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Abstract

Additive manufacturing (AM) offers a variety of material manufacturing techniques for a wide 

range of applications across many industries. Most efforts at process optimization and exposure 

assessment for AM are centered around the manufacturing process. However, identifying the 
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material allocation and potentially harmful exposures in end-of-life (EoL) management is equally 

crucial to mitigating environmental releases and occupational health impacts within the AM 

supply chain. This research tracks the allocation and potential releases of AM EoL materials 

within the US through a material flow analysis. Of the generated AM EoL materials, 58% are 

incinerated, 33% are landfilled, and 9% are recycled by weight. The generated data set was 

then used to examine the theoretical occupational hazards during AM EoL material management 

practices through generic exposure scenario assessment, highlighting the importance of ventilation 

and personal protective equipment at all stages of AM material management. This research 

identifies pollution sources, offering policymakers and stakeholders insights to shape pollution 

prevention and worker safety strategies within the US AM EoL management pathways.

Graphical Abstract
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1. INTRODUCTION

Existing additive manufacturing (AM) techniques stand out for their ability to produce 

precise objects for diverse applications, from medical implants to mechanical components 

and personal creations.1 Given the versatility, AM techniques can use a large variety of 

material types during production but can also create many possibilities for environmental 

releases and potential chemical exposures throughout the life cycle of these materials. 

Prior studies have focused on quantifying releases from various AM practices to evaluate 

occupational safety risks.1–5 However, uncertainty persists concerning the destination and 

allocation of end-of-life (EoL) materials after postmanufacturing because EoL materials 

from AM are often intermingled with other EoL streams, complicating the identification 

of specific issues related to their generation and releases and hindering the formulation 

of targeted solutions for pollution prevention, source reduction, and material circularity.6 

Unlike centralized manufacturing facilities, AM operations can also be decentralized, which 

are more geographically dispersed and not subjected to the same stringent regulations as 

the centralized AM operation. These differences contribute to a heightened risk of improper 

disposal and environmental releases. Moreover, EoL materials originating from AM have 
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not been systematically tracked by any specific entity because the volume of EoL material 

generated by AM practices is expected not to match that of commonly manufactured 

products. However, investigating the contribution of individual practices can help identify 

and address specific challenges related to managing AM EoL materials, environmental 

releases, and occupational exposures. Discarded EoL materials can be dispersed into waste 

management pathways and the environment, making material tracking difficult beyond the 

point of EoL material generation. In response to these complexities, this research performs 

a material flow analysis to address the uncertainty in material flows and an exposure 

assessment to find the sources of pollution, releases, and opportunities for minimizing 

hazardous material exposure throughout AM EoL material management.

AM processes encompass seven main categories: vat photopolymerization, material jetting, 

binder jetting, powder bed fusion, material extrusion, sheet lamination, and directed energy 

deposition.1,7 Each category can be subdivided into liquid and solid-based processes with 

unique materials that may enter the EoL management stage. Common materials used 

as feedstocks in the AM may include a variety of photocurable polymer resins, solid 

polymers, metals, composites, glass, and ceramics, each with varying physical and chemical 

properties.7–9 These diverse material types pose challenges in the EoL material management 

stage, resulting in release and occupational exposure sources, such as container unloading 

releases, expired raw materials, equipment cleaning losses, and EoL material generated 

during printing operation and postprocessing.10–15 Large centralized AM operations are 

more likely to implement safety features within their workspace, mitigating possible releases 

at the source. Unlike conventional manufacturing, EoL materials generated by AM practices 

can originate from smaller decentralized AM operations, resulting in a broader array of 

EoL material types sent to the EoL management stages through the most convenient 

methods (e.g., drainage, municipal solid waste (MSW), and recycling bin) without a full 

understanding of the environmental and health implications. These material types stem 

from different AM processes, postprocessing, and disposal methods adopted by operators 

of varying skill and knowledge levels.16 Understanding the environmental releases, impacts, 

and occupational risks from these differences is pivotal for informed decision-making, 

ensuring material circularity, sustainability, and safety across the AM product life cycle.

There is limited information on the impact of material allocation, environmental releases, 

and safety within the management pathways of EoL materials originating from various AM 

practices. Therefore, a material flow analysis of AM EoL materials can be a crucial first step 

for identifying the possible material allocation and points of interest, such as mass releases, 

which can lead to occupational hazard potentials throughout the AM EoL management.17 

A generic exposure assessment can then identify common exposure scenarios encountered 

by EoL material management workers.15 The material release and human exposure data 

from the AM EoL material management can supply information for evaluating the potential 

environmental and human health impacts throughout the AM EoL material management 

infrastructure. This research bridges the knowledge gap across the life cycle of AM products 

by focusing on the EoL materials generated and comprehensively examining the material 

pathways and the associated environmental and health implications. Stakeholders, such 

as the US Environmental Protection Agency (EPA) and Occupational Safety and Health 

Administration (OSHA), can then formulate targeted strategies for pollution prevention, 
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source reduction, improved occupational safety, and promoting sustainable AM practices. 

This work enables stakeholders to grasp the potential consequences in the latter stages of 

the product life cycle and provides a starting point for future studies aimed at advancing the 

overall sustainability and safety of end-of-life material management practices.

