-waste
recycling policies and methods, with support from national television and print media to ensure successful implementation [247].
Government regulations should facilitate the establishment of integrated E-waste management facilities, requiring the approval of
relevant authorities. Furthermore, continuous monitoring, control, and data archiving programs are essential to oversee process
variables, safety protocols, effluents, pollutants, as well as the inflow and outflow of materials and waste [248].

8. Treatment of E-waste
8.1. Reuse and refurbishing

Redistributing used items to new owners is another technique to cut down the volume of E-waste generation. If the used electronics
are still in workable condition, donation centers, community centers, domestic violence shelters for women, homeless youth programs,
local refugee organizations, or a number of other organizations may be in need of them for the clients they serve. Local or online
businesses offer cash in exchange for the used electronic gadgets that they would refurbish and resell [249]. The primary distinction
between recycling and refurbishing lies in their processes. Recycling entails the extraction and repurposing of resources, while
refurbishing involves the reuse of functional components in manufacturing new goods. Even good recycling procedures produce waste;
therefore, refurbishment is better for the environment. Due to the fact that many materials cannot be recycled indefinitely, a great deal
of E-waste eventually becomes utterly useless to recyclers. On the other side, refurbishing is viable because practically endlessly
reusable operational components may be reincorporated into new items.

An advantage of refurbishing E-waste is that obsolete components may be replaced without compromising the quality of freshly
manufactured gadgets. When purchasing a new electronic product made from refurbished E-waste, consumers who are passionate
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about technology will not detect any change in quality. In order for refurbishment to be efficient, recyclers need to retrieve devices,
while manufacturers must incorporate second-generation items into the production of new electronics [250].

Moreover, the initial manufacturing of a computer consumes approximately 75% of fossil fuels and energy. However, by extending
the lifespan of a computer through reclamation, refurbishment, and reuse, a relief on the environmental impact caused during its initial
production can be considered. The refurbishment process also contributes to the reduction of waste in landfills and addresses the
environmental consequences resulting from poor management practices within the E-waste recycling industry. Additionally, refur-
bished computers serve as products that can help to bridge the digital divide, both domestically and globally, while also assisting in
reducing unemployment rates [251].

8.2. Recycle

The most crucial factor in reducing E-waste is recycling. Waste from electronics recycling provides a number of benefits including
decreasing the pollution of the air and water that results from manufacturing new items from raw materials, preserving natural re-
sources, lowering GHG emissions, and creating jobs, among others [252]. E-waste is typically disposed of at landfills and incinerators
from where hazardous greenhouse gases like methane and carbon monoxide are produced as a result of the breakdown and decom-
position of this garbage. It has a significant impact on global warming. The harmful chemicals that are released into the groundwater
by rubbish piles in landfills eventually make their way to surrounding freshwater bodies and wells. These dangerous toxicants can
build up in water bodies, harming aquatic ecosystems and the surrounding population who depend on the water body for survival.
Recycling electronic waste keeps these harmful substances from entering inland waterways, keeping the water clean and safe to use
[253]. E-waste recycling enables the recovery of valuable elements from outdated or obsolete EEEs.

The used electrical equipment is transported by specialized garbage removal firms from the recycling facility to a processing fa-
cility, where it is shredded into little bits. After being crushed, powerful magnets extract ferrous metals like steel, while electrical
currents are used to collect non-metallic metals. Various techniques, such as the use of infrared light or density separation, are used to

Storage and
processing plant

‘ Glass

‘ ‘ Remaining items are Q; c’. Q’.

shredded .
Shredded materials are sorted and recycled

Batteries and cartidges are recycled

Fig. 9. A simplified diagram of E-waste recycling process [259-262].
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classify plastic components into different groups. Plastic is used to make a variety of products, including plastic fence posts, plastic
trays, insulators, equipment holds, and plastic sleepers and vineyard stakes [254].

