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In the following, we provide a detailed analysis of the relationships between each couple of Digital Technology (DT) and Operations Management process (OM). Each Section describe the findings for one DT. This analysis has been used as a basis for Table 6 in the paper.

DCPT and OM processes (Procurement, inbound Logistics & Upstream Supply chain management (PLUS), Distribution, Outbound Logistics & downstream Supply chain management (DOLS), and Reverse Logistics (REVLOG)) 
The strongest connection has been observed between DCPT and PLUS (relationship #1 in Table 5), which primarily operate in four domains: sharing information and coordinating with suppliers, optimizing inventory, tracking raw/purchased material information to respond to sustainability standards, and managing risk. DCPT also has significant relationships with two other processes: in REVLOG it supports communication and management systems and route optimization (relationship #11 in Table 5), while in DOLS it contributes to the optimization of transportation and warehouse operations (relationship #12). Table S.1 details the processes, impact areas, environmental drivers and sustainability benefits associated with DCPT.

[bookmark: _Ref179906524]Table S.1: Summary of relationships between DCPT and OM Processes
	[bookmark: _Hlk176625798]OM process
	Impact domains
	Environmental Driver
	Sustainability / CE benefits
	Ref.

	
	
	Resource Efficiency
	hazardous/toxic/critical substances reduction
	Lifetime extension
	Intensified asset usage
	Dematerialisation and transparency
	Closing the loop
	
	

	PLUS
	Information sharing and coordination, leading to flexibility, greater operational efficiency and effectiveness
	X
	
	
	
	X
	
	Resource sharing, material consumption and waste reduction
	(Bag et al., 2023; Edwin Cheng et al., 2022; Yadav et al., 2020)
	PLUS
	Inventory management optimization (e.g. through real-time data and improved demand forecasting)
	X
	
	
	X
	X
	
	Reduced waste 
Reduced obsolescence of inventories
	(Agarwal et al., 2022; Bag et al., 2023; Garrido-Hidalgo et al., 2020; Mishra & Singh, 2022)

	PLUS
	[bookmark: _GoBack]Raw material information and traceability
	X
	X
	
	X
	
	X
	waste reduction, circular flows of materials
	(Mastos et al., 2021; Pinheiro et al., 2022; Schöggl et al., 2023)

	PLUS
	Risk management
	
	X
	
	
	X
	
	Environmental risk reduction, greater environmental compliance
	(Bag et al., 2023; Lopes de Sousa Jabbour et al., 2023; Patil et al., 2023; Yadav et al., 2020)

	DOLS 
	Logistic route optimization
	X
	
	
	
	X
	
	Reducing operational costs, minimizing waste, optimizing resource utilization, and reducing carbon emissions
	(Cannas et al., 2024; Rajput & Singh, 2019)

	DOLS
	Warehouse management optimization
	X
	
	
	X
	
	
	Energy consumption reduction
	(AL-Khatib, 2023; Cannas et al., 2024; Nantee & Sureeyatanapas, 2021)

	REVLOG
	Optimization of reverse logistic information management systems
	X
	X
	
	
	X
	X
	Lowering costs and energy consumption, waste reduction
	(Dev et al., 2020; Edwin Cheng et al., 2022; Garrido-Hidalgo et al., 2019; Yadav et al., 2020)

	REVLOG
	Route optimization 
	X
	
	
	
	
	
	Reduce transportation and related emissions
	(Bag et al., 2021; Dev et al., 2020; Mishra & Singh, 2022; Pourmehdi et al., 2022)

	REVLOG
	Enhance tactical and strategic Reverse Logistics (REVLOG) decisions
	X
	X
	X
	
	X
	X
	Circular flows. Increased material efficiency
	 (Bag et al., 2021; Krstić et al., 2022; Pourmehdi et al., 2022)




(Source: Author’s own work)

