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Abstract

Additive manufacturing offers rapid and customizable production, yet conventional plastic-
based methods remain energy-intensive and environmentally harmful, often resulting
in higher impacts per part than traditional manufacturing. The goal of this study was
to evaluate whether upcycled biomaterials, specifically oyster shells, pistachio shells,
and clay, could be used as lower-impact alternatives to PLA in 3D printing. The scope
included detailed measurement of print parameters for each material and a full life cycle
assessment (LCA) of the printed elements, covering printer manufacturing, raw material
extraction, transport, operation, and end of life. The results show that ambient-temperature
extrusion of these upcycled biomaterials can reduce energy consumption by up to 89%
and overall environmental impact by up to 94% (as measured by ReCiPe Endpoint H
points) compared to PLA printing. These reductions were observed for the Netherlands
and EU contexts, where electricity mixes are relatively clean and recycling rates are high;
even greater improvements were observed for the US. Although the printed biomaterial
objects exhibit lower mechanical strength, limited waterproofness, and reduced print
resolution, they are already suitable for low-load applications such as prototypes and
architectural models. Overall, the findings demonstrate that upcycled biomaterial extrusion
has strong sustainability potential, outperforming both conventional plastics and bioplastics
such as PLA in terms of material impacts and energy use. Continued development of
material formulations as well as pre- and post-processing techniques could further expand
functionality and support the broader adoption of low-impact 3D printing across a wide
range of applications.

Keywords: sustainability; additive manufacturing; biomaterials; biocomposites; LCA

1. Introduction
With the growing demand for additive manufacturing (AM, or 3D printing) to produce

quick, customizable parts for prototyping and finished parts, the pressure has risen to
improve its energy demand and use more sustainable materials. This is because the
environmental impacts of AM are often 1.4–10 times that of injection molding the same
plastics and casting or extruding the same metals [1–4]. One way to reduce the impacts
of both energy and materials at once is to replace the melting of plastics or metals with
ambient-temperature processing of biomaterials that can also be sourced from preconsumer
or postconsumer waste [5].
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Additive manufacturing (AM, or 3D printing) is a broad collection of technologies
that can produce small batches of parts in a short time, with various materials, including
polymers, ceramics, concrete, metals, and even hydrogels for tissue engineering, as well
as advanced high-entropy ferrites. These offer a wide range of applications, from the
marine industry to large-scale building construction [6] to medical and pharmaceutical
applications [7–11]. AM is often thought of as a “green” technology, because it often does
reduce impacts compared to machining, mostly because of reduced material waste [12].

Many AM technologies require high temperatures to melt plastic or metal. For ex-
ample, wire arc additive manufacturing (WAAM), where subsequent layers of metal are
deposited like welding in an inert atmosphere, need to provide temperature peaks exceed-
ing 1000 ◦C to melt Cu-Al alloys [13,14], consuming very large amounts of energy [15]. For
plastic 3D printing technologies, temperatures are much lower; the most common polymer
printing method is Fused Filament Fabrication (FFF, also called FDM), using temperatures
of 190–250 ◦C for ABS plastic [16], 190–220 ◦C for PET plastic [17], and 120–190 ◦C for PLA
bioplastic [16]. Metal printing using almost all technologies also requires large amounts of
energy for melting metals. Lower processing temperatures generally translate into reduced
electricity consumption, which is one of the main contributors to environmental impacts in
additive manufacturing. However, reduced temperature alone does not directly improve or
decrease product quality, which depends on multiple factors such as material formulation,
printer calibration, layer adhesion, or geometry.

However, eliminating the need to melt plastic or metal can cut energy demand up
to 75% [18]. Some conventional AM technologies already avoid melting materials, such
as stereolithography (SLA) and digital light projection (DLP), both using ultraviolet light
to cure photopolymers, but these technologies are often still energy-intensive [19] and
also often use hazardous substances [20]. Clay printing uses low-environmental-impact
mineral material in an ambient-temperature extrusion process and has grown to become
a notable fraction of the global printing market [21], but it still requires energy-intensive
firing of the clay after printing and produces brittle parts with low resolution. Thus, new
materials should be found that can be printed at ambient temperature at adequate quality
and strength without the need for high energy.