The efficacy of E-waste management hinges significantly on recycling. A proficient recycling process has the capacity to markedly
diminish environmental pollutants while conserving natural resources and energy. The local government must support it and educate
the public. Reusing electrical waste circuit boards is the hardest. The circuit boards printed on contain valuable metals such as silver,
tin, gold, platinum, among others. Conventional methods utilizing common metals like aluminium, copper, iron, etc., rely on me-
chanical separation and shredding, which prove to be ineffective [255]. Another method for managing electronic waste involves
melting circuit boards and employing open-pit acid leaching to separate burnt cable sheets, facilitating the extraction of precious
metals for copper wire recovery. Electronics reuse or disposal reduces greenhouse gas emissions, health issues, and unemployment.
Cryogenic dissociation, another approach for reusing printed circuit boards, is presently being studied. Downcycling involves the
transformation and recycling of materials into lower-grade products, which may not be as environmentally friendly or socially
responsible as their original counterparts.Due to the presence of mercury, cadmium, and lead, numerous countries opt to repurpose
large coin cells and buttons containing 2-9V batteries [255].

Reusing materials from obsolete gadgets is the best way to reduce E-waste. Metal may be recycled from most electrical gadgets.
Eliminating and reusing potential reuse preserves natural resources and prevents water/air pollution from hazardous E-waste disposal.
Plastic makes up about 21% of the weight of E-waste. The durable ABS plastic used in hover mowers is frequently used in products,
including pipes, cases, musical instruments, and car bumpers. It is possible to recycle copper motors from lawnmowers to create
jewelry, coins, and winding wire for motors in new electronic goods. Metals can also undergo recovery and recycling processes to
create new steel products and other metal items [256]. By product plastic from printers can be reused to make fresh 3D prints. Recycled
metals are sold at lower prices throughout Europe. Due to a dedicated recycling system, Japanese businesses must make more
ecological products. These methods can safely salvage all computer building materials [257]. Reusing new products minimizes green
product greenhouse gas emissions. Harmful smoke and gases are caught, restricted, and treated to reduce environmental damage
[258]. Fig. 9 gives idea of whole E-waste recycling process.

Steel from video game consoles can be used to manufacture computer cases, vehicle parts, and structural beams. The circuit boards
include precious metals such as platinum, silver, gold, and palladium. These can be used to make jewelry or mobile components. The
valuable metals contained in phones can be used to produce other electronic products. Numerous exciting uses exist for the zinc
present in mobile phones, including galvanizing steel, creating brass when combined with copper, and even preventing corrosion on
ships [263]. Table 5 shows how materials recovered from E-waste can be utilized to manufacture other valuable items.

8.3. Recovery

The recycling industry can commercially exploit electronic scrap by extracting precious metals such as gold, palladium, silver, and
platinum from it. Gold, in particular, is found in electronic scrap at a concentration over 40 times higher than gold ores found in the U.
S. Furthermore, gold makes up approximately one-third of the precious metals reclaimed from E-waste processing. This underscores
the importance of extracting precious metals from electronic scrap, as it plays a vital role in maximizing the commercial potential of
the recycling industry [149,269]. Various methods such as pyrometallurgy, hydrometallurgy, electrometallurgy, bio metallurgy or
bioleaching have been effectively employed for extracting valuable products from E-waste. Additionally, combinations of pyro- and
hydrometallurgy have been crafted for optimal efficiency and reduced time consumption. Preparing E-waste through pre-treatment is
an essential initial stage aimed at optimizing metal recovery [270]. Multiple steps can be utilized in the procedure for extracting metals

