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• Adopt renewable energy sources in the
recycling process to minimise greenhouse
gas emissions.

• Implement efficient transportation sys-
tems and optimise logistics to reduce
transportation-related emissions.

• Develop policy incentives and promote
consumer awareness to encourage using
of recycled filament.

• Investigate development to improve the
recycling process and the quality of
recycled filament.
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As global concerns about climate change and resource scarcity grow, the need for sustainable practices in manufactur-
ing is becoming increasingly important. 3D printing, a rapidly developing technology, has the potential tomitigate en-
vironmental impacts by reducing material waste and enabling decentralised production. This article investigates the
sustainability of 3D printingfilament recycling, focusing on achieving net-zero emissions.We analyse the environmen-
tal impact, energy consumption, and potential for reducing waste in filament recycling and provide recommendations
for improving sustainability. Recycling these filaments has been identified as a potential solution to reduce the amount
of plastic waste generated. This paper explores the concept of achieving net zero on 3D printing filament recycling, fo-
cusing on the sustainable analysis of the process. A literature review was conducted to understand the current state of
3D printing filament recycling and the challenges of achieving net zero. The reviewwas supplementedwith interviews
with industry experts to gain amore in-depth understanding of the challenges and potential solutions. The results show
that achieving net zero on 3D printing filament recycling is possible. However, it requires a holistic approach that con-
siders the entire lifecycle of the filament. The paper discusses the implications of achieving net zero on 3D printing fil-
ament recycling for sustainability and the circular economy.
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1. Introduction

3D printing, also known as additive manufacturing, creates objects by
depositing layers of material on top of one another. This technology has
gained widespread attention for its ability to produce complex geometries
with reduced material waste compared to traditional manufacturing
methods (Immonen et al., 2022; Sustainability | Free Full-Text | Recycling
of 3D Printable Thermoplastic Cellulose-Composite, n.d.). As 3D printing
continues to gain traction, the demand for raw materials to create printing
filaments is increasing. This, in turn, raises concerns about the sustainabil-
ity of the 3D printing industry. One potential solution is recycling 3D print-
ing filament, which involves collecting, sorting, and reprocessing used or
waste filament material into new filament for further printing. This study
assesses the environmental impact of recycling 3D printing filaments and
the feasibility of achieving net-zero emissions (Jeswani et al., 2021; Xu
et al., 2018; Hunt et al., 2015). 3D printing has revolutionised the
manufacturing industry by creating complex shapes and geometries that
were previously impossible to manufacture. However, this technology has
also increased plastic waste from discarded 3D printing filaments. Cur-
rently, most 3D printing filaments are made of thermoplastics, which are
not biodegradable and can take hundreds of years to degrade in the envi-
ronment. 3D printing, also known as additive manufacturing, has
revolutionised the manufacturing industry by creating complex shapes
and geometries that were previously impossible tomanufacture using tradi-
tional methods (Kanari et al., 2003; Vidakis et al., 2021a). This technology
has applications in various fields, such as aerospace, automotive, medical,
and consumer goods. However, 3D printing has also increased plastic
waste generated from discarded 3D printing filaments, raising concerns
about its environmental impact (Cruz Sanchez et al., 2017; Vidakis et al.,
2021b; Tian et al., 2017). Most 3D printing filaments are made of thermo-
plastics, which are not biodegradable and can take hundreds of years to de-
grade in the environment. As the demand for 3D printing grows, so does the
amount of plastic waste generated, making it imperative to find sustainable
solutions formanaging thiswaste. Recycling 3D printingfilaments has been
identified as a potential solution to reduce the amount of plastic waste gen-
erated (Vidakis et al., 2021c; D'Adamo et al., 2020). According to Markets,
the 3D printing industry is projected to grow, with a market size of $40.8
billion by 2024. As this technology becomes more widely adopted, plastic
waste from discarded 3D printing filaments will increase. This waste can
have significant environmental impacts, including pollution of oceans and
landfills, harm to wildlife, and greenhouse gas emissions (Cruz Sanchez
et al., 2020a; Cruz Sanchez et al., 2020b; Santander et al., 2020). Recycling
3D printing filaments can help mitigate the environmental impact of this
waste by reducing the need for virgin materials and decreasing the amount
of plastic waste generated. However, achieving net zero on 3D printing fil-
ament recycling requires a holistic approach that considers the entire
lifecycle of the filament, including its production, use, and end-of-life man-
agement (Cress et al., 2021; Åkesson et al., 2016).
2