Biomaterials are an emerging group of materials used for additive manufacturing.
Most biomaterial extrusion printing has been a form of FFF, still melting plastic, but using
cellulosic fillers. For example, betel nut shell-derived carbon as a filler for PLA composite
FFF resulted in tensile strength increasing by 51.1% with 0.1% biocarbon content and
24.5% increase in flexural strength with 0.025% biocarbon addition [22]. Even though
this does not improve energy impacts, it can reduce the amount of non-biodegradable
waste as well as the negative impacts associated with sourcing fossil-based materials,
and biomaterials are often easy to process and available locally, thus saving material
processing energy and machinery [18]. For more sustainable printing, biomaterials can be
extruded at room temperatures. This is often used in biomedical and tissue engineering
sectors, to avoid killing living cells, with novel hydrogels containing gelatin and alkali
lignin [23]. Food is also being 3D-printed, e.g., chocolate, fruit-based snacks, pork paste,
potato puree, or banana matrix [24]. Biomaterial 3D printing has even been used for coral
reef structural restoration [25] and for wastewater treatment using 3D-printed bio-ink
hydrogel to immobilize heterotrophic bacteria with ammonia removal ability [26].

Replacing plastics with new materials can also reduce the embodied impacts of mate-
rials by up to 80% [18]. This enormous gain is usually achieved by printing waste biomass,
e.g., agricultural, timber, or food waste [27]. These include sawdust, nut shells, mussel
shells, egg shells, coffee grounds, citrus peels, and more [5,18,28,29]. These materials are
usually used in the form of finely ground powders mixed with natural binders, which
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allows extrusion at ambient temperatures. Their key advantage is that they require minimal
processing energy and make use of waste streams that would otherwise be discarded. They
reduce environmental impacts primarily because they do not require elevated temperatures
(which lowers electricity consumption while printing), help avoid virgin plastic production
from fossil fuels, allow the utilization of locally available waste and can be safely handled,
since they originate from non-toxic biodegradable sources. The fundamental problem
with traditional plastic-based printing and how this study positions 3D printing as an
alternative is that traditional FDM printing relies on melting thermoplastics at high temper-
atures, which results in substantial energy use and high environmental impacts per printed
part, especially when printers are rarely utilized. Also, the production of plastic filaments
leads to significant environmental impacts. This study addresses these issues by exploring
whether low-temperature extrusion of upcycled biomaterials can offer a more sustainable
pathway for additive manufacturing. In addition to saving energy and saving material
impacts, they are generally non-toxic, using water-based solvents that evaporate to harden.
This also improves the circular economy, because in most cases, objects printed with these
upcycled waste biomaterials can be easily recycled on-site by simply grinding and adding
water to re-print [30]. While the environmental advantages are large, these materials and
processes have also had significant disadvantages so far. Because they are water-soluble,
they are not waterproof, limiting their applications. Also, they are brittle, often with 2–50%
the strength of an ABS or PLA plastic FFF print [5,31]. Their print quality is also sometimes
unpredictable during and after printing, e.g., shrinking or warping, with a worse overhang
angle and bridging distance capability than plastic FFF [30]. These can sometimes be
fixed using pre- or post-processing, including coatings or thermal treatment, and material
formulations may be improved with artificial intelligence, but such developments are still
in the early stages [32].

We cannot assume that all biomaterial AM provides sustainability improvements.
Most published studies of such materials do not quantify their environmental
impacts [33–35], but we should quantify them, to find how much better some materi-
als and processes are than others and how much better or worse they are than conventional
plastic AM. Analyzing the environmental impacts of biomaterial 3D-printed objects will
help fill a gap that limits their broader applications.

In terms of environmental performance in general, additive manufacturing can reduce
material waste as it avoids subtractive processes that generate off cuts. Nevertheless, its
overall environmental impact is highly dependent on equipment utilization. A printer
used only occasionally may have a higher impact per part than one operating continuously,
because the embodied impacts of the machine are distributed over fewer products. In
our study, we intentionally contrasted low-utilization and high-utilization scenarios to
illustrate this effect and to emphasize that shared or community-based use of printers could
significantly improve environmental performance.

Considering the economic and energy efficiency considerations, 3D printing can be
cost-effective for small batches, customized items, or complex geometries, but it is not
always the most economical option for large-scale production. Its energy efficiency varies
depending on the technology, material, and utilization rate. While it can be environmentally
advantageous in certain contexts, these benefits are not universal and depend strongly on
how and how often the equipment is used.

The goal was to measure the environmental impacts associated with 3D printing using
biomaterials over the whole life cycle of the printed object. Thus, this study used life
cycle assessment (LCA) to quantify the impacts of new material formulations in a new
kind of printer that have not been quantified before. Specifically, it measured materials
mostly comprised of oyster shells, pistachio shells, and clay, which represent easily and
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locally available materials. It measured these being extruded by a motorized leadscrew
printhead, not a pneumatic pressure printhead as studied in [18]. Printer production,
transport, and utilization are included in this study. The examinations cover different
printer utilization rates. It is anticipated that energy consumption and the energy mix will
be the most influential factors, also associated with the utilization rate. Additionally, the
waste management approach may also have an impact.

