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ARTICLE INFO ABSTRACT

Keywords: Distributed recycling via additive manufacturing (DRAM) emphasizes an emerging approach to locally recycle

LCA waste plastic by 3D-printing it into valuable products. Although major progress has been reported in the last

Distributed Recycling decade to validate the technical feasibility, and economic viability of the DRAM as an unitary operation, the

Plastic environmental evaluation of this approach is still at its early stage as a distributed recycling network. The

Additive manufacturing, Circular economy purpose of this study is to evaluate the environmental impact of a DRAM unit as a baseline scenario, compared to
two scenarios of the virgin supply chain plastic filament used in the printing process. To achieve this goal, a
comparative environmental performance using a life cycle assessment (LCA) is performed to estimate the
multidimensional potential impacts of virgin and recycled polylactic acid (PLA). The study takes place using a
physical recycling demonstrator developed at a university in Nancy, France. Four impact categories were con-
sidered: climate change, potential eutrophication (Freshwater and Marine), resource depletion (Fossil and
Water), and ion radiation. For the first three impact categories, the results demonstrate a minimum 97% re-
duction in environmental impact compared to a virgin supply chain. However, in terms of ion radiation, the
amount of emissions is approximately 2.8 times higher than that of the virgin plastic scenario. This increase is
mainly due to the specific situation in France, where most of the energy is generated using nuclear means. This
study aims to expand on the environmental assessment of the plastic recycling network system to better un-
derstand the implementation of these systems for waste plastic management, which can help extend the lifetime
of plastic material. The findings provide an environmental overview of the benefits and disadvantages of de-
veloping a DRAM system in a particular context.

1. Introduction

Since the early 20th century, the invention of plastic, or synthetic
organic polymers, has changed the landscape of various industrial sectors.
Production increased at a compound annual growth rate of 8.4%, rising
from 2Mt in 1950-368 Mt in 2015 (Geyer et al., 2017). This versatile
material stands out thanks to its easy processing and handling in shape,
colour, texture, thermal and barrier properties, and its mechanical and
chemical resistance (Andrady and Neal, 2009; Thompson et al., 2009).
Thanks to these properties, 39.6% of the demand comes today from the
packaging industry, followed by the construction and automotive in-
dustries with 20.4% and 9.6% of the production share respectively
(Plasctic Europe, 2020). Unfortunately, the main problem is associated
with multiple environmental damages throughout its life cycle. Terrestrial
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(de Souza Machado et al.,. 2018), aquatic (Ma et al. 2020a,2020b), and
atmospheric ecosystems are not exempt from the externalities of this in-
novation, which represent a major issue in the ecosystem services (Kumar
et al., 2021). Mainly, recent efforts in the scientific literature are looking
for a better understanding of the impact and long-term fate of the mi-
croplastics in the soil/terrestrial (Lima et al, 2023) and marine
(Villarrubia-Gémez et al., 2018) ecosystems. Sridharan et al. (2021)
pointed out that microplastics issue is already affecting the ecological
biomes in terms of reduction in the floral and faunal biomass, soil pro-
ductivity (Zhang et al., 2022), nitrogen cycling, oxygen-generation,
carbon sequestration and eutrophication (Vuori and Ollikainen, 2022). In
a more holistic approach, a better understanding is needed to reveal
the real impact in the biogeochemical cycles of the carbon and water
(Rillig et al., 2021; Bank and Hansson, 2019).
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Therefore, the adequate use and disposal of plastics became an ur-
gent problem, which is characterized by high complexity and multi-
faceted feedback loops. As a consequence, a systemic view of the cur-
rent entire plastics value chain is needed, including petrochemical
companies (de Vargas Mores et al., 2018; Iles and Martin, 2013), con-
verters (Paletta et al., 2019), brand owners or manufacturers (Gong
et al., 2020; Ma et al. 2020a,2020b), retailers and consumers (Confente
et al., 2020; Filho et al., 2021; Friedrich, 2020), and recycling operators
(Huysveld et al., 2019; Pazienza and De Lucia, 2020), as well as the
influences of policy-makers on wider economic and societal changes
(Paletta et al., 2019). The European Union (EU) intends to develop a
circular economy (CE) based on a production and consumption model
with key activities such as “sharing”, “reducing”, “reusing”, “repairing”,
“renewing”, and “recycling” the existing materials and products as
many times as possible, in order to create added value by extending the
life cycle of products (European Commission, 2018; Matthews et al.,
2020). As part of the European Green Pact presented on March 20,
2020, there are plans to establish an action plan involving the circular
economy, mainly promoting the development of sustainable products,
reducing waste, and empowering citizens as key players (European
Commission, 2018).

Considering the French context, a target was established that by
2025 all plastic waste should be recycled, but currently recycling sta-
tistics in France are only reaching levels close to 25%. Despite these
ambitious objectives, plastics recycling has historically been an ex-
pensive process due to the inherent separate collection, transportation,
processing, and remanufacturing (Hopewell et al., 2009; Singh et al.,
2017). The economies of scale have been leveraged to reduce these
costs with centralized and global recycling chains (Kreiger et al., 2013;
Kreiger and Pearce, 2013). Nevertheless, in order to carry out this re-
cycling system, multiple steps need to be accomplished including the
sorting phase, long-distance transport, waste treatment, and re-
manufacturing. The high costs of these processes and the low selling
price (mainly due to the dependence of the recycled plastic price on the
petroleum and virgin prices) seldom generate benefits and often require
costly public subsidies (Hamilton and Steven, 2019). In addition, these
centralized plastic manufacturing and recycling lines lead to soil, water,
and air pollution (Arena et al., 2003; Carlsson Reich, 2005). In addition
to the current problems in the plastic recycling network, we can high-
light that supply chains in general are under increasing pressure from
various stakeholders to make decisions from a sustainable perspective;
in other words, based on economic, environmental, and social objec-
tives (Hassini et al., 2012).