2. METHODS

Existing AM exposure research primarily measures material emissions during the 

manufacturing stages of AM. However, there are uncertainties regarding potentially 

hazardous EoL material generation, chemical releases, and occupational exposure 

information for AM materials during the EoL stage of the AM products’ life cycle, 

which includes disposal, treatment, and recycling processes. Public databases, such as 

RCRAInfo (Resource Conservation and Recovery Act Information) and TRI (Toxics Release 

Inventory), organize data based on the NAICS (North American Industry Classification 

System) code. AM can be placed in multiple NAICS codes, leading to challenges in 

aggregating data pertaining to EoL materials generated and released through AM practices. 

Additionally, while AM practices generate EoL materials containing hazardous chemicals 

and release toxic chemicals, they generally do not meet the reporting thresholds for 

databases such as RCRAInfo and TRI.18,19

2.1. Material Flow Analysis.

A material flow analysis estimates the quantity and allocation of AM EoL materials, 

drawing insights from review papers, research articles, and AM material management 

guidelines.2–5,20–23 Many similarities between the EoL stage of the AM and MSW 

management infrastructure can be identified due to the types of products and EoL materials 

generated.15,24 The mass basis for the material flow analysis was selected based on the 

annual 3D printer usage in the United States reported in the Wohlers Report.25 Further 

allocation estimations between liquid and solid-based processes rely on industry landscape 

reports by AMFG.26 This report named manufacturers, businesses, vendors, suppliers, and 

research institutions that use AM techniques. The frequency of AM technique usage was 

tallied to approximately 35% of companies using liquid printing processes and 65% using 

solid-based printing processes. All common material types contributed by AM to the EoL 

stage are summarized in Table 1, while a more comprehensive list can be found in Table S1 

of the Supporting Information. The assumptions and calculation details for the material flow 

analysis are listed in the Supporting Information.15,20,22,23,25–36

2.2. Generic Exposure Assessment.

The generic exposure assessment integrates potential release events and occupational 

exposures during postmanufacturing, disposal, treatment, and the subsequent EoL 

management methods. All analyses were completed on a worst-case basis to supply 

an approximate range of health impacts at the maximum potential. Descriptions of 

typical operating procedures were supplied for each major operation to emphasize the 

differences between EoL management options. The equations for exposure estimation 

were adapted from the US EPA Exposure Factors Handbook in cases with limited data, 

which can be addressed by parameter estimation.37 Experimental exposure and chemical 

Chea et al. Page 4

Environ Sci Technol. Author manuscript; available in PMC 2024 October 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



concentration data were used, where appropriate, to reduce the uncertainty of the generic 

exposure assessment.4,21,23,29,38 Occupational exposures were estimated based on dermal 

and inhalation routes.

Equation 1 describes the potential worst-case dermal exposure (EXPdermal, i) that workers may 

encounter for a given process (i). S is the average surface area for the palm of both hands 

(1070 cm2). Q is the amount of material retained on the skin after exposure.37,39 Fchemical, i

is the fraction of the chemicals in the substance upon dermal exposure in a given process. 

This approach has considered hands the most frequent contact point with many objects, 

tools, equipment, and substances during AM EoL material management. Additionally, eq 2 

describes the general inhalation exposure (EXPinhalation, i) estimation for an EoL process based 

on the concentration of substances in the working area of a given process, Cexposure, i, rate of 

breathing (rbreathing) of 1.25 m3/h,40 and time of exposure (texposure of 8 h/day), and the fraction 

of volatile materials in the inhaled substance from a given process (Fmaterial, volatile, i). This fraction 

value represents the mass fraction of the chemical or material of concern in the volatilized 

liquid or aerosolized solid. Cexposure, i varies depending on the surrounding environment. Table 

2 summarizes the concentration parameters used for the occupational exposure modeling.

EXPdermal,i = S ⋅ Q ⋅ Fchemical,i ⋅ Nexp

(1)

EXPinhalation,i = Cexposure,i ⋅ rbreathing ⋅ texposure ⋅ Fmaterial,volatile,i

(2)

3. RESULTS AND DISCUSSION

AM is unique from other manufacturing techniques due to its potential for both centralized 

and decentralized operations. Decentralized operation enables users to create solid objects 

of their choice regardless of skill level and location. However, this convenience can 

create challenges in EoL material management and regulatory oversight. For example, 

household users may inadvertently contribute to the release of AM EoL materials into the 

environmental compartments due to a lack of awareness about proper material-handling 

practices, such as discarding failed prints or excess raw materials directly to the MSW 

stream without proper treatment. These substances can contaminate land mass and water 

supply, as some parts may degrade into more toxic substances over time.48 Additionally, 

EoL liquid resins, water-soluble materials, or fine powder residues from postprocessing 

(e.g., sanding) may enter the sewer system through household drains, contributing to water 

releases. Therefore, decentralized AM operations contrast with centralized manufacturing 

operations, which are subjected to more stringent regulations. Tracking decentralized 

releases is difficult because they do not meet the minimum reporting threshold. Specifically, 

the TRI Program requires that a chemical neither listed as a chemical of concern nor PFAS 

should be reported if it has been (1) manufactured/imported/processed in excess of 25,000 

pounds or (2) used in excess of 10,000 pounds for the calendar year.49 Decentralized AM 
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operations are not anticipated to exceed these values, causing most of the AM EoL materials 

generated to go unreported. Given this data limitation, a holistic overview of the collective 

practice of centralized and decentralized operations was used to create a mass flow basis 

into AM EoL material management. Subsequently, the material flow analysis of AM EoL 

management in Section 3.1 calculates the potential mass allocations originating from AM 

practices. The generic exposure assessment in Section 3.2 analyzes the potential health risks 

to EoL management workers as a function of releases to the environmental compartment 

estimated from Section 3.1. Section 3.3 summarizes the research findings and discusses 

possible actions to mitigate the potential health risks.

