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Plastic pollution on land and in oceans is currently a pressing environmental issue. The accumulation of waste has caused severe, irreversible impacts and consequences on marine life, ecosystems, and the environment due to the lack of good waste collection, treatment, and management systems. Limited resources and infrastructure constantly challenge waste management in Southeast Asia. Therefore, we will examine the current plastic situation and issues in Southeast Asia and gain an understanding of the issues of the existing waste management systems in those countries. Then, we will examine the current practices applied in tackling plastic pollution and review the collective commitment and actions of governments, private sectors, social organizations, stakeholders, and consumers, as the key players in ending plastic pollution.
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1 INTRODUCTION
Plastic material is a convenient and versatile commodity used on a global scale with diverse applications such as in electronics, healthcare, agriculture, transportation, construction, and most significantly, packaging (Huo et al., 2020; Kunwar et al., 2016). With the massive growing population and rapid urbanization, global plastic production reached a cumulative total of 360 million tons in 2018, demonstrating substantial leaps of 1.2-fold from 299 million tons in the short time frame of 5 years (Anuar Sharuddin et al., 2016; Yao et al., 2021). While the use of plastic is swiftly expanding, the accumulation of municipal plastic waste entering the solid waste stream is a major cause of severe environmental issues. The issue is exacerbated as these plastic materials are highly durable due to their unique molecular structures composed of hydrogen, carbon, and other elements that take years to decompose fully. Thus, effective plastic waste management and treatment approaches are urgently needed to solve the environmental problem. Incineration and landfilling are the two most common ways of dealing with plastics disposal, and only 9% of plastic waste is being recycled globally, resulting in an estimated 4–12 million metric tons of plastic waste pilling up in the ocean annually (Geyer et al., 2017a; Jambeck et al., 2015; Wen et al., 2021). The mismanaged plastic waste that enters the ocean forms microplastics, which are tiny plastic particles that originate from primary and secondary sources with a size of <5 mm in an infinite shape (pellets, fibers, etc.) (Akdogan and Guven, 2019; Horton et al., 2017). When the plastic materials are exposed to ultraviolet radiation, the plastics become brittle and subsequently fragment into microplastics due to the photo-oxidation process (Figure 1). Under the influence of heat, sunlight, and well-aerated conditions, plastic waste undergoes iterative fragmentation processes, and the anoxic conditions of aquatic environments result in the slow degradation of plastics (Zhang, 2017). The primary microplastics originate from synthetic fibers and textiles derived from the abrasion of clothes, in which 1900 fibers per item are estimated to be leached during washing (Napper and Thompson, 2016). Another source of primary microplastics is sedimented microplastics in cosmetic and medical products. On the other hand, secondary microplastics are derived from the fragmentation/degradation of macroplastics into plastic debris due to physical, chemical, and biological processes (Akdogan and Guven, 2019). Light macro- and microplastics can be transported across the land by wind, and the dense ones will be buried deeper in soil layers. The piling up of microplastics poses an ecotoxicological risk, and this hydrophobic debris in water serves as a good absorb heavy metals that affect the water quality (Avio et al., 2017; Wang et al., 2017). Incineration is a common practice in developed countries to resolve domestic plastic accumulation by burning plastic waste at high temperatures (Gupta et al., 2022). However, incineration involves energy-intensive pre-treatment that engenders severe environmental impact, whereas the presence of additives and blends within the plastic lattice may complicate the recycling process (Ragaert et al., 2017; Cao et al., 2020).
[image: Figure 1]FIGURE 1 | Overview of factors influencing the weathering of plastics (Jahnke et al., 2017).
As an alternative, global plastic trade flow was triggered in the late 1990s, whereby plastic waste was transferred from developed to developing countries. China, as the primary importer of plastic waste, found that these materials are profitable for goods production; however, the low quality/grade of the plastic waste (contaminated) is the cause of environmental issues. In 2013, China introduced a temporary plastic waste import restriction, which is also known as the “Green Fence” campaign, to combat poor quality and contaminated plastic waste and to reduce illegal foreign smuggling and trading (Brooks et al., 2018). However, this temporary campaign did not entirely halt the illegal transfer of plastic waste, resulting in an annual plastic waste import of 8.88 million tons in China, which triggered a series of environmental problems (Chen et al., 2019). In 2017, China issued a new import policy banning the import of 24 types of solid waste, including plastic waste, which has globally challenged and disrupted the flow pattern of the global plastic waste trade. Following the China ban, the global plastic waste trade volume clearly decreased, as compared to the trade volume prior to the China ban. At the same time, a surge of plastic waste entered developing countries, especially Southeast Asia, making it a major contributor to plastic pollution. Perhaps, these actions could have helped the developed countries in partly managing their domestic waste (waste trading); nevertheless, it poses threats to developing countries. The Southeast Asian countries Indonesia, Thailand, Vietnam, the Philippines, and Malaysia are the top five countries for the production of large municipal solid waste, at 1.14 kg/capita/day worldwide (Arumdani et al., 2021). Mismanaged contaminated and unprocessable waste, poor domestic waste disposal management and facilities and the lack thereof, and insufficient land for proper waste disposal are the main causes of the threat to Southeast Asia’s environment (Jain, 2020). As plastic debris is blown by the wind or washed by rain into waterways, plastic materials pile up in the sea, leading to an estimated 14 million tons of waste entering the ocean every year (Bello, 2022). Figure 2 displays the annual flow of river plastic inputs into oceans in tons (Lebreton et al., 2017). This phenomenon is worsening with the illegal waste dumping by developed countries and the smuggling process, which has ensued from the Southeast Asian governments imposing restrictive measures on plastic waste imports. Southeast Asian nations have taken up the challenge in recent years and pledged to curtail the pollution issue. In 2018, Malaysia implemented a roadmap toward zero single-use plastics with the aim of addressing single-use plastic pollution for a cleaner and healthier environment in Malaysia by 2030. In addition, Malaysia has returned 4,120 tons of plastic waste to 13 countries and has officially shut down 200 illegal plastic recycling centers since 2019 (New Strait Times, 2019). Meanwhile, Thailand restricted electronic waste imports and pledged to end plastic waste imports by 2021 (Sasaki, 2021).
