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            Abstract
Plastics show the strongest production growth of all bulk materials and are already responsible for 4.5% of global greenhouse gas emissions1,2. If no new policies are implemented, we project a doubling of global plastic demand by 2050 and more than a tripling by 2100, with an almost equivalent increase in CO2 emissions. Here we analyse three alternative CO2 emission-mitigation pathways for the global plastics sector until 2100, covering the entire life cycle from production to waste management. Our results show that, through bio-based carbon sequestration in plastic products, a combination of biomass use and landfilling can achieve negative emissions in the long term; however, this involves continued reliance on primary feedstock. A circular economy approach without an additional bioeconomy push reduces resource consumption by 30% and achieves 10% greater emission reductions before 2050 while reducing the potential of negative emissions in the long term. A circular bioeconomy approach combining recycling with higher biomass use could ultimately turn the sector into a net carbon sink, while at the same time phasing out landfilling and reducing resource consumption. Our work improves the representation of material flows and the circular economy in global energy and emission models, and provides insight into long-term dynamics in the plastics sector.
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                    Fig. 1: Projections of global plastic production, waste generation and plastic stocks in use, by sector.[image: ]


Fig. 2: Global plastic flows and stocksÂ for the SSP2 baseline scenario in the year 2050.[image: ]


Fig. 3: Global carbon balance of the plastics sector over the entire life cycle.[image: ]


Fig. 4: Global final energy use in the plastics sector over the entire life cycle.[image: ]
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                Data availability

              
              Model documentation and data of the IMAGE model can be found online33. A detailed description of the PLAIA model and its data sources is published13.

            

Code availability

              
              The code of the PLAIA model is published31.
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Extended data figures and tables

Extended Data Fig. 1 The global shares of waste treatment technologies.
These graphs represent the fate of collected plastic waste; sorting and recycling losses of mechanical recycling were allocated to the remaining waste treatment options; the chemical recycling share represents the plastic waste sent to pyrolysis.


Extended Data Fig. 2 Resource shares in annual global plastic production.
This figure shows the final shares of resources in the annually produced plastic products (not the primary resource use for plastics).


Extended Data Fig. 3 Comparing the net CO2-emissions of the four scenarios for the global plastic sector.
These emission lines are the same as the solid net emission lines of Fig. 3; biogenic emissions are assumed to be renewable and therefore have no net contribution to climate change.


Extended Data Fig. 4 Global plastic flowsÂ and stocks for the 2â€‰Â°C scenario (SSP2-2.6) in the year 2050.
The numbers represent the plastic flows and stocks in million metric tonnes (Mt).Â Processing losses in sorting and mechanical recycling are allocated to other waste treatment options. Chemical recycling refers to pyrolysis and its processing losses are assumed to be emitted.


Extended Data Fig. 5 Global plastic flowsÂ and stocks for the 2â€‰Â°C-CE scenario in the year 2050.
The numbers represent the plastic flows and stocks in million metric tonnes (Mt).Â Processing losses in sorting and mechanical recycling are allocated to other waste treatment options. Chemical recycling refers to pyrolysis and its processing losses are assumed to be emitted.


Extended Data Fig. 6 Global plastic flows and stocksÂ for the 2â€‰Â°C-CBE scenario in the year 2050.
The numbers represent the plastic flows and stocks in million metric tonnes (Mt).Â Processing losses in sorting and mechanical recycling are allocated to other waste treatment options. Chemical recycling refers to pyrolysis and its processing losses are assumed to be emitted.


Extended Data Fig. 7 Overview of the PLAIA model.
Adapted from ref.Â 13; the green boxes describe the inputs into PLAIA coming from other modules of the IMAGE model (e.g., availability and costs of resources) or exogenously set inputs (e.g., carbon price, economic & population development).


Extended Data Fig. 8 Sensitivity analysis of the global plastic sectorâ€™s cumulative net CO2-emissions (2020â€“2100).
This figure shows how changes in model variables affect the cumulative net CO2-emissions (2020â€“2100) of the global plastic sector over its entire life cycle.


Extended Data Fig. 9 Net CO2 emissions of the global plastic sector over the entire life cycle with different shared socioeconomic pathways (SSP).
Biogenic emissions are assumed to be renewable and therefore have no net contribution to climate change. The narratives behind the shared socioeconomic pathways are described in ref.Â 15.


Extended Data Fig. 10 Global annual plastic production with different shared socioeconomic pathways (SSP).
The narratives behind the shared socioeconomic pathways are described in ref.Â 15.





Supplementary information
Supplementary Information
Additional results and key input variables for this article. The results are provided by scenario, region and year for the period 2005â€“2100.


Peer Review File




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Stegmann, P., Daioglou, V., Londo, M. et al. Plastic futures and their CO2 emissions.
                    Nature 612, 272â€“276 (2022). https://doi.org/10.1038/s41586-022-05422-5
Download citation
	Received: 03 February 2022

	Accepted: 06 October 2022

	Published: 07 December 2022

	Issue Date: 08 December 2022

	DOI: https://doi.org/10.1038/s41586-022-05422-5


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Designing a circular carbon and plastics economy for a sustainable future
                                    
                                

                            
                                
                                    	Fernando Vidal
	Eva R. van der Marel
	Charlotte K. Williams


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        Reducing uncertainties in greenhouse gas emissions from chemical production
                                    
                                

                            
                                
                                    	Luke Cullen
	Fanran Meng
	Jonathan M. Cullen


                                
                                Nature Chemical Engineering (2024)

                            
	
                            
                                
                                    
                                        Cellulose nanofiber/bio-polycarbonate composites as a transparent glazing material for carbon sequestration
                                    
                                

                            
                                
                                    	Seul-A Park
	Hyeonyeol Jeon
	Jeyoung Park


                                
                                Cellulose (2024)

                            
	
                            
                                
                                    
                                        Carbon reduction of plasticâ€™s circular strategies: tracking the effects along supply chains with waste inputâ€“output modeling
                                    
                                

                            
                                
                                    	Jui-Hao Chang Chien
	Pi-Cheng Chen


                                
                                Sustainable Environment Research (2023)

                            
	
                            
                                
                                    
                                        On the plastics crisis
                                    
                                

                            
                                
                                Nature Sustainability (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    Chemical Engineering Distilled                      
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    Plastics can be a carbon sink but only under stringent conditions
                

                
	Sangwon Suh
	AndrÃ© Bardow



                
    
        
            Nature
        
        News & Views
        
        
            07 Dec 2022
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Oldest DNA reveals 2-million-year-old ecosystem
                

                
	Benjamin Thompson



                
    
        
            Nature
        
        Nature Podcast
        
        
            07 Dec 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