3.1. Material Flow Analysis of AM End-of-Life Management.

The starting point of the material flow analysis for tracking the AM mass distribution 

throughout EoL management is based on Wohlers Associates estimation of 870,000 annual 

AM operational units in the United States, which equates to 10.44 million kg/yr of materials 

processed.25,50 It should be noted that this mass basis is not an absolute number that 

remains true between analysis years. Instead, this value is used as a starting point to 

determine the potential mass allocation during the end-of-life material management stage. 

The generated EoL materials may vary between 1 and 40% of the material input (10% 

average), corresponding to 104,400–4.18 million kg (1.04 million kg average) overall annual 

material discard rate.23 Up to 35% of the generated materials were estimated to result from 

liquid AM processes, while the remaining materials resulted from solid AM processes.26 

The average process mass rate was distributed according to these percentages. Figure 1 

illustrates the connection between the manufacturing of AM-specific products and the EoL 

material management stage. Release streams are shown to signify areas of potential mass 

loss due to limitations in the processing methods. All parameters and assumptions used for 

the material flow analysis calculations are tabulated in Table S2, and stream calculation 

results are shown in Table S3.

All major EoL material pathways originating from the AM product manufacturing stages 

were considered. The liquid printing process can discard up to 3.65 million kg of raw 

materials, cured and expired resins, test prints, prototypes, and failed prints (stream 2). 

Wash solvent can clean residues from the final products and printers for future use. The 

solvent consumption ratio has been estimated to be approximately 6.5 kg/kg product, 

totaling 21.4 million kg of solvents/yr (stream 3). These streams combine to form stream 

5, which can be sorted into stream 6 (product) and stream 7 (end-of-life materials). The 

mass allocation for streams 8 and 11 from stream 7 was found based on the failure rate 

of a typical print. Generally, failed prints may be caused by axis misalignment, poor 

print bed adhesion, insufficient support, layer shifts, and the complexity of the object.51 

The failure rate may occur between 1 and 10% (5% average) for an experienced user, 

resulting in 5% of the material being sent to MSW after ultraviolet (UV) light treatment 

(stream 10).52 This treatment requires resins and partially cured materials to be cured 

under UV light or exposed to natural light for an extended period. The resulting solidified 

materials can then be disposed of through common MSW infrastructure. Uncured and 

expired resins (stream 11) with organic wash solvent may also be sent to an EoL material 

broker facility for distribution to the appropriate treatment or disposal site according to the 
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material characteristics.53 The liquid EoL material treatment options may include biological, 

chemical, physical, stabilization, and thermal options.54 However, physical and thermal 

treatments are likely the primary options for handling AM-specific EoL material because 

its content primarily comprises organic compounds. Specifically, solid materials in the 

liquid EoL stream may partially be separated from the liquid component. Hazardous EoL 

material from AM practices can enter publicly owned treatment works (POTWs) through 

input into the sewer system and illegal dumping (streams 12 and 15), introducing additional 

halogenated organic compounds that can be resistant to biodegradation.55,56 This entry to 

POTWs is treated as a form of release to water because these chemicals are not easily 

removed through conventional POTW treatment; therefore, the disposal must follow local 

regulations and guidelines by authorized material disposal services. After treating liquid 

EoL materials, the solid sludge (stream 14) is sent to landfilling for final disposal. Resins 

and contaminated organic solvents (stream 16) may be sent to incineration, recovery at 

specialized facilities, or disposal, depending on regional capabilities.6

Alternatively, solid printing may generate up to 6.79 million kg of materials (stream 17) 

annually with a potential EoL material range between 67,860 and 2.71 million kg (678,600 

kg average). This EoL material flow (stream 21) may have scraps, prototypes, and test 

prints. Material recycling (stream 22) is possible by feeding scraps into a filament extruder.5 

However, due to economic constraints, solo AM users do not justify buying a filament 

extruder solely for this purpose. Therefore, recycling is negligible along this EoL path.

All printed materials (stream 19) are used until their eventual disposal (stream 20). Although 

the process is not at a steady state, the accumulation was set to zero because the primary 

goal is to track the mass flow to the eventual destination throughout the AM EoL pathways. 

The printed parts and scraps from all AM process EoL flows were eventually combined 

(streams 10, 20, and 23) and disposed of as part of the MSW. Discarding solid materials is 

less complex than liquid EoL materials because the solid materials are fully cured and can 

be discarded as MSW (stream 23).

Given minimal data on the final destination of AM products, we estimated that solid mass 

flow distribution is allocated similarly to the 2018 MSW management statistics reported 

by the US EPA, the most recently available data.57 Composting and food-specific disposal 

processes were excluded from consideration in the case of AM EoL materials. Recycling, 

incineration, and landfilling of solid EoL materials were normalized to 23.6, 11.8, and 

50%, respectively, which is the basis for the mass flow distribution.32 Ferrous metals 

may be recovered through magnetic separation postcombustion. However, the recovery of 

nonferrous metals remains uncertain due to low data availability in public reports.58,59 The 

remaining incinerator ash and incombustible inorganic materials exiting incineration are sent 

to landfilling (stream 32) for final disposal.

The material flow analysis supplies a high-level material distribution regarding AM EoL 

material management, emphasizing EoL material generation rate, solvent use as processing 

aids, disposal and treatment options based on material properties, possible convergence to 

conventional MSW management, and environmental releases. Figure 2 shows a visualization 

of the relative mass flow intensity, which can aid with identifying EoL material processing 
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stages that can affect the highest number of workers. Most mass flows (58% of total 

EoL material input) are successfully incinerated in the EoL of AM due to the presence 

of hazardous materials and contaminated solvents entering EoL material management. 