[image: Figure 2]FIGURE 2 | Mass of river plastic flowing into oceans in tons per year. River contributions are derived from individual watershed characteristics such as population density (in inhabkm−2), mismanaged plastic waste (MPW) production per country (in kginhab−1d−1), and monthly averaged runoff (in mmd−1). The model is calibrated against river plastic concentration measurements from Europe, Asia, and North and South America (Lebreton et al., 2017).
Here, we review the issues of plastic waste and microplastics in Southeast Asia by first understanding the current situation surrounding the plastic waste issue in Southeast Asia, followed by identifying the current waste management systems (landfilling, incineration, and recycling) in Southeast Asia. Then, we will identify the potential solutions for tackling the plastic waste crisis in Southeast Asia. In addition, we quantify the cascading impacts of China’s import ban and discuss how the ban affects the global trade flow of plastic waste and quantify the magnitude of the environmental impact of trade flow changes and eco-costs of five midpoint indications, namely global warming (GW), fine particulate matter formation (FPMF), freshwater ecotoxicity (FEW), human carcinogenic toxicity (HCT), and water consumption (WC) resulting from the China ban.
2 PLASTIC WASTE ISSUES IN SOUTHEAST ASIA
2.1 Current situation around plastic waste in Southeast Asia
Plastic waste is a prevalent issue worldwide. In recent years, due to the COVID-19 pandemic, there has been an alarming increase in the use of single-use plastics throughout Southeast Asia. Due to the lockdown periods, Malaysia, Thailand, and Singapore recorded a spike in plastics such as single-use plastic packaging, bags, and containers (The Japan Times, 2020). Other impacts include the increased plastic medical equipment required due to the pandemic. In Malaysia, there were instances of waste spillage (Yuen et al., 2020) and an increase in household plastic waste (Teoh, 2020). Similar instances were recorded in Singapore, Thailand, Myanmar, the Philippines, and Vietnam (Praveena and Aris, 2021). The total waste generation and management in Southeast Asian regions are tabulated in Table 1.
TABLE 1 | Demographic context, waste generation, and waste management in Southeast Asian countries. Data extracted are based on 2015, unless specified Tun et al. (2020).
[image: Table 1]Southeast Asia is a wealthy and biodiverse region, with almost 150,000 km of coastline and over 25,000 islands including approximately 34% of the world’s coral reefs and 25%–33% of the global mangrove forests, which are diverse with tropical marine species (Omeyer et al., 2022). Countries with higher populous density along the coastlines show a higher potential for polluting the ocean with plastics (Ritchie and Roser, 2018). With multiple countries, including Indonesia, the Philippines, and Vietnam, having large coastal populations, it is highly likely that this would lead to a more significant possibility of polluting the ocean with plastics. These Southeast Asian countries produce over 1.5 million metric tons of mismanaged plastics annually. Malaysia, Thailand, Vietnam, the Philippines, and Indonesia all ranked in the top 10 countries with the highest generation of mismanaged plastics, whereas Indonesia and the Philippines ranked second and third, respectively (Jambeck et al., 2015). These extensive populous coastlines may contribute mainly to the large amount of plastic waste entering marine areas in Southeast Asia. Despite this, many other countries within Asia have a high number of populous coastal regions but do not have a similar issue to the aforementioned countries. These countries have well-established, robust plastic waste management systems despite their proximity to the ocean (Loh, 2020).
It was estimated that 99.5 million metric tons of plastic waste were generated in coastal regions in 2010, and of this amount, around 4.8 to 12.7 million metric tons of plastics ended up in the ocean, which accounts for between 1.7% and 4.6% of the total plastic waste generated by the countries involved (Jambeck et al., 2015). These numbers are already alarming; detrimental effects have already been seen in marine life, in which microplastics have been detected within their bloodstream. Such microplastics have also been detected in humans (Leslie et al., 2022).
Another perspective showed that these large waste-generating countries within Southeast Asia, including Indonesia, the Philippines, and Vietnam, have undergone rapid economic growth over the last 3 decades, which also explains why food waste makes up a significant proportion of waste in Southeast Asia (UN environment, 2017). Considering that ASEAN’s urbanization rate is expected to surpass 70% by 2050, waste management issues are likely to worsen in the coming years (Loh, 2020).
2.2 Current plastic waste management system in Southeast Asia
The waste management system preferred in Southeast Asia is open landfill due to the ease of construction and low processing cost. Open landfill, as the name states, is a large land mass area sacrificed to accommodate the large amount of waste produced daily by citizens. Bantar Gebang, Jakarta’s largest landfill at around 120 ha, receives nearly 7,000 tons of waste daily. It is estimated to already hold 39 million tons of waste and should reach its capacity of 49 million tons (Raslan, 2019). It has been shown that Southeast Asian countries have produced between 0.21–640 million tons of municipal solid waste, the largest being Indonesia and the smallest being Brunei Darussalam (UN environment, 2017). Reliance on plastics, especially during the pandemic, has increased plastic usage and single-use plastics (Chen et al., 2021).
