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Abstract

:

The recycling and proper management of PET bottles is needed to avoid plastic pollution, as well as to achieve a plastic circular economy. In this study, we examined the recycling system of PET bottles and their material flows by life cycle, from production to recycling and disposal under different scenarios with reduced consumption for PET bottles. In Korea, PET bottle recycling has been managed by the extended producer responsibility system since 2003. As of 2021, annual usage of PET bottles per capita in Korea was estimated to be approximately 6.5 kg. The recycling rate of PET bottles after collection was determined to be 79% in 2021. However, recycled PET (or r-PET) from mechanical recycling is mostly used in low-grade PET applications such as short fibers, bands, and sheets. More than 112 thousand tons of r-PET chips would be needed to meet the 30% recycled content requirement in PET bottles in 2030 by regulation. Thus, there is an urgent need for high-quality secondary raw materials (i.e., food-grade) by adopting advanced sorting and recycling technologies for PET bottles with recycled content. PET bottle-to-bottle recycling practices can ensure the production of high-quality recycled materials and move Korea toward a plastic circular economy.
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1. Introduction


Plastic products made from refining crude oil are prevalent in our daily lives, including transportation, construction and buildings, electronics, and consumer products. Global plastic production reached 400.3 million tons in 2022, which is more than 200-fold compared to 1.5 million tons in 1950 [1,2]. It is expected that the global production of plastics will continue to increase and will reach 1800 million tons by 2050 [3]. Plastics production in Europe was 57.2 million tons in 2021. Packaging showed the highest demand among plastic products, accounting for 39.1% [4]. In the case of Korea, total production of major thermoplastics was 9.58 million tons in 2018. Household items accounted for a majority of 45.3%, followed by construction materials (21.8%) and packaging materials (10.6%) [5].



Plastic has gained a lot of attention in packaging materials for food, automotive production, and shipping due to its competitive price, lightness, ease of use, and resistance to corrosive and structural properties [6,7]. Globally, plastic packaging accounts for approximately 70% of the consumer products market share [8]. Since the use of plastic packaging materials with relatively short lifespans has continually increased, larger amounts of such plastic waste tend to be generated from municipal waste streams after consumers’ consumption. As of 2019, packaging was the most important sector in both plastic consumption (33%) and post-consumer plastic waste (49%) in the EU [9]. Furthermore, recent statistics revealed that approximately 16 million tons of plastic packaging waste was generated in 2020 [10]. Korea generated 3.0 million tons of such waste from households in 2017, which was mainly treated by incineration [6].



Among plastic packaging materials, PET (polyethylene terephthalate) has been used as one of the major materials for the manufacture of drinking bottles. Globally, total production of PET resin exceeded 24 million tons and is expected to continue to increase [4]. In 2018, the EU generated approximately 4.3 million tons of rigid PET packaging. Of these, 79% (3.4 million tons) were bottles and the remainder were trays [11]. PET bottles, made from PET resins, are easier to transport and handle than other packaging materials and have good durability against chemicals, as well as significant gas barrier properties. PET bottles were first introduced as a carbonated beverages container in the United States in 1977; since then, they have been widely used for beverage bottles around the world [12]. However, PET bottles are commonly intended for single-use packaging and are disposed of immediately after use. [8]. Mismanagement of single-use plastic waste, including PET bottles, can cause environmental problems such as greenhouse gas emissions and marine pollution due to improper disposal on beaches and rivers. The United Nations Environment Assembly adopted the ‘Resolution on Marine Plastic Waste and Microplastics’ in 2014 and 2016. The United Nations Environment Program aims to prevent and dramatically reduce all types of marine waste by 2025. A working group was established to prepare calls for action and develop international binding measures on plastic pollution. Furthermore, studies on the generation and distribution of plastic waste have been actively performed in the marine environment and rivers across the world. As microplastics in the marine ecosystem are emerging as global contaminants, the need to extend plastic debris research and improve waste management has been discussed in recent research [13,14]. Mathalon et al. [15] conducted research on the quantification of microplastic fibers in sediments of the beaches and marine organisms in Nova Scotia’s eastern shore. Martins et al. [16] pointed out the need to focus on microplastics sized < 5 mm when it comes to marine debris pollution. Claessens et al. [17] investigated the occurrence and distribution of microplastics and showed the wide distribution of microplastics in Belgian coastal waters. Furthermore, research on the effect of fisheries to marine plastic litter, including fishing gears, carry bags, and others, was conducted to emphasize the importance of sustainable use of the ocean’s resources [18]. In the case of Korea, hard plastic and styrofoam were the dominant types among mesoplastic marine debris (5~25 mm) on 20 beaches, according to research conducted in 2017 [19]. Based on a recent survey on marine litter in 2022 (from 60 sites monitored in Korea), plastic waste constituted the largest share (91%) of total marine litter found. The plastics commonly found in the study included PET bottles and lids, plastic ropes and strings, shredded plastic particles, expanded polystyrene, plastic bags, food containers, and cigarette butts [20]. This indicates that waste PET bottles generated from municipalities must be reduced and properly collected to avoid marine pollution as one of the significant plastic wastes.