Recoverable EoL materials are recycled (9% of total EoL material input) as part of the 

MSW recycling infrastructure, while unrecoverable and incombustible EoL materials are 

sent to landfilling (33% of total EoL material input). The mass basis of 10.44 million kg 

EoL materials from AM was normalized to 1 kg to illustrate the relative material flow 

allocation per unit mass of EoL material input. Up to 0.11 kg of volatile organic compounds 

(VOCs), fly ash, and landfill gas can be released into the air, while 0.14 kg of EoL materials 

(litter, leachate, and materials lost during transport) can be released into the surrounding 

land and water per kilogram of EoL material input. It is essential to highlight that landfill 

gas and leachate generation rates pose high uncertainties. This statement is also applicable 

to other AM EoL materials, such as plastics, because they can fragment and persist in the 

environment for centuries.60,61

3.2. Generic Exposure Analysis of AM End-of-Life Materials Management.

AM EoL materials may be generated during printing operations, including container 

residues, cleaning losses and releases, expired materials, and chemical and mechanical 

finishing effluents. The impacts of releasing these AM EoL materials depend highly 

on the process types, materials used, and disposal routes, which create a higher risk 

mitigation complexity when compared to managing MSW. Therefore, the potential mass 

flow allocation described in Section 3.1 was used to estimate the expected material releases 

and the potential exposures at a generic EoL management facility.15 This analysis began 

with managing AM EoL materials (disposal and potential treatment), and the materials 

would later combine with broader EoL management techniques like recycling, incineration, 

and landfilling. In most cases where material transfer and transport are required, a spillage 

rate of 1% was selected, and these materials are fated to become litter that may accumulate 

on land and water sources.41 Specific AM EoL operations may release other substances 

beyond spillage, such as air emissions. In addition to the release potential, worst-case 

occupational exposures were estimated based on the activity and material types processed. 

The specific descriptions of release and potential exposure findings are described in 

Sections 3.2.1–3.2.5. Table 3 summarizes the effects of EoL material management activities 

from AM practices on the surrounding environment, communities, and EoL workers. The 

material releases highlighted scales directly with the total amount of materials processed 

calculated from the material flow analysis. Conversely, the occupational exposure rate can 

vary between facilities, and the total health impact depends on the frequency of incident 

occurrence and the number of active facilities. It should also be noted that these releases 

and occupational exposure estimations are intended to be the worst-case scenario in the AM 

EoL stages. All values were provided as a range to illustrate the uncertainties associated 

with each operation. Deviation from the reported estimation can be expected depending 

on the presence of emission control devices, material safety protocol, types of materials 

processed, and the surrounding environment. This detailed insight facilitates more precise 

and efficient risk management strategies, considering the distinct properties and potential 

hazards associated with AM EoL materials.
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3.2.1. Disposal.—Nonhazardous AM EoL materials from Table 1 may be allocated for 

disposal within MSW and mixed with other EoL materials, while hazardous materials can 

be sent for treatment in compliance with existing hazardous EoL material management 

regulations.62 These materials can contribute toward littering and other releases based 

on various processes during EoL material loading, collection, and transportation to EoL 

management facilities. At the disposal stage of liquid printing processes, UV-curable resins 

are often discarded when the resin is contaminated or considered unsuitable for use at 

the end of its shelf life. Following material disposal, specialized hazardous EoL material 

transportation is unlikely to contribute meaningfully toward littering because EoL material 

containers are packaged and sealed for treatment and disposal. Improper disposal of toxic 

photocurable resins without proper personal protective equipment (PPE) may cause skin 

irritation or allergic reactions, depending on the resin formulation. The estimated dermal 

exposure without proper PPE (EXPdermal, disposal) may thus range between 712 and 2135 mg/day/

operator and 139 and 290 mg/day/operator for disposing of liquid and solid AM process 

EoL material, respectively.

In addition, a small fraction of the resin may contain volatile substances used during the 

initial formulation, leading to potential inhalation exposure during disposal (EXPinhalation, disposal), 

as shown in eq 2.37 The volatile components room concentration, Cexposure, disposal, ranges 

between 0.01 and 40 mg/m3.45 Most organic components within liquid AM resins are 

volatile. Except for nonvolatile fillers (5% mass of a generic liquid resin), the value of 

Fmaterial, volatile has been estimated as 0.95. EXPinhalation thus equates to 0.10–380 mg/day/operator 

in the liquid disposal process. The Toxic Substance Control Act (TSCA) grants the 

EPA regulatory authority over chemical usage in the workplace, including occupational 

exposures. OSHA has set permissible exposure limits (PELs) for VOCs, while EPA uses its 

authority under TSCA to ensure sufficient workplace protection and minimize workplace 

exposures.63 The established OSHA PEL for VOCs in the air for an 8 h time-weighted 

average (TWA) exposure ranges between 0.002 and 750 mg/m3, setting the inhalation 

exposure limit to 0.02–7125 mg/day maximum for VOCs.64 With sufficient ventilation, 

the exposure values can be reduced below OSHA PEL to minimize the chance of health 

complications associated with the VOCs generated from handling liquid EoL materials.

