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Abstract 

With the increasing focus on marine plastic pollution, quantification of the environmental losses of 

plastics in the world, with differentiation into geographic regions, polymers and loss occurrences along 

the plastics value chains, is required. In this study, we make a global estimation of the losses of plastics 

to the environment across the entire plastic value chain, using existing literature and databases coupled 

with improved and additional methodological modelling of the losses. The resulting loss estimates are 

unprecedented in their detailed differentiations between polymers (23), plastic applications (13), 

geographical regions (11), and plastic value chain stages. Comprehensive sensitivity and uncertainty 

analyses were also conducted to identify key drivers in terms of plastic losses. We overall found that 

approximately 6.2 Mt (95% confidence interval, CI: 2.0 – 20.4 Mt) of macroplastics and 3.0 Mt (CI: 

1.5 – 5.2 Mt) of microplastics were lost to the environment in 2015. The major macroplastic loss source 

was identified as the mismanaged municipal solid waste (MSW) management in low-income and 

lower-middle income countries (4.1 Mt). For microplastics, the major sources were abrasion of tyre 

rubbers, abrasion of road markings and plastics contributing to city dust generation. To curb marine 

plastic pollution, such quantified mapping as ours are needed to evaluate the magnitude of the plastics 

losses to environment from different sources and locations, and enable a further assessment of their 

environmental damage. Through our uncertainty and sensitivity analyses, we highlight plastics sources 

that should be prioritized in further research works to obtain a more comprehensive and accurate 

representation of global plastics losses. 
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1 Introduction 

Marine plastic debris has been recognized as an environmental concern since the 1970s (Carpenter et 

al., 1972; Carpenter and Smith, 1972). Since then, an increasing number of studies and initiatives have 

brought the issue to public attention (Bonanno and Orlando-Bonaca, 2018; Borrelle et al., 2017; 

Haward, 2018; MacArthur, 2017; UNEP, 2016), to the extent that it has become an indicator to monitor 

our progress towards the United Nations’ Sustainable Development Goal No. 14 (United Nations, 

2018). As a result of human activities, plastics are lost to the environment at different points across the 

plastics value chain (Boucher and Friot, 2017; Jambeck et al., 2015; Magnusson et al., 2016; UN 

Environment, 2018), from where they undergo transport and transformation processes (Horton et al., 

2017) before reaching the marine environment and therein causing damages to marine biota 

(GESAMP, 2016). Marine plastics can generally be classified into macroplastics and microplastics (the 

latter including nanoplastics). Macroplastics are plastic pieces larger than 5 mm and microplastics are 

smaller (Arthur et al., 2009). Microplastics can be further subdivided into primary and secondary 

microplastics. Primary microplastics are intentionally manufactured to be less than 5 mm and used for 

specific industrial or domestic applications (GESAMP, 2015). Secondary microplastics originate from 

the breakdown of larger plastic items (either before or after entering the marine environment) through 

weathering of the plastic pieces from e.g. sunlight, wind, and water (Auta et al., 2017; GESAMP, 

2015). Annual plastic production has grown almost exponentially, between 1950 and 2015, with a 

compound annual growth rate of 9.4 % (Geyer et al., 2017) and losses of plastics to the ocean are 

projected to increase at similar rates unless actions are taken (Jambeck et al., 2015). Thus, an important 

focus of global and national actions is to prevent further plastic pollution in the oceans.  
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An effective reduction of the ecological impacts of marine plastics should start with identification and 

quantification of the largest impacts from plastics in the marine environment and then trace them back 

to the human activities that are responsible for them (Bonanno and Orlando-Bonaca, 2018). Thus, a 

first step is to quantify the amounts of plastics entering the environment from different human 

activities. This need is echoed in the recent EU report “A circular economy for plastics” (Crippa et al., 

2019) where knowledge on the sources of plastic losses to the environment from techno-economical 

systems is lacking. A number of studies have conducted material flow analysis of the plastics value 

chain (e.g. Geyer et al., 2017; Kawecki et al., 2018) with varying coverage and resolution of spatial and 

temporal scales, polymers, plastic applications, and plastic life cycle stages (production, use, end-of-

life). Additional studies have also attempted to describe and quantify the sources and mass loss of 

plastics to the environment (e.g. Boucher and Friot, 2017 and Jambeck et al., 2015). However, all these 

studies have generally applied a narrow system scope by only including a subset of the global plastics 

value chain, e.g. only including parts of the world, specific polymers or only parts of the plastic life 

cycle. For instance, Jambeck et al. (2015) estimated losses of macroplastics to the marine environment 

from littering and mismanaged waste management for areas within 50 km from the coast and estimated 

global losses to the ocean to range from 4.8 to 12.7 million tonnes (Mt). Boucher and Friot (2017) 

quantified global losses of microplastics to the oceans and estimated an annual global loss between 0.8 

and 2.5 Mt. Of this value, Boucher and Friot (2017) quantified losses from personal care and cosmetic 

products (PCCPs) to be around 0.03 Mt which is comparable to the study by Sherrington et al. (2016) 

which report a loss of 0.010 – 0.038 Mt. 

Cole and Sherrington (2016) looked into quantifying pellet losses during plastic production and 

reported a loss of ca. 105 to 1054 tonnes of pellets are lost annually in the United Kingdom (UK) which 

is between 0.004% - 0.040% of total UK plastic production (Cole and Sherrington, 2016). Moreover, 
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the outflow of plastic debris from rivers has been estimated globally (Lebreton et al., 2017; Schmidt et 

al., 2017). Both of these studies found that a few rivers are generally responsible for the majority of 

riverine transport of plastics to the ocean primarily located in Asia. In terms of total plastic losses to the 

ocean, Lebreton et al. (2017) report that between 1.15 and 2.41 Mt of plastic waste enter the ocean 

from rivers while Schmidt et al. (2017) estimates an inflow to the oceans ranging from 0.47 Mt to 2.75 

Mt per year. Based on a combination of existing studies (e.g. Jambeck et al., 2015) and own estimates, 

Eunomia Research & Consulting reported global plastic losses to the marine environment ranging from 

6.5 – 22.6 Mt (Eunomia, 2016; Sherrington et al., 2016). However, specific information on the 

polymers lost and the sources of the losses was not presented. A number of national level quantification 

of plastic losses has also been performed. This has been shown for Norway (Sundt et al., 2014), 

Denmark (Lassen et al., 2015), Germany (Essel et al., 2015), and Sweden (Magnusson et al., 2016). 