The prospect of landfills is not sustainable as land mass use would increase daily and would eventually lead to the depletion of usable land mass. Aside from the apparent leachate issues that would be detrimental to the land mass and water sources surrounding the landfill, plastics are a challenging issue since they have a long lifespan, and the issue of microplastics has become more prevalent in recent years. Plastic pollution’s impact is visible on land and in the ocean. Landfills are favored, but due to their detrimental effect on the environment, which includes air, water, and land pollution, as well as the change in climate caused by greenhouse gases, they are not sustainable (Arumdani et al., 2021). In Malaysia, approximately 85% of municipal solid waste material goes to landfill sites, and because plastic is not biodegradable, with the current rate at which landfills are being filled, they will soon reach capacity (Chen et al., 2021).
 Currently, there is a multitude of ways to manage plastic waste where the Southeast Asian countries use landfills, sanitary landfills, incineration, and composting. Southeast Asian countries use landfills, sanitary landfills, incineration, and composting. Landfills, as mentioned previously are not sustainable in the long run. Only a small percentage of landfills in Southeast Asian countries are sanitary landfills (Arumdani et al., 2021), which provide low-cost waste management compared to other alternatives. Incineration involves higher capital and a management cost of around 80–102 USD per ton, while for sanitary landfills, it is around 10–45 USD per ton (Tun et al., 2020). Despite that, due to the limitations of capacity, this option is not considered sustainable given the amount of waste coming into the site, which is leading to sanitary landfills becoming unsanitary landfills (Loh, 2020).
The current recycling rate for most Southeast Asian countries is below 50% due to the limitations of infrastructure and logistics to provide the necessary operations for it to be profitable (UN environment, 2017). Private companies run most recycling facilities in Southeast Asian countries, and profitability is the main driving factor. In most cases, the waste produced is too dirty to qualify for mechanical recycling (Chen et al., 2021). The current infrastructure is not viable because most recycling practices require sorting and separation processes beforehand. It would be difficult to develop the necessary infrastructure to keep up with the increase in plastic usage, making it a race against time. Most of the recycling infrastructure is located in urban areas; hence, people from outside cities do not have alternatives for recycling their plastics. Regarding plastics, there are limitations to what types of plastics can be recycled. Post-industrial plastics are the easiest to recycle due to their purity. Contrary to that, post-consumer plastics pose many challenges not only due to a lack of waste separation during the initial stages of the waste generation process but also due to the mixture of plastics when producing consumer plastics (Antelava et al., 2019). Due to the ever-increasing load of the recycling process, most plastics that go to recycling plants would be deemed unrecyclable and be directed to landfills (Geyer et al., 2017b).
In addition, the backbone of the recycling process in Southeast Asian countries is often underprivileged citizens. There is no specific unified system to homogenize the retrieval process, which subsequently affects the entire supply chain process of the recycling route. This unreliable route further reduces the profitability of the recycling process, which further decreases the chances of plastics being recycled. In some instances, companies would instead import plastic waste from overseas for recycling purposes (Chen et al., 2021).
Another waste management process in Southeast Asian countries is the waste-to-energy process, or incineration, which focuses on burning waste to create energy. Plastic waste is considered a good source of fuel. A similar problem can be seen in the implementation of incineration plants in Southeast Asian countries, which is due to the lack of infrastructure and cooperation between governments, municipalities, and private companies regarding the supply of waste. Consistency and quality of waste are crucial for the incineration process to create good quality and reliable energy. Since the majority of waste in Southeast Asian countries is primarily organic waste, this leads to the creation of wet waste, reducing the overall efficiency in producing energy (Tun et al., 2020). The mixture of wastes can produce toxic by-products such as noxious gas emissions and ash by-products that require more advanced after-treatment processes, pushing the cost of incineration plants (Energy, 2020). Hence, similar to the recycling process, sorting is important in order to produce good-quality energy, and hydrocarbon sources such as plastics are more favorable than wet organic waste, which produces lower calorific value energy ranging from 5–11 MJ/kg (Tun et al., 2020).
The problem of plastic waste closely relates to the problem of waste management, as plastic causes further damage due to its long lifespan. Hence, waste management systems are vital to improving the situation around plastic waste destroying land and ocean ecosystems. Major stakeholders, including government bodies, private companies, and international bodies, need to work together internally and externally to create an integrated system to help better manage plastic waste.
2.3 Current microplastic waste and management situation in Southeast Asia
Southeast Asia accounts for a significant proportion of global microplastic pollution, ascribed to the abundance of mangrove, seagrass, and coral habitats in coastal and shallow waters that lead to plastic accumulation by snagging. Microplastics are found in beach sediments, water columns, benthic sediments, and marine biota (Figure 3A) and are accumulated along the high-strand vegetation lines and trapped between plants, according to investigations conducted in Thailand and Singapore (Curren and Leong, 2019).
[image: Figure 3]FIGURE 3 | (A) Schematic diagram representing the presence of microplastics in the marine environment: in beach sediments, water column, benthic sediments, and marine biota. (B) Overall composition of microplastic types found across beach sediments, seawater, benthic sediments, and marine organisms. A total of six main types of microplastic were identified (Curren et al., 2021).
Microplastics are classified into primary and secondary forms. Primary microplastics are derived from sources such as resin beads, microbeads for facewash or toothpaste, and other products. Secondary microplastics are fragmented macroplastics that originate from coastal and domestic sources and international ocean flows. The fragmentation of macroplastics occurs through environmental weathering, which alters polymer properties due to abiotic factors (light, temperature, air, water, and mechanical forces). Light microplastic debris floats on the water’s surface. Over a certain period, the microplastic surfaces can be colonized by microorganisms, which results in denser microplastic particles that eventually sink to form benthic sediment (Riani and Cordova, 2022).