In order to identify the proper methods and treatment of PET plastics, many previous studies conducted the analyses of material flows for PET bottles. For example, Smith et al. [21] conducted a material flow analysis of PET resin in the USA. Furthermore, some solutions for barriers in PET collecting, sorting, and recycling steps were suggested. Schmidt et al. [22] analyzed the material flow of PET bottles in Austria, Germany, and Serbia to reveal the relation between material efficiency and environmental impacts. Eygen et al. [23] analyzed the material flow of plastic packaging and proposed raising the recycling target rate to promote the recycling of resources in plastic packaging. Millette et al. [24] suggested that a material flow analysis of plastic can be applied as valuable data for policy decision makers on circular economy development. However, research on the quantitative analysis of PET is insufficient in Korea due to the lack of relevant statistics and information. Furthermore, there are many challenges faced by the PET recycling industry, owing to a price drop of recycled PET resin, difficulties in sorting and recycling various designs of PET products (e.g., color, plastic composite), and politico-economic trends around the world such as China’s plastic waste import ban in 2018.



This study examined the current recycling and management practices for PET bottles through the extended producer responsibility (EPR) system in Korea. Material flow analysis of PET bottles from production to disposal was conducted to elucidate detailed treatment methods by life cycle stage. We also examined the future consumption of PET bottles by 2040, along with the demand for recycled materials by scenario analysis with assumptions. Finally, challenges and future efforts of PET recycling were discussed to move towards a plastic circular economy in Korea.




2. Methodology


2.1. Data Acquisition


Statistical data of PET bottle market were collected from the Korea Ministry of Environment (Korea MOE), Korea Environment Corporation (KECO), and Korea Resource Circulation Service Agency (KORA) (Table 1). Relevant data were acquired from official research reports and informal statistical data sources. In addition, site visits to recycling facilities of PET and other plastics were made to collect information regarding the recycling processes and recycled PET flakes markets status. Furthermore, interviews with experts and relevant stakeholders (e.g., PET production, recycling industry, Korea MOE, KECO, and KORA) were conducted to discuss current issues and challenges associated with PET recycling and circular economy in Korea.




2.2. Methodology for MFA


Material flow analysis (MFA) of PET bottles in Korea for the year 2021 was performed by life cycle stages (i.e., production, consumption, generation, recycling, and treatment). Data for material flow analysis of PET bottles were obtained from various sources. Table 2 shows the sources of collected PET bottle data through its life cycle. Research reports were also critically reviewed to verify collected data. Some unknown data (e.g., disposal rate, generation of PET) were assumed based on interviewing industry experts. The sales volume was collected using the data of the Korea Resource Circulation Service Agency (KORA) [25]. It was assumed that all domestic sales volumes of PET bottles in 2021 were immediately consumed, and all of those were generated into PET plastic waste within a year. The amount of PET bottles discharged from households, non-households, and disposable bags was calculated according to the fraction generated in sectors, presented in the 5th National Waste Statistical Survey by Korea MOE [26]. The wastes that were uncollected or flowed into the marine ecosystem were estimated by subtracting the collection amount from total production. However, detailed amounts by categories were unknown due to the absence of data. The ratios collected and sorted by private and public-owned recycling facilities were obtained from a previous study [27]. The total amount of PET bottles treated by landfill or incineration was calculated, referring to the amount of PET bottles recycled and the fraction of foreign materials during the waste sorting process. Furthermore, the ratios of incineration (46%) or landfill (54%) of PET were collected from the 5th National Waste Statistical Survey [26].