These studies all provided a comprehensive overview of the sources of plastics lost to the environment. 

Across these countries, the main sources of losses were found to stem from inadequate waste 

management and use of plastic products or plastic containing products.  

The goal of this study is to conduct a comprehensive estimate of plastic losses to the environment that 

is unprecedented in its coverage and differentiation between polymers, plastic applications, 

geographical regions, and plastics life cycle stages. This estimate builds upon some of the methods and 

sources used in previous studies, complemented with new ones, and further advance the estimates by 

using newer data and adding previously uncovered loss sources. The core of the methodological 

approach and preliminary results were reported in a UN Environment report (UN Environment, 2018), 

hence cross-references to that report are made throughout this study. However, the present study goes 

beyond the report on both levels of methodological approaches and results: it indeed includes 

additional sources of plastics losses, improving the estimates for a number of loss sources, deepens the 
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discussion on the losses and strengthens the recommendations for further research to improve plastics 

loss mapping worldwide. Moreover, in the present study, a systematic sensitivity and uncertainty 

analysis was conducted to quantify ranges of plastics losses, identify the key parameters that drive 

plastic losses to the environment and on which focus should be laid on, and pinpoint the key uncertain 

parameters for which more research is needed in order to provide more accurate estimates and thus 

facilitate better informed decision-making for reducing marine plastic pollution. 

 

2 Methodology 

2.1 Global plastic production and consumption 

Plastics losses to the environment from the global plastics value chain, i.e. from production until final 

disposal, were estimated for the reference year 2015 (based on data availability). The estimate of global 

plastic mass flows for 2015 includes modelling global plastics production and consumption in 2015 and 

estimating global plastics waste management for 2015. The mass of plastic waste treated in 2015 is not 

likely to be equal to the mass of plastics produced in 2015 because a large share of plastics has a 

service lifetime extending beyond the year of production (UN Environment, 2018). Thus, a proportion 

of the plastic waste treated in 2015 has been produced in the years before. As a result of this, the plastic 

waste treatment was estimated independently of the plastics production and consumption. 

To estimate global plastics production and consumption for year 2015, a fully linked model from 

plastic production to final use was developed based on statistical data on production and usage of 

plastics which was obtained from industry reports and scientific literature (see Supplementary Material 

(SM) Section 1). Information from the plastic industry was used for estimating global production as the 

plastic industry and plastic associations are likely to have the best and most comprehensive overview of 

https://doi.org/10.1016/j.resconrec.2019.104459


Ryberg, M.W., Hauschild, M.Z., Wang, F., Averous-Monnery, S., Laurent, A., 2019. Global environmental losses of 
plastics across their value chains. Resour. Conserv. Recycl. 151. https://doi.org/10.1016/j.resconrec.2019.104459 

 

8 

global plastics production. About 322 Mt of plastics were produced globally in 2015 (PlasticsEurope, 

2016a), excluding elastomers and synthetic fibers (e.g. PP, PET, and PA fibers). Indeed, global 

production increases to about 388 Mt plastics (UN Environment, 2018) after including fiber production 

(Credence Research, 2016; Maddah, 2016; plastemart, 2010) and production of elastomers (ETRMA, 

2017, 2011). Table 1 shows the global mass production, its distribution between different polymers and 

the corresponding data sources.  

Table 1. Global plastic production and share of total production, divided into different polymers. While not being defined as a 

‘plastic’ fibers and elastomers, such as rubber, were included in this estiamte and are hereafter referred to as being plastics. 

Table is adapted from UN Environment (2018) 

Polymer 

Global production 

[Mt] 

Share of total 

production Reference 

Polypropylene (PP) 61.9 16% (PlasticsEurope, 2016b) 
Low density polyethylene, Linear low density 
polyethylene (LDPE, LLDPE) 

45.7 12% (PlasticsEurope, 2016b) 

Polyvinylchloride (PVC) 43.0 11% (PlasticsEurope, 2016b) 
High density polyethylene (HDPE) 40.4 10% (PlasticsEurope, 2016b) 
Polyethylene terephthalate (PET) 18.8 5% (PlasticsEurope, 2016b) 
Polystyrene, Expanded polystyrene (PS, EPS) 18.8 5% (PlasticsEurope, 2016b) 
Polyurethane (PUR) 16.1 4% (PlasticsEurope, 2016b) 
Other Thermoplastics  10.8 3% (PlasticsEurope, 2016b) 
Acrylonitrile butadiene styrene, Acrylonitrile styrene 
acrylate, Styrene-acrylonitrile (ABS, ASA, SAN) 

8.1 2% (PlasticsEurope, 2016b) 

Polycarbonate (PC) 2.7 1% (PlasticsEurope, 2016b) 
Polyamide (PA) 2.7 1% (PlasticsEurope, 2016b) 
Elastomers (non-tyres) 7.9 2% (ETRMA, 2017) 
Thermosets 33.7 9% (prnewswire, 2015) 
Adhesives 9.4 2% (Grand View Research, 2015) 
Sealants 1.8 0.5% (Grand View Research, 2015) 
Coatings 2.8 1% (Sinograce chemical, 2017) 
Marine coatings 0.5 0.1% (Boucher and Friot, 2017) 
Road marking coatings 0.6 0.2% (Boucher and Friot, 2017) 
PP fibers 30.1 8% (Maddah, 2016; PlasticsEurope, 2016b) 
PET fibers 18.8 5% (Credence Research, 2016; PlasticsEurope, 2016b) 
PA fibers 4.4 1% (plastemart, 2010; PlasticsEurope, 2016b) 
Elastomers (tyres; mainly Styrene-Butadiene Rubber) 7.1 2% (ETRMA, 2011) 
Bioplastics (e.g. Polylactic acid) 2.1 0.5% (European Bioplastics, 2017) 
Total 388.2 100%   