Domestic sources of plastics, such as due to marine litter and fishing activities have caused a substantial environmental impact in the coral reef localities of Darvel Bay, East Sabah Malaysia, where plastic bags (10%), plastic bottles (13%), and fishing nets/lines (21%) have been found in the reef (Figure 4) (Santodomingo et al., 2021). As well as in Malaysia, the presence of microplastics in freshwater ecosystems has also been detected in the river streams of Indonesia, Thailand, and Vietnam. The concentration of microplastics in the seawater in Southeast Asian regions ranges from 0.13–11,100 pieces/L, which is comparable to the figures recorded in the Arctic Ocean and Santa Monica Bay (Curren et al., 2021). Reviewing the case in Thailand, Thailand receives several hundreds of thousands of tons of plastic waste from developed countries every year. At the same time, they have a poor management system, and plastic waste leaks into canals and beaches during heavy flooding. Johansson and Ericsson reported that hard/soft microplastics in the form of foams and beads were found on the water surface of the Chao Phraya River (Ericsson and Johansson, 2018). In contrast, 0.04–0.30 particles/L microplastics were discovered on the water surface of the Dungun River in Malaysia (Tee et al., 2020). Microplastics from 50–5000 μm were observed on the water surface and in the sediment of the Citarum River, Ciwalengke River, and Surabaya River in Indonesia. Microplastics can exist in various forms, such as filament, fiber, granule, fragment, film, and foam. Among these forms, Curren and co-workers discovered fragment-type microplastics were dominantly found across beach sediments, seawater, and benthic sediments, whereas the fiber type was discovered in marine organisms (Curren et al., 2021). The overall compositions of microplastic types found across the beach sediments, seawater, benthic sediments, and marine organisms are depicted in Figure 3B.
[image: Figure 4]FIGURE 4 | Examples of marine litter found in the Darvel Bay reefs: (A) Abandoned fishing net in the Triangle Reef at 10 m depth, (B) plastic bag (BAG), plastic bottles (BOT), and aluminum can (CAN) in Baik at 5 m depth, (C) other food wrap (OFW) and textiles (TEX) in Sakar at 5 m depth, and (D) plastic bag (BAG) in Sakar at 10 m depth (Santodomingo et al., 2021).
These microplastics have a negative impact on oceanic carbon cycles, altering the composition of microbial and planktonic communities. In addition, tiny pieces of microplastics can escape from wastewater treatment plants and enter the water stream as domestic effluents (Carr et al., 2016). From there, they can be mistakenly ingested by marine organisms such as sea turtles, whales, and sharks, causing digestive tract injury (Abreo et al., 2019; Coram et al., 2021). The development of coastal and marine pollution, overfishing, aquaculture, etc., endangers 80% of the region’s reef species. Hence, it is crucial to identify microplastic pollution hotspots and standardize protocols to better quantify, assess, and monitor microplastic contamination levels.
An integrated waste management system to combat plastic pollution includes efficient collection, processing, and treatment processes. However, these processes still need improvement in most of Southeast Asia. Despite the deployment of ‘Interceptors’ and ‘River Trash Booms’ in Indonesia (Jakarta and Bali) and Malaysia (Klang River) to prevent the flow of marine debris into the waterways, they are not a comprehensive solution to marine pollution. In Southeast Asia, the use of microbeads in cosmetic production has been officially banned in Thailand since 2020, as a supportive, collective effort to reduce primary microplastics. We should bear in mind that the fragmentation of macroplastics causes the formation of secondary microplastics; thus, a call to reduce single-use plastics is necessitated in Southeast Asia. Cambodia has banned the import and consumption of single-use plastics. Likewise, Malaysia adopted “The Malaysian Roadmap to Zero Single-Use Plastics” in 2018 and follows the 3R initiative (reduction, reuse, and recycle) (Fauziah et al., 2021) in daily life. Nevertheless, achieving zero single-use plastics is demanding and challenging at this stage because a total ban on plastic bag usage has yet to be implemented throughout Southeast Asia; for example, in Singapore and Malaysia, some supermarkets still provide plastic bags but with certain charges. Hence, educating and changing the public’s mindset on plastic use and waste is crucial to realizing a zero single-use plastic nation.
3 TACKLING THE SOUTHEAST ASIAN PLASTIC WASTE CRISIS
3.1 Projection of current trends of plastic waste generation
Following the current trends, the plastics within our oceans are projected to double by 2030 and triple by 2040. Southeast Asian countries are considered significant contributors to the leakage of land-based plastic waste into the seas, with a generation of 31 million tons of plastic waste annually (Julius and Trajano, 2022). It was stipulated that 80% of marine plastic debris originated from the land, which is why it is essential to create or enhance the current waste management system, especially in coastal areas.
The approach used by Southeast Asian countries to tackle waste is regionally blocked and only focuses on specific areas, resulting in significant oversights of an issue affecting the region on a large scale. For example, managing waste through incineration is only available and accessible in some regions, such as Myanmar, Singapore, Thailand, and Vietnam (Table 1). Collaboration between major stakeholders, including government, non-government, and international bodies, is needed in order to tackle this issue. China’s ban on plastic imports has resulted in more than double the amount of plastic waste entering Southeast Asia in countries such as the Philippines, Malaysia, and Indonesia (Yoshida, 2022). Countries including Malaysia and the Philippines are returning the plastics to Western countries, while Thailand and Vietnam have restricted the further import of plastic waste. Despite that, Southeast Asian countries are still struggling with the influx of plastic waste generation within their regions. Out of 27.8 million tons of plastic waste generated in Thailand, 27% is improperly disposed of, and similar situations have been seen in bordering countries, including Malaysia (Chen et al., 2021). More than half of Indonesia’s landfill is made up of open dumpsites without proper safety measures; these places increase the risk of floods, fires, and refuse avalanches, which have already claimed many lives in places including the Philippines and India (Marks, 2019).
