
  

  

Abstract — Mankind’s addiction to plastic has led to the 
current plastic age where the growth of plastic production has 
surpassed the ability of proper waste management, causing 
significant environmental damages. To cope with the excessive 
volumes of plastic, Company A developed a waste valorization 
solution that involves extrusion and 3D printing of plastic waste 
into marketable products, however, the complexity of the process 
integration of this solution at an industrial scale represents an 
obstacle to its implementation. Therefore, this research aims at 
filling the literature gap by developing an integrated process 
design of waste valorization with extrusion and 3D printing 
operations, at an industrial scale, by adopting a methodology 
centered on Slack et al. (2007) approach, which comprises the five 
pillars of process design: process technology, product design, 
layout and flow, job design, and supply network design. A 
literature review on the plastic market, 3D printing, extrusion, 
and process design was carried out which provided a theoretical 
basis to conduct interviews with key players, and experimental 
testing with extrusion and 3D printing. The results of the 
analysis, with primary focus to the process technology pillar, 
enabled the characterization of the extrusion and 3D printing 
critical operational parameters, the main quality problems and 
their troubleshooting process, and the proposal of equipment 
which are available in the market. To assess the viability of the 
proposed solution, a project appraisal was conducted to twelve 
scenarios, considering different production capacities and 
different marketable products. 

I. INTRODUCTION 
The world is currently producing more than 300 million 

tonnes of plastic each year. Although versatile, cheap and 
useful, this miracle material which has made modern life 
possible has faced a noticeable shift in production throughout 
the years from durable and reusable plastics towards single-
use and disposable products (Geyer et al., 2017). The short 
life-time of these single-use plastics has led to a current 
“throwaway” culture that is potentially one of the greatest 
challenges that the environment is facing (Geyer et al., 2017; 
Ritchie and Roser, 2018; UNEP, 2018). Mankind’s inability 
to cope with end- of-life plastics, which results in mismanaged 
waste and unexploited recycling processes, has to be 
acknowledged and addressed (Ritchie and Roser, 2018). From 
this perspective, 3D printing (3DP) has increased its 
popularity as a low-cost and sustainable alternative to 
conventional manufacturing (Huang et al., 2015) that is able 
to take advantage of plastic waste and use it as feedstock 
material (Pakkanen et al. 2017). 

A waste valorization solution has been developed by 
Company A as a strategy to cope with the concerning volumes 
of plastic in the environment. The solution involves the 
collecting, cleaning, sorting, and drying of plastic waste to then 
shred it into pellets which are used to extrude 3DP plastic 
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filament, enabling the printing of a desired product. The 
company has been focusing on the downstream process design 
of this solution, i.e., plastic waste extrusion, 3DP, and market 
valorization. In spite of the attractiveness of the solution, the 
complexity of the process integration of this solution at an 
industrial scale represents an obstacle for this company to 
pursue its implementation. The solution not only involves an 
intricate process but also its core operations, extrusion and 
3DP, vary greatly according to the plastic being processed. The 
company’s target customers are waste collectors that perform 
the cleaning and sorting of the plastic, which influences the 
process design of extrusion and 3DP. Accordingly, this 
research aims at developing an integrated process design for 
plastic waste valorization with extrusion and 3DP.  