Table 5
Items recovered from E-waste and recycled into useful products.
Component Item recovered Recycled into Reference
Radiators, air-conditioners heat sinks, computers Aluminium Computers, CDs, electric power lines, cars, kitchenware, [264]
compressors, refrigerators packaging for food and medicine, furniture,
refrigerators, and aircraft
Elements in the motor housing, flat-screen TVs,and ~ Copper Appliances, heating and cooling systems, and [265]
heat sinks telecommunications
Air-conditioners, anything with plumbing, cooling Brass Brass can often be found in decorative, mechanical, and [266]
circuit fittings or pressure vessels, and things musical applications
like liquid-cooled PCs
CRTs (Cathode Ray Tubes) of TV and monitors. Glass extract to make newer screens [267]
Mercury Dental amalgams, metric instruments and fluorescent
lighting
Circuit board Numerous precious metals, Jewellery or mobile phone components

including palladium, silver, gold,
and platinum

Hard Disk Aluminium ingots extracted from  Particularly effective for automobiles
hard drives
Toner and Ink Cartridges Plastic and metals Raw materials for other goods include cases, pipe
fittings, musical instruments, and automobile bumpers
Batteries Cobalt, steel, cadmium, and Reusable in new batteries and beneficial in the [268]
nickel production of stainless steel.
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from electronic waste: (i) E-waste should be shredded (broken down into tiny pieces for proper sorting). These tiny costs are carefully
sorted and disassembled using only human hands. As waste goods are currently being separated to recover different pieces, this often
requires a lot of labor. (ii)Dust Extraction (The microscopic waste particles are evenly distributed on the conveyor belt by shaking. The
evenly dispersed electronic trash particles are then broken down even more. The dust is removed and disposed of in an environ-
mentally responsible manner [149]. In this manner, environmental damage is prevented (iii) Magnetic separation (A strong overhead
magnet then separates steel and iron from other debris. This recycles steel from the waste stream). Non-ferrous metals are separated
from other materials using an eddy current separator, which employs high-frequency vibration.(iv)Water separation (Subsequently,
the utilization of water separation technology becomes crucial for the distinct separation of glass from plastic components) [271].
Since factories can get their raw materials from trash, recycling has become more popular. As a result, less mining of Earth’s surface is
required. Fig. 10 shows the step-by-step material recovery process.

Magnetic and eddy current separators are popular for separating metallic components. Permanent magnets or electromagnets
separate ferrous components, while eddy current separators separate aluminium and copper from non-metallic elements.

Such separation plants typically comprise a sequence of physical treatment units designed for various processes, including grinding,
crushing, screening, air classification, magnetic separation, electrical-conductivity separation, eddy-current separation, and more.
Depending on the separation procedure and the number of units used, metal pieces of varying sizes and compositions are formed.
Table 6 shows heavy metal recovery from PC and phone. The presence of valuable metals should motivate official recyclers and
encourage informal recyclers to formal recycling. The amount of precious metal that can be found can be used to set up separate
recycling infrastructure, especially for handsets waste. All in all, PCBs that are left over from old electronics are anything but waste. If
these printed circuit boards are recovered and treated to the appropriate processing processes, the quantity of valuable metals pro-
duced will contribute significantly to the economy. Table 7 represents the number of metals recovered from 1 kg of PCBs with their
market value.

8.4. Reduce

Consumers in developed countries purchase billions of dollars’ worth of new electronics every year and then discard their old
devices in landfills. Limiting use of technological devices, looking for multipurpose gadgets, keeping possessions, doing small changes
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Fig. 10. A streamlined depiction of the stages involved in the process of recovering materials [272-278].
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Table 6

Recovering valuable and heavy metals from mobile phone and computer PCB [279,280].