DCPT enables visibility and information sharing among a company and its suppliers, thus improving coordination and fostering collaborative relationships. It offers data-driven decision-making platforms that improve purchasing and upstream supply chain management (Bag et al., 2023; Edwin Cheng et al., 2022). This leads to operational efficiency and effectiveness, preventing unnecessary resource utilization and supporting waste reduction. Also, thanks to real-time visibility about demand and inventory levels across the supply chain, demand forecasting becomes more accurate: therefore, excess purchase and misallocation of stocks is minimised (Pinheiro et al., 2022). This way, inventories are optimized and potential stockouts and deviations from the expected lead times are detected early, mitigating material shortages (Bag et al., 2023; Garrido-Hidalgo et al., 2020). Moreover, data structures (such as the Digital Product Passport and real-time material status updates) support green purchasing practices and the tracking of purchased material characteristics for optimal use in production and supply chain processes, increasing supplier commitment to standards (Schöggl et al., 2023). Finally, the integration of DCPT enhances the orchestration of information flows about supplier and materials origin, geographic, climatic as well as operational and financial data. This supports the identification of potential environmental risks and supply discontinuities (Bag et al., 2023).
DCPT in DOLS allows for tracking smart objects during logistics processes: data generated support the optimization of routes and reduce uncertainties about transportation parameters (K. Ali & Johl, 2023; Cannas et al., 2024). As a result, organizations reduce logistic and operational costs, decrease resource consumption and minimize distribution carbon footprint. Further, within warehouse operations DCPT's enable the optimization of layout, storage methods, and product picking processes and enhances the overall service level of order fulfilment (AL-Khatib, 2023). This, in turn, optimizes space utilization in warehouses, reduces energy consumption, and overall costs. 
REVLOG is a complex process: DCPT supports the optimization of communication infrastructure for reverse logistics management systems, enhancing tactical and strategic decision-making about end-of-life repurposing decisions. Information flows are improved by providing visibility and tracking of products throughout REVLOG and recovery processes (Krstić et al., 2022; Pourmehdi et al., 2022). This facilitates decision-making and process execution, such as collecting returned products, assessing their condition, and determining the appropriate recovery options (Mishra & Singh, 2022). Moreover, it supports tactical decisions such as more effective sorting at facility centres. Ultimately, this enhances the recovery value of returned products and helps closing the loop by increasing product return and recovery rates.
In sum, as shown in Table S.1, Resource efficiency and Dematerialization are the environmental drivers activated by DCPT in all the three processes and almost all the impact domains. On the other hand, DPCT adoption enables sustainability benefits also through the other environmental drivers, but they are only triggered in specific processes and impact domains.

Blockchain-Cybersecurity and OM processes (Procurement, inbound Logistics & Upstream Supply chain management (PLUS) and Reverse Logistics (REVLOG))
[bookmark: _Ref179906809]The adoption of BLC strongly supports REVLOG (relationship #8 in Table 5), as well as PLUS (relationship #13), as illustrated in Table S.2. In PLUS, BLC attracted attention due to their ability to address information challenges such as traceability, transparency, accountability, privacy, cyber-attacks, and data integration (Kayikci, Gozacan-Chase, et al., 2022; Rehman Khan et al., 2022). Richer and up-to-date information supports collaborative and decentralized decision-making and improves responsiveness to upstream supply chain risks. Blockchain enables agile responses to unforeseen circumstances, as shown by IBM's use of the technology to quickly identify alternative suppliers (Kouhizadeh et al., 2020). Moreover, the adoption of BLC leads to certified information and greater traceability about purchased materials and components: these in turn enable circular/green procurement, and the development of digital product passports (Ghadge et al., 2022). Additionally, BLC allows for transparent tracking of transportation emissions, facilitating the practical implementation of regulatory mechanisms such as penalties or taxes, or incentive systems that reward suppliers for utilizing renewable energy and sustainable practices (Kouhizadeh et al., 2020).
In REVLOG, BLC supports product lifecycle tracking and return mechanisms, and customer involvement. It provides secure and transparent records on product lifecycle data, enabling organizations to access information about the product's journey from raw materials to finished goods, which includes details on the origin of materials, energy used in production, manufacturing dates, ownership history, and usage information. Hence, it increases the visibility and supports effective REVLOG planning and decision-making. Moreover, it can provide a comprehensive record of the return process, capturing crucial information such as the quantity, quality, condition, and origin of the returned products. For example, Toyota utilized the blockchain technology to track the condition and history of returned or recalled vehicles, enabling more informed decisions for repurposing (Rizvi et al., 2022). Blockchain-based tokens can increase customer engagement in REVLOG by incentivizing product returns through cryptographic tokens and micropayments (e.g. trigger immediate payments to consumers based on the state of the returned goods when received by the reverse logistics partners (Kayikci, Gozacan-Chase, et al., 2022; Kouhizadeh et al., 2020). Furthermore, BLC increases trust in product returns safeguarding consumers data and enabling secure deletion during product disassembly. Blockchain-enabled transparency can finally facilitate the development of a new market for trading and pricing recycled materials by providing reliable information about the environmental impact and recyclability of products (Chaouni Benabdellah et al., 2023).