3.2 Enacted solutions to the overall plastic waste issue
The current plastic waste problem is not just a plastic issue, it is a climate problem. The 2021 UNEP report showed that in 2015, the greenhouse emissions from the production, usage, and disposal of fossil fuel-derived plastic emitted approximately 1.7 gigatons of CO2 equivalent, which will only rise to 6.5 gigatons by 2050, which is approximately 15% of the whole carbon budget (Julius and Trajano, 2022). Some argue that making a large systemic change may not be fast enough in order to deal with this issue; hence, in conjunction with large infrastructure changes, a holistic and community-based approach can be implemented in conjunction with the improvement of waste management infrastructure, especially for places outside of the city center.
In Indonesia, a waste-bank program was introduced in 2012 that encourages households to sort their waste into specific categories, which is then deposited in a central waste bank that provides them with monetary returns (Loh, 2020). There is also the ocean cleanup project under a non-profit organization, which aims to get rid of the plastics in the ocean using innovative solutions such as the interceptor unit utilized along rivers and oceans surrounding Southeast Asian countries (Omeyer et al., 2022). The prospect of utilizing plastic waste in developing communities and converting it into liquid fuel has been explored by Joshi and Seay (2016) and Owusu et al. (2018) in India and Uganda, respectively. Similar environments exist in Southeast Asian regions; therefore, this approach can be helpful in reducing plastic waste, especially in rural areas where waste infrastructure is severely lacking.
Other approaches to reducing plastic waste include banning specific items, deposit return schemes, and biodegradable packaging replacing plastic, which work well in the short term, but long-term systemic changes should be the focus of solutions to plastic waste and waste management in general (Omeyer et al., 2022). Integrated collaboration between the countries and help from international bodies would help implement an integrated waste management system in Southeast Asian countries.
Multiple collaborations and policies have been enacted among Southeast Asian members to solve the issue of plastic waste. This includes the ASEAN Regional Action Plan for Combatting Marine Debris in The ASEAN Member States (2021–2025), which directly addresses the issues of marine plastic waste. The members recognized that there is a lack of capacity with regard to plastic waste management both in the public and private sectors; hence, one of the goals of this process is to help bridge that gap and help improve the overall waste management system (ASEAN Secretariat, 2021).
Additionally, there is the ASEAN-Norway Cooperation project on Local Capacity Building for Reducing Plastic Pollution, which commenced in 2019. This initiative focuses on local municipality-/city-level sustainability and sets of science-based and feasible measures to reduce plastic pollution in crucial sectors. This would help improve the capacity of local actors, including regional governments, non-governmental organizations, and academic institutions. Other initiatives include the ASEAN+ 3 Marine Plastic Debris Cooperative Active Initiative and the Japan Funded Promotion of action against marine plastic litter in Asia and the Pacific (CounterMEASURE Project), both of which focus on the reduction of marine plastic waste. In addition, there are National recycling associations set up by the companies in Singapore, Malaysia, Vietnam, and the Philippines; although these are exclusively voluntary and don’t involve government enactment, so there is a bias (UN environment, 2017).
These initiatives are a step in the right direction, but further development of plastic waste management needs to follow the cradle-to-cradle approach and not just focus on the end-life stage of plastic waste. As opposed to climate change, no global plastic agreement has the power to help push for regional action development to keep up with the increase in waste, and most agreements currently focus on the ocean rather than land-based sources of marine litter (Omeyer et al., 2022). This is an approach that treats the symptoms rather than the source. Moving forward, as mentioned previously, crucial stakeholders, including governmental and non-governmental organizations, need to combine forces and tackle the source of the problem, not just mitigate the after-effects of a larger plastic issue.
4 GLOBAL PLASTIC TRADE
Plastic waste is a “dirty” material that thrives in the trading of plastic waste worldwide and in the recycling industry. This material is also a significant source of severe environmental issues when it is not adequately treated (Lau et al., 2020). Europe (the EU) is at a crossroads in plastic and plastic waste management and trading plastic waste owing to insufficient recycling capacity. The exportation of plastic waste to Asia has led to substantial growth in international trade from 0.29 million tons (Mt hereafter) in 1988 to 15.99 Mt in 2014. Since 1993, Hong Kong, the USA, Japan, Germany, and the UK have been the largest plastic exporters, and this waste is transported to developing countries for recycling (Brooks et al., 2018; Wen et al., 2021; Tan et al., 2022). China was the world’s foremost player in plastic importing, where the Chinese contributed to an annual plastic waste import of up to 8.88 million tons; due to the price of the imported plastics are cheaper for production, rather than using domestic plastic waste (Velis, 2014; Brooks et al., 2018). Among the plastics exporters, Hong Kong exported approximately 3,184,176 tons of plastic waste per annum (approximately 22% of the global trade) to China. Among the types of plastic waste, polyethylene (PE) is top of the list in plastic waste trade flow, which recorded approximately 37% or 11,404,697 tons in total, followed by polypropylene (PP), polyethylene terephthalate (PET), polystyrene (PS), and polyvinyl chloride (PVC) at a lower rate of 23%, 12%, 14%, and <8%, respectively (Figure 5A). The flow of PE from Hong Kong to China is particularly prominent, with a record of 46.2%, while the USA, Japan, and European countries exported 77.9%, 87.6%, and 57.5% of plastic waste to China (Wen et al., 2021). Unexpectedly, China imposed a ban named Prohibition of Foreign Garbage Imports: The Reform Plan on Solid Waste Import Management on 27 July 2017 to ban the import of particular wastes due to the low quality and contamination level of the importer plastics, which triggered severe environmental problems (Qu et al., 2019). China’s imports have substantially plummeted by 95.4% (relative to baseline levels) and the world’s total plastic waste trade flow declined by 45.5% in 2018 after the ban was imposed, as opposed to the scenario prior to the ban (Baseline Scenario). The China ban has greatly affected all major exporters with total export rates having reduced in Japan, the USA, and Europe by 39.2%, 54.1%, and 29.9%, respectively. This phenomenon has consequently resulted in a surging import of 362% to Southeast Asia, as illustrated in Figure 5B (China Dialogue, 2021).