Additive manufacturing technology (also known as 3D printing)
enables the potential of distributed manufacturing (DM) for products of
high added value (Bonnin Roca et al., 2019; Petersen and Pearce, 2017;
Woern and Pearce, 2017). Nowadays, the accessibility of freely avail-
able designs has increased significantly, together with the development
of open-source (OS) technologies and the supply of raw materials
(virgin and recycled filaments) for 3D printing (Hunt et al., 2015). It
has opened the path to design distributed and more flexible manu-
facturing systems that may be integrated in a more symbiotic manner
within the urban areas close to the raw materials sink, that is our do-
mestic waste (Herrmann et al., 2020). For example, recent studies such
as Zhong and Pearce (2018) demonstrated that the coupling of an OS
extruder (recyclebot) and RepRap 3D printer “brings a traditional in-
dustrial system into a single small home, business or community centre”.
Furthermore, various studies in the literature show the technical fea-
sibility of this distributed plastic recycling approach. More recently,
Santander et al. (2020) demonstrates how polylactic acid (PLA) waste
from a local network of secondary schools could be designed and im-
plemented to be treated in a single small size and open-source recycling
facility. The authors explored the economic and environmental sce-
narios of this configuration through an optimization approach. How-
ever, the study did not include the multidimensional environmental
impacts as only equivalent CO2 emissions were considered.
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More recently, Kerdlap et al. (2021) through a simulation approach,
quantified the plastic life-cycle environmental impact of small-scale
sorting and recycling systems in comparison to traditional large-scale
centralized systems. However, it does not consider the use of open-
source Technologies. Therefore, major efforts need to be made in order
to evaluate, in a holistic way, the environmental impacts of the global
DRAM value chain. Thus, this paper aims to contribute to this field
through the evaluation of multidimensional environmental impacts
from the implementation of distributed recycling via additive manu-
facturing approach in a local geographic context. Specifically, an en-
vironmental evaluation using life cycle assessment (LCA) is conducted,
comparing a distributed plastic recycling system to produce 3D filament
with a traditional production system of virgin plastic filament for 3D
printing. From this evaluation, the environmental impacts (positives or
negatives) of implementing DRAM have been analysed and discussed.

This article is structured as follows. Section 2 outlines an overview
of the environmental impacts studies in the DRAM context. Section 3
introduces the materials and methods where life cycle analysis meth-
odology is explained. Section 4 presents the results of the life cycle.
Section 5 presents the discussion of results. Finally, Section 6 presents
the main conclusions and recommendations for future works.

2. Overview DRAM system and environmental impacts studies

Distributed manufacturing is defined as the decentralization of
production through the installation of multiple production factories
with similar technology distributed geographically (Bonnin Roca et al.,
2019). It is characterized by local production that thrives on the sy-
nergy of the emerging capabilities of digital manufacturing, informa-
tion, and communication technologies, and the peer-to-peer production
approach (Kostakis et al., 2018; Kostakis, 2013; Pavlo et al., 2018).
Indeed, DM offers the possibility to decentralize production structures,
the flexibility to reflect local customer needs, lower logistics costs,
shorter lead times, and lower environmental impacts (Petersen and
Pearce, 2017; Woern and Pearce, 2017). Based on the DM paradigm, a
new possibility of plastic recycling supported by additive manu-
facturing, called distributed recycling by additive manufacturing
(DRAM), has emerged in the literature (Cruz Sanchez et al., 2020; Hart
et al., 2018). Promoted by the development of 3D printing in an open-
source context, DRAM is proposed to provide recycled plastic feedstock
to the various 3D printers in a DM context. This recycled plastic can
take the form of a filament (Fused Filament Fabrication), and recent
works have dealt with the validation of a granular form Fused De-
position Modelling (FDM) (Alexandre et al., 2020; Justino Netto et al.,
2021). There are now many companies offering different types of re-
cycled filament such as Reflow,’ Qactus® and Recyclingfabrik® taking
part of the filament production market. These companies are playing a
crucial role in promoting sustainable 3D printing practices, as their
recycled filaments are made from waste materials such as plastic bot-
tles, old car parts, and even ocean debris. FDM is currently the most
widely used AM technology for plastic recycling (Kuclourya et al.,
2022). The 3D printing feedstock is then obtained via plastic recycling
on a local scale using open-source machines such as shredders and
extruders (Zhong and Pearce, 2018).

The main feature of DRAM is the reduction of the impact in the
collection phase, favouring shorter and simpler supply chains
(Despeisse et al., 2017; Garmulewicz et al., 2018). Several works have
focused on the validation of the DRAM approach from a technical
(Lopez et al., 2022; Mohammed et al., 2022), economic, and environ-
mental perspective (Canado et al., 2022; Wu et al., 2022). Cruz Sanchez
et al. (2020) conducted a systematic literature review to examine the

L https://reflowfilament.com/
2 https://qactus.cl/
3 https://recyclingfabrik.com/
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the main contribution of this article is to compare the production of
recycled filament in a DRAM context with the traditional production of
virgin filament. The main objective is to identify and evaluate the en-
vironmental benefits and/or disadvantages of each production system.
This study is particularly significant given the increasing importance of
sustainable practices in the manufacturing industry. By examining the
production processes of recycled and virgin filaments, this article aims
to contribute to a better understanding of the environmental impacts
associated. Ultimately, the findings of this study will help inform de-
cision-makers and stakeholders about the most sustainable and en-
vironmentally responsible options for filament production.

3. Material and methods
3.1. Case study: the lorraine fab living lab

In order to achieve the objectives of this research, a case study with
the following characteristics was selected:

1. Existence of a favourable context to implement a DRAM recycling
system. A favourable context is defined as a considerable amount of
plastic waste to be treated, as well as initiatives for the widespread
use of 3D printing.