 

The global production and consumption of plastics was divided into 11 geographical regions (see Table 

S1). Global distribution of plastics production was derived based on production statistics and 

distribution of global consumption was based on statistics on per capita plastic consumption for each 

region multiplied with the population of the region (see Table S1). The current study distributed 
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plastics into 13 plastic applications (see Table S2). The amount of plastics used in the different 

applications was estimated based on Geyer et al. (2017) but expanded to further differentiate between 

specific applications where more detailed statistical data was available and where further differentiation 

was considered important for the subsequent estimation of plastic losses related to the different 

application (see Table S3 for the specific amounts and references). For instance, the aggregated entity 

“Transportation” as used in Geyer et al. (2017) was divided into “Transportation – Tyres” and 

“Transportation – Others” based on information about polymers used for tyres from ETRMA (2011). 

Similarly, the category “Personal care products” was differentiated from that of “Consumer & 

Institutional Products” based on specific data on “Personal care products” that we could retrieve 

(Boucher and Friot, 2017; Gouin et al., 2015) 

The distribution of applications among the regions included in this study is given in Table S4 and the 

distribution of different polymers in terms of use in the different applications is given in Table S5. In 

total 23 different polymers were covered in this study. It was assumed that the polymers used in the 

different applications were equal across regions based on the assumption that the choice of plastics in 

an application is dependent on the specific application and not on the region.  

Global plastics waste management for the reference year 2015 was modelled based on statistical 

information on plastic waste generation and treatment in 2015 (or nearby years depending on the 

availability of data). Most of the applications using plastics are considered treated as part of the 

municipal solid waste (MSW). This is the case for applications related to packaging, consumer & 

institutional products, textile sector – clothing, and textile sector – others (UN Environment, 2018). A 

statistical model was developed for predicting annual per capita MSW generation based on 143 

countries (covering 73% of global population and including countries from all regions included in this 
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study). This model was coupled with population weighted averages on the share of plastics in the MSW 

for each of the regions included in this study (see SM Section 1.3.1 for description) to estimate the 

annual amount of plastic waste generated as part of MSW. Using this approach, the annual generation 

of plastic waste in MSW was found to vary from 3.3 to 64.3 kg per capita across the regions in this 

study. On the other hand, adequate data on the region specific waste treatment was lacking for a 

number of application types, such as transportation and building and construction (see Table S6). For 

these plastic applications, only a single estimate on global waste generation was made and subsequent 

treatment and environmental losses are also only provided as global estimates. Estimates on the waste 

generation related to the plastic application denoted to as ‘Other’ (see Table S6) could not be estimated 

as information on the composition and treatment of this plastic is lacking. Thus, in accordance with 

Geyer et al. (2017) the waste generation was set to 38 Mt in 2015. 

 

2.2 Quantification of plastics losses to the environment 

Plastic losses were quantified for the sources presented in Figure 2 and the following section, briefly 

describes methods for quantifying losses of plastics to the environment. A more detailed description of 

the methods for estimating the losses from each source is given in SM Section 1.4. 

Losses of plastic pellets during plastic production qualify as microplastics, as the plastic pellets are 

normally between 2 and 5 mm in size (PlasticsEurope, 2017). Studies quantifying losses during 

production and processing of plastics are generally scarce. Estimates on microplastic losses during 

production, processing, transport and handling were derived from three sources. Sundt et al. (2014) 

provided data for a Norwegian polystyrene plant where a loss of 0.4 g/kg PS produced (i.e. loss of 

0.04%) was reported. Lassen et al. (2015) reported a loss of about 0.001% and Cole and Sherrington 

https://doi.org/10.1016/j.resconrec.2019.104459
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(2016) estimated an overall loss of 0.001% - 0.01% from UK plastic processors (excluding losses from 

Transport and other facilities). It was assumed that plastics lost during plastics production will be 

transported together with wastewater with associated losses of plastics as given in Table S12 (UN 

Environment, 2018). Handling and transport of the plastic pellets was quantified based on estimates by 

Magnusson et al. (2016) and Cole and Sherrington (2016). Magnusson et al. (2016) report that losses 

should range from about 0.0005% and 0.01% while Cole and Sherrington (2016) report losses from 

0.0003% to 0.003%. The average value, i.e. 0.0035%, was used for estimating the loss to the 

environment. 

Losses during the use stage includes loss of macroplastic from littering where the plastics are e.g., 

being thrown away by the citizens and not treated as part of the formal waste management system (UN 

Environment, 2018). Studies on littering and the extent of littering are generally lacking which means 

that estimates on the loss of plastic from littering are very uncertain (Mehlhart and Blepp, 2012). 

Jambeck et al. (2015) estimated that that about 2% of total mass of MSW generated was littered and 

about 25% of this waste was not captured during street sweeping, storm drain catchment, and pump 

station cleaning and, thus, lost to the environment. Other losses of macroplastic relate to ocean based 

activities such as losses of fishing nets and other fishing related fibers. Here, losses were based on 

values estimated by Boucher and Friot (2017) and UN Environment (2018). 

Losses of microplastics related to use of cosmetics and personal care products (CPCP) were evaluated 

by developing a statistical model on the per capita consumption of cosmetics and personal care 

products [US$/capita] as a function of per capita GDP [US$/capita]. The model provided a relatively 

good fit with an r2 of 0.77 and allowed for estimating the distribution in consumption of CPCPs among 

regions (see SM Section 1.4.2). An equal distribution between costs of CPCPs and amounts of 

https://doi.org/10.1016/j.resconrec.2019.104459
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microbeads in the CPCPs was assumed (UN Environment, 2018). Moreover, it was assumed that all 

microplastics in consumed CPCPs will go to wastewater where capture and losses of microplastics will 

depend on the wastewater treatment for the specific region (see Table S12).  