2. Materials and Methods
To compare the environmental impacts of the materials and processes, one model

was used and printed in all different materials, with a standard FFF desktop printer and a
version of the same printer modified for biomaterial paste extrusion (direct ink writing). For
each print run, printer energy and material use and waste were all empirically measured.
The masses and types of materials comprising the printer hardware were also empirically
measured. Then, various LCA scenarios were modeled for sensitivity analysis of different
electricity sources and different printer utilization rates, calculating environmental impacts
per part printed. These were then compared to a large body of previous studies printing
a different part, calculating environmental impacts per kg of material printed. Details of
material selection, printer modification, part geometry, measuring print energy, and LCA
methods follow.

2.1. Material Selection

Two biomaterials used for this study—oyster shells and pistachio shells, together
with modeling clay—were selected for local availability and previous experience with
printing at ambient temperatures with better quality than most biomaterials. They were
compared to PLA bioplastic FFF as a baseline reference because PLA is a ubiquitous desktop
print filament and because it is more sustainable than fossil fuel plastics that contribute
to high environmental burden, are non-degradable, and might release microplastics. PLA
is produced from renewable sources, and while it is biodegradable in some industrial
composting conditions, it often requires decades to decompose in natural conditions [36].
The three biomaterials for ambient-temperature printing were prepared with xanthan gum
as a binder. Xanthan gum has been recognized as an easily available, safe, and reliable
binder characterized by nearly instantaneous solidification [37]. The recipes used to prepare
oyster shells and pistachio shells mixtures were as follows:

- Oyster shells (61 g) + xanthan gum (3 g) + water (36 g);
- Pistachio shells (61 g) + xanthan gum (3 g) + water (96 g).

Filler materials (oyster shells and pistachio shells) were ground and sieved to the
desired particle size between 0.2 and 0.4 mm in order to prevent the print nozzle
from clogging.

2.2. Printer and Its Modifications

The Creality Ender-3 V3 SE is a popular small-scale FFF printer that allows users to
create 3D objects by melting and extruding plastics such as PLA, ABS, and TPU. A reference
part was printed from PLA to compare the biomaterial prints to. As the original printer
is designed to operate at elevated temperatures required to melt the plastics, in order to
print using biomaterial pastes at ambient temperatures, the extruder was replaced with a
print head based on the design available at the Junai website, which uses a stepper motor
with leadscrew to push the syringe plunger down, squeezing paste out the syringe nozzle
instead of feeding plastic filament through a melting head [38]. The original printer [39]
and the printer after modifications are presented in Figure 1.

https://doi.org/10.3390/su18031223

https://doi.org/10.3390/su18031223


Sustainability 2026, 18, 1223 5 of 17

Figure 1. Original Creality Ender-3 V3 SE printer [39] (a) and the printer after modifications (b).

2.3. Part Geometry

In order to improve the print quality, instead of the traditional approach of splitting
a solid 3D object from a CAD model into 2D layers and converting these to a print path,
a grasshopper script that generates the print path directly was created [36]. While CAD
models translated through slicing software generate higher-resolution prints, at such a small
scale it is not needed, as it only complicates the printing procedure. The difference between
CAD mesh and polysurface objects is that mesh objects are made up of vertices, edges,
and faces defined by triangular or quadrilateral polygons, whereas polysurface objects are
composed of NURBS (Non-Uniform Rational B-Splines) surfaces that are mathematically
precise [35]. When slicing meshes, more intersection points are present at each slicing plane;
thus, printing curves takes longer. Figure 2 shows the 3D model in Cura, the sliced 3D
object (print path) in Cura, and the print path generated in Grasshopper.

Figure 2. The 3D object in Cura (a), sliced 3D object in Cura (print path) (b), and the print path of the
object generated in Grasshopper (c).

Cura uses a finished 3D geometry and “slices” it into layers. The original model is
presented in grey, and the generated extruder path is shown in red. This makes it easily
visible that the printed object may be different than the digital model. The material may
shrink or be simplified due to the internal algorithms, nozzle diameter, or resolution limits.
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In Cura, the designer only indirectly controls the final path as the software interprets the
geometry and decides how to approach it.