2.3. Scenario Analysis for Demands for Recycling Material in PET Bottles


According to the Plastic Elimination Measures for the Whole Cycle in 2022, the aim is to cut generation of waste plastic to 20% by 2025 compared to 2021 and to foster the recycled material industry [28]. Subsequently, a revision of recycling guidelines for designated recycling businesses was followed. To facilitate the recycling of plastic and use of recycled material, manufacturers who produce more than 10,000 tons of plastic PET per year are required to utilize 3 percent recycled plastic by 2023 [29]. It is a relatively weak regulation compared to the EU, because the EU set a mandatory recycled content target for plastic beverage bottles of 30% by 2030 and 65% by 2040 [30]. The viable option would be a reduction in PET bottle consumption, eventually diminishing the total amount of waste plastic generation. Furthermore, beefing up the mandatory recycled content for PET bottles can lead to boosting closed-loop recycling. The consumption amount of PET bottles between 2003 and 2021 was collected using the data of the Korea Resource Circulation Service Agency (KORA) [25]. And to predict consumption amounts until 2040, five mathematical models (linear model, arithmetic series, least square method, logistic model, and Gompertz model) were considered. ‘Linear’ is a model that predicts based on a linear relationship between a dependent variable and one or more independent variables. ‘Arithmetic series’ is a model that is ideal for showing stable growth rate. ‘Least square method’ is a model that is ideal for showing large fluctuations in growth rate. ‘Logistic’ is a model that initially shows low growth rate, then increases rapidly after a period of time, and then slows down to maintain a constant number (converging on a threshold). ‘Gompertz’ is a model that represents a growth cycle as an S-curve [31]. The detailed equations of each model are displayed in Supplementary Table S1 (see Supplementary Materials). So as to take account of all five models, arithmetic mean values of the models were used for the consumption amounts of each year. Considering future plans and policy changes in Korea, we set four scenarios based on two assumptions: 1. Reducing PET bottle consumption by 2040 compared to BAU. 2. Setting mandatory recycled content in PET bottles. Of these, assumption 1 was applied differently to each scenario. Depending on the reduction rate compared to BAU, a pessimistic (S1), moderate (S2), optimistic (S3), and best (S4) scenario was made. However, assumption 2 was applied the same to all scenarios. Considering Korea’s capacity of using r-PET material in PET bottles and other countries’ targets, we assumed the use of recycled material in the production of PET bottles to be 30% in 2030 and 40% in 2040 (Table 3).





3. Results and Discussion


3.1. Results and Management System of PET Bottle Recycling by EPR


By the regulations of the extended producer responsibility (EPR) system in Korea, producers and importers of packaging materials and products must pay a recycle support fee based on the classification of certain percentages of their annual production. Every year, the Korea MOE sets a mandatory recycling rate for each category of product controlled under the EPR system. Any producer or importer that fails to achieve their targets is obliged to pay an additional recycling fee to make up the shortfall. Mandatory recycling items by EPR include several types of packaging materials, including metal cans, glass bottles, paper cartons, and PET bottles, plastic composite films, and expanded polystyrene (EPS). These packaging materials are used to pack food and beverages, for agriculture, fishery, and livestock products, cleansers, medicines, and cosmetics. Plastic types for packaging materials include polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), polyvinyl chloride (PVC), and foamed synthetic resin [32,33]. As of 2023, the recycling rate targets of PET bottles are set at 80.0% for colorless PET bottles, 83.4% for colored PET bottles, and 85.6% for composite (or composed of more than one constituent material) PET bottles [33].