For washing of synthetic clothing textiles, about 2% of microplastics in clothing are lost via washing 

during the lifetime of the clothing (Boucher and Friot, 2017). UN Environment (2018) estimated that 

an annual consumption of about 25 Mt of plastic fibres for clothing (Table S3), this amount to about 

0.5 Mt of fibres entering wastewater. Based on information about losses of fibres in wastewater (Table 

S12), the mass of fibres lost to the environment were estimated for each region (Table S17). In 

accordance with UN Environment (2018), the distribution of fibre types lost (i.e. PP, PET, and PA 

fibres) was assumed to be equal to the distribution in annual fibre production and consumption. 

The estimate of losses related to tyre abrasion was based on Boucher and Friot (2017) which report that 

ca. 20% of the synthetic rubber in the tyre is lost over the tyre’s lifetime. With an annual consumption 

of about 7 Mt of synthetic rubber for tyres (ETRMA, 2011) and assuming that the annual consumption 

is constant over time, an annual loss of 1.4 Mt of microplastic to the environment has been estimated 

(UN Environment, 2018). Loss of plastics from abrasion of road markings are based on Boucher and 

Friot (2017) which state that about 0.59 Mt of road markings are used per year. With an estimated life-

time of about 1 year (Sundt et al., 2014), this gives an annual loss of 0.59 Mt.  

Losses related to general dust generation in cities (collectively termed ‘city dust’) of which a fraction is 

plastics are scarce and only few studies have looked into the generation and composition of city dust 

and plastics as part of city dust (UN Environment, 2018). Information from national assessments 

(Lassen et al., 2015; Magnusson et al., 2016; Sundt et al., 2014) were used to upscale losses from 

national to global scale based on population data (Table S18; UN Environment 2018). Our estimate of 
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city dust includes abrasion of exterior paints and coatings, road wear, shoe sole abrasion and household 

dust generation. For marine coating related losses, we apply a 10% loss of marine coatings over its life-

time in line with Boucher and Friot (2017).  

The plastics end-of-life (EoL) stage is considered to be the stage where most losses occur (Jambeck et 

al., 2015) and plastics in the municipal solid waste (MSW) are considered more prone to being lost to 

the environment, while other types of waste, such as end-of-life vehicles (ELVs) or construction and 

demolition (C&D) waste, are considered less important sources of plastic losses to the environment 

(see Table S19; UN Environment, 2018). For waste treatment, the current study includes plastics losses 

related to MSW, and losses from disposal of other applications (such as building industry and the 

transportation sector; see Table S6).  

For MSW, as in UN Environment (2018), the following plastic waste fractions were modelled as being 

part of MSW treatment: packaging, electrical/electronic, consumer & institutional products, and textiles 

(both clothing and others). Based on Jambeck et al. (2015), mismanaged waste was defined as all waste 

that is placed in dumps or waste that is landfilled in countries classified as low income countries by the 

World Bank. The share of plastic MSW send to landfills or open dumps was estimated based on data 

on MSW composition and treatment (Hoornweg and Bhada-Tata, 2012). Aggregation from national to 

regional level was done via population based weighted averaging (See Table S7 and UN Environment, 

2018). Hoornweg and Bhada-Tata (2012) did not include comprehensive data on China and India. 

Thus, a mismanaged MSW share of 90% and 32% was used for India (Kumar et al., 2009) and China 

(Mian et al., 2017), respectively. Jambeck et al. (2015) assumed that between 15% and 40 % of all 

mismanaged plastic waste (i.e. waste going to open dumps or to landfill in low-income countries) is 

lost to the environment. Although it may be realistic for direct littering, we considered this value to be 
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overestimated for low technology landfills and open dumps (UN Environment, 2018). Thus, instead of 

15%, we preferably assumed a lower default value of 10% loss to environment from mismanaged 

plastic waste treatment. In this assumption, we factored in the likelihood that a significant fraction of 

waste from mismanaged landfills and open dumps remain within the facility, owing to general waste 

entrapment (piling of the waste preventing further escapes) and low-tech containment technologies, 

like mobile fences (Christensen, 1989), which reduce overall losses. An additional part is also likely to 

be picked up as part of general waste clean ups of inland areas or street sweeping to recollect some of 

the lost waste. Due to the uncertainty surrounding this value, we applied a wide uncertainty range for 

this value, with a 95% confidence interval (CI) ranging from 5% to 61% where the 97.5th percentile of 

61% represents the average loss to the environment originally derived by Jambeck et al. (2015), who 

however chose to apply a more conservative range of 15-40% entering the oceans. For losses related to 

mismanagement of other plastic wastes such as the building industry and the transportation sector (see 

Table S6 for list), it was estimated that about 27.3 Mt of plastic waste is generated annually from 

building industry and the transportation sectors (Figure 1) (UN Environment, 2018). Yet, global or 

comprehensive regional estimates of the losses of plastic waste from e.g. disposal of end-of-life tyres 

and vehicles, C&D waste, and industry waste could not be obtained (UN Environment, 2018). Indeed, 

there is a general lack of data on the amounts of these fractions which are being mismanaged. This is 

likely explained because mismanaged waste treatment of these fractions occurs as part of informal 

waste treatment, which is not part of international or national statistics. Thus, further research on the 

specific treatment of these applications, and the associated losses, are needed to find out if these losses 

contribute significantly to global losses of plastics to the environment. Still, as a means to account for 

the potential plastic losses during disposal of these fractions, it was assumed that the global share of 

mismanaged waste for these fractions can be approximated by that for mismanaged MSW (i.e. 25.5% 
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of global MSW, estimated as 41.0 Mt (Table S20) divided by 160.8 Mt (Table S7)). This is likely to be 

an overestimation because there is a larger potential for recycling (both formal and informal) of the 

plastic waste part of these fractions which is likely to be more accessible and purer than plastics in 

MSW. Hence, sensitivity of the total estimated plastic loss to this loss fraction was assessed as part of 

the sensitivity analysis. International trade of waste via imports and exports, in which the waste is 

treated in the waste management system of the importing country was included using the method 

described by Brooks et al. (2018). Here the UN Comtrade Database on the imports and exports of the 

category “plastic waste, parings, and scrap” was used to determine the net imports (i.e. import – export) 

for each global region of four polymer classifications: polyethylene (PE), polyvinyl chloride (PVC), 

polystyrene (PS), and others. The net imports were added to the generated MSW amounts and 

modelled as treated under the same circumstances as the MSW. The trade statistics do not cover 

informal or illicit trading, although these trading routes can account for a substantial share of total trade 

in a country, with reports as high as 80% of total trade for some goods (Jerven, 2014). In this study, the 

informal flows of traded plastics, which are not part of the UN Comtrade Database, were not included. 