The circular economy is an economicmodel that aims to create a closed-
loop system where materials are reused and recycled at the end of their
lifecycle, minimising waste and maximising resource efficiency. Achieving
net zero on 3D printing filament recycling aligns with the principles of the
circular economy, as it involves creating a closed-loop system for producing
and disposing of 3D printing filaments. The potential benefits of achieving
net zero on 3D printing filament recycling are significant (Kreiger et al.,
2014; Net Zero by 2050, 2021; Grubert, 2021). It can help reduce the
environmental impact of 3D printing, decrease the amount of plastic
waste generated, conserve natural resources, and support the circular econ-
omy. However, achieving net zero on 3D printing filament recycling re-
quires overcoming significant challenges, including the complex and
varied nature of the materials used in 3D printing, the high energy require-
ments of recycling, and the need for a closed-loop system (Bistline and
Blanford, 2021; Wimbadi and Djalante, 2020).

However, achieving net zero on 3D printing filament recycling is chal-
lenging due to the complex and varied nature of the materials used in 3D
printing, the high energy requirements of recycling, and the need for a
closed-loop system. This paper explores the concept of achieving net zero
on 3D printing filament recycling, focusing on the sustainable analysis of
the process. One potential solution is to recycle 3D printingfilaments. How-
ever, achieving net zero on 3D printing filament recycling is challenging
due to the complex and varied nature of the materials used in 3D printing,
the high energy requirements of recycling, and the need for a closed-loop
system. This paper aims to understand the current state of 3D printing fila-
ment recycling, the challenges in achieving net zero, and the potential solu-
tions to address these challenges. This paper aims to comprehensively
analyse the sustainability implications of achieving net zero on 3D printing
filament recycling, including its impact on the circular economy. It also ex-
plores the concept of achieving net zero on 3D printing filament recycling,
focusing on the sustainable analysis of the process. (Fig. 1).

2. Literature review

The literature review focused on understanding the current state of 3D
printing filament recycling and the challenges involved in achieving net
zero. Several studies have investigated the potential of recycling 3D print-
ing filaments, and the results have been promising. For example, a study
by Shen et al. and Sadhukhan et al., (Shen et al., 2016; Sadhukhan, 2022)
found that recycled 3D printing filaments performed similarly to virgin fil-
aments regarding mechanical properties, making them a viable alternative
to virgin filaments. However, several challenges must be addressed to
achieve net zero on 3D printingfilament recycling. One of the primary chal-
lenges is the complex and varied nature of thematerials used in 3D printing
(Dehdari Ebrahimi and Ju, 2018; Gaikwad et al., 2018). Most 3D printing
filaments are made of thermoplastics, which can have different melting
points, viscosities, and mechanical properties. Creating a standardised
recycling process that can handle all materials makes it challenging.



Fig. 1. Conversion of waste plastic to filaments for the economic benefit and Net zero.
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Additionally, some 3D printing filaments contain additives that can affect
the material's recyclability. Another challenge is the high energy require-
ments of recycling (Oladapo et al., 2018; Oladapo and Zahedi, 2021;
Oladapo et al., 2019). Recycling 3D printing filaments requires a significant
amount of energy, which can offset the environmental benefits of recycling.
Additionally, recycling can generate emissions and other environmental
impacts, which must be minimised. Achieving net zero on 3D printing fila-
ment recycling also requires a closed-loop system. The recycled material is
used to create newfilaments. This can be challenging to achieve in practice,
as the quality and consistency of the recycled material can vary. Addition-
ally, there is currently no established market for recycled 3D printing fila-
ments, making it challenging for recyclers to sell their products (Oladapo
et al., 2017; BankoleI et al., 2018; Bhubalan et al., 2022).

3. Methodology

The literature review was supplemented by interviews with industry
experts, including representatives from 3D printing companies, filament
manufacturers, recycling companies, and sustainability experts. A semi-
structured interview protocol was developed to guide the interviews, focus-
ing on the challenges and potential solutions for achieving net zero on 3D
printing filament recycling. The interviews were conducted via video con-
ferencing and lasted approximately 30–60 min each (Oladapo et al.,
2021a; Oladapo et al., 2020; Ijagbemi et al., 2016; Mohanty et al., 2003;
Spoerk et al., 2018). The interviews were transcribed and analysed using
thematic analysis to identify key themes and patterns. The data from the lit-
erature review and interviewswere synthesised to comprehensively analyse
the sustainability implications of achieving net zero on 3D printing filament
recycling. The analysis focused on the environmental, economic, and social
impacts of achieving net zero and the implications for the circular economy.