[bookmark: _Ref187488043]Table S.2: Summary of relationships between Blockchain & Cybersecurity and OM Processes
	[bookmark: _Hlk179902674]OM process
	Impact domains
	Environmental Driver
	Sustainability / CE benefit
	Ref.

	
	
	Resource Efficiency
	Hazardous/toxic/critical substances reduction 
	Lifetime extension
	Intensified product usage
	Dematerialisation and transparency
	Closing the loop
	
	

	PLUS
	Supporting collaborative relationships and information sharing with suppliers 
	X
	X
	
	
	X
	
	Green procurement, increased circularity of material flows
	(Bag et al., 2021; Chaudhari et al., 2022; Govindan, 2022; Kouhizadeh et al., 2020; Saxena et al., 2021)

	PLUS
	Mitigating uncertainties and risk in supply chain
	
	X
	
	
	X
	
	Reduced environmental risk, waste reduction
	(Chaouni Benabdellah et al., 2023; Chaudhari et al., 2022; Kouhizadeh et al., 2020; Rane et al., 2023)

	 REVLOG
	Tracking product lifecycle data to support effective reverse logistics planning and decision-making.
	
	X
	
	X
	X
	X
	Waste reduction, disassembly optimization, circular flow of resources, improved decision-making about recovery options, and developing trusted markets for recycled materials
	(Gupta et al., 2021; Kumar et al., 2023; Rizvi et al., 2022; Tri et al., 2022)

	REVLOG
	Increasing the participation of customers and supply chain stakeholder in reverse logistics
	
	X
	X
	X
	X
	
	Circular flow of resources, improving green customer practice
	(Govindan, 2022; Prajapati et al., 2022)



(Source: Author’s own work)

As a result, it can be observed that the environmental drivers activated extensively by BLC are Dematerialization and transparency (as expected) and the capability to control, properly manage and reduce Hazardous and toxic substances. In REVLOG moreover, BLC shows also the potential to enable the environmental driver more directly related to circularity: lifetime extension, intensified product usage and closing the loop.

HVI and OM processes (Procurement, inbound Logistics & Upstream Supply chain management (PLUS), Distribution, Outbound Logistics & downstream Supply chain management (DOLS), Maintain, technical assistance & repair (MAINT), and Reverse Logistics (REVLOG))

The adoption of HVI supports PLUS (relationship #2 in Table 5), DOLS (relationship #9), MAINT (#14), and REVLOG (#17). The main impact domains, environmental drivers triggered, and sustainability benefits are shown in Table S.3.



[bookmark: _Ref179907022]Table S.3: Summary of relationships between HVI and OM Processes.
	OM process
	Impact domains
	Environmental Driver
	Sustainability / CE benefit
	Ref.

	
	
	Resource Efficiency
	Hazardous/toxic/critical substances reduction 
	Lifetime extension
	Intensified product usage
	Dematerialisation and transparency
	Closing the loop
	
	

	PLUS
	Improving buyer -supplier information sharing and trust
	X
	
	
	
	X
	
	Reduction of material consumption and waste 
	(Aldrighetti et al., 2023; Ghobakhloo et al., 2022; Kayikci, Kazancoglu, et al., 2022; Neri et al., 2023)

	DOLS
	Improving planning and downstream supply chain coordination through information sharing increasing operations and transportation efficiency
	X
	
	
	X
	X
	
	Material efficiency and waste reduction through optimized inventories, energy consumption and transportation emissions reduction
	(Behl et al., 2023; Ghobakhloo et al., 2022; Neri et al., 2023)