The literature review on Fused Deposition Modeling 
(FDM), the most commonly used 3DP technology, revealed 
several studies which validate the feasibility of recycled 
plastics as 3DP filament. Zander et al. (2018) performed a 
research study on recycled polyethylene terephthalate (PET) as 
new FDM feedstock material. The filament was successfully 
produced from 100% recycled and unmodified PET. 
Regarding polypropylene (PP), Domingues et al. (2017) 
developed a 3DP equipment prototype and successfully 
produced six specimens from a filament made from a blend of 
60% granulated tire waste and 40% recycled PP. Concerning 
high-density polyethylene (HDPE), Baechler et al. (2013) were 
able to print increasingly successful parts with an open source 
3D printer, using recycled HDPE filament. Turning to the 
extrusion process, several studies on recycled plastic extrusion 
have been carried out as an attempt to provide an efficient 
reprocessing technique and a value-added solution to the 
abundance of plastic waste. Lehrer and Scanlon (2017) built a 
custom extruder that successfully extruded a mixture of PET 
Glycol (PETG) pellets with shredded PET water bottles. 
Byiringiro et al. (2018) were able to produce a filament 
exclusively with PET water bottles using a twin screw 
extruder. Furthermore, Zander et al. (2018) successfully 
extruded a filament from PET bottles and packaging without 
the use of additives or modification to the polymer. Domingues 
et al. (2017) demonstrated the successful printing of large parts 
using a filament, produced with a twin-screw extruder, made 
from a blend of 60% granulated tire waste and 40% recycled 
PP. Baechler et al. (2013) developed a household-scale semi-
automated waste plastic extruder, by adapting existing designs, 
and successfully produced a recycled HDPE filament. This 
recycled filament was used to print increasingly successful 
parts. Regarding process design, previous literature has 
focused mainly on chemical production processes. Besides 
from this, and to the best of our knowledge, there is no 
scientific literature regarding the general activity of process 
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design, what it entails, and how it can be improved. For this 
reason, the necessary theoretical background on process 
design, is based on the Operations Management book by Slack 
et al. (2007). The author suggests that the activity of process 
design is divided into five pillars, product design, supply 
network design, layout and flow, process technology and job 
design. 

II. METHODOLOGY 
The research methodology that has been adopted to pursue 

the process design activity, is centered on the approach 
proposed by Slack et al. (2007). The five pillars of process 
design were analyzed in a pre-established sequence, and within 
each one of them, different conceptual methodologies were 
employed. 

The primary concern of this research is process technology, 
therefore this is the central process design pillar of this 
research, and hence was analyzed first. This involved 
analyzing the filament extrusion and 3DP processes through 
the characterization of the critical operational parameters, the 
quality problems and their troubleshooting process, and the 
selection of the appropriate equipment. To achieve this, three 
conceptual methodologies were applied.  

Firstly, a literature review was carried out with the purpose 
of providing theoretical and empirical contextualization with 
the available literature on both process technologies, enabling 
the author to comprehend how these technologies work, their 
critical process parameters, and also the feasibility of using 
recycled plastic as a raw material for these processes.  

Secondly, informal interviews were carried out, as a 
qualitative research method, with key players in both 3DP and 
extrusion fields. The first interview was conducted on the 19th 
February 2019, with the founder and CEO of a Portuguese 
3DP company. This interview was followed up by another 
one, on the 21st February 2019, with the Project Manager of 
the same company, who has professional experience with 
3DP. Moreover, on the 25th June 2019, an interview was 
performed with an employee from Company A, whose 
responsibility is the extrusion part of the process. The 
questions asked during these interviews all converged to 
gathering detailed information, clarify ambiguities from the 
literature, and acquire practical knowledge on the 3DP and 
extrusion processes, as well as on the types of equipment, 
which otherwise would not be easily accessible.  

Finally, the knowledge acquired in both the literature 
review and the interviews provided a sufficient basis and tools 
to conduct experimental work with both technologies, which 
was fundamental for the further analysis of the process. The 
extrusion experimental testing was performed using a 
Brabender GmbH & Co. KG system, consisting of an 
industrial single-screw extruder and a conveyor-belt type 
pulling system, property of Instituto Superior Técnico. The 
experimental testing was carried out with virgin acrylonitrile 
butadiene styrene (ABS) and HDPE, since these were the 
pellets available for testing. The procedure began by 
determining the varying operational parameters. In each 
experiment, one parameter was altered while the others 
remained constant, to better understand the impact of each 
factor. The base temperature profile was established by 