The inhalation exposure potential for solid-based processes can occur when feedstock 

powders and filaments are used in an area with minimal ventilation.65 VOC concentrations 

of 0.02–0.13 mg/m3 (Cexposure, disposal) have been reported from solid material processing.46 

Therefore, EXPinhalation may range from 0.2 to 1.3 mg/day/operator for solid disposal. OSHA 

PEL for unregulated particles is defaulted to 15 mg/m3, resulting in an exposure limit 

of 30 mg/day.66 Solid material disposal is safer than liquid disposal, which has a more 

extensive range of PEL due to variations in VOC toxicity. However, sufficient ventilation 

and respiratory safeguards should be used to reduce particulate inhalation and the chance 

of solid accumulation in the lungs. Following material disposal, specialized hazardous EoL 

material transportation is unlikely to contribute meaningfully toward littering because EoL 

material containers are packaged and sealed for treatment and disposal.
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3.2.2. Postdisposal Hazardous Material Treatment.—Liquid EoL material can be 

treated through UV and hazardous EoL material treatment, depending on the properties 

of the discarded materials. Cleaning solvents like isopropanol may constitute much of 

the final EoL material volume. AM facilities can recover some cleaning solvents through 

a two-step process involving UV treatment and solid–liquid filtration. UV treatment is 

employed by placing photocurable resins in a labeled, transparent, resin-safe container and 

leaving them to cure under sunlight for 1–10 days.52 Other UV treatment methods may 

also include directly exposing the materials to sunlight without containment, using a UV 

lamp, or submerging printed parts in water with a UV source. The lack of containment for 

uncured and partially cured photocurable resins can release VOCs on the outer layer of 

the printed parts. The solidified materials may be filtered, recovering cleaning solvents of 

varying purity. The release rate of VOCs may range from 0.07 to 3.24 μg VOCs/cm2/min 

at 25 °C.3 Up to 1.14 kg/yr of volatile materials can be emitted annually with continuous 

operation to the surrounding air.

Untreated liquid organic EoL materials may become hazardous when cleaning solvents 

are heavily contaminated. Various treatment options are available to address this issue, 

including chemical, thermal, biological, and physical methods. Inorganic materials such 

as fillers may be separated through a physical separation due to their immiscibility with 

organic solvents and resins. Thermal treatment is the most used method for reducing the 

quantity of hazardous EoL material because it can reduce the toxicity of organic materials 

and generate air pollution. Hazardous EoL materials may also be temporarily stored through 

surface impoundments until they can be appropriately managed.6 To reduce unintentional 

environmental releases, these containment sites incorporate other preventive measures, such 

as leachate collection and removal systems, leak detection mechanisms, and double-liner 

systems. Alternatively, ocean dumping of hazardous EoL material is prohibited under 

the Marine Protection, Research and Sanctuaries Act (MPRSA), but this event may still 

occur illegally.6 Due to the lack of statistical estimates, ocean dumping was assumed to 

be negligible. Alternatively, incineration is widely adopted for managing hazardous EoL 

materials, including solvents, resins, scraps, and discarded products.

3.2.3. Incineration of End-of-Life AM Materials.—The incineration of EoL 

materials can reduce material volume at the expense of generating airborne pollution. The 

remaining EoL materials are fed into a chamber with oxygen present for combustion. 

Solid EoL materials, especially organic materials, would thermally decompose at 600–650 

°C. For liquid EoL materials, atomization is used during feeding to improve mixing with 

combustion gas, followed by ignition at temperatures of 700–1650 °C.67 The incinerated 

mass of EoL materials contributed by AM practices may produce up to 680,000 kg of fly 

ash and 3.9 million kg of bottom ash annually. These ashes may contain heavy metals and 

other inorganic materials, which can be sent to landfill or released into the environment.68,69 

Depending on the pollution control technology, fly ash emissions may range from 3400 

to 34,000 kg/yr, potentially containing dioxins, furans, acid gases, lead, mercury, and 

VOCs.35,36,70 The mode of exposure for dermal and inhalation is most likely during 

incinerator maintenance, cleaning, and ash removal. Dermal exposure (EXPdermal, incineration) 

can reach up to 5000 mg/day/operator when handling areas with high concentrations of 

Chea et al. Page 10

Environ Sci Technol. Author manuscript; available in PMC 2024 October 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



incinerator ash.15,42 Without PPE, inhalation exposure (EXPinhalation, incineration) may reach up to 

150 mg ash/day/operator.

3.2.4. Recycling of End-of-Life AM Materials.—The AM practices synergistically 

integrate with the plastic, glass, metal, ceramics, and composite industries, forming an 

integral part of the manufacturing process. As a result, the solid AM EoL materials are 

generally mixed with other MSW and recyclables, creating uncertainties in tracking specific 

materials. While solid AM materials are not generally recycled, one can estimate amounts 

of plastic, metals, and glass that could be recycled. For estimation, the mass distribution 

of recyclable materials from the AM practices was scaled in Table 4 according to the EPA 

recycled MSW data for 2018.32 Wood, rubber, leather, textiles, inorganic materials, yard 

trimmings, food, and paper were removed from the final scaled values because they do not 

compose a considerable portion of the raw materials used in manufacturing compared to 

plastics, metals, and glass. This scaling does not factor in other materials beyond plastics, 

metals, and glass; the fixed ratio between these three materials was used to approximate the 

total AM EoL materials recycled. Materials originating from solid-based printing processes 

may be suitable for recycling if these materials are sorted with minimal contamination. 

Various recycling options may be possible because many materials are in the recycling 

stream. Solid scraps and discarded feedstocks may exist as filaments, wires, pellets, or 

powders.71–75 However, liquid EoL materials are excluded from recycling because they are 

managed separately as hazardous materials.