Heliyon 10 (2024) e28707

Recovered PCB of mobile phones PCB of computer
metal
Reagent Recovery method Percentage of Reagent Recovery method Percentage of
Recovery Recovery
Gold Cyanide generating Bio-leaching 11.31 Sodium Cyanide Leaching Column 46.6
Bacteria technique
HCl Ion exchange process 95 Sulfuric acid, hydrogen Bio-recovery 69
peroxide, thiourea
Sodium thio sulfate + Hydro metallurgy 15 Ammonium thio sulphates, Hydrometallurgy 90
ammonium hydroxide ammonia
+ copper sulfate
- - - Sulfuric acid, hydrogen Hydrometallurgy 100
peroxide, thiourea, sodium precipitation
hypochlorite, hydrochloric
acid,
Silver Sodium thio Sulfate + Hydro metallurgy 3 Sodium Cyanide Leaching column 51.3
Ammonium hydroxide technique
+ Copper sulphate
Copper Aqua regia Hydrometallurgy + 92.0 Nitric acid LIX-984 Hydrometallurgy 99.7
Electro winning solvent extraction
Sulfuric Acid + Super critical 83.3 Sodium cyanide Leaching column 62.3
Hydrogen peroxide extraction technique
Acid Thiourea Adsorption (CPT gel) 80.0 Acid thiobacillus ferroxidase Bio-recovery 100
Lead - - - Sulfuric acid, hydrogen Hydrometallurgy 100
peroxide, thiourea, sodium precipitation
hypochlorite, hydrochloric
acid,
Nickel - - - Acid thiobacillus ferroxidase Bio-recovery 100
Table 7
The quantity and expense associated with the metals extracted from 1 kg of PCBs [41,149,205].
Recovered Metal Weight (gm/kg) Market value USD/gm
India Bangladesh Sri Lanka
Gold 0.279 0.60 0.25 38
Silver 0.450 7.6 1.68 0.46
Copper 190.512 136.35 65 0.01
Tin 30.84 24g 0.03

help things last longer. For instance, cleaning electronic devices on regular basis, and restraining of overcharging are something that
can be done to extend the longevity of the device [281]. Data can be stored in the cloud remotely, which can free up space and reduce
the need for expensive hardware. Furthermore, because data is stored remotely, it is more unlikely to be completely lost if something
bad happens Every year, large quantities of electrical and electronic equipment are discarded on a global scale. Even if most of the
time, the equipment works fine, although newer models have replaced it. In that case, returning old items to the retailer to decrease
E-waste and keep them out of landfills can be the preferable option. Many consumers may reduce their next purchase by returning an
outdated item [282].

Many manufacturers, including Apple, Walmart, Samsung, and Best Buy, and Walmart, offer trade-in programs in which consumers
get shop credit for turning in old electronic equipment. This is shown by the Samsung upcycling at-home program. Samsung extended
its upcycling initiative in April 2021 to allow people to transform their old Galaxy phones into smart home gadgets [283]. Fig. 11
illustrates the possible ways to reduce E-waste.

8.5. Rethinking

Before making any electronic purchase, careful consideration is needed regarding its usefulness. For instance, upgrading the
software instead of purchasing a new device can be a wise option if the existing device is in good condition. Investigating the products
and raw materials involved in the production of electronic devices aids in comprehending the impacts of toxic chemicals. Examples of
these discarded items include products bearing the 'Energy Star’ label or those certified by the Electronic Product Environmental
Assessment Tool (EPEAT) [281]. In other words, searching for things with a longer expected lifespan so that they do not have to be
replaced after a few years or even just a few months. Making products with shorter lifespans so that more money may be made later on
when they fail, or malfunction is a well-known practice in the electronics industry. The average lifespan of commonly used electronic
items south Asian region has been displayed in Table 8.
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Fig. 11. Potential strategies to reduce E-waste.
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Table 8

Average lifespan of commonly used electronic products.
Electronic items India Pakistan Bangladesh Srilanka  Nepal Bhutan Afghanistan Myanmar
Personal 3-7 [284,285] 5-10 [47] 3-8 [285-287] 3-8 [95] - 3-8 [285,287, 2-7 [289-291] -

computers 288]
Television 2-8 [292,293] Above 10 5-10 15-20 10 [294] 10 [292,295,296]  — -
Printers 2-10 - 1-8 - - - -
Mobile phones 6-8 [297] 1-5 2.5 2 3-4 [298] 1-6 [289,299, - 2-4 [289,
300] 301]
Refrigerators 10-14 14-17 [305] 14-17 15-20 14-17 14-17 - -
[302-304] [305]