calculating the average temperature of the recommended 
interval setpoints of each zone for each resin. The 3DP 
experimental testing was performed at the Portuguese 3DP 
company, where the aforementioned interviews took place. 
The 3DP experimental testing was carried out with virgin 
PETG, PET, and white colored PET. The decision to utilize 
these materials, and not the same as those used for the 
extrusion experiments, was informed and well-considered. 
The reason why ABS was not chosen resulted from the fact 
that it is one of the most commonly used materials for 3DP, 
and therefore, its processing parameters are already optimized 
and there is a wide range of studies regarding this polymer. On 
the other hand, HDPE was not chosen since, at the time, there 
was no 3DP filament available from this material with the 
minimum quality necessary to perform the printing. The 
experimental work consisted of printing 3D model samples of 
a cylinder with the polymers. The procedure began by 
establishing the varying operational parameters. Contrarily to 
the extrusion experiments, where the operational parameters 
were defined before the testing was conducted, the starting 
point of the 3DP experiments involved using the last 
operational parameter values that the company had tested for 
such materials. From this point, the following combination of 
operational parameters were obtained by observing the issues 
from the previous print and by fine-tuning the parameters, in 
order to obtain improved results. The adjustment of the 
operational parameters, which allowed the understanding of 
their influence on the printed parts, was performed until a 
perfect part was obtained, when possible, i.e., a robust cylinder 
with no visible errors 

The secondary pillars of process design were analyzed in the 
following sequence, product design, layout and flow, job 
design, and supply network design. Informal interviews played 
an important role in obtaining the required information to 
pursue the analysis on the first three secondary pillars. Along 
the same lines of what was discussed before, these interviews 
were carried out in the same conditions and to the same 
interviewees, with exception to the 3DP company Project 
Manager, on the 17th and 18th July 2019. Further details on 
these interviews and the remaining conceptual methodologies 
adopted for the secondary pillars are described below.  

The product design pillar applied to this study had an 
important role in the process of plastic waste valorization as it 
involved determining the possible marketable options that 
could result from the waste valorization solution. To 
accomplish this, an interview was carried out with the 3DP 
company CEO, where questions such as the following were 
asked: “what is the portfolio of products that your company 
most frequently produces and retails?”, “what are the 
processing times of such products?”, “how much plastic 
filament such products consume?” and “what are the retail 
prices of such products?”. To complement this interview, 
online research, i.e., via the internet, was conducted to collect 
data on the worldwide 3DP plastic market, namely on the 
industries in which this technology is being utilized and the 
products that are being manufactured.  

The layout and flow pillar aimed at conceptualizing the 
physical location of the downstream waste valorization 
solutions, i.e., the layout of the filament extrusion line and the 



  

3D printers, which in turn dictates the flow of plastic 
throughout the process. To gain insight on the most appropriate 
layout for the solution, informal interviews were conducted 
with the experienced employees in both the extrusion and 3DP 
industries. Questions in the same line as the following were 
inquired to the 3DP company CEO: “how does your company 
display their operating 3D printers?”, “is this a common 
practice amongst 3DP entities?”, “do you suggest a better 
layout for the printers?”, “what is the necessary safety 
distance regarding the display of the 3D printers?”, “suppose 
there is an extruder producing plastic filament that will be used 
to feed 3D printers, which layout would you suggest for this 
process?”, and “how many 3D printers would you consider to 
have in a low, medium, and high production capacity?”; and 
to the employee from Company A: “how are extrusion 
filament lines usually displayed?”, “what is the necessary 
safety distance regarding the display of the filament extrusion 
line?”, and “suppose there is an extruder producing plastic 
filament that will be used to feed 3D printers, which layout 
would you suggest for this process?”. With the information 
gathered in the interviews, three different scenarios were 
considered for the development of the layout proposals: a low, 
medium and high production capacity, considering the 
following assumptions, respectively, 1 Filament Extrusion 
Line and 12 Printers, 1 Filament Extrusion Line and 72 
Printers, and 1 Filament Extrusion Line and 144 Printers. 

The job design pillar targeted at this research involved 
people management, i.e., outlining the tasks and 
responsibilities of the different parts of the process and the 
respective qualifications required to perform them, to assure 
the proper operation of the downstream waste valorization 
solution. The most effective approach to understanding the 
workforce requirements for this type of operation was to 
perform informal interviews with the experienced since they 
are familiarized with the processes in question and their 
necessities. Accordingly, the following questions were asked 
to both interviewees, respectively to the process they are 
knowledgeable about: “how many employees are required to 
handle one filament extrusion line, what are their necessary 
qualifications, and what are their responsibilities throughout 
the process?” and “what is the 3D printer-employee ratio 
necessary to handle such equipment, what are their necessary 
qualifications, and what are their responsibilities throughout 
the process?”. 