The recycling methods are expected to differ based on materials and the form of the 

discarded materials. Cruz Sanchez et al. (2020) proposed a multistage closed-loop recycling 

framework for recycling EoL plastics from AM practices, where postconsumer plastics 

are theoretically subjected to six recycling phases (recovery, preparation, compounding, 

feedstock, printing, and quality).71 The physical process for recycling materials may include 

a plastic extruder and pelletizer. In some instances, the recycled materials may be blended 

with virgin materials to reduce resource consumption in feedstock preparation.71

Plastics are not hazardous as a standalone material, but the chemical additives within plastics 

can pose a problem when subjected to mechanical recycling. Recycled materials tend to 

have a higher concentration of plastic chemical additives.76 In addition, when subjected 

to physical recycling, such as extrusion, many of the chemical additives and plastics can 

degrade into monomers, VOCs, and other hazardous materials because the temperature of 

the material often reaches melting temperature, which can exceed the degradation point of 

other components.12,77,78 Chea et al. (2023) previously estimated the inhalation exposure 

potential (EXPinhalation, plastic recycling) from the mechanical recycling of EoL plastics to be 0.075–10 

mg particles/day and dermal exposure potential (EXPdermal, plastic recycling) of 1.6–2170 mg particles/

day.15 The released plastics have up to 0.05–70% weight of chemical additives, solvents, 

and monomers. Many of these chemicals are classified as human and environmental hazards 

under TSCA and may migrate to the surrounding environment over time.15,78–80 The plastic 

release contribution from AM practices thus may reach up to 42,000 kg/yr, including the 

potential spills during the transportation and unloading of EoL plastics.
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Metal recycling is typically handled based on physical properties.14 Metal powders are 

susceptible to distortion, sintering, and, in some cases, oxygen pickup. The oxygen 

concentration of recycled metal powders often requires mixing with pure powders, similar to 

the application of recycled plastics.81 Fine metal powders may be present in the surrounding 

air during operation.72 Multiple modes of occupational exposure can be expected from 

metal recycling. Often, metal dust can accumulate on equipment surfaces and the skin and 

clothing of workers. Metal recycling dermal exposure (EXPdermal, metal recycling) may reach 139–290 

mg/day/operator if the dermal exposure area still is at 1070 cm2. This dermal exposure 

source can spread through physical contact with other personnel. Metal particles may also 

be inhaled into the lungs through routine equipment maintenance and cleaning.13 Han et 

al. (2020) investigated the effects of emissions from metal recycling facilities in the nearby 

neighborhood. They determined that iron, manganese, nickel, and lead were emitted from 

the recycling operation at concentrations above the lower limits of quantification (LOQ) at 

77.8, 1.12, 2.51, and 0.81 ng/m3, respectively.47 Several other metals were detected below 

the LOQ, including arsenic, silver, cadmium, cobalt, and selenium. To estimate inhalation 

exposure (EXPinhalation, metal recycling) from metal recycling operations, Cexposure, recycle from eq 2 was set 

to range from 0.55 to 77.8 ng/m3.82 It should be noted that this range is an underestimation 

because it accounts for the potential concentration of a generic aerosolized metal found in 

metal recycling. When the mass of airborne metal particles is combined, the total metal 

concentration may be higher. Holding the time of exposure and breathing rate constant, 

5.5–778 ng/day (5.5 × 10−6–7.8 × 10−4 mg/day) of metals may be inhaled by EoL metal 

recycling workers.

Glass particles, fibers, filaments, and scraps contributed by AM practices may have 

varying management pathways in the EoL stage, depending on the methodology used 

during manufacturing.9 In some cases, glass fibers can be used as reinforcing materials 

in composite manufacturing.83 Alternatively, glass-based materials are sorted manually and 

sent to cullet processors, which can be cleaned and crushed into the cullet. Releases through 

the air are expected to occur during the glass melting operation.84 Without emission control 

devices, 0.0001–0.0031 kg of air contaminants, including small particles, sulfur oxides, 

nitrogen oxides, organic matter, and carbon monoxide, can be released per kilogram of glass 

processed. Occupational exposure to inhalable particulate matter for indoor glass recycling 

operations can reach up to 0.18 mg/m3.11 By applying eq 2, a typical worker at a glass 

cullet processing facility may be exposed to 1.8 mg/day (EXPinhalation) without a respirator. The 

glass dust may accumulate inside the lung and cause progressive and permanent damage 

to the lung tissues, creating breathing problems.85 Dermal exposure is unlikely to create 

issues because glass remains stable with no known reaction to human skin.86 Nevertheless, 

mechanical irritation may occur depending on how the skin encounters glass fragments and 

shards.

Composite materials are typically incinerated and landfilled because the composition 

consists of heterogeneous materials from Table 1, making separation challenging in the 

existing MSW recycling paradigm.87 Therefore, this exposure analysis excludes EoL 

exposure from handling composite-based materials. EoL ceramics from AM and common 

MSW are not recyclable and are sent to landfilling.
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3.2.5. Landfilling of End-of-Life AM Materials.—Landfilling is a widely used 

method for managing solid EoL materials unsuitable for recycling or incineration.38,88 

This section of the discussion pertains to MSW landfills. In daily landfill operations, EoL 

materials, including solid scraps, prototypes, postconsumer printed products, and discarded 

feedstock materials, are typically subjected to tipping, compacting, and covering. These 

materials are often combined with contaminants, including plastic additives, solvents, 

phenols, heavy metals, xenobiotic organic compounds, dissolved organic matter, and 

inorganic components. Since landfills receive diverse materials from multiple industries, 

some speculation is involved in the landfill analysis. When subjected to the landfill 

environment, hazardous chemicals may migrate from the material matrix, while micro and 

nanoparticles can disperse throughout the containment.89 Therefore, these considerations are 

crucial for understanding the potential environmental and health implications of landfilling 

practices.