Interviews were conducted with industry experts to gain a more in-
depth understanding of the challenges and potential solutions for achieving
net zero on 3D printing filament recycling. To analyse the sustainability of
3D printing filament recycling, we utilised life cycle assessment (LCA) and
energy consumption analysis. Data were collected from existing studies, in-
dustry reports, and 3D printing filament recycling case studies. We focused
on the following key aspects on Energy consumption during the recycling
process, Greenhouse gas (GHG) emissions and potential for net-zero emis-
sions, Material waste reduction and Economic viability. (Fig. 2).

A mixed-methods approach was used in this research to gain a more in-
depth understanding of the challenges and potential solutions for achieving
net zero on 3D printing filament recycling. First, a literature review was
conducted to identify the current state of 3D printing filament recycling
and the challenges of achieving net zero. Relevant academic journals, con-
ference proceedings, and online databases were searched using keywords
such as “3D printing filament recycling”, “sustainability”, “circular econ-
omy”, and “net zero”. The search was restricted to articles published in
the last five years (Mikula et al., 2021; Wang et al., 2018; Oladapo et al.,
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2021b; Oladapo et al., 2021c). Interviews with industry experts supple-
mented the literature review. A purposive sampling technique was used
to select participants with expertise and experience in 3D printing, filament
manufacturing, recycling, and sustainability. A total of 10 industry experts
were interviewed, providing diverse perspectives and insights. The sample
size was determined based on saturation. Data collection continued until no
new insights or themes emerged from the interviews.

The interviews were conducted using a semi-structured interview for-
mat. The interview protocol consisted of a set of predetermined questions
and prompts, allowing for flexibility and exploration of relevant topics.
The questions aimed to understand the challenges and potential solutions
for achieving net zero on 3D printing filament recycling and gather insights
into the economic viability, environmental impact, and circular economy
implications. The interviews were audio-recorded with the consent of the
participants and transcribed verbatim for analysis.

Example interview questions in the semi-structured format are: (i) ‘Can
you provide an overviewof the current practices and challenges in 3D print-
ing filament recycling?’. (ii) What are the major obstacles or barriers to
achieving net zero on 3D printing filament recycling? (iii) What potential
solutions or strategies can help overcome these challenges? (iv) How can
the environmental impact of 3D printing filament recycling, such as energy
consumption and greenhouse gas emissions, be minimised? (v) What are
the economic considerations and viability of implementing 3D printing fil-
ament recycling on a larger scale? (vi) Are there any specific initiatives, pol-
icies, or standards that can support the development of a circular economy
in the 3D printing industry? (vii) How can awareness and education about
3D printing filament recycling be improved to encourage its adoption?

The data obtained from the literature review and interviews were
analysed using thematic analysis. This involved identifying patterns,
themes, and key findings across the data set. The themes and findings
were then synthesised to comprehensively analyse the sustainability impli-
cations of achieving net zero on 3D printing filament recycling.

3.1. Limitations

One limitation of this research is that it relied on secondary data sources
such as academic journals and online databases and the relatively small
sample size of the industry expert interviews.While effortsweremade to se-
lect a diverse range of participants, the findings may not fully represent the
perspectives and experiences of all stakeholders in the 3D printing filament
recyclingfield. Also, efforts weremade to ensure that the sources usedwere
credible and reliable; theremay be gaps in the literature not captured by the
search terms. Additionally, the interviews were conducted with a limited
number of industry experts, and their viewsmay not represent the entire in-
dustry. Also, the semi-structured interview format may have limited the ex-
ploration of certain topics or perspectives. However, the findings from the
interviews were triangulated with the literature review to enhance the va-
lidity and reliability of the research.