[image: Figure 5]FIGURE 5 | Trade flows of six types of plastic waste under two scenarios. (A) Global trade flows of six types of plastic waste prior to the ban (Baseline Scenario); (B) flows subsequent to the ban (2018 Scenario). The unit of the flows is tons (Wen et al., 2021).
The proportion of exports from developed countries to Southeast Asia, for instance, Japan, has substantially skyrocketed by approximately 50%, from 4.34% to 55.9%. In contrast, the United States saw an increment of 41.26% (5.24% to 46.5%) in export rates, and Europe saw an increment of 6.1% to 33.0%. At the same time, the import rates of Southeast Asia were increased by 3-fold, approximately 3.62 times higher than the Baseline Scenario, attributed to the contributions from Japan (25.8%), the United States (19.4%), Germany (11.7%), Hong Kong (10.3%), and the UK (9.8%), respectively. The calculated import lg (TF2018/TFbaseline) of Southeast Asian countries, especially Thailand, the Philippines, and Malaysia, is relatively higher, as illustrated in Figure 6. Upon the Chinese ban, Malaysia grew as the largest plastic waste importer after China by importing a high volume (105 thousand tons) of plastic waste in 2017, achieving an increasing rate of 68% as of 2016. However, the imported plastic wastes, including illegal imports, are of lower grades (contaminated), resulting in severe environmental issues. As a solution, the Malaysian Government has introduced policies such as issuing plastic waste import permits and close monitoring of permit holders to address the issue mentioned above. Evidently, 62 current permit holders in Malaysia have been monitored closely as of June 2019, and 148 illegal plastic recycling plants were shut down in the same year (Hassan et al., 2000; New Strait Times, 2019; Chen et al., 2021). According to the export data available in Comtrade June 2020, the total exports of plastic waste trade from all countries to Southeast Asia dropped by 32% in 2019, with a total plastic waste trade of 1,331,851 tons, as compared to 1,948,554 tons in 2018. The ban’s impact has further intensified the plunging export volumes of the United States, the United Kingdom, and the Republic of Korea to 60%, 37%, and 46% of 2018’s volumes, respectively.
[image: Figure 6]FIGURE 6 | Changes in import and export flows after the ban (Wen et al., 2021).
In brief, the circumstances of the China ban are expected to result in waste accumulation, or these wastes will be transferred to other low-income countries such as Southeast Asia, consequently leading to undesirable environmental impacts. Figure 7 portrays the environmental impact of trade flow changes (EIT) by considering the environmental indicators, including GW, FPMF, FEW, HCT, and WC, upon the China ban (2018 Scenario). Thanks to the initiative of the China ban, the changes in trade flow have contributed to an improved indicator of FPMF, FEW, HCT, and WC after promoting global environmental sustainability. At the same time, the plummeting export rates resulted in temporal environmental impacts on GW owing to the higher incineration rates of developed countries compared to developing countries because landfilling is the primary waste treatment. In summary, strengthening local management and waste treatment in all countries is essential and is expected to mitigate the environmental issues of the plastic waste trade (Wen et al., 2021).
[image: Figure 7]FIGURE 7 | EIT and eco-cost of the China ban for the 2018 Scenario. Note that an item has a beneficial environmental impact when its value is negative. To enhance the visibility of midpoint indicator values on the ordinate axis, the unit of each indicator was adjusted as shown in the brackets at the bottom of the figure (Wen et al., 2021).
5 THE WAY FORWARD
5.1 Bio-based and biodegradable plastics as alternative plastics
Conventional plastics derived from crude oil are the major contributor to environmental pollution and global warming, attributed to their non-biodegradable properties where these materials require decades for degradation. The non-biodegradability of plastic refers to the plastic’s chemical structure that could not be degraded or broken down by naturally occurring microorganisms, water, carbon dioxide, etc. (Babu et al., 2013). In contrast, biodegradable plastics are compostable to form biomass, water, and carbon dioxide or methane via microorganisms under specific conditions (Atiwesh et al., 2021).
As per the European Bioplastics Association, bioplastics are composed of materials with partially bio-based renewable raw materials such as biomass and are biodegradable depending on the monomer’s characteristics and polymerization processes. Biodegradability implies the conversion of material into natural substances by microorganisms such as bacteria, fungi, and algae. Bioplastics can be bio-based or biodegradable or feature both properties. Bioplastics can be produced using three types of generation feedstock. The first-generation feedstock includes carbohydrate resources based on edible food crops such as sugarcane, potato, and corn, raising concerns over sustainability. In comparison, the second-generation raw materials are derived from lignocellulose-rich feedstock such as wood and non-edible by-products of food crops. Although second-generation raw materials are more eco-friendly than first-generation raw materials, lignocellulose conversion is energy intensive (Singhvi and Gokhale, 2019). Meanwhile, algae and municipal waste are third-generation feedstock for bioplastic production (Singh et al., 2022). Bioplastic is an alternative plastic material derived from all kinds of whole or partial renewable biomass, thus giving rise to bioplastics with different properties (Nandakumar et al., 2021). For instance, PLA, bio-PET, etc., are suitable for packaging, while bio-based succinic acid is used in the automotive and textile industries. There are three ways to prepare bioplastics: (a) thermochemical and catalytic processes, converting biomass feedstock into monomers and then polymerizing them; (b) fermentation processes, fermenting biomass to produce monomers followed by conversion into polymers; and (c) modifying naturally occurring polymers (Singh et al., 2022). In 2019, among the 2.05 million tons of bioplastics produced, merely 54% of them were biodegradable, while 46% were non-biodegradable (IFBB, 2022). The degradability of bioplastics relies on their composition, degree of crystallinity, and environmental factors that result in a degradation time frame that varies from days to years. For example, PLA is the most commercially developed biodegradable plastic, and the biodegradation of PLA bioplastics contributed to a zero net increase in CO2 and 70% fewer greenhouse gases during the biodegradation in landfills, implying bioplastics are more environmentally friendly than conventional plastics (Elsawy et al., 2017).
