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Appendix B: Description and quantity of the second order themes 
	Aggregate dimension
	Second-order theme
	Description of the second-order theme
	Quantity
	


	Financial and operatio-nal context
	Early develop-ment stage
	Reflects the current phase of manufacturers in adopting digital twins and shows an early stage of implementation. 
	19
	78

	
	Financial aspects of implementing digital twins for CE 
	Summarizes the financial considerations involved in the deployment of digital twins specifically for enabling a CE, encompassing cost implications, potential savings, and return on investment.
	10
	

	
	Digital twin applications 
	Encompasses the several ways digital twins are utilized within manufacturing, highlighting six primary uses, ranging from design and prototyping to maintenance, and MRS.
	35
	

	
	Extensions for digital twins
	Discusses how digital twins are enhanced by integrating technologies like RFID and QR codes, which are instrumental for tracking and extending product functionalities.
	14
	

	Data require-ments and regulatory 
	CE regulations 
	Pertains to the current and upcoming regulatory frameworks that shape the use of digital twins in line with CE principles.
	14
	53

	
	Data security 
	Involves the measures and considerations to protect data integrity and confidentiality within the scope of digital twin applications.
	17
	

	
	Data integrity 
	Refers to the accuracy, consistency, and reliability of data throughout its lifecycle used for digital twins. Data integrity is crucial for their effective operation.
	22
	

	Managing the organiza-tional change 
	Organization-al transform-ation and leadership support 
	Indicates the need for organizational change and the pivotal role of leadership in driving the integration of digital twins within organizational processes.
	21
	40

	
	Knowledge sharing 
	Highlights the importance of disseminating knowledge across departments to leverage the full potential of digital twins, promoting a cohesive understanding of their capabilities.
	8
	

	
	Employee engagement 
	Emphasizes the engagement of employees at all levels for the successful adoption and utilization of digital twins.
	11
	

	Controll-ing the techno-logical change 
	Data-driven decision making 
	Refers to the role of data analytics in making informed decisions within the framework of digital twins.
	19
	62

	
	Implementing standards
	Discusses the need for establishing and following industry standards to ensure the interoperability and effectiveness of digital twins.
	24
	

	
	Managing the tool environment
	Deals with the challenges of managing diverse tools and systems that interact with digital twins.
	13
	

	
	Managing the IT infrastructure
	Involves the strategic planning and maintenance of IT infrastructure that supports digital twins, data processing, and connectivity.
	6
	

	Managing the external environ-ment 
	Collaborating with suppliers 
	Points to the significance of supplier collaboration for data and information sharing.
	15
	36

	
	Creating a network
	Suggests the need for a fundamental change in industry mindset and the creation of networks to support digital twins.
	12
	

	
	Cooperating with customers 
	Emphasizes the importance of including customers in the digital twin’s feedback loop for CE, enhancing PLM and post-sale services.
	9
	

	Compre-hensive digital twin driven CE strategies 
	Business model transformation 
	Pertains to the role of digital twins in transforming traditional business models and driving business model innovation, enabling new service-based models and sustainability-oriented practices
	13
	46

	
	PLM portal and LCA solutions
	Involves the application of digital twins throughout the product's lifecycle, from design, production, and EoL decisions. 
PLM portals manage the lifecycle of a product, while LCA solutions relate to the assessment of a product's environmental impact.
	13
	

	
	Digital product passport 
	Describes the digital documentation to maintain a complete, accessible record of product information, supporting transparency and traceability in CE practices.
	20
	

	Narrow-ing resource loops through digital twins
	Reducing resources during production 
	Discusses how digital twins contribute to resource efficiency in manufacturing processes, leading to reduced waste and improved sustainability.
	21
	50

	
	Narrowing energy consumption 
	Refers to the optimization of energy and water use in production facilitated by digital twins.
	14
	

	
	Optimizing SCs for product carbon footprint reduction 
	Involves using digital twins to minimize the carbon footprint across SCs.
	15
	

	Slowing resource loops through digital twins
	Optimizing product design 
	Discusses the role of digital twins in enhancing product design for sustainability and efficiency.
	23
	42

	
	(Predictive) maintenance 
	Highlights the use of digital twins to enable predictive maintenance, enhance product longevity and reduce the need for resource-intensive repairs. needs to extend product life and performance.
	11
	

	
	Repairing during the use stage of a product
	Involves the application of digital twins to facilitate repairs during the product's use phase.
	8
	

	Closing resource loops through digital twins 
	Promoting reuse with digital twin data 
	Discusses the role of digital twins in enabling the reuse of products by providing detailed product data for second-buyer purchase decisions.
	10
	34

	
	Remanufactur-ing equipment parts 
	Refers to the application of digital twins in disassembling and rebuilding parts of products or machines for reuse.
	9
	

	
	Recycling of products and materials 
	Highlights how digital twins can guide the recycling processes by providing detailed material information throughout the product lifecycle.
	15
	

	Economic impact through digital twins 
	Efficiency improvement 
	Summarizes the role of digital twins in enhancing operational efficiency, leading to reduced operational costs.
	25
	48

	
	Risk aversion 
	Discusses strategies for risk mitigation and aversion facilitated by the predictive capabilities of digital twins.
	5
	

	
	Continuous improvement 
	Refers to the iterative process of performance enhancement in operations enabled by digital twins.
	18
	

	Optimiz-ing resource loops with digital twin applica-tions 
	Narrowing resource loops
	Narrowing resource loops through digital twins refers to how digital twins can be used to reduce resource consumption, particularly in production, contributing to more sustainable practices.
	50
	126

	
	Slowing resource loops
	Slowing resource loops through digital twins refers to how digital twins can be used to slow down resource consumption, i.e., by optimizing product design, predictive maintenance or repair.
	42
	

	
	Closing resource loops
	Closing resource loops through digital twins refers to how digital twins can be used to reuse, remanufacture, or recycle products and materials, thus supporting a CE.
	34
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Appendix C: Additional information about the methods
Procedure and sample
The interview participants were selected through an online and offline search. To find suitable manufacturers during the online search, we contacted those who leverage digital twins in their operations. This investigation led to the examination of members from the International Digital Twin Association (IDTA) and Catena-X. IDTA is a consortium of organizations and consultancies committed to advance and standardize the vocabulary of digital twins (IDTA, 2024). The Catena-X is a research project of the automotive industry, funded by the German Federal Ministry for Economic Affairs and Climate Protection (Catena-X, 2024). We considered those manufacturers who also showed an alignment with the CE principles on their website. In the offline search, we placed a particular emphasize on reputable journals such as Open Automation and Computer Automation. Both journals have published practical-oriented articles on digital twins and the CE in 2023 and have named experts within their articles. Additionally, two experts were found using the snowball technique. 
We recorded the interviews. All information was treated strictly confidential and anonymized to ensure adherence to ethical standards and data protection, as proposed by Gioia et al. (2013). Each expert was informed of their right to decline to answer any questions at the beginning of the interview. To prepare the interviews for our data analysis, we transcribed the interviews using the platform TRINT. We edited the transcripts according to the rules of simple transcription and added timestamps and paragraph numbers to be able to cite and quote the findings (Dresing & Pehl, 2018). 
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