2. Existence of a space dedicated to the recycling of plastic for 3D
printing.

Under these considerations, the selected context for this study was
the Lorraine Fab living Lab (LF2L),* an innovation space located in
Nancy, France. This university laboratory has been selected mainly for
the following reasons: (1) Innovation spaces such as Fablabs, Maker
spaces, design factories among others have proven to be favourable
environments for eco-innovations facilitating the implementation of
circular economy strategies (Coskun et al., 2022). Previous studies
show that these collaborative environments foster sustainable experi-
mental learning, provide methodologies and tools for the co-creation of
circular solutions, drive the transition toward sustainable smart cities,
foster the creation of new sustainable business models, and facilitate
knowledge exchange on circular solutions (Kasmi et al., 2021). (2)
Since 2014, the LF2L has been studying the possibility of recycling, in
their facilities, PLA for reuse in 3D printing. The pilot recycling process
present in this centre has been developed in the research work of Cruz
Sanchez et al. (2017), and the possibility of implementing this recycling
process in the region is being evaluated. (3) The Grand Est region has
launched an investment program to promote the implementation of
Fablabs and the use of 3D printers in schools and high schools
throughout the region (Canopé, 2022). The goal of this investment plan
is to ensure that all the schools and high schools in the region will be
equipped with this technology in the near future. This corresponds to
the future scenario evaluated in the work of Santander et al. (2020).
However, in contrast to Santander et al. (2020), within the framework
of this research a LCA environmental evaluation of the scenario is
carried out. Consequently, this case study has been selected because of
their experience in experimenting with the DRAM strategy, as well as
the availability of technical and economic data and the scientific pub-
lications mentioned that provide details on its local implementation.

For this study, the context described above has been simplified in
terms of geographical scale, and the following assumptions are con-
sidered.

e Consideration is given to only one type of plastic waste to be re-
cycled. Specifically, PLA has been considered. This is mainly be-
cause PLA is one of the most used plastics in 3D printing (Bikas
et al., 2016). For the plastic waste sources, PLA waste from schools

4 See more details in the link https://1f21.fr/projects/green-fablab/
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and high schools (who have 3D printers) has been considered. PLA
has been selected as feedstock material due to the fact that (1) in
Europe, PLA is considered a “miscellaneous product” (Maga et al.,
2019) because of its classification as a Bioplastic and because, at
least in Europe, there is no defined recycling strategy for these types
of plastics so they are usually sent to a landfill or are incinerated;
and (2) PLA is one of the most widely used plastics in 3D printing.
The recycling system modelled does not consider the sorting, se-
paration, and cleaning process because the collected material cor-
responds to non-contaminated waste: for example, discarded 3D
printing parts used for prototyping.

From a geographical point of view, only schools and high schools in
the Lorraine region of France have been considered, and the route of
recovery and delivery considered is obtained in the work of
Santander et al. (2020).

Each school and high school requires 1 kg of filament per month.
The 3D printing activities carried out in these establishments have
the specific purpose of making product prototypes and mock-ups,
which allows them to generate testing activities, design evaluations,
functional evaluations, and corrections. Therefore, after a short
lifetime, 3D printing can be a source of significant amounts of plastic
waste due to printed parts that do not possess the desired quality,
unused raw materials, or products that have already fulfilled their
life cycle (Jaafarnia et al., 2021).

3.2. LCA application

The chosen methodology is Life Cycle Assessment (LCA) because,
unlike other analytical methodologies with an environmental focus,
such as Material Flow Analysis (MFA), Substances Flow Analyses, and
Environmental Risk, it allows us to evaluate the environmental impacts
of the system value chain to be modelled (Mahmud et al., 2021;
Pryshlakivsky and Searcy, 2021).

The LCA represents a different tool and different techniques created
to determine in an effective approach the results to help with man-
agerial decision-making in environmental terms and in the deepening of
the sustainable development policy (Guinée, 2002). LCA is a structured,
comprehensive and internationally standardized method in accordance
with ISO 14040 and 14044. It defines all the steps for its use: goal and
scope definition, inventory analysis, impact assessment, and inter-
pretation (Pennington et al., 2004).

LCA is a tool for quantitative evaluation of materials, energy flows,
and the potential impact of products, services, or technologies
(Dehghanian and Mansour, 2009). The analysis takes into account the
entire life cycle of a product: from resource extraction, through pro-
duction, use, and recycling, to the disposal of the remaining waste (IES,
2010). LCA is considered a legitimate environmental methodology that
enables systems analysis for waste policy and strategy (Gontard et al.,
2022). The four main stage for a life cycle assessment are:

1. Goal and Scope Definition: This is the first stage and serves to
orient the study bases. It defines the main objectives of the life cycle
assessment, the target audience of this report, the functional unit
that is the reference point from which the potential environmental
impacts will be obtained, the limits of the system under study, the
categories of environmental impacts to be evaluated, and the hy-
potheses to be used in different stages of the LCA.

2. Inventory Analysis: Inventory is the stage in which the flows are
quantified. It sets out the database used, the energy and material
input, the calculations performed, and how the system was modelled.

3. Impact Assessment: This stage presents the software used and the
calculation methodology used to transform flows and characterize
them in the impact categories evaluated. From this characterization,
the impact profile of the system under study is obtained.

4. Interpretation: This is the conclusion of steps 2 and 3, presenting
the results obtained from the hypotheses used, the considerations,



C. Caceres-Mendoza, P. Santander-Tapia, F.A. Cruz Sanchez et al.

and the functional study that has been defined. The phases of the life
cycle that have the most impact are identified, and sensitivity ana-
lyses can be carried out to evaluate the behaviour of the systems
according to the variation of certain parameters. The inter-phase
analysis stage is fundamental for decision-making, as it identifies
critical points and provides a basis for future improvements.