The supply network design pillar aimed at identifying the 
potential suppliers and customers of the output products of the 
proposed waste valorization solution, in order to establish a 
network of customer-supplier relationships. To evaluate the 
potential suppliers and customers, online research was 
conducted to establish the broader and interconnected network 
of other operations related to the solution.  

To conclude the research methodology, a project appraisal 
was performed to assess the viability of the proposed 
downstream waste valorization solution. This was 
accomplished by establishing three different scenarios, a low, 
medium, and high production capacity, identical to those 
considered in the layout and flow pillar. These scenarios were 
built from the findings obtained with the process design pillar 
analysis. Within each scenario, four sub-scenarios were 

established, considering different marketable products, leading 
to twelve different scenarios, depicted in Figure 1. The 
scenarios are fully described and presented subsequently, in the 
results.  

 
Once all scenarios were defined, and the necessary 

assumptions established, three project appraisal criteria were 
calculated for each scenario, the Net Present Value (NPV), the 
Internal Rate of Return (IRR) and the payback period. Based 
on these criteria, it was possible to determine whether the 
different scenarios of the proposed downstream waste 
valorization solution were viable or not. Finally, a sensitivity 
analysis on the 3DP plastic filament market was conducted to 
evaluate the impact on the NPV of the different scenarios. 

III. RESULTS 

A. Process Technology 
1) Filament Extrusion 

The data collected in the literature alongside the fieldwork 
findings enabled the identification and characterization of 4 
critical operational parameters and 10 most common quality 
problems which are presented in Figure 2.  

a) Operational Parameters 
(1) Extrusion Profile Temperature 

The polymer inside the extruder is conveyed forward, 
passing through the different zones of the barrel until it 
reaches the die zone and exits the extruder. As the polymer 
moves through the extruder, it is melted with electrical heaters 
which surround the barrel. Regularly, the first temperature 
zone is the lowest to prevent premature melting and bridging 
of the resin in the feed throat. The temperatures of the 
following zones are gradually increased until the die is 
reached. The temperatures established for the different zones 
of the extruder are referred to as the extrusion profile 
temperature. Bear in mind that the zones of the extruder do not 
necessarily refer to the three geometrical sections of the screw, 
as longer extruders require more heaters. The tests conducted 
with ABS revealed that when the profile temperature is too 
high, compared to what the polymer can tolerate, bubbling and 
smoke are visible as the filament exiting the extruder is at a 
temperature beyond its melting point. Consequently, this does 

Figure 1: The scenarios established for the project appraisal. 

Figure 2: Filament extrusion process characterization. 



  

not allow the filament to cool enough to maintain its round 
shape as it leaves the die, resulting in an irregular filament 
with high diameter variation. Additionally, the bubbling 
causes a rough surface texture and a very brittle filament. It 
was also established that in case bubbling occurred, there was 
a great possibility that there were voids in the filament. On the 
other hand, low temperature profiles may damage or break the 
screw as there is not enough heat to melt the polymer and 
convey it through the barrel. 

(2) Extrusion Speed 
The extrusion speed denotes the speed at which screw is 

moving the material along the barrel. By varying the extrusion 
speed, all else constant, the results showed that the higher the 
extrusion speed, the higher the throughput of material exiting 
the extruder, which increases filament diameter. Conversely, 
the lower the extrusion speed, the lower the throughput of 
filament, which results in smaller filament diameters. 
Accordingly, by changing the extruder speed, all else constant, 
it is possible to control the filament diameter. The results from 
the HDPE tests demonstrated that when the extruder speed 
was increased, as the throughout increases, the cooling time of 
the filament decreased, causing swirling at the downstream of 
the puller. However, this was aggravated as there was no 
tension mechanism in the set-up pulling the filament properly, 
and can be attributed to poor puller performance. Accordingly, 
by increasing or decreasing the extruder speed it is possible to 
increase or decrease the filament diameter respectively. 