Over time, liquid accumulation within landfills may reach high concentrations of organic 

impurities, effectively acting as a solvent capable of extracting harmful chemicals from the 

landfilled EoL materials. Leachate releases become possible over time as the containment 

surrounding the MSW landfill weakens.38 Several factors, including liner failure, chemical 

interactions with the liner, leachate diffusion, and the absence of geological barriers, can 

contribute to landfill leachate releases to soil and groundwater supplies.90

The leachate release rate has been estimated to be approximately 0.1–2% of the carbon 

input based on a series of simulated landfill experiments over 1.5–5 years.34,91 These 

experimental findings equate to a 0.07–0.4% annual release rate and are assumed applicable 

to landfill mass inputs, irrespective of the carbon content in the AM EoL materials, 

assuming a linear release profile over time. Landfill leachate releases contributed by the 

AM practices can thus range from 10,400 to 209,000 kg based on 10.46 million kg of 

EoL materials entering the landfill. Table S4 reports the maximum concentration profile of 

known organic hazardous components found in landfill leachate.21 It is essential to note 

that these chemicals may not exclusively originate from the AM EoL materials, as landfills 

receive a mix of material types. Moreover, not all materials can degrade at the same rate 

as other MSW (e.g., food, paper, and garden waste), increasing the uncertainties regarding 

byproducts directly contributed by AM. The potential dermal exposure (EXPdermal, landfill) for 

each landfill worker can reach 750–2250 mg leachate/day without PPE. Although the 

calculated daily exposure of leachate-to-skin contact may be high, the exposure to chemicals 

of concern within leachate is considerably smaller (10−9 to 10−5 mg/day).

Landfill workers may face potential inhalation exposure potentials because of the 

continuous generation of landfill gases, including methane, ammonia, hydrogen sulfide, 

and nonmethane organic carbon.92 Exposure to these gases can create an oxygen-deficient 

environment, leading to asphyxiation risks for workers. Similar to leachate estimation, these 

landfill gases are not exclusively attributed to AM EoL materials but are influenced by 

other materials present in the landfill.60 Table S5 reports the maximum concentration and 

inhalation exposure rate (EXPinhalation, landfill), and thus, each landfill operator may experience up 

to 72,000 mg of landfill gas per day in the worst-case scenario.21 Like the case of leachate 

generation, the landfill gas chemical content is not necessarily generated from AM EoL 
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materials. Instead, this generation is derived from the AM EoL materials being disposed 

of as a mixture with other MSW. Occasionally, the landfill gas concentration exceeds the 

recommended threshold limit values for TWA and short-term exposure.

Since 2001, landfills have been subjected to stringent design and operation measures 

such as improved liner systems, continuous groundwater monitoring, and postclosure 

care.93 Specifically, landfills may not be placed in environmentally sensitive areas, in 

addition to having an on-site environmental monitoring system to monitor groundwater 

contamination and landfill gas generation continuously. These components are required to 

ensure compliance with federal regulations.94

3.3. Addressing Environmental and Health Impacts in AM End-of-Life Material 
Management.

This research tracked the material allocation and quantified the occupational health and 

safety issues within the AM EoL management practices, examining mass flow intensity, 

material releases, and worker exposure, emphasizing the need for process improvements to 

minimize environmental and occupational hazards. Generally, AM practices can produce 

more accurate and complex parts, resulting in higher material use efficiency and lower 

energy consumption than conventional manufacturing processes. However, it is crucial to 

recognize persistent challenges within AM practices, particularly concerning the release of 

toxic material and the potential exposure of workers to hazardous substances during the 

EoL management stages. The AM EoL material management challenges and remarks on 

potential solutions are summarized as follows:

1. It is estimated that approximately 9% of the total AM EoL materials are 
successfully recycled. The low recyclability value is caused by the existing 

MSW management system and the inherent toxicity of materials derived from 

liquid AM processes. Nonhazardous solid scraps, prototypes, and failed prints 

lead to inefficient use of materials, with up to 33% of the total AM EoL materials 

sent to landfills despite the inherent recyclability with several material types, 

namely, polymers, metals, and glass. These materials can pose environmental 

and health impacts if not properly managed. Increasing the AM EoL material 

recycling rate requires better material feedstock selection during manufacturing, 

which would account for renewability, processability, and potential reuse across 

multiple life cycles.

2. Equipment and print cleaning may require aid from chemical solvents, 
and these cleaning EoL materials may enter POTWs as toxic pollutants, 
negatively affecting wastewater treatment facilities. AM operations 

(industrial/commercial, research and development, service bureaus, and 

consumer) can mismanage postmanufacturing EoL materials due to accidents, 

lack and misinterpretation of disposal guidelines, ease of access to drainage 

systems, and pressure to expedite cleaning processes. The impact of the 

pollutants on POTWs should be further investigated and quantified.

3. Hazardous AM EoL materials are difficult to separate and purify, leading 
to environmental burdens. Incineration and specialized landfills are often 
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considered as a solution. Addressing the complexity of separating and purifying 

hazardous AM EoL materials should begin with a recycling code model 

based on the resin identification code postmanufacturing to streamline the 

identification process for hazardous components.95 Investing in separation and 

purification guidelines for AM EoL materials, such as advanced filtration 

or chemical separation, holds promise for efficiently extracting hazardous 

components, thereby mitigating environmental burdens associated with EoL 

material handling.