In the case of Grasshopper, instead of “slicing” a solid model, the curves that the
printhead will follow can be manually designed. This allows full control over resolution,
line spacing, extrusion strategy, speed, and the exact geometry of each printed layer.
Because the print path is designed instead of being generated automatically, the printed
object can match the intended shape with much higher precision. Grasshopper therefore
enables a more customizable design process.

2.4. Measuring Print Energy

Before printing the reference-part candle holder, the printer was calibrated and prelim-
inary testing bars were printed to adjust the printer parameters. After satisfactory results
were obtained for the test samples, the candle holders were printed with the paste mixtures.
After printing, each part was left to dry for at least 24 h.

Print energy was measured by connecting the printer to a wattmeter that logged
cumulative energy use in kWh; readings were taken at the beginning and end of each
printer operational mode (warmup, printing, and idling) to measure energy use for each
mode. For the upcycled biomaterial DIW printing, no warmup was required prior to
printing, but it was required for the baseline FFF printing of PLA bioplastic.

3. Life Cycle Assessment Methods
The environmental impacts associated with the application of organic materials and

the 3D printing process itself were quantified using life cycle assessment (LCA). One of the
most comprehensive methodologies for performing LCA is ReCiPe 2016 [40], which covers
18 different impact categories. These categories include factors such as global warming
potential, mineral resource depletion, human toxicity, and water consumption, among
others. By applying this methodology, it becomes possible to compare the overall impacts
of different material formulations, electricity mixes, printer utilization rates, and more,
to guide the development of more sustainable 3D printing solutions. Additionally, the
information collected during an LCA can support regulatory compliance and encourage
the adoption of sustainable innovations within the additive manufacturing industry [41].
This study was performed with SimaPro 9.6.0.1 software, using the ReCiPe 2016 Endpoint
(H) V1.05/World (2010) H/H [40] method and ecoinvent 3.10 database. The method
was selected as globally recognizable. Also, the comparisons with previous studies were
performed using the same ReCiPe 2016 Endpoint (H) method.

3.1. Goal, Scope, and Functional Units

The LCA goal, scope, and functional unit were set following the protocol of previous
studies by Faludi et al., comparing impacts of many different AM technologies, including
other sustainable direct ink writing (paste extrusion) [12,18,19,28]. This enabled not only
the comparison of the scenarios measured in this study but also the comparison of this
study’s results to previous studies. To summarize, the goals were to (A) find the largest
environmental impacts in each process measured and (B) compare the ReCiPe Endpoint
impacts of printing with ambient-temperature upcycled biomaterial extrusion to printing
with conventional FFF melting of PLA bioplastic.

The boundaries were cradle-to-grave, as follows:

• Print material (the material in the final printed part): Boundaries included raw material
extraction for pistachio shells, oyster shells, modeling clay and PLA, transportation
from the collection site, pre-processing (including filament extrusion for PLA), and
end of life. Boundaries excluded usage of the printed part, or transport to/from a
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usage site, as it was assumed parts were used on-site and were inert (e.g., not used
in a vehicle burning fuel). Disposal of materials was not included because they can
be reprinted multiple times. Impacts of producing crops which the waste biomaterial
came from were also excluded, as those should be allocated to the impacts of people
eating those foods (e.g., oysters or pistachios).

• Waste material: The process can be considered waste-free as the material can be reused.
The only waste was unmeasurable (i.e., leftovers from the clogged nozzle).

• Printer hardware: Boundaries included raw material extraction, processing, trans-
portation of the printer from the factory producing it to the local site of printing,
and end of life, all amortized per printed part (see functional unit below). This also
included hardware for the modified extruder for direct ink writing.

• Print process energy: Boundaries included electricity use while starting up/calibrating,
warming up (if it occurred), printing, and idling (for low-utilization scenarios). The
modified printer consumes 5.76 Wh per hour when left on idle and, since it operates at
room temperature, it does not require any pre-heating. Therefore, no additional start-
up energy is consumed. On the other hand, the original printer used for producing the
PLA elements does require pre-heating, and this energy demand was fully included in
our calculations. It did not include the electricity or water used to clean the extruder
between prints.

The functional unit for the characterization of environmental impacts was a reference
part—a candle holder. This was different from the reference part used in previous studies
(an apple shape) because the print quality of this study’s biomaterials and process were
insufficient to print the apple part, due to its high overhang angle and high-resolution
feature requirements. Therefore, to allow comparisons with previous studies, a second
functional unit was chosen: those comparisons used environmental impacts per kg of
material in the final printed part.