(3) Puller Speed 
The pulling system controls the draw and tension on the 

polymer from the extruder exit through the cooling and 
solidification steps. The speed at which the puller draws the 
filament away from the extruder is mentioned to as puller 
speed. The laboratory findings demonstrated that the higher 
the puller speed, the faster the filament is being drawn from 
the die, resulting in a smaller filament, and vice-versa. 
Similarly to the extrusion speed, it is possible to control the 
filament diameter by adjusting the puller speed, all else 
constant. 

(4) Cooling Method 
The cooling and solidification stages of the extrusion 

process occur once the filament exits the extruder die. Proper 
cooling of the filament is critical to guarantee dimensional 
accuracy, proper shape and performance while avoiding 
warpage issues. The cooling of the filament can be 
accomplished with water, air, or contact with a cold surface. 
Cooling with water is usually associated to cooling water 
baths, where the water is set at a certain temperature, while air 
cooling can be simply at room temperature or using a cooling 
fan. 

b) Filament Quality Troubleshooting Guide 
To asses and improve the quality problems which have been 

presented in Figure *, an operational troubleshooting guide 
was developed based on Giles Jr et al. (2004) handbook on 
extrusion, together with the experience gained through the 
laboratory testing. The troubleshooting process for two quality 
problems are presented below, as an example. 

(1) Color Contamination 

When a previous formulation is inadequately cleaned, it 
may lead to color contamination. Potential areas for color 
contamination are identified next. 

First, it can occur if the extruder and die are not properly 
cleaned from a previous run. For this reason, it is usually 
recommended, if possible, to schedule production runs to go 
from lighter to darker colors so that color contamination is 
unnoticeable. In the event a darker color is followed by a 
lighter color, it is necessary to fully empty and clean the 
extruder, which takes a long time, to avoid color 
contamination. Any polymer stagnating or hanging up in the 
die, transfer pipes, breaker plate area or around the feed throat 
can lead to color streaks or contamination in following runs 
until it is completely eliminated. 

Another potential area for color contamination is the feed 
system, which must be completely cleaned before any color 
changes. Therefore, guarantee that all components of the feed 
system are cleaned and free from contamination. 

Lastly, it may also result from improper premixing, feed 
ratios, or color ingredients added to the extruder. Formulations 
which are premixed and transferred to the extruder must be 
mixed in the correct ratio. With starve-fed extruders, the color 
formulation must be adequately mixed and the feed rate 
should be such to result in the correct throughput rate to 
generate the correct color. Color concentrate added at the 
wrong rate will result in the wrong color.  

(2) Gels or “Fisheyes” 
Gels, more frequently known as “fisheyes”, are high-

molecular-weight polymer particles that do not melt during 
processing. Gels can soften and elongate as they go through 
the screen pack, which is designed to filter and trap 
contaminants. Nonetheless, these “fisheyes” never melt, and 
after they pass through the die, they return to their original 
shape, forming small hard particles in the melt. Furthermore, 
gels are also considered by some as any contaminant, i.e., dirt 
or other polymers, that passes through the die. Accordingly, 
gels are considered a speck, which may be clear, that form a 
defect. If gels are being formed in the die, this area needs to 
be streamlined to prevent stagnation. Additionally, to remove 
“fisheyes” that are already present in the polymer, it is 
recommended to increase the extrusion profile temperatures 
and use a finer screen pack to filter them out.  

c) Filament Extrusion Lines 
Proper equipment selection is vital for efficient polymer 

processing. To provide some examples of the different 
filament extrusion lines available in the market, several 
requests were sent to different suppliers in order to obtain a 
detailed description of their filament extrusion lines and the 
retail price of such equipment’s. Accordingly, information on 
three filament extrusion lines have been obtained, and hence, 
one of them is presented below. For confidentiality purposes 
the identity of the supplier and the equipment are omitted. 

The filament extrusion line B (ExB) is a 3D filament 
production line that is easy to operate and maintain due to its 
programmable logic controller (PLC) control system. This 
system includes a precise cooling water temperature control 
system, a laser measuring system and an efficient loading 



  

winding system. The detailed characterization of ExB is 
presented in Table 1. 