	MAINT
	Real-time monitoring of production shopfloor for early detection of breakdowns and preventive maintenance
	X
	
	X
	
	
	
	Energy and material efficiency, reduced downtime and under-optimal usage of assets
	(Chen et al., 2023; Samadhiya et al., 2023)

	REVLOG
	Optimization of material flows and industrial symbiosis 
	X
	X
	
	
	X
	X
	Closing the loop, transforming waste into resources
	(Neri et al., 2023; Skalli et al., 2024)



(Source: Author’s own work)

HVI enables the connection of players at different levels of the supply chain, from raw material suppliers to end consumers, allowing for centralised data management with a clear line of authority and responsibility to increased PLUS. HVI facilitates the digitalization of logistics and inventory management enabling optimization activities, such as of transportation routes, material flows, reutilization of packaging material, allowing for more efficient reuse of resources throughout the supply chain (Ghobakhloo et al., 2022).
HVI enables the integration of production with asset maintenance facilitating faster responses and providing insights into equipment failures (Cannas et al., 2024; Samadhiya et al., 2023). It allows integrating production management with manufacturing execution systems. This enhances optimal resource consumption, waste reduction and maintenance cost reduction.
In REVLOG, HVI supports the development of collaborative and efficient return programs, based on integration of the supply chain partners. It also supports industrial symbiosis through a collective approach for the exchange of materials, energy, water, and byproducts (Neri et al., 2023).
In terms of sustainability potential, therefore, given its ability to enhance information sharing and visibility, HVI, whenever adopted, triggers the Resource efficiency environmental driver, together with the Dematerialization one. 

[bookmark: _Hlk150689481][bookmark: _Ref179907091]AR/VR and OM processes (Maintain, technical assistance & repair (MAINT) and Procurement, inbound Logistics & Upstream Supply chain management (PLUS))

The adoption of AR/VR supports MAINT (relationship #4 in Table 5), and PLUS (relationship #18), as reported in Table S.4.

[bookmark: _Ref187531716]Table S.4: Summary of relationships between AR/VR and OM Processes.
	OM process
	Impact domains
	Environmental Driver
	Sustainability / CE benefit
	Ref.

	
	
	Resource Efficiency
	Hazardous/toxic/critical substances reduction 
	Lifetime extension
	Intensified product usage
	Dematerialisation and transparency
	Closing the loop
	
	

	PLUS
	Increasing efficiency, effectiveness and safety of warehouse operations
	X
	
	
	
	
	
	Reduced waste and energy consumption
	(Chen et al., 2023; Laskurain-Iturbe et al., 2021; Lopes de Sousa Jabbour et al., 2022; Ramirez-Peña et al., 2020)

	MAINT
	Enhanced machine inspection, Improved training
	X
	X
	X
	
	
	
	Improved reparability, downtime reduction, reduced need for substituting sub-assemblies (since single parts can be repaired or substituted)
	(Aldrighetti et al., 2023; Di Maria et al., 2022; Kayikci, Kazancoglu, et al., 2022; Krstić et al., 2022; Neri et al., 2023)

	MAINT
	Remote assistance, guidance to the remote technicians
	X
	
	X
	
	X
	
	Reduced downtime, reduction of environmental impact of maintenance. Reduced need for repair manuals
	(Agarwal et al., 2022)



(Source: Author’s own work)

AR/VR assists warehousing and material handling of purchased goods. It enables more efficient and effective warehousing operations, e.g. avoiding mis-picks, enhancing reliability of picking operations. 
In MAINT, AR/VR delivers an enhanced version of reality and an interactive experience. It allows for realistic simulations of physical objects with computer-generated overlay images for real time instructions and visual guidance. Hence, it provides an enhanced capability for machine inspection (Aldrighetti et al., 2023; Kayikci, Kazancoglu, et al., 2022; Neri et al., 2023). Leveraging virtual and 3D models coupled with a motion capture system it facilitates precise identification of defective parts and enhance operators' repair and disassembly abilities (Kerin & Pham, 2019). Further, it supports technicians with immersive training experiences where they can practice maintenance tasks in a risk-free environment. Additionally, smart AR/VR devices support remote assistance and collaboration, enabling effective guidance to technicians by remote experts, increasing productivity and reducing maintenance and travel costs (Agarwal et al., 2022).
In sum, as shown in Table S.4, AR/VR thanks to supporting error-free operations and successful maintenance, activates the Resource Efficiency and Lifetime extension environmental drivers, while it has little potential toward the other drivers.