This introduces an error to the estimate of traded plastics. However, the error is not propagated to the 

total mass of plastic waste generated and treated. Instead of being modelled as traded and treated in the 

importing region, the plastics are modelled as treated in the region where the waste is generated. Thus, 

the impact of the error is limited to only cover the difference in waste treatment rather than overlooking 

a potentially substantial fraction of the total mass of plastic waste. It was not possible to estimate losses 

of the plastic waste related to the ‘Other’ application as data on the composition and the specific 

applications of the plastics are lacking.  

Loss of microplastics via application of wastewater sludge on agricultural fields was estimated by 

determining the mass of microplastics in wastewater which is captured in the WWTP (see SM Section 
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1.4.2). The share of plastics and wastewater sludge applied on agricultural fields (i.e. 38%; Table S13) 

and, thus, lost to the environment, was based on European statistics (Eurostat, 2018). 

 
2.3 Sensitivity and uncertainty analyses 

The sensitivity of the total plastic losses to the environment relative to the specific model input 

parameters was evaluated by estimating normalized sensitivity coefficients (Scoef) for each continuous 

input parameter according to Eq. 1 (Ryberg et al., 2015; Yeh, 1986).  

𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ∆𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂0 ∆𝑎𝑎𝑘𝑘𝑎𝑎𝑘𝑘,0�     Eq. 1 

Where ak,0 is the default input parameter value for parameter k, Out0 is the default model output 

calculated with the value of ak,0, ∆ak is the difference between the default input parameter and the 

perturbed input parameter, ∆Out is the difference between Out0 and the Output calculated for the 

perturbed parameter value. All input parameters were perturbed by a 10% increase. Table S23 lists the 

parameters that were used in the quantification of plastics losses presented in this study and also shows 

the estimated normalized sensitivity coefficients for each of the input parameters, of which the top-10 

parameters are presented in Figure 5.  

For the uncertainty analysis, the uncertainty of the results was quantified using Monte Carlo 

simulations using Vose ModelRisk version 5.3.8.9 (Vose Software, 2016). 10,000 runs were computed 

with variations of all parameters reported in SM Table S23 based on their defined probability 

distributions (see SM Table S23 for details). The results of the Monte Carlo simulations are given as 

the 95% CI for the losses of plastics, expressed as total plastics losses, total macroplastics losses, and 

total microplastics losses (Figure 4). The contribution to variance of the input parameters to the total 
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plastics loss was estimated as part of the Monte Carlo analysis (see Table S23) to indicate the 

importance of each input parameter in terms of the overall uncertainty of the plastic loss estimate. 

 

3 Results 

The overall mass flows occurring as part of the plastic life cycle are shown in Figure 1 (see Table S24 

for disaggregation of the plastic mass flows at regional level). It shows that the majority of plastics are 

used for packaging and other consumer products (54%), with the remainder of the plastics being used 

in other sectors such as construction, transportation, and industry. Consequently, the majority of the 

quantified waste generation also stems from consumer usage of plastics (as part of MSW) which was 

found to be 161 Mt while littering was estimated to be about 3 Mt in 2015. In comparison, the 

quantified mass of waste from non-consumer products was estimated to be 65 Mt with 38 Mt stemming 

from the ‘Other’ plastic application. Thus, the plastic in-use stock was found to increase by about 159 

Mt in 2015. However, the change in in-use stock should be interpreted with care as data on waste 

generation is highly uncertain for a number of plastic applications and more knowledge about waste 

generation of plastics is generally needed. Global plastic losses to the environment was found to be 9.2 

Mt in 2015 (Figure 1) with a distribution of 67% and 33% for macro- and microplastics, respectively 

(Figure 2). Across the plastics life cycle, the largest losses of plastics occur in the use and EoL stages, 

which account for ca. 36% and 55% of total plastics losses to the environment, respectively. Losses 

during plastics production are relatively small and account for 0.25% of total plastic losses. In general, 

about 90% of microplastic losses are related to the use stage and about 77% of macroplastic losses are 

from the EoL stage and 13% of macroplastic losses stem from littering. 
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Figure 1 Global plastic value chain and estimated losses to the environment for the year 2015. Overview of the plastic value chain 

showing amounts annually produced, used in different sectors and eventually disposed of (end-of-life stage). Total masses of 

plastics lost to environment (marine, freshwater, and terrestrial compartments) are shown per life cycle stage. The mass of 

plastics produced is not equal to the mass of plastics disposed of due to plastic service lifetime extending beyond the year of 

production. Accordingly, a fraction of the plastic wastes disposed of in 2015 were produced in the years before 2015. 