2) 3D Printing 
The information gathered from the literature together with 

the fieldwork findings allowed the characterization of 26 
critical operational parameters and 24 most common quality 
problems which are accessible in Figure 3.  

 
a) Operational Parameters 

(1) Extrusion Width 
The extrusion width is the setting that determines the width 

of the toolpath during printing since the slicing engine does 
not use the nozzle diameter as the value for the width. 
Generally, an  extrusion width of 1.2 times the nozzle diameter 
is recommended. However, if the nozzle is extremely thin, it 
might be better to lower this value. A thinner width will result 
in the increase of the total toolpath length, print time, and will 
decrease the amount of plastic extruded per millimeter. The 
opposite occurs when setting a thicker width. 

(2) Extrusion Multiplier 
This parameter allows the fine-tuning of the extrusion flow 

rate, i.e., the amount of filament extruded for the entire print. 
The slicing software calculates, based on the nozzle and 
filament diameter, layer height and others, the speed at which 
the extruder must run to push the right amount of filament to 

achieve a certain thickness. Accordingly, the extrusion 
multiplier essentially multiplies the amount of material to 
extrude during each move by a certain percentage. For 
instance, if this parameter is set to 1, the quantity of filament 
to extrude is the same as the value calculated by the software, 
whereas if the value is set to 1.5, the printer will be extruding 
more 5% of filament. It is important to tune this parameter 
according to the printer and the filament.  

(3) Layer Height 
This parameter refers to the thickness of each layer, on the 

Z-axis, in millimeters and has a great influence on the overall 
print quality. The thinner each layer is, the higher the 
resolution of the model, resulting in better print quality, and 
vice-versa for thicker layers. However, decreasing the layer 
thickness also means more layers need to be printed, which 
can dramatically increase print time. Accordingly, it is 
important to establish the desired balance between quality and 
print time. Usually, it is expected that the layer heights of 0.3 
mm, 0.2 mm and 0.1 mm result, respectively, in low resolution 
and fast printing, normal resolution and medium speed 
printing, and high resolution and slow printing. 

(4) Retraction Distance and Speed 
When the extruder head performs non-printing moves 

between two points, molten plastic can ooze out of the nozzle 
forming unwanted strings or blobs on the printed model. 
Retraction, therefore, is a strategy used to reduce this effect, 
instructing the extruder to pull a specific length of the filament 
back into the nozzle, denoted by retraction distance, at a 
specific speed, representing the retraction speed, to reduce the 
odds of oozing. If the retraction distance is set too low, the 
molten plastic will still be able to ooze from the nozzle. On 
the other hand, if the distance is set too high, the filament will 
be pulled far too back from the nozzle and can take a long time 
to start extruding again. It may also clog the extruder. For 
direct drive extruders, a reasonable distance lies between 0.5 
to 2.5 mm, whereas for Bowden extruders the most suitable 
values range from 5 to 8.5 mm, as the distance between the 
nozzle and the drive gear where the filament feeds in is longer. 
Regarding the retraction speed, if it is set too slow, the molten 
plastic has time to ooze from the nozzle. Conversely, if it set 
too fast, the material can take longer to start extruding again, 
and it can also lead to filament grinding. Recommended 
speeds range from 30 to 100 mm per second, however, the 
most efficient speed will depend on the type of filament. 

(5) Coasting Distance 
When retraction begins, there may be some filament residue 

in the nozzle that can ooze out and create defects at the ends 
of the perimeters of the model. Accordingly, coasting is a 
strategy to avoid this issue by instructing the printer to stop 
extruding material a certain distance before a non-printing 
move, referred to as coasting distance. This allows any 
leftover filament to be emptied out of the nozzle before 
retraction begins. For instance, if the coasting distance is set 
to 5 mm, the nozzle will not extrude filament for the last 5 mm 
before the end of a perimeter, and will rather depend on the 
filament’s momentum and gravity to let the leftover filament 
ooze out and fill the last 5 mm. Generally, a coasting distance 
between 0.2 to 0.5 mm is enough to have a noticeable impact 
on these defects. 

Figure 3: 3DP process characterization. 

Table 1: The technical specifications of ExB. 