[bookmark: _Hlk159110506]Cyber-physical system, Digital Twin & Simulation (CPSDTS) and OM processes (Procurement, inbound Logistics & Upstream Supply chain management (PLUS), Distribution, Outbound Logistics & downstream Supply chain management (DOLS), and Production (PROD))

CPSDTS support PLUS (relationship #3 in Table 5), DOLS (relationship #19), and PROD (relationship #21), as summarized in Table S.5.


Table S.5: Summary of relationships between CPS, Digital Twin & Simulation and OM Processes
	[bookmark: _Hlk179903038]OM process
	Impact domains
	Environmental Driver
	Sustainability / CE benefit
	Ref.

	
	
	Resource Efficiency
	Hazardous/toxic/critical substances reduction 
	Lifetime extension
	Intensified product usage
	Dematerialisation and transparency
	Closing the loop
	
	

	PLUS
	Handling supply chain uncertainties and the upstream impacts of demand fluctuations
	X
	
	
	
	X
	
	Environmental risk reduction
Optimization of raw material consumption
	(Chang, 2022; Liang et al., 2018; Ma et al., 2022; Ojha, 2023)

	PLUS
	Green supplier selection
	X
	X
	
	
	X
	
	Green purchasing, waste reduction, supporting circular flows of materials
	(Agarwal et al., 2022; H. Ali et al., 2023; Behl et al., 2023; Kusi-Sarpong et al., 2023)

	DOLS 
	Enhancing the product delivery and distribution systems
	X
	
	
	
	X
	
	Reducing environmental impact of downstream transportation and inventory 
	(Abdul-Hamid et al., 2024; Tao et al., 2018)

	PROD
	Optimizing the production parameters using simulation
	
	X
	X
	
	
	
	Minimize the downtime, resource consumption and energy consumption
	(Bag et al., 2023; Chen et al., 2023; Liang et al., 2018; Ma et al., 2022)

	PROD
	Evaluating production process, technology and scheduling alternatives 
	X
	
	
	X
	X
	
	Optimize energy consumption, reduce idle time, tooling consumption 
	(Liu et al., 2019; Nascimento et al., 2019; Sharma et al., 2021; Tao et al., 2018)


(Source: Author’s own work)

CPSDTS support adaptive control that aligns the purchasing supply chain with fluctuating demand or changes in consumer preference. By leveraging real-time data and predictive models, they provide detailed analysis of supply chain processes, leading to improved control, reduced lead times, and greater efficiency in managing the upstream impact of demand fluctuations (Liang et al., 2018). CPSDTS also interact with digital platforms for detailed information about suppliers' sustainability practices, certifications, and performance metrics, as well as serving as a repository for information about a range of renewable, alternative, and environmentally friendly raw materials: all these can be used for what-if scenario analyses (Agarwal et al., 2022; H. Ali et al., 2023; Elhazmiri et al., 2022; Kusi-Sarpong et al., 2023). Decision support for “green” supplier selection is therefore enabled.
Simulation enabled by Digital Twins helps planning facility locations and optimizing the downstream supply chain by addressing factors such as transportation costs and environmental footprint.
At the production (factory) level, CPSDTS enable virtual modelling, offering flexibility and adaptability throughout the manufacturing process, thereby predicting and tackling potential waste and inefficiencies prior to physical production. Moreover, cyber-physical systems support different type of data acquisition and data handling techniques and send it to digital twin for the simulation of real-world production scenarios, predicting equipment performance and production scheduling, as well as evaluating the effects of deploying new manufacturing procedures through machinery upgrades (Zacharaki et al., 2021). For example, (Daneshmand et al., 2023) highlighted the application of this technology in monitoring and control of complex production environments with extreme conditions like high pressure, temperature, and acidity. Furthermore, the ability to analyse material flows and lifecycle data can facilitate continuous improvement by identifying even minor instances of waste generation or energy leakage (Liang et al., 2018).
Therefore, similarly to DCPT, the sustainability potential of CPSDTS across the different OM processes relies mainly on the activation of Dematerialization and Resource efficiency environmental drivers.