The LCA methodology is mostly used in an iterative way, allowing a
better definition of the objectives to be achieved and the system to be
analysed. In the following sections, an LCA is presented for DRAM using
the Lorraine Fab Living Lab as a case study.

3.2.1. Goal and scope definition

The main objective of this life cycle assessment is to compare the
potential impacts produced by a DRAM chain with the impacts pro-
duced by a traditional chain of virgin plastic filament for 3D printing.

3.2.1.1. The functional unit. As mentioned above, this study will
compare the environmental impact of two PLA 3D filament supply
systems. By way of context for this study, the 3D filament will be
supplied to all schools and high schools located in the city of Nancy,
France. To compare two or more systems, it is necessary to define a
functional unit that represents the service delivered by both systems. In
this case the main service consists of the following:

“A monthly delivery of 1 kg of ‘standard’ plastic filament (PLA) to each
school and high school in Nancy during ten months of the year.”

The ten months correspond to the normal operation of a school from
September to June.

3.2.1.2. System boundary. Fig. 1 shows the two systems compared in
this study and the processes integrated into the life cycle assessment. As
can be observed, there are three different boundaries represented by the
colours green, blue, and red. The first boundary (green box)
corresponds to the Biosphere, which represents everything related to
nature, such as raw materials from natural resources, ecosystems, and
solar energy. The second boundary (dark blue box) corresponds to the
Technosphere limit, representing human activity (e.g. use of electricity,
fuel, etc.). Here, we can observe all the material flows that are
considered for the life cycle assessment, the flows between processes,
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or the flows that are part of the functional unit mentioned above.
Finally, the boundary in a light blue colour represents the limit of the
services and processes taken into consideration in this study. On the one
hand, in the upper process flow, we can observe the processes
considered in the system to produce filament from virgin plastic. The
process starts with PLA production (the whole production process
detailed by Vink et al. (2003)) which is followed by PLA
transportation, filament production, and finally product delivery. On
the other hand, Fig. 1 shows the recycling process enclosed in the
orange box. The process starts with the collection of waste produced by
schools and high schools, then the plastic recycling process, the
production of filament, and the delivery of filament are carried out.

3.2.1.3. Selected impact categories. The objective of performing a life
cycle assessment is to determine and evaluate the potential
environmental impacts produced at different stages in the life cycle of
a product, service, activity, or process. However, it is quite difficult to
identify, a priori, the categories of impacts in which the system under
study is most detrimental (climate change, eutrophication, etc.). To
resolve this, it was decided to analyse relevant literature of LCA applied
on the bioplastics and additive manufacturing separately.

These two domains were considered because they can be considered
closely related to a DRAM system. First, the production of virgin bio-
plastics can be confronted with the recycling of bioplastics. Secondly,
the integration of these materials in additive manufacturing as a viable
solution for plastic waste management.

Concerning the plastic perspective, Bishop et al. (2021) compared
the impact of bioplastics (such as PLA) regarding the petrochemical
plastics considering the impact categories across 44 relevant articles
that used LCA evaluation. Their results pointed out the most used im-
pact category for bioplastics evaluation is climate change, followed by
potential eutrophication variations, resource depletion, human toxicity,
photochemical oxidant formation, ozone depletion, ecotoxicity, parti-
culate matter formation, energy consumption, land use, and water
consumption. On the other hand, it was found that the cumulative
energy demand (CED) of the system is the most evaluated LCA impact
category (Cerdas et al., 2017; Kellens et al., 2017; Kreiger and Pearce,
2013; Quinlan et al., 2017) in the context of additive manufacturing. In
addition, it was also considered climate change, potential eutrophica-
tion, and human toxicity as the main impact categories included in the
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Fig. 1. System limits for life cycle assessment.
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LCA. In conclusion, it was decided to use the predominant impact ca-
tegories in each of the industries, namely climate change, potential
eutrophication, and resource depletion (fossil and water) after ana-
lysing the LCA results of the two domains.

3.2.1.4. Assumptions and limitations. The realization of a full LCA
involves the collection of information and data related to the
different processes, flows, and activities. Due to the difficulty of
obtaining the necessary data, it is permissible to formulate certain
hypotheses to partially make up for the lack of data, on the condition
that the hypotheses used, and the conditions under which they are
formulated, are made transparent. The assumptions formulation was
mainly used to model the virgin plastic filament production system. The
main hypotheses used are based on:

1. Location of polylactide acid production: This hypothesis indicates
the location where the polylactic acid production process takes
place.

2. Location of filament manufacturer: Due to the uncertainty about
filament production, two companies with different locations that are
engaged in the production of plastic filaments have been modelled.

3. Filament production machine: The machine PEEK 3d Printer
Filament Production Line™! has been considered, which corresponds
to the machine used by the two filament manufacturers considered.

4. Performance of the filament production machine: The machine se-
lected to carry out the filament production process has a range of
transformation from plastic pellets to filament. The range of the
machine chosen for the evaluation has an output between 20 and
25kg of filament per hour. This range directly affects power con-
sumption.

5. We do not take into account the end of life of the filament, since we
consider that the waste produced at the “end of life” is the beginning
of the collection phase (I).

6. Type of energy source used to conduct the recycling processes: Each
country has its own technological mix to supply its electrical energy
consumption, such as nuclear, solar, and wind. These different
sources of electricity are considered in the evaluation.

7. Transportation of raw material and filament (virgin and recycled):
The different options for methods of raw material transportation and
filament transportation are considered in the evaluation.

Based on these hypotheses, Fig. 2 displays the scenarios that were
created to model the possible operation of the virgin plastic filament
production system (see Table 1). A third scenario represents the dis-
tributed recycling system for filament production, so the complete
system is modelled with information obtained from the LF2L.