  

(6) Infill Percentage and Pattern 
The infill is a structure that is printed inside the 3D object 

in a specific percentage and pattern. In addition to filling the 
empty space inside the part, the infill influences the print time, 
material usage, and the strength and weight of the part. The 
infill percentage refers to the density of the infill, i.e., if this 
value is set to 0% there is no infill, whereas if it is set to 100% 
the printed object will be completely solid. Accordingly, the 
higher the infill percentage, the stronger, heavier, and more 
solid the part is, but the longer the print takes. In contrast, a 
lower infill percentage produces a simpler and lighter object, 
at a faster printing speed. Therefore, it is recommended to set 
the infill considering the trade-off between robustness and 
cost. Common infill percentages range between 20 and 25%, 
however, for a low-cost solution, the infill can be set between 
10 and 15%. In case structure and durability are a concern, the 
best range is between 30 and 50%. Regarding the infill pattern, 
there are several, each with strengths and weaknesses. 
Generally the patterns that provide the best structure are those 
that incorporate grids, lines, honeycombs, as well as, 
rectilinear or concentric patterns. 

(7) Outline Shells, Underspeed and Overlap 
The outline shells refers to the number of outlines or 

perimeters printed on each layer of the object. The higher the 
number of shells, the denser the outside walls, and therefore, 
the stronger the object. The default number of shells is usually 
2, and it is not recommended to set more than 5. The speed at 
which the perimeters of the model are printed is referred to as 
outline underspeed and is expressed as a percentage relative to 
the printing speed. The final parameter related to the shells of 
the model is the outline overlap which determines the amount 
of infill that will overlap with the outline to merge these 
sections together. For instance, if this value is 0%, it means 
that the infill would start of the perimeter and not overlap at 
all, whereas if this value is set to 100% there would be a 
complete overlapping. The typical value for this parameter is 
30%. 

(8) Top and Bottom Solid Layers 
The top and bottom solid layers enclose the structure of the 

print and have a great impact on the outcome of the part, in 
terms of durability and final appearance. Therefore, the top 
and bottom solid layers are the number of 100% infill layers 
that are printed at the top and bottom of the model, 
respectively. If either of these values is too low, the top and 
bottom solid layers will be too thin and will expose the internal 
infill pattern, compromising the look of the part. Besides this, 
having few top and bottom solid layers will result in a weaker 
structure for the model. Accordingly, it is recommended to 
experiment with the number of solid layers as they depend on 
the layer height established, i.e., the lower the layer height, the 
more number of layers necessary to produce a completely 
solid and flat surface, and vice-versa. Note that additional 
solid layers will occur within your part dimension and will not 
add size to the exterior of your part. 

(9) Extrusion Temperature 
This parameter denotes the temperature at which plastic is 

extruded. There are some general guidelines for the extrusion 
temperatures for different polymers, however, these values 
depend on the printer and filament manufacturer. Therefore, it 

is recommended to use these values as a starting point and 
adjust them throughout the process. In general, higher 
extrusion temperatures improve layer adhesion which leads to 
a physically stronger part. However, higher temperatures also 
mean the plastic is more fluid coming out of the nozzle, and 
therefore is more likely to sag and flow even after being 
deposited. This leads to a worse performance when printing 
small details and in some cases, the extreme temperatures can 
cause the filament to thermally degrade, which can clog the 
extruder. Correspondingly, setting an extrusion temperature 
too low results in poor layer adhesion, consequently leading 
to layer shifting or separation and a part with a striated 
appearance. Nonetheless, when printing a design with fine 
details, it is recommended to keep the temperature as low as 
possible. 

(10) Build Platform Temperature and Surface 
When the plastic filament is extruded from the hot nozzle 

onto a cold build platform it can cause issues with adhesion 
and warping. For this reason, using a heated build plate helps 
preventing these issues as it keeps the lower layers of the print 
warm as the hotter top layers are extruded, allowing a more 
even cooling and improving adhesion to the plate. 
Accordingly, the build platform temperature is the 
temperature value of the bed where plastic is printed on. 
Similarly to the extrusion temperature, there are guidelines for 
the build platform temperature for different polymers, that 
should be used as a starting point. Moreover, the adherence of 
the part onto the build plate is also affected by the type of 
plastic filament used as different plastics adhere better to 
different materials. Therefore, it is recommended to choose an 
appropriate build platform surface according to the filament 
being utilized. 