 

Figure 2 shows the plastic losses to the environment distributed into geographical regions, macro- and 

microplastics, and loss sources. Mismanaged waste management is responsible for the overall largest 

loss with the majority stemming from mismanaged MSW (4.1 Mt), like uncontrolled open dumping 

and landfilling (Jambeck et al., 2015) with the rest coming from mismanaged waste management 

related to e.g. the construction and transportation sectors. The largest losses of macroplastics during the 

use of plastic products is from littering (0.8 Mt) while 0.6 Mt of plastics lost during use are related to 

marine activities, like lost fishing nets and ropes. The geographical distribution shows that losses of 

macroplastics predominantly stem from regions with a relatively large share of low-income countries 

and where open dumping of waste is done (e.g. Africa and Asia), but also as function of the share of 

plastics in the MSW such as Latin America & Caribbean where ca. 11 % of the MSW is plastics.  
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Figure 2 Losses of macroplastics and microplastics to the environment (all marine, freshwater, and terrestrial compartments 

combined) characterized according to region and loss sources. Losses from maritime activities like fishing or shipping, and losses 

from building industry and the transportation sector could not be assigned to specific regions and are only indicated in the global 

estimates. (p) is loss during production stage, (u) is loss during use stage, (e) is loss during end-of-life stage,  

 

The distribution of microplastic polymers lost to the environment is shown in Figure 3. In total, 3.0 Mt 

of microplastics are lost globally and losses primarily stem from abrasion of polymer-containing 

products, such as tyres (47%), road markings (19%) and city dust (15%). The geographical distribution 

of losses related to abrasion of tyres and road markings generally follow the usage distribution of 

vehicles. The geographical distribution of losses related to city dust is a function of the plastic 

consumption in the region and the level of wastewater treatment. Our results indicate that the 

magnitude of microplastic losses from a region is primarily influenced by the total plastic consumption 

in the region. For instance, North America has the highest loss of microplastics which is driven by 

comparatively high per-capita plastic consumption (UN Environment, 2018). Washing of synthetic 

textiles were found to account for about 7.2 % of global microplastics losses and regional distribution 

is generally a function of consumption of synthetic textiles and removal of microfibers from the 
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wastewater. The identified main sources of microplastic losses indicate that the majority of losses are 

related to indirect losses from use and weathering of plastics. Indeed, losses related to products using 

microplastics, such as CPCPs are found to only have little contribution to total microplastic loss (0.4% 

of total microplastics loss). In accordance with previous studies, the direct losses of microplastics from 

plastics production are also found to be low compared to other sources of microplastic losses (0.8% of 

total microplastics loss).  

 

Figure 3 Losses of microplastics and macroplastics to the environment (marine, freshwater, and terrestrial compartments) by 

polymers and plastic applications (when exact plastic (or polymer) types cannot be identified). 

 

The result of the Monte Carlo simulation is shown in Figure 4. It is apparent that loss estimates are 

accompanied by significant uncertainties illustrated by the 95% CI ranging from 4.3 to 23.3 Mt for total 

plastic losses. The wide range of the total loss is primarily due to uncertainty in the losses from 

macroplastics while uncertainty of the estimated losses of microplastics is relatively low. The large 

uncertainty in the estimated macroplastic loss is mainly due to uncertainty about the share of plastics 

lost from mismanaged waste management as this parameter, by far, had the largest contribution to 
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variance (i.e. 3.3; Table S23) with the second largest contributor being the share of plastics in MSW for 

Latin America & Caribbean with a contribution to variance of 0.26. Indeed, the importance of this 

parameter to the final result is also indicated in Figure 5 where the share of mismanaged MSW lost has 

the strongest influence on the robustness of the global plastic loss estimates with an Scoef of 0.44. For 

microplastics, the total loss estimate was most influenced by the fraction of rubber lost from tyres with 

a value for Scoef of 0.15 and a contribution to variance of 0.32 (Figure 5 and Table S23). The second 

most important parameter for microplastics was the share of microplastic lost from apparel during 

washing over lifetime with a Scoef value of 0.03 and a contribution to variance of 0.015. Thus, 

uncertainty with regard to lost rubber from tyres is almost exclusively determining the total estimate of 

losses from microplastics and the spread of the estimate.  

 

Figure 4 Probability distribution, estimated arithmetic mean and 95 % confidence interval for macroplastics losses, microplastics 

losses and total plastic losses (global annual estimates).  
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Figure 5 Top 10 parameters to which the estimated total plastic losses to the environment are most sensitive (quantified by a 

normalized sensitivity coefficient which reflects the change in model output per unit change in model input). All parameters 

except loss of rubber from tyres (no. 2) relate to macroplastics. See Table S23 for full list of normalized sensitivity coefficients. 

 

4 Discussion 

4.1 Comparisons with previous estimates of global plastic losses 

Overall, the comparison with previous estimates demonstrate a relatively good alignment across 

studies, however, a number of key differences where identified which are addressed in the following. 

For microplastics, Boucher and Friot (2017) report that between 1.8 and 5 Mt of microplastics are lost 

to the environment while Sherrington et al. (2016) estimate that 1.1 to 2.9 Mt microplastics are lost to 

the ocean. The estimates in our study are similar to those by Boucher and Friot (2017) which was 

expected as there are large similarities in the methods and data used for estimating losses. Our 

estimates appear large than those by Sherrington et al. (2016) which is likely caused by the inclusion of 

more loss sources (e.g. wastewater sludge applied on agricultural fields) and because the estimate by 

Sherrington et al. (2016) only includes ocean losses and it is likely that only a fraction of the total loss 

to environment will reach the oceans. Similar to Boucher and Friot (2017), we also find that rubber 

particles from tyre abrasion dominate microplastic losses. However, it is worth noting that this 

dominance is not reflected by occurrences of tyre elastomers reported in ocean monitoring studies. 
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Actually, little is known about the fate and effects of elastomers in the environment (Wik and Dave, 

2009). The absence of tyre elastomers in monitoring studies might be due to removal of the elastomers 

as part of human activities (e.g. wastewater treatment and which we were not able to quantify) or 

natural processes, e.g. retention in soil and freshwater sediments before reaching the oceans, or because 

the size of the tyre elastomer particles is below the detection limit of the monitoring equipment. As an 

addition to previous global loss estimates, we found that microplastic losses related to wastewater 

treatment and subsequent application of wastewater sludge on agricultural land is an important source 

of plastic losses. Indeed, the mass of plastics applied to soil amounts to 9.1% of global losses. Another 

important finding is that losses related to the use of CPCPs and losses of micro-pellets as part of plastic 

production are nearly negligible compared to other sources of losses. Similarly to Sherrington et al. 

(2016), we estimate losses of CPCPs to be about 0.01 Mt, but we find that this only corresponds to ca. 