3.3. Life Cycle Inventory Analysis (LCIA)

3.3.1. Data source

To obtain the necessary data, different data sources were used to
carry out the LCIA. On the one hand, for virgin PLA filament production
there are various life cycle analyses published by NatureWorks (Vink
et al., 2003; Vink and Davies, 2015), where the results have been in-
corporated into the Ecolnvent database. These articles helped us to
understand the PLA production process, considering the production
centre in Nebraska, USA. For virgin PLA filament manufacturing, Nat-
ureWorks proposes a catalogue of customers who manufacture filament
from PLA produced by the company, which facilitated the modelling of
the supply chain to sell its product in the city of Nancy, France.

On the other hand, for the plastic recycling process the data con-
cerning the input/output materials and the machines used in the re-
cycling process were obtained directly from the Lorraine Fab Living Lab
and from the thesis works conducted at the ERPI laboratory related to
DRAM (Cruz Sanchez et al., 2020, 2017; Santander et al., 2020) (see the
Appendix A). These data allowed us to model and understand the
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recycling network, its main functions, and its limitations in considera-
tion of the case study presented in Section 4.

3.4. Impact assessment (LCIA)

3.4.1. Calculation methodology

3.4.4.1. Choice of software. The software used to perform this life cycle
analysis was OpenLCA 1.10.3. The main reason for its use was because
it is open-source software. This software makes it possible to perform
full life cycle analysis and carbon footprint analysis, allowing us to
install a wide variety of databases. For this case, the database used was
the Ecolnvent 3.5.

3.4.4.2. Choice of calculation methodology and impact indicators. In
analysing the impact methodologies and considering the selected
impact categories for this study (see Section Section 5.1.3), ReCiPe
(Global-Hierarchist version) has been chosen as the impact calculation
methodology. The ReCiPe method (Goedkoop et al., 2009) has been
chosen mainly because it is widely used in various areas of research
(Dekker et al., 2020). In addition, ReCiPe is an LCIA method that is
harmonized in terms of modelling principles and choices, offering
results at both the midpoint and endpoint level (Goedkoop et al., 2009).
In addition, it is used for various life cycle analysis in the area of
additive manufacturing with a hierarchical cultural perspective (Saade
et al., 2020). Finally, the set of impact categories chosen are presented
in Table 2.

3.4.2. Choice of flows for the model
This set of tables shows in detail the choice of different flows from
the Ecolnvent 3.5 database used in the OpenLCA software.

3.4.4.1 Scenario 1: virgin filament. Scenario 1 begins with the
production of PLA at the NatureWorks factory in Nebraska, USA. The
PLA is transported by a combination of land and sea to bring the plastic
from the United States to the filament manufacturing company, called
GEHR, which is located in the city of Mannheim in Germany. In
Germany, electricity is produced from wind power. From this location,
the virgin filament is shipped directly to Nancy by light road transport. .

3.4.4.2 Scenario 2: virgin filament. Scenario 2, like Scenario 1, begins
with PLA production in Nebraska, USA. The pellets of PLA are
transported by road to the filament manufacturing company, called
3D-Fuel, which is located in Fargo, USA. In the United States, electricity
is produced from natural gas. From the USA, the filament is shipped
directly to Luxembourg by air freight. Then the filament is transported
to Nancy using a lightweight vehicle..

3.4.4.3 Scenario 3: recycled filament. This scenario starts with the
collection of PLA 3D printing waste from the schools and high
schools. The PLA waste is transported to the recycling point (Lorraine
Fab Living Lab) using light road transport. At this centre, the size
reduction process and the extrusion process necessary to produce the
recycled filament are performed. The recycled filament is then
delivered to the same schools and by the same means of transport as
where the waste was collected. .

4. Results
4.1. Multi-criteria comparison of environmental impact

Table 6 presents the results of the comparison, showing for the
virgin and recycled scenario the amount of impact that is generated in
each impact category evaluated. In addition, the percentage reduction
(comparing the recycling scenarios with the virgin scenario) is pre-
sented. To construct this table, the best virgin scenario (least impactful)
was considered for comparison. As a result, it can be observed that the
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Fig. 2. Representation of the 3 scenarios.

production of filament from recycled plastic has a significant advantage
in five of the six impact categories (climate change, fossil depletion,
freshwater eutrophication, marine eutrophication, and water deple-
tion), which corresponds to the categories that are considered essential
for DRAM. In each of the categories there is a reduction of at least 97%
compared to the impact produced by the virgin scenario. For the Ion
Radiation category, however, the recycling scenario has a greater im-
pact than the virgin scenario (best scenario in this case). Indeed, in the
recycling scenario, the amount of emissions is approximately 2.8 times
higher than that of the virgin plastic scenario.

Fig. 3 presents the impacts obtained for each scenario studied. The
graphs presented by the software are a relative representation, for each
of the impact categories, 100% of the impact has been attributed to the
scenario with the highest index, and then the other two scenarios have
been relativized with respect to this scenario. For example, in the cli-
mate change (GWP100) category, the highest impact scenario is sce-
nario 2 which considers filament production in the US represented by
the bleu column. To create the graph, 100% of the impact is attributed
to scenario 2, and the other two scenarios (scenario 1, which involves
filament production in German and scenario 3, which involves recycled
production filament) are relativized with respect to scenario 2.

This methodology ensures that the graph accurately reflects the
relative impact of each scenario in each category. By using this ap-
proach, it is possible to clearly identify the scenario with the highest
impact in each category and to compare the impact of different sce-
narios across multiple categories.

Table 2
impact indicators and their unit of measure.

As can be observed, the distributed recycling system to produce 3D
filament (Recycling Scenario or Scenario 3) is the least impactful sce-
nario, taking into account the five categories considered pertinent to
DRAM.

The result shows that, in each impact category, the recycling sce-
nario pollutes less than 5% compared to the two scenarios that integrate
the production of virgin plastic. In other words, the recycling system to
produce 3D filament manages to reduce emissions and impacts by at
least 95%.