Figure 1 shows the material and financial flows of the EPR system in Korea. In the case of packaging materials, product producers using packaging materials pay a collecting and recycling cost to the KPRC (Korea Packaging Recycling Cooperative, collective PRO) according to the amount of packaging materials manufactured. The KPRC provides the cost as subsidies to recycling and collection companies through KORA (Korea Resource Circulation Service Agency). The collection and recycling costs are determined by the government and vary each year [32,33]. As of 2023, EPR fees for PVC packaging material are the highest at a rate of USD 723/ton, followed by USD 287/ton for composite PET bottles. EPR fees for colorless PET bottles and colored PET bottles are USD 112/ton and USD 187/ton, respectively. The lowest-rate item is glass bottles at USD 30/ton [34].



In 2020, Korea MOE developed new guidelines for eco-friendly PET bottle manufacturing to improve its recycling performance during treatment processes. Since 2020, only colorless PET bottles have been permitted on the market, and labels for PET bottles have been recommended to be used only if consumers can easily remove them. It is recommended to use alkali-soluble adhesive for labels that are glued onto PET bottles, such as roll-on, sheet and glue-type labels, and the parts applied with adhesive (less than 10% for sleeve-type labels and less than 60% for sticker-type labels) are also recommended to be minimized. And a label with less than 1.0 of specific weight is preferred so that it can be easily separated from the bottle during pneumatic and washing processes [35]. Furthermore, an EPR fee modulation for packaging is applied, according to its recyclability. Packaging is classified into “best for recycling”, “excellent for recycling”, “normal for recycling”, and “difficult for recycling” based on its material and structure. For instance, composite PET bottles or bottles with labels of a specific weight value over 1.0 and hard to remove by consumers are regarded as “difficult to recycle”. Packaging materials that are assessed as “difficult for recycling” must indicate the recyclability information on the outside of the packaging. Producers or importers of packaging material with lower recyclability are required to pay a 10~20% higher EPR fee and especially 20% for PET bottles [36,37].



Figure 2 shows the sales (domestic demand)·imports volume, recycling rate target, and actual recycling amounts of PET bottle between 2003 and 2021. The target recycling rates of PET bottles were mostly achieved over these years under the EPR system. However, in the case of colorless PET bottles, actual recycling amounts were less than that set as the target rate in 2016 and 2017 [25].



Waste plastics and other packaging materials, including PET bottles, are generally source-separated and discharged by households through the municipal solid waste streams. However, wastes are thrown into pay-as-you-go (or disposable) bags occasionally and transported to incineration facilities and landfills [6]. In 2022, Korea MOE implemented a separate collection system for colorless PET bottles at the household level, which was for better recycling [38]. The collected PET bottles have been sent to private or public–owned sorting facilities and sorted into colorless, colored, and composite PET bottles, and other recyclable resources (caps and labels). Non-recyclable materials have been transferred to waste treatment facilities such as incinerators for disposal or fuel conversion in the form of solid refuse fuels for waste-to-energy. Then, sorted PET bottles by color have been transported to mechanical recycling facilities to be converted as secondary raw materials [39].




3.2. Material Flows of PET Bottles


3.2.1. Results of Material Flow of PET Bottles in Korea


The results of the material flow analysis for PET bottles conducted in this study are shown in Figure 3. The material flow charts were divided into four stages (production, domestic use, discharge and collection, and recycling). The total amount of PET bottles distributed in Korea was approximately 340,000 tons in 2021. We assumed that all PET bottles were thrown away after single use. Among the amount of the collected PET bottles (281,000 tons), 268,000 tons were recycled, and the remaining waste PET bottles were treated by incineration or landfill [25]. Of the 268,000 tons recycled, most of the recycled PET bottles were used as low-grade raw materials such as short fibers and laces; only 10~15% were used as high-grade raw materials such as long fibers for clothing [40]. The rate of collection and sorting compared to PET bottles used in Korea was 84.8%, and the recycling rate was 65% in 2021.