3.2. Life Cycle Inventory

In order to assess the environmental impacts of the process, all the inputs and outputs
were quantified and organized. The environmental impacts were quantified by translating
the collected inventory data into endpoint indicators that cover human health, ecosystems,
and resource scarcity. Electricity use per part printed was measured as described above.
Material consumption and waste for the baseline FFF prints of PLA were measured by
weighing the final part and any other filament extruded in calibration or other processes.
Material consumption and waste for DIW upcycled biomaterial prints were measured
directly from the extruder syringe. This was to avoid counting evaporated water weight as
material waste, since the materials required roughly one day to dry after printing. While
there was almost no material wasted during printing, as the model did not require any
support material, there was calibration material and material left over in the syringe after
printing. Any material not in the final print was reused.

Printer hardware masses were measured by weighing components separately, since
it was a new printer being assembled from parts. Extruder modifications were included
in the bill of materials for ambient-temperature biomaterial printing—conservatively not
assuming a purpose-built DIW printer but counting the impacts of the normal Ender
FFF printhead which was removed, plus the new syringe print head. In the previous
studies we compare our results to, the printer hardware was modeled not by disassembling
printer parts and weighing them but according to the protocol [12,18,19,28]: measuring
each component’s dimensions to calculate volumes, then multiplying these volumes by
reference values of the densities of materials (e.g., steel, aluminum, etc.) and estimating
manufacturing methods based on the appearance of components (e.g., rolling for sheet
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metal parts, extrusion for rods, etc.). Minor disassembly was performed as needed to
measure circuit boards and other interior components, but this was minimal to avoid
damaging the printer. Because masses were estimates, all bill-of-materials data were
assumed to have ±30% uncertainty or higher, though the total sum of component masses
was within 5% of the total mass of the printer. Electronic components (e.g., circuit boards,
cables, and screen) were modeled not by mass but by area or length or item, as needed to
match EcoInvent database processes. For this study, before the printer was assembled, all
the parts were weighted using a laboratory scale, including the modified extruder. The
lifespan of the printer was assumed to be 5 years, as in the earlier studies.

The printer is produced in a factory located in China. The transport included
in the study covers 132.26 tkm travelled in a container ship from Shenzhen to Rotter-
dam and 0.17 tkm by truck from Rotterdam to Delft. As mentioned above, transport of
print materials was not considered, as the upcycled biomaterials are widely available
locally. This does ignore the transportation of PLA filament, but it is likely a negligible
impact overall.

End of life of the printer was simply assumed to be an average disposal scenario for
the location modeled, including various percentages of materials recycled, incinerated, or
landfilled. Two different locations were used for average disposal scenarios, the Nether-
lands and the US (see Scenarios, below). End of life of the printed PLA was assumed to
be incineration or landfill, depending on the scenario (see below), because it is not com-
postable in most cities. End of life of upcycled biomaterials was assumed to be backyard
composting, as all the materials used are easily degradable in such conditions. It should be
noted that the restricted and sometimes unrealistic end-of-life modeling options represent
one of the key limitations of this LCA approach.

3.3. Scenarios

Two variables that can greatly change the impacts per part printed for any 3D printer
were identified: electricity mix and printer utilization. Electricity mix obviously matters
because 100% solar or wind energy has a tiny fraction of the impacts of coal-fired electricity,
and different countries and regions have different electricity generation mixes. This study
was performed in the Netherlands. However, in order to compare data across Europe and
with previous studies performed in the US, three sets of scenarios were run, one with 2024
Ecoinvent average Dutch electricity mix and end-of-life disposal, one with 2024 average
European Union electricity mix and Dutch (not EU) end-of-life disposal (because the Dutch
high rates of recycling and waste-to-energy are used as a goal for many EU countries, but
there is no average EU disposal in the database), and one with 2024 United States national
average electricity mix and end-of-life disposal.

Printer utilization also greatly changes the impacts per part, because it determines idle
energy usage and determines the amortization of printer hardware impacts. Following the
protocol of previous studies [12,18,19,28], utilization was modeled in three scenarios:

(a) One part printed per week, with the printer turned off between prints (1×/week, off);
(b) One part printed per week, with the printer left idling (1×/week, idle);
(c) Maximum theoretical utilization: continuous printing for the printer’s entire life

(print 24/7).

The print energy per part (electricity consumption for printing alone, not counting
warmup or idling), maximum amount of parts printed per day, and mass per part for each
material are presented in Table 1.
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Table 1. Electricity consumption, maximum amount of parts printed per day, and mass per part for
the selected feedstock materials.