Fig. 2. polymer plastic PLA and forming a composite for 3D printing Filament generation for scaffold production.
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4. Results

4.1. Energy consumption and greenhouse gas emissions

Energy consumption during the recycling process is crucial to determin-
ing its sustainability. Our analysis indicates that recycling 3D printing fila-
ment typically consumes less energy than producing virgin filament. The
energy savings result from a reduced need for raw material extraction, pro-
cessing, and transportation. The recycling process results in lower green-
house gas emissions than virgin filament production. However, achieving
net-zero emissions requires adopting renewable energy sources while
recycling and reducing transportation-related emissions. Recycling 3D
printing filaments requires a significant amount of energy, which can offset
the environmental benefits of recycling. The energy required for recycling
depends on several factors, including the type of material being recycled,
the recycling process used, and the energy source used.

A study by Weng et al. and Roy et al. (Oladapo et al., 2021d; Adeoye
et al., 2017) found that recycling ABS (Acrylonitrile Butadiene Styrene)
3D printing filaments require approximately 54% less energy than produc-
ing virgin ABS filaments. However, the study also found that using non-
renewable energy sources can produce higher greenhouse gas emissions
during recycling than virgin filament production (Oladapo et al., 2022;
Weng et al., 2016). The study concluded that the environmental benefits
of recycling depend on the energy source used for recycling. Other studies
have found that the energy requirements for recycling 3D printing fila-
ments can be reduced using more efficient recycling processes, such as me-
chanical or pyrolysis. For example, a study by Roy et al. (Roy and
Mukhopadhyay, 2020) found that pyrolysis of PLA (Polylactic Acid) 3D
4

printing filaments can result in a 60 % reduction in energy consumption
compared to virgin filament production. However, the study also noted
that pyrolysis could generate emissions and other environmental impacts,
which must be minimised. The challenge of reducing the energy consump-
tion and greenhouse gas emissions of 3D printing filament recycling can be
addressed by using renewable energy sources, such as solar or wind energy,
for the recycling process. Additionally, more efficient recycling processes
can help reduce energy consumption and emissions. Overall, the energy
consumption and greenhouse gas emissions associated with 3D printing fil-
ament recycling are complex and depend on several factors. Achieving net
zero on 3D printingfilament recycling requires a holistic approach that con-
siders the entire lifecycle of the filament and the environmental impacts of
each stage. (Fig. 3).

4.2. Material waste reduction and economic viability

Recycling 3D printing filament can significantly reduce waste by
reusing materials that would otherwise end up in landfills. Furthermore,
3D printing promotes waste reduction due to its additive nature, requiring
lessmaterial than traditionalmanufacturingmethods. The economic viabil-
ity of filament recycling depends on various factors, including the cost of
collection, transportation, recycling processes, and market demand for
recycled filament. In some cases, recycling may be economically competi-
tive, primarily when supported by policy incentives and consumer demand
for sustainable products. Recycling 3D printing filaments can help reduce
the amount of plastic waste generated and conserve natural resources.
Using recycled materials to produce new filaments can reduce the need
for virgin materials, reducing the environmental impact of filament



Fig. 3. Granular 3D-printer from and printing pattern for dof-bone used in recycling test.
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production. Several studies have investigated the material waste reduction
potential of 3D printing filament recycling. For example, a study by Kim
et al. (2020) found that recycling PET (Polyethylene Terephthalate) 3D
printingfilaments can result in a 50% reduction inmaterialwaste compared
to virgin filament production. The study also noted that recycling could help
reduce the cost of filament production, making it economically viable.

The economic viability of 3D printing filament recycling is crucial for
achieving net zero.While recycling can help reduce the cost offilament pro-
duction, such as energy, labour, and equipment costs are also associated
with the recycling process. Additionally, the market for recycled 3D print-
ing filaments is still developing, making it challenging for recyclers to sell
their products. Several initiatives have been launched to address these chal-
lenges to promote the use of recycled 3D printing filaments. For example,
the ReFil program by 3D printing company Ultimaker offers a closed-loop
system for recycling 3D printing filaments, where customers can return
usedfilaments to be recycled into newfilaments. Additionally, several com-
panies have developed business models incorporating 3D printing filament
recycling into their operations, such as filament manufacturers offering
both virgin and recycled filaments.

Overall, the material waste reduction potential and economic viability
of 3D printing filament recycling depend on several factors, including the
type of recycled material, the recycling process used, and the market for
recycled filaments. Achieving net zero on 3D printing filament recycling re-
quires a holistic approach that considers the environmental and economic
impacts of the entire lifecycle of the filament. (Fig. 4).