4. Individual operators may not have the equipment to recover feedstocks 
reliably, although it is possible to implement an internal recovery scheme 
within the manufacturing stage. However, it is worth investigating the effects 

of adding such a recovery loop, namely, solvent recovery and filament extruder, 

and analyzing the net cost to incentivize recycling efforts. At a minimum, 

in-house collection, sorting, and scrap reprocessing can minimize the need for 

material disposal.96,97

EoL material management challenges can be expected to begin at the generation point and 

propagate as these materials are transported to the EoL material management stage. The 

identity and purity level of these materials can also become lost, creating a disconnection 

between manufacturing and EoL material management. Manufacturers have the most 

information regarding the materials used to create each product. A transparent system of 

communications between the manufacturer, consumer, and EoL material management would 

support better material management and handling from a life cycle perspective. These 

communications may include creating a publicly available database of potential substances 

within the manufactured materials, drafting spill response plans for hazardous materials, and 

implementing more stringent quality control measures to find and prevent spills or material 

losses throughout the life cycle of manufactured materials. Consequently, the frequency 

of the release events shown in Table 3 can be reduced. Material substitution may also 

prove helpful in minimizing the impact of material releases if manufacturers use more 

sustainable and environmentally benign materials, provided sufficiently useful information 

(e.g., toxicological, environmental fate, and exposure limits) is available.

Exposure assessments revealed notable occupational exposure levels during the disposal 

and recycling of AM EoL materials. Solid EoL disposal processes generally entail fewer 

volatile substances in the working environment than liquid disposal methods, which often 

involve photopolymer resins, solvents, and specific chemical additives. Incineration and 

landfilling exhibit higher potential for exposure, yet these processes handle EoL materials 

from various industries, potentially affecting exposure data accuracy. Our estimations 

underscore the critical need for proper ventilation and PPE to mitigate inhalation and dermal 

contact with hazardous airborne particles. Although our assessment primarily considered 

hand-based exposure, we acknowledge the possibility of facial and ocular dermal exposure 

during material volatilization, although less frequent. These exposures primarily stem from 

releases during EoL material management, encompassing resin volatiles, plastics, heavy 

metals, incinerator ashes, and leachates. Selecting appropriate feedstocks in AM practices 

is crucial in averting unwanted releases and worker and environmental exposure. Without 
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knowledge of upstream feedstocks and treatment processes, EoL management personnel 

should consistently employ proper PPE, monitor material releases, and ensure adequate 

ventilation to diminish volatile substance concentrations. These substances could lead 

to severe long-term health effects, bioaccumulation, and environmental contamination if 

unmitigated.

The sustainability implications of EoL treatment for discarded materials from AM practices 

remain uncertain. Therefore, a comprehensive process sustainability assessment can prove 

beneficial in conjunction with the generic exposure assessment to address this uncertainty 

and further enhance the overall EoL material management process. This assessment should 

encompass process efficiency, energy consumption, economic viability, and environmental 

impact. This comprehensive approach can help identify specific problems within the life 

cycle of AM materials from multiple perspectives, suggest EoL material and occupational 

exposure reduction opportunities, and promote more sustainable resource utilization.
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ABBREVIATIONS

AM additive manufacturing

EoL end-of-life

EPA Environmental Protection Agency

MSW municipal solid waste

NAICS North American Industry Classification System

OSHA Occupational Safety and Health Administration

PEL permissible exposure limits

POTW Publicly Owned Treatment Works

PPE personal protective equipment

RCRAInfo Resource Conservation and Recovery Act Information

TRI Toxics Release Inventory

TSCA Toxic Substances Control Act
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US United States

UV Ultraviolet

VOC volatile organic compound
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Figure 1. 
Material flow diagram of potential pathways of end-of-life materials contributed by AM 

practices. Blue-colored background streams represent the primary end-of-life material flow 

path, while red-colored background streams represent environmental releases to land, water, 

and air.
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Figure 2. 
Illustration of the relative mass flow intensity throughout the end-of-life material 

management stage of AM.
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Table 1.

Major Material Types Entering End-of-Life Material Management from AMa

material types additive manufacturing categories

ceramic (s) MEX/PBF

composite (s) MEX/PBF

glass (s) BJT/DED/MEX/PBF

metal (s) DED/MEX/PBF

lipid (s) MEX/MJT

paper (s) SHL

photopolymer resin (l) MJT/VPP

polymer (s) BJT/MEX/PBF

solvent (l) MJT/VPP

wood (s) MEX

a
Note: BJT = binder jetting, DED = directed energy deposition, MEX = material extrusion, MJT = material jetting, PBF = powder bed fusion, SHL 

= sheet lamination, VPP = vat photopolymerization.
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Table 4

MSW Recycled in 2018 Scaled to Reflect the Contribution from AM Practices32

materials
percentage of msw recycled 

(%)

scaled percentage of msw recycled 
contributed by additive manufacturing 

practices (%)
materials sent to recycling (kg/yr) 

[2.78 million kg/yr basis]

plastic 4.5 20.9 581,000

wood 4.5 0 0

metal 12.6 58.6 1,629,000

glass 4.4 20.5 570,000

rubber, leather, textiles 6.1 0 0

inorganic wastes 1.4 0 0

yard trimmings 0 0 0

food 0 0 0

paper and paperboard 66.5 0 0
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