Regarding the other impact categories present in the ReCiPe meth-
odology, it is necessary to emphasize that the recycling system has a
significant impact on the category that measures the radiation of ions
equivalent to Uranium 235. As can be seen in Fig. 3, even Scenario 3,
which takes recycling into account, reaches a high radioactive emission
compared to the scenarios that use virgin filament. Scenario 1 re-
presents approximately 25% of the impact produced by the recycling
system, while Scenario 2 (pessimistic scenario of virgin filament) re-
presents approximately 60% of the impact produced by Scenario 3.

4.2. Global warning potential comparison

Fig. 4 provides a more detailed comparison of greenhouse gas
(GHG) emissions by the GWP impact category. The results, expressed in
kilograms of CO2 equivalent (kt CO2-Eq), illustrate the emissions for
different scenarios across the main life cycle stages. In terms of GWP,
scenario 3 is the most favourable, as mentioned in the previous section,

Impact Category Subcategory Methodology Unit
Climate Change ReCiPe (H) Kg CO2 - Eq
Resources Depletion Fossil Depletion ReCiPe (H) Kg Oil - Eq
Water Depletion ReCiPe (H) m3
Eutrophication Potential Freshwater Eutrophication ReCiPe (H) Kg P-Eq
Marine Eutrophication ReCiPe (H) Kg N-Eq
Tonising Radiation ReCiPe (H) Kg U235-Eq
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o = with a 97% reduction in emissions compared to the virgin scenarios.
E § é The net emissions for this scenario amount to 12.70 kg of CO2-Eq, with
e & " the primary contributor being the transport stage (recovery and de-
E i livery), accounting for 82% of the total emissions. Following the
transport stage, filament production contributes 16.5%, and pellets
_ production also plays a role.
% Regarding virgin filament production, as expected, scenario 1 has a
S E lower impact than scenario 2, with emissions of 411.92kg of CO2-Eq
§° == & § o and 1160.89 kg of CO2-Eq, respectively. There is a significant differ-
2188 ence in the distribution of total emissions between virgin and recycled
filament scenarios. In scenario 1, the primary contributor is PLA pro-
g' E duction (which follows the same process as scenario 2), accounting for
g 5 nearly 82% of the total GHG emissions. It is followed by filament
;g E w2 transport (13.2%), PLA transport (4.4%), and filament production,
= _ which contributes almost 0% to the total. Conversely, in scenario 2, the
g 2w order of emission-contributing stages is completely different. In this
g ’E) § '5? case, the most significant contributor is filament delivery, accounting
f g < : for 67.6% of the total emissions, followed by PLA production (29.1%)
ﬁ E’ % 9 and filament production (2.8%). In this scenario, PLA transport con-
§ E ’§ % tributes almost 0% to the total emissions.
2 E = ® There are multiple viable and effective options to reduce GHG
é E" g E emissions. Considering that in scenario 3 82% of GHG emissions are
5 % £ Eo caused by the transportation phase, it is possible to evaluate a zero-
8 g E = emission means of transportation, either a cargo bicycle or an electric
g g g vehicle. On the other hand, a reduction in energy consumption could
2 S| g %} E also help to reduce emissions, a possible solution being the acquisition
g 2| E 8 L of a more efficient machine to make filaments.
° Slé&g g
5 ERR] g
< g = £q & 4.3. Influence of the parameters
3 Al =506 g
g z In order to evaluate the response of each of the systems to context
? % variations, a sensitivity analysis has been conducted. The sensitivity
g = analysis consists of analysing the results of the system against the
% § variation of one of the parameters. This activity allows us to identify the
Q © g key contextual parameters that affect the results of the evaluation.
? S 5 g These results can be favourable as well as negative, being able to
§ g %" < § identify the effect called transfer of impacts. This effect consists in the
& @ = 3 % g fact that while in a specific impact category a reduction in the level of
© s & '§ § & emissions is achieved through a change of parameters (technology, raw
= = 3 material, process, type of energy), at the same time there is one or
i g § multiple impacts in which an increase in the emissions or impacts
E Al H produced can be reflected. This effect (impact transfer) is fundamental
8 when proposing improvements in products or services. In this study, to
§ - & have a better visualization of the transfer of impacts, the complete set of
z § s g impacts evaluated by the ReCiPe (H) methodology have been taken into
§ *é 2 é’ account.
3Ol E|E
3 o g 4.3.1. Location of PLA production
£ § B A recent projeft by Total Corbion has been proposed in Grandpuits
2 21 % % (Seine-et-Marne).” The purpose of this project is to build a polylactic
% g § Z acid (PL{\) Productlon plant Wl'th a cap'alc1ty of qp to 100,000 t9ns Per
2 year. This first European plant is to be installed in France. Considering
:; .| B this, a sensitivity analysis has been performed creating a scenario
2 § g E = E 1 * (FR). In this variation of scenario 1, the PLA production facility is
g &l &8 ; G situated in France at Total’s Grandpuits facility, but the PLA production
& g1 2 o data remain the same as those used in scenario 1 and 2, varying only
.§° "::‘-; % % the transport required.
§ = | =2z Fig. 5 shows the result of the change in the location of the PLA
g production plant (from the United States to France). To represent the
8 - 5 sensitivity of the system, only the first scenario was considered because
2 % E it has a logistics chain with less impact than Scenario 2. Thus, it is
3 - %; 2 interesting to see the changes with respect to this scenario. As can be
g gz £ g
gl 9| 84 9| 58 S
% g 3 é 3 i) jé ) ‘:f 5 https://www.totalenergies-corbion.com/news/totalenergies-corbion-en-
=] ters-engineering-stage-for-new-100-ktpa-pla-plant-in-grandpuits-france/
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Table 6
Results of the comparative life cycle assessment.
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Impact of each process