0.36% of total microplastic losses. Thus, although there has been a political focus on plastics in CPCPs 

(e.g. European Commision, 2019), global losses of plastics to the environment from use of CPCPs do 

not seem to be of major importance. This should however be considered with caution as this 

interpretation only relates plastics losses to the environment, and not to their actual damages. A small 

loss of a given plastics type may have larger environmental damage than a larger quantity of another 

plastics type –see further details in Section 4.4. Only based on loss quantities, we, therefore, 

recommend further research to focus more on identifying the largest sources of plastic losses such as 

tyre elastomers, road markings and city dust.  

The estimates losses of macroplastics to the environment from littering and mismanaged waste 

treatment, i.e. 4.9 Mt with a 95% CI ranging from 1.4 – 19.7 Mt, are comparable to the estimate by 

Jambeck et al. (2015) who reported that between 4.8 and 12.7 Mt of plastic waste generated within 50 

km of the coast are released to the ocean as a result of mismanaged waste systems. The losses 
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estimated in this study are bound to be larger as they include global losses to the environment while the 

losses reported by Jambeck et al. (2015) only cover losses to oceans from coastal areas.  

With this in mind, our estimates appear relatively lower than the estimate by Jambeck et al. (2015). 

This difference is due specific differences in methodology and data. First, we assumed a 10% loss rate 

of mismanaged waste, while Jambeck et al. (2015) assumed 15% to arrive at the estimated 4.8 Mt. 

Nevertheless, since this share of lost plastics is the most sensitive parameter in the model (Figure 5), 

we applied a wide probability range for this parameter with a 95% CI ranging from 5% to 61% in our 

global uncertainty analysis (see Methods section). Hence, it is likely that the ‘true’ value lies within the 

95% CI of our estimate. Still, more research is needed to reduce the large uncertainty that is currently 

associated with losses of plastics to the environment and oceans. Secondly, we used updated and more 

representative data for determining the MSW generation and plastic fraction in the MSW. For example, 

the mismanaged plastic waste amount in China was reported to be ca. 8.2 Mt (Jambeck et al., 2015). 

Here, Jambeck et al. (2015) apply a waste generation rate based on the urban Chinese population (i.e. 

1.1 kg/cap/day from Hoornweg et al., 2005). In contrast, we based Chinese MSW generation on a 

statistical model by UN Environment (2018) where MSW generation was estimated on the basis of 

GDP per capita and the specific region (see SM Section 1.3.1). Here, a MSW generation rate of 0.3 

kg/cap/day (i.e. ca. a factor 3 less) was estimated for the total Chinese population. When upscaling to 

country level, this amount to 6.1 Mt mismanaged waste, thus, a substantial reduction compared to 

Jambeck et al. (2015), which propagate to important reductions in the estimated total plastic losses.  

4.2 Future research needs for estimating plastic losses 

A number of knowledge gaps still remains to quantify the losses of plastics from the plastic value 

chain. In the following section, we highlight some of them, where additional research is needed: 
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• More knowledge about plastic losses as part of waste management is urgently needed. This was 

found to be the largest source of plastic losses and also the most sensitive parameter (see Figs. 2 

and 5). Yet, the fraction of plastics lost is based on assumptions (Jambeck et al., 2015) and not 

actual measurements. First, it is important to come to a consensus on the definition of mismanaged 

waste and what types of plastics waste and fraction such definition should include. This is needed 

to aid comparability among studies on the losses and among nations where differences in 

mismanaged waste share might be due to differences in definitions. Secondly, information and data 

on the extent of mismanaged MSW and other wastes and the associated losses to the environment 

from mismanaged treatment of MSW and other wastes are needed. Here, the most important factor 

to investigate appears to be the share of plastic waste that is assumed lost to the environment due to 

inadequate or mismanaged waste management (Figure 5). More efforts are therefore needed to 

generate data and models to better characterize this parameter in the modeling of the plastic losses, 

accounting for the geographical variations in waste generation and disposal practices, e.g. informal 

and uncontrolled waste management (Horton et al., 2017). 

• It was estimated that almost 14% of total macroplastic losses stem from littering. However, 

currently there is only one estimate of littering available. Thus, more studies on littering and the 

associated losses to the environment are needed to get results that better reflects the ‘true’ value. 

Furthermore, additional studies on littering should be geographically differentiated and also 

differentiated into different polymers or at least plastic applications to allow for identifying 

potentially problematic areas and polymers (UN Environment, 2018).  

• There is a need for more knowledge about the plastic losses from different plastic production 

processes and from handling and transportation of the plastics. This will facilitate more 

representative estimates of the losses and should allow for accounting for the losses related to the 
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production of the different polymer types. However, as the losses from production, handling, and 

transport of plastics are found to be small relative to other sources of losses, bridging this gap is 

not considered as important as for example improving the loss estimates related to littering and 

disposal of plastic MSW or other plastic wastes. Nevertheless, losses associated with production 

should not be ignored and the losses can be substantial in terms of microplastic concentrations in 

waters situated in close proximity to plastic production facilities, as shown by Norén (2007), where 

microplastic concentrations were between two and three orders of magnitude higher.  

• There is a need for more knowledge about the process for which losses could not be quantified, 

such as losses related to agricultural plastics use and floats and similar equipment used in marinas 

and aquaculture (see Table S22 for a list of the known unknowns). Information about these is 

particularly important in order to understand whether or not these potential sources of plastics 

losses are significant sources of plastic losses to the environment. 