Industrial Robotics and OM processes (Product development (PD), Procurement, inbound Logistics & Upstream Supply chain management (PLUS), Production (PROD), Maintain, technical assistance & repair (MAINT), and Distribution, Outbound Logistics & downstream Supply chain management (DOLS))

IR shows significant relationships with five OM processes: MAINT (relationship 16 in Table 5), PLUS (relationship #7), DOLS (#15), Product development (#16), and PROD (#20). The main impact domains, environmental drivers triggered, and sustainability benefits are listed in Table S.6.
[bookmark: _Ref187531738]Table S.6: Summary of relationships between Industrial Robotics and OM Processes
	[bookmark: _Hlk179903160]OM process
	Impact domains
	Environmental Driver
	Sustainability / CE benefit
	Ref.

	
	
	Resource Efficiency
	Hazardous/toxic/critical substances reduction 
	Lifetime extension
	Intensified product usage
	Dematerialisation and transparency
	Closing the loop
	
	

	PROD
	Streamlined production process, reducing human error, and support in higher precision and accuracy in quality control
	X
	
	
	
	
	
	Increased efficiency, reduction waste, resource optimisation, worker safety and protection
	(Agarwal et al., 2022; Ferreira et al., 2023; Laskurain-Iturbe et al., 2021)
	MAINT
	Facilitate maintenance activities (e.g. more efficient inspection, disassembly and serviceability, addressing challenging environmental conditions…)
	X
	X
	X
	
	
	X
	Improve repairability and reduce errors, increased disassembly effectiveness
	(Hartono et al., 2022; Neri et al., 2023; Yang et al., 2023)

	PLUS
	Automation in inbound and internal handling
	X
	
	
	
	
	
	Reduced energy consumption and waste
	(Bag et al., 2020; Chiarini et al., 2020; Nantee & Sureeyatanapas, 2021)

	 DOLS 
	Streamlined warehouse activity
	X
	
	
	
	
	
	Energy consumption optimization
	(Nantee & Sureeyatanapas, 2021)

	PD
	Improved and more efficient prototyping
	X
	X
	X
	
	
	
	Waste and hazardous substance reduction, circular product development and 
	(Agarwal et al., 2022; Findik et al., 2023; Prakash & Ambedkar, 2023)



(Source: Author’s own work)

IR plays a crucial role in enhancing productivity, quality, and safety. Robots automate repetitive tasks at higher speeds and with greater efficiency, reducing the energy consumption of machinery and equipment (Agarwal et al., 2022). Moreover, industrial robots execute multiple tasks sequentially without requiring lengthy setups or tool changes, thereby reducing material waste and scraps during production. Moreover, industrial robots can work alongside human operators, performing heavy-duty, dangerous, or repetitive tasks. This enhances workplace safety and reduce human exposure to toxic substances by minimizing the potential hazards for workers (Laskurain-Iturbe et al., 2021).
Further, IR supports maintenance facilitating inspection or allowing for automated disassembly even in challenging conditions for human operators, such as maintenance activities in shipyards, thereby reducing workplace accidents and ensuring worker safety(Strandhagen et al., 2022). This achieves optimization of disassembly processes and reduced energy consumption (Kerin et al., 2023). 
Robotic technology such as Automated Guided Vehicles (AGVs), and Automated Storage and Retrieval Systems enhance material handling operations, thus increasing efficiency and optimizing energy consumption. AGVs and autonomous mobile robots automate and streamline the movement of goods and packaging within warehouses, enhancing logistic efficiency, thereby leading to more efficient energy use and decreasing the carbon footprint associated with the handling of both raw materials and finished products (Karmaker et al., 2023; Nantee & Sureeyatanapas, 2021). 
Finally, in product development IR supports automated prototyping by following exact design specifications, thus enhancing precision and eliminating human errors, facilitating the exploration of complex geometries for customization, thereby integrating with various digital technologies such as AM and CPSDTS (Daneshmand et al., 2023; Hartono et al., 2022; Liu et al., 2019; Thao, 2023). 
By and large IR, in sum, supports environmental sustainability by triggering resource efficiency. To a lesser extent the literature highlights a potential of activating Hazardous/toxic substance reduction and Lifetime extension, while other environmental drivers are not emerging form the literature.