Impact categories

Scenarios

PLA Production

Supply Transport

Filament production

Delivery

Total

Climate change Virgin [1,2] 337.36 [5.69-18.19] [1.94 - 32.60] [54.43 - 785.24] [411.92-1160.88]
(kg COx-Eq) Recycled - 5.4523 2.289 4.957 12.699 (—97%)
Fossil Depletion Virgin [1,2] 96.79 [2.30-6.96] [0.50-13.13] [19.58-285.14] [123.83-397.36]
(kg Oil-Eq) Recycled - 1.961 0.615 1.783 4.359 (—97%)
Freshwater Eutrophication Virgin [1,2] 0.14 [0.001-0.002] [0.001-0.003] [0.011-0.024] [0.159 0.168]
(kg P-Eq) Recycled - 0.0011 0.0016 0.0010 0.004(—98%)
Ionising Radiation (kg U235-Eq) Virgin [1,2] 26.51 [0.45-1.49] [0.12-0.15] [4.46-52.78] [32.61-79.86]
Recycled - 0.476 122.98 0.406 123.83 (+74%)
Marine Eutrophication Virgin [1,2] 0.89 [0.004-0.041] [0.003-0.009] [0.09-1.30] [1.02-2.20]
(kg N-Eq) Recycled - 0.009 0.011 0.008 0.029 (—97%)
Water Depletion (m®) Virgin [1,2] 37.3669 [0.005-0.028] [0.008-0.112] [0.064-0.439] [37.46-37.92]
Recycled - 0.006 0.546 0.006 0.56 (—99%)

observed, there is has a very small variation in all categories. Even
though an improvement was obtained in some selected categories, such
as Climate change (—3%), fossil depletion (—3%), ionising radiation
(—3%) and marine eutrophication ( —4%), the result shows an almost
negligible variation. The impact was not greatly reduced with respect to
Scenario 1 because PLA production is the main source of impact in this
scenario.

In conclusion, varying only the location of the PLA production plant,
it was observed that there is a slight improvement in the environmental
performance of the production system, but it is not sufficiently attrac-
tive with respect to the level of impact obtained in the recycling sce-
nario. To obtain a significant improvement, it is necessary to continue
optimizing the PLA production process, which is enabled mainly by
technological advances. This can be a great solution especially con-
sidering that France uses nuclear energy as its main source of electricity
production, allowing to reduce the emissions related to the production
process of PLA. However, it is necessary to assess the transfer of impacts
that may exist.

4.3.2. Energy source

The results presented in Section 4.1 have shown that distributed
plastic recycling to produce filament demonstrates broad environ-
mental advantages compared to production from virgin plastic. In al-
most all impact categories it had an impact of less than 5% of the im-
pact caused by virgin filament production systems, except in the
category related to the emission of radioactive particles. These emis-
sions are closely related to the production of electricity from nuclear
energy, which in France accounts for 77.5% of the total energy pro-
duced in the country. Currently, the French electricity system produc-
tion is 77.7% nuclear, 9.7% hydro power, 3.8% wind power, 3.5%
natural gas, 2.2% coal, 1.5% solar PV, 1.3% biofuels and wastes, and

0.3% oil (Pereira and Marques, 2020). For this reason, it is key to see
the response of the system and the possible transfer of impacts when
using other forms of energy production, including mainly the use of
clean energy (solar and wind). Fig. 5 presents the environmental per-
formance of the recycling system using three different types of energy
(nuclear, wind, and solar).

As can be observed in Fig. 6, solar energy and wind energy have
different responses with respect to the use of nuclear energy. On the one
hand, solar energy (shown in orange) considerably improves the en-
vironmental performance of the system, especially in the category of
radioactive emissions, which are reduced by approximately 98%. It is
important to remember that this category is the critical point in the
comparison of the two filament production systems. In addition, a
considerable improvement can be observed in the categories that con-
sider ozone depletion and water use, with reductions of more than 70%.
According to the impacts assessed, there is no transfer of impacts to
other categories, this being a more environmentally friendly option
than the use of nuclear energy. On the other hand, wind energy (shown
in purple) also achieves significant reductions in the categories of im-
pacts related to radioactive ion emissions, ozone depletion, and water
use. However, on this occasion, a transfer of significant impacts can be
observed since the impact category measuring, for example, ecotoxicity
in water (marine and fresh) increases its impact by 80% with respect to
the use of nuclear energy, while the need for metals increases by 40%.

In conclusion, the use of solar energy may seem the best option
among the energy sources evaluated. This type of energy presents a
circumstantial improvement in the critical point of the use of nuclear
energy without suffering a transfer of impacts. The use of wind energy
does not have the same result; although it manages to reduce radio-
active emissions, the use of this type of energy increases the toxicity
present in the water, which can directly affect various ecosystems as
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Fig. 3. Comparison of the impact profile of each of the studied scenarios.
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Fig. 4. Detailed comparison of the impact of each scenario on the global warming potential (GWP) impact category.
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Fig. 5. Comparison of impacts on the geographic variation of PLA production.

well as human health. To determine if this type of energy is suitable for
the recycled filament production system, it is necessary to deepen the
comparison between these two ways of producing electricity.

5. Discussion

Distributed recycling via additive manufacturing (DRAM) has been
considered by different authors as an additional path to increase the
low plastic recycling rates given the major democratization of material
extrusion-based systems (Beltran et al., 2021; Pinho et al., 2020; Wu
et al., 2022). Several researchers have studied this recycling approach
from a technical and logistical perspective (Mohammed et al., 2022;
Stefaniak et al., 2022; Wu et al., 2022). Other studies that evaluated the
environmental impact of this recycling approach only took the recovery

and recycling stages into consideration (Kerdlap et al., 2021; Kreiger
et al., 2014; Kreiger and Pearce, 2013). However, an assessment of the
positive and negative environmental impacts of implementing this
plastic recycling approach with consideration for the whole chain (re-
covery, recycling, and use) had not been conducted, until now. In this
study, a life cycle assessment has been conducted in order to evaluate
the environmental impact of implementing a DRAM system to produce
recycled PLA filament, compared to traditional virgin PLA filament
production systems. In order to carry out this case study, a favorable
context was defined in which a considerable amount of plastic is
treated, 3D printing is widely used, and there is a dedicated space for
plastic recycling via 3D printing.