3.2.2. Comparison of PET Bottle Recycling in Korea, Japan, and EU


Table 4 shows a comparison of PET consumption and recycling in Korea, Japan, and the EU. In 2021, 581 thousand tons of PET bottles were sold in Japan. A total of 163 thousand tons of waste PET bottles was imported and 478 thousand tons for domestic use was collected, which was 110% of the sales volume. It was found that 500 thousand tons of PET bottles were recycled. This was equivalent to 86% of the total sales volume. In addition, the amount of bottle-to-bottle recycling reached 117.6 thousand tons (33.1%), the amount used as a sheet was 120.2 thousand tons (33.8%), the amount used as fibers was 64.5 thousand tons (18.1%), and the amount used in molded products was 8.2 thousand tons (2.3%) [41]. In the case of the EU, 3600 thousand tons of PET bottles were used in 2020. Of these, approximately 2200 thousand tons was collected and sorted for recycling, and the majority (>72%) of those bottles were clear and light blue colored ones. The total amount of PET bottles recycled accounts for 62% of the total sales volume [42].



As a result, Korea showed the highest value in the recycle amount of PET bottles per capita, while the EU showed the highest value in usage amount of PET bottles per capita. Assuming the population of the EU as 448 million and the weight of a PET bottle as approximately 18 g, it was estimated that one person on average consumed 440 PET bottles in 2020. Compared to Korea (per capita consumption in 2020: 109 PET bottles) [43], it has the value greater by three times. Japan showed the highest recycling rate of 86%, followed by Korea (79%) and the EU (62%). Among the three countries, Korea ranked the second largest in terms of collection (84.8%) and recycling rate (79.0%). Furthermore, Japan and the EU showed a high ratio in food-grade recycled PET of total r-PET resin, compared to Korea. Over 50% of PET resin was used as high-grade PET resin such as long fibers, while Korea showed a value below 20%.





3.3. Predicted Demands for PET Recycling Materials in 2030 and 2040


3.3.1. Consumption Demands for PET Bottles


Figure 4 presents the predicted consumption demand for PET bottles between 2022 and 2040 by scenario. In 2022, a total of 328 thousand tons of PET bottles was sold [25]. Under the BAU scenario, the market demand for PET bottles will increase steadily, and it is estimated to reach 434 thousand tons in 2030 and 542 thousand tons in 2040. Under Scenarios 1 and 2, the growth rate of PET bottle consumption showed slight decrease compared to BAU. It was predicted to be 413 thousand tons and 401 thousand tons in 2030, and 487 thousand tons and 433 thousand tons in 2040, respectively. Scenario 3 showed relatively constant trends in the consumption of PET bottles. It was predicted to be approximately 391 thousand tons in 2030 and 379 thousand tons in 2040. Scenario 4 was the only one that showed a decreasing trend in PET bottle consumption. It was estimated to be 375 thousand tons in 2030 and 325 thousand tons in 2040, which is similar to the value of PET bottles consumed in 2022.




3.3.2. Predicted Demands for Recycling Materials in PET Bottles


Figure 5 shows the predicted demands on post-consumer recycled PET (PCR or r-PET) in bottles in 2030 and 2040. We assumed that the use of recycled material in the production of PET bottles is to be 30% in 2030 and 40% in 2040, respectively, and all produced-for-food-grade recycled PET resins (i.e., food grade r-PET chips) are distributed domestically for use. There are a total of 24 r-PET flake recycling facilities and only 4 r-PET chip manufacturers available in Korea as of October 2023. Production of r-PET material is expected to continuously increase due to the regulation of mandatory use of recycled material in PET bottles. However, most of the useable-for-food-containers-grade recycled PET materials produced in Korea are currently exported to the USA and Europe. Considering the capacity of r-PET chip manufacturers in Korea, total production for PET bottles is anticipated to be approximately 112 thousand tons in 2030 and 227 thousand tons in 2040, respectively [44,45,46,47].



According to the scenario analysis, the demands of recycled material in the BAU scenario were estimated to be 130 thousand tons and 217 thousand tons in 2030 and 2040, respectively. Under Scenario 4, the r-PET resin demands were predicted to be about 113 thousand tons in 2030 and 130 thousand tons in 2040, which is 13% and 40% lower than the values predicted in BAU. This implies that the supply of recycled material is projected to be insufficient under all scenarios set in 2030. However, the total amount of recycled material production from the four r-PET manufacturers is predicted to meet the target amount required by 2040. Reducing the consumption of PET bottles and increasing the mandatory target of recycled materials can be effective in achieving closed-loop recycling of PET bottles. Furthermore, it is important to ensure a stable supply of the recycled material by product manufacturers and to facilitate the production of r-PET chips for recycling.