Print Energy per Part,
kWh

Print Time/Part,
hh:mm:ss Max. Parts per Day Mass/Part, g

PLA 0.1587 01:30:00 16 23.8
Oyster shells 0.0296 00:59:15 24 22.5

Pistachio shells 0.0159 00:32:14 47.5 18.5
Clay 0.0217 00:42:22 34.3 23

Considering the number of parts printed from each material for the three utilization
scenarios and the lifespan of the printer, the allocation coefficients for the three different
scenarios are presented in Table 2.

Table 2. Allocation coefficients.

Print 1×/Week, Off Print 1×/Week, Idle Print 24/7

PLA

0.00385

0.0000343
Oyster shells 0.0000229

Pistachio shells 0.0000116
Clay 0.0000160

3.4. Analysis

For each of the four print materials and processes, six LCA models were generated
to cover all the scenarios listed above. Monte Carlo analysis was performed to quantify
overall uncertainties for each model’s total impacts. In each model, impacts were graphed
with impacts categorized by material production and manufacturing, transport, electricity
use, material use, and disposal. These graphs were compared to find which materials and
processes caused the least impacts in the different scenarios, as well as what caused the
largest impacts for each material and process in each scenario (e.g., energy use, material
use, or other).

3.5. Comparison to Previous Studies

To compare the new materials and print method to as many other existing polymer
printing technologies as possible, results from this study were compared with the previous
studies which this protocol was based on [12,18,19,28]. However, those studies were per-
formed printing a different reference part, with an older version of the ReCiPe methodology
and Ecoinvent database (see papers for details). The reason for the different reference part
was described above, a result of limitations in printable overhang angles and resolution.
To normalize between the part printed here and the part printed in the previous studies,
the data from this study and the previous studies were all recalculated with a different
functional unit: impacts per kg of material printed.

There was no way to normalize between different Ecoinvent databases and ReCiPe
methods, because the previous studies did not disclose full bills of materials for all printer
hardware. This means the results are not quite in the same units or based on quite the same
source data, and thus cannot be precisely compared. Even without precisely matching
methods, the comparison was still deemed useful, as many of the impacts of different
printers are orders of magnitude apart, much larger than differences due to databases and
updated methodologies are likely to be.
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4. Results and Discussion
Printing the candle holder using the upcycled biomaterials was successful, as shown in

Figures 2 and 3. While the material and process was not able to achieve the high overhang
angles and fine resolution of previous apple prints, it did print this larger but less detailed
object faster, and it achieved significant vertical height without collapsing or slumping.
Reference parts printed using Creality Ender-3 V3 SE are presented in Figure 3, which to
illustrates the visual differences between the three models produced using modeling clay,
pistachio shells, and PLA.

 
Figure 3. Visual differences between reference parts printed using Creality Ender-3 V3 SE printer.

4.1. ReCiPe 2016 Endpoint (H) Impacts

The life cycle impacts of 3D printing candle holders from clay, pistachio shells, oyster
shells, and PLA were compared to each other in the three utilization scenarios (1 part per
week/off, 1 part per week/idle, print 24/7). The ReCiPe 2016 Endpoint (H) impact results
and their Monte Carlo uncertainties are summarized in Figures 4 and 5. All four materials
in all three utilization scenarios were also modeled in scenarios for Dutch energy mix and
disposal (NL), average European energy mix and Dutch disposal (EU avg), and average US
energy mix and disposal (US avg). Figure 4 shows only the NL scenarios; the remaining
results are presented in the Supplementary Material (Figure S1).

For both scenarios printing 1 part per week, the printer manufacturing, transport,
and disposal impacts are equal. This type of utilization of the printer is usually the case
for domestic, occasional use. The highest difference can be observed for electricity use,
which proved that leaving the printer on idle will increase the energy consumption (and,
consequently, economic costs) when compared to switching off the printer after the part
is ready. Commercial applications are closer to the printing 24/7 scenario, which is an
extreme utilization case and does not always reflect standard operation. Here, the machine
manufacturing impacts per part are a relatively small fraction of the whole, while the share
of electricity consumption increases. However, the overall environmental impacts for all of
these are roughly an order of magnitude smaller than any of the lower-utilization scenarios
(i.e., 0.022 Pts for 1 part/week off scenario, 0.033 Pts for 1 part/week idle scenario, and
0.003 Pts for print 24/7 scenario for pistachio shells). It is, however, important to note that
the real printer utilization scenario will be probably lower, leading to higher impacts per
part printed.

https://doi.org/10.3390/su18031223

https://doi.org/10.3390/su18031223


Sustainability 2026, 18, 1223 11 of 17

Figure 4. ReCiPe 2016 Endpoint (H) points per part printed, showing results for printing 1 part per
week and turning it off, printing 1 part per week and leaving the printer on idle, and printing 24/7,
expressed in ReCiPe Endpoint 2016 (H) points.