The results of the environmental assessment of this system have
shown that the recycling system for filament production reduces the
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Comparison of different energy sources
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Fig. 6. Sensitivity analysis respect to the type of energy.

impacts produced by the best scenario of filament production from
virgin plastic by at least 97%. The categories of impacts considered
were greenhouse gas emissions (climate change), consumption of fossil
materials (fossil depletion), overfeeding of aquatic ecosystems (poten-
tial eutrophication), and water consumption (water depletion). On the
other hand, there is a transfer of significant impacts that is not con-
sidered in the relevant impacts of the production system, since, due to
the use of nuclear energy to produce electricity in France, the emissions
of radioactive ions increased by 280%, which means that the recycling
process has worse environmental performance in this category. Despite
the assumptions made, the scenarios related to virgin filament pro-
duction have a major drawback, which is that their most impactful or
most influential phase in multiple categories is the production of
plastic. For this reason, the change in the location of the production
plant only produces a minor environmental improvement. This means
that, in order to improve the environmental performance of these sys-
tems, it is essential to develop new technologies and optimize the
polylactide acid production processes.

For the recycling system, the sensitivity analysis performed has
shown that the integration of solar energy can greatly reduce the im-
pacts produced using nuclear energy, making it an extremely viable
alternative for the recycling system. Wind energy, on the other hand,
has a significant transfer of impact to the toxicity present in different
types of water, which does not allow us to define in the first instance
whether it would be more convenient. In addition, the results showed
that the DRAM approach is advantageous considering other energy
sources (other than nuclear) that are used in other parts of the world.
The environmental assessment carried out in this study extends the
results obtained by Kreiger et al. (2014) and Kerdlap et al. (2021),
showing, based on LCA indicators, the environmental benefits posed by
distributed plastic recycling, and more specifically, by implementing a
DRAM system. In addition, the environmental benefits are independent
of the energy source considered. Therefore, this study indicates that, in
environmental terms and under certain conditions, the implementation
of DRAMs would have a positive impact on the area of application and
could have positive impacts in other contexts. Most notably, to the best
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of our knowledge, this is the first study to investigate the multi-
dimensional environmental impact of implementing DRAM. The results
show a huge potential, in environmental terms, of implementing DRAM
and suggest the application of this recycling approach in different
contexts, mainly due to the results obtained when considering various
energy sources. However, this study is not exempt of limits to be con-
sidered in future works. For this reason, the following recommenda-
tions can be followed:

o In order to reduce the complexity of the system studied, in different
hypotheses, such as in the recycling system, we considered only one
material collected in a clean state and fixed demand from schools.
However, the entire virgin filament production and supply chain
was based on different assumptions. Future research could conduct
an environmental assessment incorporating these complexities.
This study is limited to the comparison of DRAM with virgin fila-
ment production. It would be interesting to evaluate the environ-
mental performance of a DRAM system with respect to other pos-
sible life-ends for PLA, such as incineration, compost, landfill, or
even a system where virgin material is incorporated into the re-
cycling process. This is because the mixture of virgin and recycled
material allows for considerable improvement in filament properties
and printing quality.

This evaluation was carried out by placing the DRAM system in the
specific context of a developed country. It could be interesting to
perform the same analysis in developing countries, which currently
have major problems in the treatment of plastic waste.

Finally, one of the major long-term purposes in this study is to re-
cognize the material and technological affordances (Babri et al., 2022;
Kohtala, 2015) of additive manufacturing as a manufacturing to fa-
cilitate the recycling adoption by a community of practices. Certainly,
more research is needed to evaluate the pertinence and the rebound
effect in the frame of the circular economy perspective (Metic,
Pigosso, 2022) that the development of plastic recycling approach
may promote, given the complesity aspect of microcroplastic pollution
(Bank et al., 2019; Malizia, Monmany-Garzia, 2019).
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6. Conclusions

Using the LCA methodology, this work evaluated the environmental
benefits of a distributed closed-loop supply chain network for plastic
recycling using open-source 3D printing technologies in a specific
context. The use of polylactic acid (PLA) in the context of Nancy- France
was considered for the environmental analysis based on three scenarios
(two virgin and one recycled). The impact categories studied were cli-
mate change, resources depletion (fossil and water) and eutrophication
potential (freshwater and marine). The results showed that distributed
plastic recycling to produce filament leads broad environmental ad-
vantages compared to production from virgin plastic. The comparison
shows a reduction of up to 97% in most of the impacts considered for
the study. However, given the French electrical mix, the recycling
system has a greater impact than the virgin scenario for the Ion
Radiation category. Additionally, the sensitivity analysis suggested
minor environmental benefits if the production of virgin PLA is placed
from USA to France.

The results obtained by the application of the LCA methodology to the
case study and its sensitivity analysis suggest the application of this re-
cycling approach in various energy contexts (solar, wind, and nuclear),
acting in parallel to the existing centralized plastic recycling networks in
order to increase plastic recycling rates, which are currently low. It seems
interesting for future works to reduce the assumptions used with respect
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to the production of virgin filament and to integrate the current com-
plexity of carrying out the plastic recycling process. Furthermore, asses-
sing the impacts of this system in various areas allows us to obtain a
global vision of the performance of this system and to determine which
context would be most favorable for its development.
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Recycling network in Nancy proposed by Santander (2020).
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