Although biodegradable plastics offer significant momentum to end plastic pollution, there are still great uncertainties waiting to be explored, including the complexity of waste management and the presence of contaminants that may trade off the compost quality and the emancipation of toxic chemicals to the environment. Although biodegradable plastics can be degraded under the action of bacteria, fungi, or algae, in some circumstances, degradation can be initiated under the influence of temperature. However, biodegradable bioplastic waste is still processable through mechanical and chemical recycling, thus offering viable waste recovery options that reduce reliance on primary resources, leading to a definite shift of the plastic chain towards sustainability (Fredi and Dorigato, 2021).
5.2 Promoting “waste-to-wealth” initiatives via chemical recycling technologies
Waste-to-wealth refers to upcycling and valorizing waste by turning it into valuable/useful products, including refinery feedstock, fuel, and monomers (Jiang et al., 2022). Upcycling plastic waste to make fuel is promising because plastic-derived fuel has a high calorific value comparable to gasoline and diesel in the market. While most countries are still practicing incineration in dealing with plastic wastes to save landfill space, this method merely offers low energy recovery efficiency with the emission of hazardous and greenhouse gases. Another versatile approach worth mentioning is chemical recycling, where plastic waste can undergo gasification and pyrolysis to convert it into valuable products.
Pyrolysis refers to the thermal degrading of complex molecules into smaller molecules at a high temperature (300°C–800°C) in an inert condition, producing liquid oil, char, and gases as value-added products (Fivga and Dimitriou, 2018). It can be performed either with (catalytic) or without the assistance of the catalyst named thermal pyrolysis. The catalysts, such as zeolite and silica-alumina, are often used during the pyrolysis process as the catalyst reduces pyrolysis temperatures, narrows product distribution, and increases product selectivity (Singh et al., 2018; Chen et al., 2021). The actual application of the pyrolysis process has been conducted by Muang Sa Ad Co., Ltd., a company that collects, cleans, and converts plastic waste into oil through the pyrolysis process. The pyrolysis oil is refined and used as fuel in refuse trucks in Thailand (MSA, 2018).
Unlike the pyrolysis process, gasification converts the solid fuel to gaseous fuel such as syngas (hydrogen and carbon monoxide) production at high temperatures (usually higher than 800°C) in an oxygen-limited condition. The gasification of plastic waste has caught considerable attention because the produced syngas is an excellent raw feedstock in a fuel cell to generate electricity (Salaudeen et al., 2019; Saebea et al., 2020). On another occasion, researchers from Nanyang Technological University (NTU Singapore) found a way to convert plastic waste to hydrogen based on high-temperature chemical processes. The produced hydrogen, as an alternative clean energy source, helps generate electricity and power fuel cells in electric vehicles (NTU Singapore, 2022).
The establishment of plastic waste upcycling technologies is still in its embryonic stage, but it is an attractive approach to converting municipal plastic into its original monomers, chemicals, and fuel products. In addition, these technologies are promising as a replacement for high-cost plastic waste incineration.
5.3 Establishing a circular economy for plastics
In establishing a circular economy for plastics, it is first essential for society to reconsider plastic as a renewable resource instead of as a waste. Nevertheless, according to the Ellen MacArthur Foundation, merely 14% of plastic packaging is recycled, 40% is left in landfills, 32% is left in ecosystems, and 14% is incinerated for energy recovery. A thriving circular economy would mean the constant flow of plastic around a closed-loop system; looping the used plastic back into the value chain rather than being used once and discarded. This will involve (i) redesigning products for recyclability using new or renewable materials and (ii) closing the loop with chemical recycling. The first case is achievable by substituting fossil-based feedstocks with renewable feedstocks, such as the development of biodegradable plastics (discussed in Section 5.1) that can be degraded in a shorter time frame without contaminating the environment. In addition, the plastic industries should prohibit single-use materials during plastic production and reduce the use of colorants and additives to simplify the recycling process. For instance, Unilever unveiled their new recycling technology, called CreaSolv Process, to recover the plastic from sachets and use it to create new sachets for Unilever products (Unilever, 2017).
Second, chemical recycling (Section 5.2) should be promoted as this process transforms plastic material and additives into their original monomer, which can be the feedstock for a new product. Recently, new and modified pyrolysis pilots have been emerging. For instance, the United Kingdom start-up Recycling Technologies uses a fluidized bed reactor for pyrolysis and found that this reactor could evenly distribute the temperature and modularize, which is more adaptable to a dispersed collection and plastic recycling system (Recycling Technologies, 2018). Moreover, pyrolysis provides high flexibility in terms of feedstock. This thermal process disintegrates polymers, other organic materials, and vulcanized polymers, including automotive rubber tires, which could not be recycled using other methods. In brief, chemical recycling technologies are the alternative methods for processing materials that are hard to be treated with mechanical recycling while producing higher-quality recycled materials (Jahnke et al., 2017). For example, PETRONAS Chemical Group and Plastic Energy Ltd. have successfully developed a new technology to convert non-recyclable and low-quality plastic waste into naphthalene in Malaysia, which can produce virgin-quality polymers (KASA, 2021).