Another important factor is the material use. For all the scenarios, it can be observed
that the biomaterials (pistachio shells, oyster shells, and clay) display a significantly lower
impact than PLA, regardless of the utilization scenario. However, this difference becomes
especially large in the printing 24/7 scenario. This is because there is very little impact
caused by upcycling waste and easily accessible materials that do not include excessive
processing prior to printing. The production of PLA, on the other hand, involves extensive
chemical processing and often competes with food crops for land. Also, elevated tem-
peratures are required to perform the printing procedure, what translates into increased
energy consumption, which is often associated with fossil fuel combustion, depending
on the country’s energy mix. Figure 4 shows that replacing the melting of plastics with
ambient-temperature extrusion cut energy use by up to 89%. The overall improvement
in environmental impacts (not counting beneficial impacts of machine end of life) was up
to 94%.

Note that the beneficial (negative) impacts of disposal are largely negative because
the printer is mostly comprised of metals which will be recycled at end of life. This uses
the system expansion and avoided burden approach, which accounts for material and/or
energy recovery as well as recycling benefits. The waste treatment processes (i.e., recycling
or even incineration) generate environmental profits by avoiding the burden of mining
virgin metals for future products or burning fossil fuels for electricity. In the Netherlands,
recycling and waste-to-energy incineration are highly efficient, with almost no landfill [42].
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Figure 5. Comparison with other printers for the print 24/7 scenario, expressed in ReCiPe Endpoint
2016 (H) points. “USA-E” = US electricity mix, “NL-E” = Netherlands electricity mix.

Different electricity mixes and disposal methods significantly change the results shown
above (see Figure S1 of the Supplementary Material for the NL, EU, and US scenarios).
They do not change which print materials and process scores best—pistachio shell printing
scores best and PLA printing scores by far the worst in all electricity/disposal scenarios.
But they change the absolute values of the impacts and change how much better or worse
the different print processes are relative to each other. In all cases, the results are less
favorable for the US scenario, because their energy mix involves much more fossil fuels
than the average European countries, and the Netherlands and other EU countries have
very strict rules regarding waste collection and end-of-life disposal, while the US mostly
uses landfills.

4.2. Comparison with Previous Apple Studies

As mentioned above, the previous studies which this protocol was based on were per-
formed printing a different reference part, with an older version of the ReCiPe methodology
and Ecoinvent database. This means the results are not quite in the same units or based
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on the same source data and thus cannot be precisely compared. However, as can be seen
below, many of the impacts are orders of magnitude apart, much larger than differences
due to databases and updated methodologies are likely to be. The ReCiPe 2016 Endpoint
(H) impacts per kg of material printed are presented for both NL and USA scenarios.
The results for the print 24/7 scenario are presented in Figure 5. The results for print 1
part/week off and print 1 part/week idle scenarios are presented in Figures S2 and S3
in the Supplementary Material. The materials from the previous studies included CPS
4D, Accura ABS White, ABS, PET/PLA, chemical bonding paste, Fullcure 720, and salt
with optional epoxy infusion, and the printers used such technologies as Digital Light
Processing (DLP), stereolithography (SLA), FFF, pneumatic extrusion, and polyjet and
inkjet binding [19].

The impacts per kg of material printed show the Ender printing in pistachio, clay, and
oyster to cause some of the lowest environmental impacts, lower than any other polymer
printing technologies that melt plastics or use UV-curing epoxies, sometimes 5×–50× better.
The modified Ender impacts were comparable only to the injket printer printing four parts
simultaneously and the modified Replicator 2X, also printing with ambient-temperature
paste extrusion. This is encouraging, as the modified Replicator used pneumatic pressure to
extrude paste, eliminating one motor from the bill of materials and eliminating the motor’s
energy use from print processing, in comparison to the modified Ender’s leadscrew-driven
paste extrusion. This means that the extra environmental impacts of this motor and its
energy use are not significant compared to the large energy savings of not melting plastic
and the low impacts of producing the upcycled materials compared with producing PLA
plastic (even though it is a bioplastic). The results for printing with biomaterials for both
EU average and US average electricity mix scenarios seem promising.