Air conditioners 10 - - 5-15 - - - -
Washing machines - - - 15-20 - - - -

9. Way forward to sustainable E-waste management

The key of achieving sustainable management of E-waste is to handle it in an environmentally friendly manner. This can be
accomplished through various strategies, such as minimizing E-waste by reducing the consumption of electronic materials and re-
evaluating the need for new products. Moreover, implementing measures to save energy, such as recycling electronic items and
batteries, optimally locating recycling bins for E-waste to ensure they are readily accessible, reconditioning sizable electronic appli-
ances, donating pre-owned electronics to charitable causes, selecting electronics designed with environmental consideration, and
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enhancing the durability of electronic gadgets, are all vital actions in fostering responsible management of E-waste. However, it is
imperative to take decisive actions to curb the rapid escalation in E-waste generation to safeguard a healthier environment for future
generations.

At the very first place, it is necessary to implement strict laws and regulations on E-waste generation and sub-sequent processing. It
is essential to make and apply specific laws on regular waste collection and mandatory enforcement for uncollected wastes.
Furthermore, laws or policies should incorporate subsidized garbage collection rates and provisions to ensure regular collection from
informal settlements. Establishing a central collection point in informal neighborhoods and providing incentives for residents to utilize
it are also essential measures to be considered. It is also advised to closely monitor trash segregation and disposal at those places.

Moreover, enhancing the recycling process is critical. By engaging stakeholders in collaborative workshops, the initiation of waste
segregation at the source, particularly in residential settings, can be encouraged to mitigate the escalating hazards of dumpsites due to
inadequate segregation practices. It is essential for households to be motivated to distinguish their organic waste from plastics,
adopting a communal collection schedule. Organic waste from kitchens ought to be gathered daily, while recyclable materials that are
not biodegradable could be picked up 4-5 times a week. To promote recycling, reusing, and sorting of waste, governments might
introduce a rewards program that offers incentives for the return of empty plastic containers or other recyclable items. Responsibility
for overseeing the disposal in compostable and non-compostable bins should be jointly held by local communities and entities focusing
on Science, Technology, and Society (STS). Key individuals involved in the process have suggested utilizing waste as a resource and
exploring the generation of gas from organic waste in landfills. Additionally, they propose implementing rooftop gardening as a means
of managing compost waste effectively.

On top of this, creating targeted awareness campaigns is an effective approach to influence public behavior and promote effective
waste management practices in general. These campaigns should emphasise the critical role of segregating waste at the household
level, with clear policies outlining the allocation of financial and human resources and the establishment of a regulatory body. Res-
idents living in close proximity to waste management facilities are often curious and concerned about how waste is handled. It is
important to ensure that all stakeholders are well-informed about the risk assessment policy and can engage in discussions using a
shared understanding and analysis. This promotes public involvement in environmental decision-making processes. These residents
desire safe and reliable waste management practices that do not harm the environment or public health. Risk assessment serves as the
foundation for making scientifically and logically sound decisions. Governments, tribes, facilities, and other concerned parties should
engage in dialogue before reaching any conclusions. Furthermore, it is imperative to articulate the importance of mitigating envi-
ronmental impacts associated with waste management. This entails promoting strategies to reduce solid waste and wastewater flow,
enhance the efficiency of E-waste treatment procedures, and lower energy usage. Moreover, emphasizing the avoidance of incineration
and landfill disposal while outlining clear responsibilities for stakeholders, including the recycling industry, retailers, manufacturers,
and consumers, is crucial for effective waste management strategies.