3.4. Challenges and Future Direction of PET Bottle Recycling


The consumption of PET bottles has kept increasing over the last 20 years from 106 thousand tons in 2003 to 328 thousand tons in 2022. As we have analyzed, it is expected that the consumption of PET bottles would continually increase up to approximately 500 thousand tons in 2036, if no reduction efforts are made. Reduction in consumption by consumers should be a top priority of plastic management policy. To achieve this goal, prohibition of its production and use and the development of alternatives (i.e., bioplastics) can be applied. Further, providing financial incentives to consumers or producers can lead them to actively participate in the reduction of PET bottle consumption [48,49,50]. In Korea, there is also an ongoing discussion regarding the adoption of a plastic packaging tax, which may more profoundly impact on PET bottle consumption than raising environmental awareness and campaigns for consumers. Single-use plastic bottles can be replaced with reusable bottles. For example, the use of water fountains, refill stations, and reusable cups can be encouraged and supported by local governments and civil societies in many places or events such as public parks, music festivals, sports, and other outdoor activities, by adopting the restricted use or banning of single-use plastics. It is anticipated that the reduction and restricted use of single-use plastics, including PET bottles, would be strengthened by many countries and the international plastic treaty that is in progress and will be ready by the end of 2024, as the United Nations agreed to develop a legally binding agreement on plastic pollution in 2022. Various zero-waste campaigns and education programs in major cities, private sectors, and schools in Korea have been implemented to raise consumers’ awareness of this reduction [51,52].



A life cycle approach to plastic from source separation, sorting, recycling for bottle grade, and use of recycled content in production should be taken to support closed-loop PET recycling. Unlike Germany and Japan, many of the PET bottles collected after use are currently recycled into low-quality-grade products (e.g., short fibers, sheets, or strings) in Korea. Very limited bottle-to-bottle recycling has been established so far. It is reported that less than 11 thousand tons of high-quality secondary raw materials (i.e., food-grade PET bottles) out of recycled PET of 260 thousand tons are available and largely exported to EU countries in 2022 [53]. The Korean government started regulations in regard to the requirement for recycled content in PET bottles at the beginning of 2023 (3% in 2023 and 30% in 2030) [29]. Since all municipalities, by following the government recyclable guidelines, have started source separation of colorless (or clear) PET bottles in collection bins among recyclables (e.g., papers, metal cans, glasses, plastic containers) by households since 1 December 2022 [54], large amounts of used colorless PET bottles are expected to be separately collected and processed for PET recycling. As we analyzed, more than 112 thousand tons of colorless PET bottles are needed for high-quality secondary raw materials to meet 30% recycled content for PET bottles by 2030. There is an urgent need for a stable supply of high-quality secondary raw materials (i.e., food-grade) to be used for recycled content in new PET bottles. A number of PET polymer and packaging manufacturers have already invested and been constructing PET and other plastic recycling facilities for material recovery [55,56]. One of the petrochemical companies adopted chemical recycling technology for PET bottles by depolymerization into monomer subunits using solvolysis or thermolysis. The resulting monomers can be used for chemical feedstock for PET bottle manufacturing. This would ultimately contribute to establish closed-loop PET circularity and conserve the production of virgin PET.





4. Conclusions


In this study, recycling practices and efforts for PET bottles by the EPR in Korea have been discussed and examined over the past almost 20 years. Based on the result of material flow analysis of PET bottles, large amounts of the bottles were effectively collected by local governments with the active participation of consumers and households. More than 79% of collected PET bottles were recycled for material recovery, while 11% and 10% of the bottles were incinerated and landfilled, respectively, in 2021. However, very limited bottle-to-bottle recycling has been established by the current management system in Korea. Since the plastic circular economy is an important agenda of concern around the world, many countries need to set up closed-loop plastic circulation. Furthermore, Korea, EU countries, and other regions started to require recycled content in PET bottles to enhance the plastic circular economy.