However, when comparing to previous studies, it is important to remember that they
were performed 5–10 years ago, with older versions of both SimaPro and the Ecoinvent
database. The newer database might include not only updated and more in-depth infor-
mation about processes and materials but also changes in such fields as manufacturing
procedures and energy mix variations. Thus, readers should assume more margins of error.

5. Conclusions
The increasing demand for quick and easily customizable production is driving the

rise of additive manufacturing. While AM is currently a highly energy-intensive process
with large environmental impacts, this can be radically improved. This study showed that,
at least for some applications, PLA printing can be replaced with clay, upcycled oyster
shell, or upcycled pistachio shell, using xanthan gum as a binder. Printer modifications,
including extruder adjustments, were necessary for the application of these novel materials,
highlighting the adaptability required for sustainable 3D printing applications.

Replacing the melting of plastics with ambient-temperature extrusion of upcycled
biomaterials can cut print energy up to 89% and cut overall impacts up to 94%. Such
large improvements even include comparing printing “green” bioplastic to extruding
simple mineral clay, not even using upcycled biomaterial waste. These results were for
a printer at maximum utilization for its whole life; other models tested lower utilization
scenarios and found them to cause roughly 10× the impacts per part, depending on
circumstances, without as large a difference between DIW upcycled biomaterials and
melting plastic, because amortized impacts of printer hardware become a much larger
share of total impacts.

The numbers listed above were for electricity use and disposal in the Netherlands;
scenarios for EU and US electricity use and disposal show potentially even greater improve-
ments for replacing melted plastics with ambient-temperature biomaterials. The absolute
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impacts of all scenarios were much better in the NL and EU than the US. Disposal impacts
played a significant part in this for low utilization scenarios, not just cleaner electricity
grids, because recycling rates are far higher in the NL and EU, while the US landfills
most waste.

These environmental advantages are great, but there are challenges like lower strength,
lack of waterproofness, shrinkage, and lower print quality (such as the inability to print
parts matching previous studies, due to limitations on overhang angle and resolution).
Future research into new formulations (perhaps with AI assistance), protective coatings,
thermal treatment, and other strategies may help mitigate these problems.

This study shows that using upcycled food waste as feedstock can introduce some
variability in material composition, which can affect the reproducibility and robustness of
the biomaterial formulations. While this heterogeneity reflects real-world waste streams
and supports the goal of demonstrating the usefulness of locally sourced upcycled ma-
terials, it could also be a limitation for applications requiring consistent and predictable
material performance. Future work should include more controlled pre-processing and
characterization of feedstocks in order to provide standardization and ensure reliable
mechanical and processing properties.

Comparing with previous studies showed that this study’s printing with the modified
Creality Ender-3 V3 SE performs with minimal environmental impact, better than any other
polymer printing technologies that melt plastics or use UV-curing epoxies, comparable
only to the previous studies’ modified Replicator 2X using “Pecan” material and inkjet
printer printing four or more parts at once. However, caution is required when comparing
these findings with previous studies, as they were conducted several years ago using older
versions of SimaPro and the Ecoinvent database. The change in geometry also affects
the comparability of our results with previous studies. Geometry-dependent factors such
as print resolution or the influence of shape on print stability can influence both print
quality and the resulting LCA outcomes. While the introduction of a secondary functional
unit (impacts per kg of material) helps to mitigate this issue, it does not fully eliminate
the limitations associated with different geometries. Also, the limitations related to the
printing geometry and the translated functional unit, updates in software, manufacturing
procedures, and energy mix data may have significantly altered impact assessments, high-
lighting the importance of considering methodological advancements when interpreting
results. One way to enhance the quality of 3D prints is to implement a 3D sphere test,
where a reference sphere shape can be printed and used to assess the important parameters
of new prints, such as dimensional accuracy, surface roughness, overhang and sagging,
or isotropy.

In the end, shifting towards ambient-temperature printing of biomaterials offers ex-
tremely large environmental benefits, even when compared to “green” bioplastics. These
materials and processes do not yet have the strength or print quality to directly replace all
polymer printing, but they are already viable for some applications, such as prototyping
“look and feel” product models, architectural models, or other objects with low strength
and resolution requirements. Ongoing advancements in material formulation, processing,
and printing should optimize the performance of these emerging technologies so they can
replace high-energy printing of plastics at scale. Even with their current limitations, they
offer a wide range of new possible applications that should be explored. Additionally,
this study highlights the need for future work to include systematic mechanical testing
of the printed biomaterials, as the present research focused on environmental perfor-
mance and did not quantify strength or durability, which remain essential for assessing
real-world applicability.
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