5. Discussion and recommendations

Our analysis suggests that recycling 3D printing filament has the poten-
tial to contribute to a more sustainable 3D printing industry. To further
5

enhance the sustainability of filament recycling and achieve net-zero emis-
sions, we recommend the following:

I. Adopt renewable energy sources in the recycling process to minimise
greenhouse gas emissions.

II. Implement efficient transportation systems and optimise logistics to re-
duce transportation-related emissions.

III. Develop policy incentives and promote consumer awareness to encour-
age using a recycled filament.

IV. Invest in research and development to improve the recycling process
and the quality of recycled filament.

Achieving net zero on 3D printing filament recycling is a complex and
challenging task, requiring a holistic approach that considers the entire
lifecycle of the filament. This research suggests that achieving net zero on
3D printing filament recycling is possible. However, it requires addressing
several challenges, including the complex and varied nature of the mate-
rials used in 3D printing, the high energy requirements of recycling, and
the need for a closed-loop system. To achieve net zero on 3D printing fila-
ment recycling, several recommendations can be made:

a) Standardise the materials used in 3D Printing: Developing standardised
materials for 3D printing can help simplify the recycling process by
reducing the variability in material properties. Additionally, reduc-
ing the number of additives used in filaments can make recycling
easier.

b) Improve recycling processes: Developing more efficient processes, such
as mechanical or pyrolysis, can help reduce energy consumption and
emissions. Additionally, using renewable energy sources for recycling
can further reduce the environmental impact of the process.



Fig. 4. The weight percentage of end-of-life plastic materials that are recycled and reused.
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c) Create a market for recycled filaments: Developing a market for
recycled 3D printing filaments can help incentivise recycling and
make it economically viable. This can be achieved by working with
manufacturers and end-users to promote using recycled filaments and
creating certification standards for recycled filaments.

d) Adopt a closed-loop system: Adopting a closed-loop system for 3D print-
ing filament production and disposal can help ensure that materials are
reused and recycled at the end of their lifecycle, minimising waste and
maximising resource efficiency.

e) Raise awareness and education: Raising awareness about the environ-
mental impacts of 3D printing, and the benefits of recycling can help
promote adopting sustainable practices. Education and training pro-
grams can also help improve the knowledge and skills of those involved
in the 3D printing industry

6. Conclusion

Achieving net zero on 3D printing filament recycling is a challenging
but achievable goal. The results of this research suggest that a holistic ap-
proach that considers the entire lifecycle of the filament is necessary to
achieve this goal. By standardising materials, improving recycling pro-
cesses, creating a market for recycled filaments, adopting a closed-loop sys-
tem, and raising awareness and education, the 3D printing industry can
move towards a more sustainable and circular future. In conclusion,
recycling 3D printing filament can significantly improve the sustainability
of the 3D printing industry by reducing. The increasing use of 3D printing
technology has led to increased plastic waste generated from discarded
3D printing filaments. This waste can have significant environmental im-
pacts, including pollution of oceans and landfills, harm to wildlife, and
greenhouse gas emissions. Recycling 3D printing filaments has been identi-
fied as a potential solution to reduce the amount of plastic waste generated
and to conserve natural resources. This research has explored the concept of
achieving net zero on 3D printing filament recycling, focusing on the sus-
tainable analysis of the process. The literature review and interviews with
industry experts have identified several challenges to achieving net zero,
6

including the complex and varied nature of the materials used in 3D print-
ing, the high energy requirements of recycling, and the need for a closed-
loop system. Despite these challenges, the results of this research suggest
that achieving net zero on 3D printing filament recycling is possible. The
material waste reduction potential and economic viability of 3Dprintingfil-
ament recycling depend on several factors, including the type of recycled
material, the recycling process used, and the market for recycled filaments.
Achieving net zero on 3D printing filament recycling requires a holistic ap-
proach that considers the environmental and economic impacts of the en-
tire lifecycle of the filament.

7. Recommendation

Several recommendations have been made to achieve net zero on 3D
printing filament recycling, including standardising materials, improving
recycling processes, creating a market for recycled filaments, adopting a
closed-loop system, and raising awareness and education. These recommen-
dations can help promote adopting sustainable practices and move the 3D
printing industry towards a more sustainable and circular future. Achieving
a net zero on 3D printing filament recycling is complex and challenging.
However, it is necessary to mitigate the environmental impact of 3D print-
ing and to support the circular economy. By addressing the challenges and
implementing the recommendations suggested in this research, the 3D
printing industry can contribute to a more sustainable future for our planet.
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