By this study, the future consumption rates and recycled content to be required for 30% in 2030 and 40% in 2040 were determined by 2040. It is expected that PET bottle consumption would keep increasing over the next 20 years. The projected consumption in 2040 (550 thousand tons) is more than 61.7% higher than that in 2021, based on the BAU scenario (i.e., no reduction activities are implemented). More than 500 thousand tons of PET bottles waste could be generated and treated after 2035, based on the projection analysis. Thus, the policy priority of the plastic circular economy should be placed on source reduction and reuse options, followed by recycling and safe treatment, as the waste management hierarchy is based on source reduction, reuse, recycling, treatment, and disposal in order. This study also reveals that large amounts of high-quality secondary raw materials are required for recycled content in PET bottles (30% in 2030), ranging from 112 thousand tons to 130 thousand tons. Such results can be used by PET bottle producers to evaluate the supply potential of recycled content of PET. By considering the current level of high-quality secondary raw material, much effort for closed-loop PET circularity should be made in the coming years, including a life cycle approach from production to end-of-life management, increased production of recycled raw materials by material recycling, and chemical recycling of PET bottles.



The limitations of this study include the uncertainty of five mathematical models for predicting PET bottle consumption. Each model predicted the future trends of consumption, and the average values from the five models were used for 2030 and 2040. Second, the predicted results of the consumption and recycled content required by the scenario analysis may be different from those under actual practices in the coming years. A further study is warranted to verify the results of each scenario with the actual amount of recycled content used in PET bottles.
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Figure 1. Korea’s EPR scheme for PET bottle recycling. 
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Figure 2. Sales (domestic demand)·import volume, mandatory and actual recycling rates of PET bottles in Korea (2003–2021). 
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Figure 3. Material flow of PET bottles in 2021 in Korea. 
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Figure 4. Predicted consumption demands for PET bottles by scenario. 
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Figure 5. Predicted demand for recycled materials in PET bottles in (a) 2030 and (b) 2040. 
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Table 1. Data collection of PET bottles.






Table 1. Data collection of PET bottles.





	Category
	Year of Data
	References





	Market demands for PET bottles
	2003~2021
	KORA



	National statistics of

PET bottle recycling in MSW
	2020, 2021
	Korea MOE

PET bottle recycling annual report

Eunomia



	Recycled content in PET bottles
	2021
	KECO, KORA










 





Table 2. Data collection method and source by life cycle of PET.
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	Life Cycle Stage
	Data
	Statistics
	Survey
	Literature
	Assumptions





	Production
	PET production, import and export
	O
	
	O
	



	Consumption
	Plastic bottles by industry, plastic packaging association
	O
	
	O
	



	Waste

Generation
	MSW generation rate
	O
	
	O
	O



	Recycling
	Plastic recycling statistics
	O
	O
	
	O



	Treatment and Disposal
	MSW treatment data
	O
	
	
	O










 





Table 3. Major assumptions in each scenario.






Table 3. Major assumptions in each scenario.





	
Category

	
Assumptions in Each Scenario






	
Business-as-usual

scenario (BAU)

	
Constant growth rate of PET bottle consumption demand




	
Assumptions

for S1~S4

	

	
Reduce PET bottle consumption by 2040 compared to BAU;



	
Mandatory recycled content in PET bottles.









	
Assumptions

	
Scenario 1

(S1)

	
Scenario 2

(S2)

	
Scenario 3

(S3)

	
Scenario 4

(S4)




	
Reduction rate of PET bottle consumption compared to 2040 BAU

	
10%

	
20%

	
30%

	
40%




	
Mandatory recycled content target

	
30% (2030)

40% (2040)











 





Table 4. The comparison of PET bottle consumption and recycling in Korea, Japan, and EU.
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	Korea (2021)
	Japan (2021) [41]
	EU (2020) [42]





	PET bottle demand (1000 ton/yr)
	340
	581
	3600



	PET bottle demand per capita (kg/yr/person)
	6.5
	4.6
	8.0



	PET bottles recycled (1000 ton/yr)
	268
	500
	2229



	PET bottles recycled per capita (kg/yr/person)
	5.2
	4.0
	5.0



	Collection rate

Recycling rate
	84.8%

79.0%
	82.3%

86.0%
	61.0%

62.0%



	High quality r-PET

(Food-grade r-PET)
	19%

(<1.0%)
	67%

(58%)
	67%

(30%)
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