Additive Manufacturing/3D Printing (AM) and OM processes (Production (PROD) and End of life treatment & processing (EOL))

AM supports PROD (relationship #5 in Table 5) and EOL (relationship #10), as reported in Table S.7.

[bookmark: _Ref184593682]Table S.7: Summary of relationships between AM and OM Processes
	OM process
	Impact domains
	Environmental Driver
	Sustainability / CE benefit
	Ref.

	
	
	Resource Efficiency
	Hazardous/toxic/critical substances reduction 
	Lifetime extension
	Intensified product usage
	Dematerialisation and transparency
	Closing the loop
	
	

	PROD
	Supporting design and production flexibility and customization (on demand)
	X
	
	X
	X
	
	
	Reduce tools production and material waste, increase the overall sustainability (e.g. greater performance in field of customized parts)
	(Agrawal, 2022; Faveto et al., 2024; Mantelli et al., 2020; Schlesinger et al., 2023; Tang et al., 2016)

	PROD
	Supporting local and on-demand manufacturing
	X
	
	
	X
	
	X
	Reduced inventories and transportation needs, facilitated end-of-life collection
	(Dash et al., 2022; Faveto et al., 2024; Mohammed et al., 2022; Pinheiro et al., 2022; Sauerwein & Doubrovski, 2018; Wu, Mehrabi, Karagiannidis, et al., 2022; Wu, Mehrabi, Naveed, et al., 2022)


	EOL
	Reusing waste as secondary raw materials
	
	X
	
	
	
	X
	Increased recycling and circularity of material flows
	(Caceres-Mendoza et al., 2023; Giani et al., 2022; Reffat et al., 2024; Sauerwein & Doubrovski, 2018; Stefaniak et al., 2022; Tri et al., 2022)




[bookmark: _Hlk166160383](Source: Author’s own work)

AM employs a layer-by-layer fabrication approach, enabling the realization of complex geometries leading to enhanced functionality, facilitating easy customization and cost-effectiveness in the design-to-manufacturing process (Agrawal, 2022). A number of studies suggests that the elimination of tooling and additional fixture configurations of AM diminish waste and lead time, thereby enhancing operational efficiency and optimizing the overall production process (Chaudhuri et al., 2022; Tang et al., 2016; Zheng et al., 2020). In particular, (Tang et al., 2016) showed in a case study that the 3DP manufacturing process produced only half the CO2 emissions compared to CNC milling. Gebler et al.(Gebler et al., 2014) noted that through 3D printing (3DP), 40% of raw material-related waste can be avoided, and 95–98% of the unfused raw material can be repurposed. Moreover, the use of a wide range of sustainable materials, e.g. biobased materials, enable waste reuse or biodegradation capabilities. Further, AM enables local manufacturing by incorporating locally sourced recycled materials, which decentralizes supply chains and reduces the need for long supply chains and transportation and supply chain-related costs and emission (Dash et al., 2022; Mohammed et al., 2022; Sauerwein & Doubrovski, 2018; Wu, Mehrabi, Karagiannidis, et al., 2022; Wu, Mehrabi, Naveed, et al., 2022).
AM has also the potential to align end-of-life practices with the principles of the circular economy and decrease the environmental footprint through material recovery and recycling. AM allows for the design of products that are easier to disassemble and recycle at the end of their life, facilitating the recovery of materials for reuse without altering the production process (Faveto et al., 2024). For instance, some studies have investigated recycling waste into 3D printing filament to produce high-quality, strong, and lightweight components making it a promising alternative, thereby reducing need of virgin materials (Bossart et al., 2021; Giani et al., 2022).
AM, in sum, enables environmental sustainability through different environmental drivers, but especially by triggering Resource efficiency and intensified product usage in production processes, and a closing the loop potential and reduction of toxic substances at the end of life.  
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