E-waste management is a professional and financial process that emphasizes the importance of sustainable product production. It
requires the implementation of a circular economy, which can only be achieved through collaboration among governments, corpo-
rations, and consumers [306]. For the sustained well-being of the global economy, it is crucial to consider both technical consumer
behavior and consumer economics. This highlights the need for improved developmental strategies to enhance E-waste management
and establish a satisfactory professional economy. Adopting a circular economy model seeks to curb the consumption of electrical
goods and electronics by limiting their production through effective product design and innovative business models. The 7R systems,
encompassing reuse, reduce, reject, reconsider, redesign, and recycle, underscore the significance of considering economic, social, and
environmental factors in waste management. Nevertheless, various challenges, such as insufficient collection systems, technological
constraints, inadequate training within the informal sector, and financial limitations, can impede the advancement of these initiatives.
The idea of a circular economy promotes the adoption of renewable, sustainable, and cleaner technologies by planning strategies,
adopting developmental models and implementing regulations that prioritize waste reduction and optimize the utilization and value of
product materials.

It is recommended to dispose of E-waste after conducting appropriate physical and chemical treatments. The government should
allocate designated areas for safe E-waste disposal. To effectively raise awareness regarding the hazards of E-waste, it is crucial to
ensure proper advertisement and promotion of disposal facilities post-approval. Site owners and operators of E-waste disposal sites
must exhibit technological proficiency and a comprehensive understanding of associated hazards. Obtaining approval from regulatory
bodies such as the Department of Energy and local governments is essential in this regard. It is crucial for owners and operators to
possess the necessary knowledge and expertise regarding E-waste and its effects. Therefore, considering future factors and imple-
menting potential solutions such as (using advanced technologies to manage hazardous components and extract valuable metals from
E-waste, using of novel adsorbents to recover e waste, performing economic analysis to explore suitable recycling methods, proper
guidelines and implementation of rules, creating awareness)can help mitigate environmental dangers, reduce the likelihood of risks,
and minimize health hazards associated with E-waste processing.

It is crucial to enforce stringent laws and regulations that define the functioning of waste management systems and outline the
responsibilities of the primary implementing agencies. The successful execution of these policies necessitates investments, rigorous
monitoring, and collaboration among stakeholders. Effective communication, dialogue, education, and dissemination of information
are crucial elements. Additionally, allocating adequate budgets for safety equipment and integrating health and safety considerations
for waste handlers into the policies are essential measures for ensuring their effectiveness.

The government can contribute by offering health insurance and safety training for individuals working in waste management.
Stakeholders suggest enacting a reward-punishment mechanism to motivate resident throughout every phase of the waste manage-
ment cycle. Developing such policies, strategies, or action plans should involve public-private partnerships to establish strong linkages
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between various sectors involved in waste management. Lastly, a centralised institution or authority should oversee the entire waste
management process and coordinate the efforts of all authorized institutions involved, from waste generation to disposal, in order to
streamline and improve solid waste management practices.

10. Conclusion

E-waste poses significant threats to both the environment and human health; however, numerous countries stand to benefit from
structured recycling and metal recovery processes for E-waste. The advent of the Internet of Things (IoT) and cloud computing has the
potential to streamline the electrical device manufacturing industry by reducing material consumption. Implementing advanced
product monitoring systems and embracing new service and takeback business models can facilitate the transition of global value
chains toward circularity. Enhancing electronic material efficiency, bolstering E-waste recycling infrastructure, and expanding the use
of recycled materials to fulfill the demands of the electronics supply chain are paramount for sustainable progress in this domain. If
properly managed, the industry may produce millions of good jobs worldwide. Electrical and electronic product use and manufacture
require a new perspective. Electronic waste is sometimes portrayed as a post-consumer concern, yet it includes the lifecycle of ev-
eryone’s electronic gadgets. Policymakers, consumers, raw material producers, miners, merchants, investors, manufacturers, de-
signers, and others must reduce E-waste. They also maintain system value, extend product life, and enable recycling, reuse, and repair.
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