Since 2021, Malaysia adopted the Malaysia Plastics Sustainability Roadmap to set Malaysia on a pathway to plastics sustainability for 2030 and beyond. The first approach to achieving plastic sustainability is improving product design using recycled resin as the raw material to assure environmental friendliness and to be kept in the loop for long without compromising the product’s quality and performance. In Malaysia, PP, PET, HDPE, and LDPE are the most common resins used for single-use packaging, which should be phased out and replaced with a new recyclable product with a longer shelf-life and value in the chain. For instance, Thong Guan Industries Berhad, Malaysia’s most extensive stretch film manufacturer, has produced nano stretch film to wrap pallets and goods. This new type of film has excellent grip, load stability, and durability that resist wear and puncture compared to the single-use conventional multi-layered stretch film (KASA, 2021). On another occasion, to ensure material circulation, KLEAN Malaysia worked with Shell Malaysia by placing Reverse Vending Machines at certain Shell stations in Kuala Lumpur for the public to deposit/recycle used plastic containers in exchange for a reward (KLEAN, 2021). In Thailand, the Dow Thailand Group and Siam Cement Group collaborated in surfacing roads using recycled plastic waste. They found that asphalt derived from plastic wastes gave rise to enhanced strength and superior erosion resistance of roads (SCG, 2019).
A circular economy is an effective approach to addressing environmental issues such as global greenhouse gas (GHG) emissions and post-consumer waste pollution. Due to the fact that most plastic products (>90%) are produced from virgin petroleum-based feedstock, it is expected that this phenomenon will contribute to 15% GHG emissions by 2050. The Swedish Environmental Protection Agency revealed that recycled plastic saves approximately 1–1.5 kg CO2/kg resin, and each kg of recycled plastic saves approximately 130,000 kJ of energy (Rahimi and García, 2017). Figure 8A depicts that the total reduction of GHG emissions was achieved by the reuse and recycling of plastic waste between China and trading countries, with a subtle 76-fold increment from 1992 (0.11 million metric tons CO2e) to 2012 (8.71 million metric tons CO2e). This phenomenon is credited to the Chinese stakeholders who have imported massive plastic waste from developed countries (EU, US, and Japan) to fulfill the domestic market’s needs. The skyrocketing GPWT between China and trading countries through ship transportation from 1992 to 2017 (Figure 8B) led to severe GHG emissions from 0.015 MMT CO2e to 0.229 MMT CO2e in 2017, especially during the peak periods between 2009 and 2012. The GHG emissions generated by shipping plunged due to the launch of the Chinese Green Fence campaign by the Chinese government to combat waste smuggling activities in China, in addition to the restrictions on allowing low-quality plastic waste to enter China. In 2017, a substantial reduction in GHG emissions was observed due to the ban on 24 categories of recyclables and solid waste by the Chinese government. Multiple efforts to address the issues of GHG emissions and plastic pollution include the execution of Horizon 2020 by the EU, where Canada banned harmful single-use plastic in a bid to reduce ocean waste, and China’s ban on non-biodegradable plastic bags that are <25 μm (Walker and Xanthos, 2018; Fraccascia et al., 2019; Liu et al., 2021). Despite CE being proven to be effective in alleviating environmental issues, there are still many obstacles in countries with different standards and operational systems. Thus, the implementation of a robust after-use system for post-consumer plastic materials is vital.
[image: Figure 8]FIGURE 8 | (A) GHG reductions achieved by Chinese plastic waste recycling industries (CPWRI) associated with global plastic waste trade (GPWT) between China and trading countries from 1992 to 2017. The import and export of plastic waste are indicated by orange and green bars, respectively. (B) GHG emissions generated by shipment transportation associated with GPWT between China and trading countries from 1992 to 2017 (Liu et al., 2021).
6 CONCLUSION AND FUTURE OUTLOOKS
The lack of sophisticated plastic waste management systems in Southeast Asia is the prime cause of severe environmental impacts. Southeast Asia is a hotspot for receiving plastic waste from developed countries, yet most of the countries in Southeast Asia lack the infrastructure for sound waste management. Since 2017, Southeast Asian countries such as Thailand, Malaysia, and Vietnam have restricted plastic waste imported from Western countries and imposed various bans to curb the over-usage of single-use plastics and non-biodegradable plastic bags. Moreover, the turning point in winning this battle (ending plastic pollution) is dependent on the individual and collective choices of the people per se, as well as the collective efforts and commitments of all interested parties, including the government and NGOs. The Southeast Asian region should raise awareness of the potential environmental risks of waste disposal and, at the same time, formulate related policies to hamper undesirable consequences, which can be done by restricting the production and use of particular plastic products via regulations and raising the plastic recycling rate through the construction and improvement of recycling facilities.
In an effort to secure global waste trade, establishing a global extended producer responsibility system is essential to ensure fair and responsible waste trade. This system is aimed toward not only developing nations but also developed countries, who should work hand-in-hand to reshape and rebalance the global CE for plastics to reduce environmental pollution and GHG emissions globally. In addition, it is vital to establish a global standard for the reuse and recycling of plastic waste, such as standardizing the treatment methods and operational systems (mechanical, chemical, and organic recycling) for plastic waste of different kinds to ensure these wastes are properly recycled in other countries. In addition, the transfer of knowledge and technology from developed countries to developing countries helps mitigate potential environmental issues. For example, developed countries could invest in research and development (R&D) and train local employees (employees in the developing countries) in dealing with waste management and recycling technologies.
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