 

4.3 Needs for reducing environmental losses of plastics 

The results of our study show that the majority of plastic losses are related to the use and disposal of 

the plastics. Thus, focus should be on reducing losses from these stages. However, this might require 

substantial changes to other parts of the plastic life cycle such as how we produce and consume plastics 

(Borrelle et al., 2017). It is argued that to reduce the global problem of marine plastic pollution, holistic 

integrated measures that involve the entire plastics value chain and different societal actors (such as 

industry, government, civil society and academia) are needed to tackle this problem (Borrelle et al., 

2017; Crippa et al., 2019; UN Environment, 2018; Vince and Hardesty, 2017).  
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With regard to waste management, losses are mainly a result of mismanaged waste treatment and a 

direct means for reducing losses is to improve the waste management system in the regions where the 

majority of the losses occur. This primarily concerns Africa, the Middle East, Asia and Latin America 

where waste management systems need major improvements. Cross-border solutions are needed to 

solve the problem with marine plastic pollution (Borrelle et al., 2017) and the improvement of country 

scale waste management systems should be a global concern and not be left for the specific countries to 

solve as these might have other more urgent national needs to address. A suggested option could be to 

implement an extended producer responsibility program to create a global fund for funding 

development of better waste management systems in the countries where plastic losses occur (Borrelle 

et al., 2017).  

For the use stage, losses are mainly a result of abrasion and weathering of plastic products. A 

recommendation for decision-makers in governments and companies is, therefore, to focus on 

substituting plastics in these products with other materials without instigating increased environmental 

impacts elsewhere. Alternatively, focus could be on technological improvements in terms of using 

more durable plastics or ensuring that the microplastics are collected and captured as part of the solid 

waste or wastewater treatment systems. Similarly to other pollutants, such as heavy metals, it would be 

relevant to define limit values on the concentrations of microplastics in sewage sludge applied on land. 

A general recommendation for reducing losses of plastics across the plastics life cycle is to reduce the 

overall consumption of plastics in society. This can be done either via general reduction in 

consumption or by substituting plastics with other materials (UN Environment, 2018). For instance, 

some countries, e.g. Kenya, introduced a ban on plastic bags which drastically reduced consumption of 

plastics (NEMA, 2017). Other means for reducing consumption could be through encouraging reuse, 

taxation, and awareness raising campaigns. 
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All of these recommendations require that actions are taken and changes in either technology or 

consumption patterns are made. Along with these actions, we stress the importance of applying a life 

cycle perspective and assessing whether such changes will overall be environmentally beneficial or 

lead to a shift or creation of environmental impacts. This can be facilitated with the use of tools such as 

the ISO-standardised life cycle assessment methodology (Hellweg and Milà I Canals, 2014). Indeed, a 

reduction in consumption of plastics would likely bring reductions in other environment problems, such 

as climate change, where a decrease in plastic consumption and, thus, production, would result in less 

greenhouse gas emissions. However, it might also increase other relevant environmental impacts. For 

instance, removal of plastics in paint might reduce microplastic losses stemming from abrasion of the 

paint; but a paint with less or no plastics might have shorter life-time. As a consequence, the surface 

might have to be painted more frequently leading to production of more paints with additional 

greenhouse gas emissions. Similarly, if consumption of plastics is reduced, this may shift consumption 

towards other materials or services which give rise to other environmental impact categories or areas 

(this is referred to as rebound effects). Hence, as part of decision-making, it is important to 

comprehensively assess the consequences of the decisions to ensure that the intended actions for 

reducing marine plastics pollution do not inadvertently increase other environmental impacts.  

 

4.4 Moving from mass to damage 

The results of this study provide a quantification of the mass input of plastics to the environment. 

While this allows for identifying the main sources of losses, it does not adequately allow for evaluating 

the damages that the plastics may cause to ecosystems and human health. For example, a mass of 

released microplastics will have different and potentially much larger impacts on ecosystems than an 
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equal mass of macroplastics due to differences in shape and physicochemical properties. In order to 

identify and target the polymers, plastic application and sources of losses to the environment that cause 

the largest problems in the environment, it is essential to mechanistically link the sources of plastic 

losses to their potential damages to ecosystems and human health. Yet, methods for comprehensively 

predicting the fate of different plastics (e.g. different plastic applications, polymers, sizes and shapes) 

in the environment and the exposure of and damages to ecosystems or humans are currently lacking 

(Crippa et al., 2019). Different studies have separately assessed specific environmental fate pathways 

(e.g. Besseling et al., 2017; Everaert et al., 2018; GESAMP, 2016; Horton et al., 2017; Koelmans et al., 

2017b; Lebreton et al., 2017; Pham et al., 2014) or ecosystem damages from exposure of specific 

plastics (e.g. Anthony et al., 2015; GESAMP, 2016, 2015; Koelmans et al., 2017a; Rochman et al., 

2016; Wik and Dave, 2009), but methods which combine the different methods into a consistent 

assessment framework starting from loss through fate over exposure and ending with damages to 

ecosystems and humans are lacking. Developing such a framework should be considered a priority as 

this will enable robust and science-based assessment and identification of which losses from the plastic 

value chain pose the largest environmental problems. Moreover, such assessment framework would 

also allow comparison with other environment impacts, such as climate change and ecotoxicity, to 

facilitate decision-making with a multi-impact perspective which is needed to avoid unintentionally 

shifting the burden to other environmental impacts (Laurent and Owsianiak, 2017). 

 

5 Conclusions 

This study provided a comprehensive estimate of global plastic losses to the environment in 2015 

distributed into different polymers and plastic applications. It was found that about 6.2 Mt (CI: 2.0 – 
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20.4 Mt) of macroplastics and 3.0 Mt (CI: 1.5 – 5.2 Mt) of microplastics, respectively, were lost to the 

environment. The main macroplastic loss source was found to be mismanaged MSW management in 

low-income and lower-middle income countries which accounted for about 4.1 Mt of plastics lost. For 

microplastics, the major sources were abrasion of tyre rubbers and road markings, and plastics-based 

city dust. Reductions of plastic losses to the environment requires an integrated approach, which should 

involve the global society and all actors across the plastics life cycle from production, through 

consumption to disposal. It is recommended to advance research on determining losses of plastics, in 

particular from mismanaged waste management. Moreover, development of a comprehensive 

assessment framework for assessing the potential damage on ecosystems and human health from 

different plastics and loss sources should be a priority. Such framework is needed to support decisions 

and actions for curbing the marine plastic problem while avoiding to inadvertently increase other 

environmental impacts. 
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This Supplementary Material contains extended description of methods used in this study and full list 

of parameters for the sensitivity and uncertainty analysis.   
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