(11) Printing Speed and First Layer Speed 
The printing speed is the speed at which the extruder head 

moves while extruding the filament to produce the 3D model. 
Increasing the printing speed reduces the production time, 
however, setting this value too high may lead to print 
imperfections and failures. On the other hand, setting the 
speed too low may case print deformation due to the nozzle 
sitting on the plastic for too long. Correspondingly, it is 
recommended to set the printing speed as fast as the printer 
can without sacrificing too much print quality. It is also 
possible to set a specific speed for the first layer extruded, 
designated as first layer speed. This is important because 
printing the first layer at a slower speed will allow more time 
for the plastic to melt and properly adhere to the build 
platform. 

(12) X-Y Axis Movement Speed 
The X-Y axis movement speed denotes the speed at which 

the extruder head moves while not extruding filament and it 
can generally be up to two times faster than the printing speed. 
Usually, the default value for the movement speed is 
optimized for the printer. Nonetheless, this setting can be 
useful to reduce stringing, since increasing the movement 
speed reduces the time the extruder has to ooze when moving 
between two points. However, setting this speed too high can 
cause the motors to struggle and lead to motor failure.  

(13) X,Y and Z Axis Offset 



  

The X, Y and Z axis offset are three different parameters 
that are used to correct situations where the prints are 
misaligned, for instance off-centered or too high off the build 
plate. For example, if the prints are 2 mm too high off the build 
plate, setting the Z-axis offset to -2 mm will counterbalance 
this error and solve it, and so on and so forth for the X and Y 
axis offset. 

(14) Rafts, Skirts and Brims 
All these techniques provide a starting point for the printed 

3D models. A raft is a horizontal latticework of filament that 
is placed underneath the part. Accordingly, instead of the part 
being printed directly on the plate, it is printed on top of the 
raft. The main functions of rafts are to deal with bed adhesion 
and warping issues. They also help stabilize models with small 
footprints, and create a strong foundation for the upper layers. 
A skirt is an outline that surrounds the model but does not 
touch it. The skirt is extruded on the print bed before the model 
begins printing. They help prime the extruder and establish a 
smooth flow filament. A brim is a specific type of skirt that is 
attached to the edges of the model. The brim is printed with an 
increased number of outlines to create a large ring around the 
part. They are used to hold down edges of the model, which 
can help with bed adhesion and prevent warping. 

(15) Cooling Fans 
Cooling fans have a fundamental role in improving the 

quality of the end product. When printing a part with small 
details, if the print is coming out deformed and with melted 
spots, enabling the fan can help preventing overheating and 
help maintain the shape. However, using the cooling fan for 
the first few layers of the print can contribute to build platform 
adhesion issues. For this reason, slicing software allows the 
adjustment of the cooling fan speed setpoints so that it is 
turned off for the first few layers and then turns on for the 
remaining layers. 

b) Print Quality Troubleshooting Guide 
An operational troubleshooting was developed for the most 

common 3DP quality problems (see Figure*) based on the 
experimental work, different authors’ experience, and through 
free troubleshooting guides (3D VERKSTAN, 2019; 
Simplify3D, 2019). The troubleshooting process for two 
quality problems are presented below, as an example. 

(1) Under-Extrusion 
Slicer software usually includes printer profiles, which 
provide pre-configured settings for a diverse range of 3D 
printers. Within these settings is the amount of plastic the 
printer should extrude, however, since printers do not provide 
any feedback about the quantity of plastic that actually exits 
the nozzle, it is possible that there might be less plastic 
extruding than predicted by the software. Gaps between 
adjacent extrusions of each layer can occur due to under-
extrusion. To identify if the printer is extruding enough plastic 
print a 20mm cube with at least three outline shells. Once it is 
printed, check whether the three shells are strongly bonded 
together at the top of the cube. If there are gaps between the 
perimeters the printer is under-extruding. The first aspect to 
verify is if the filament diameter value specified in the 
software matches the actual diameter of the filament being 
used. Given that the filament diameter is correct and under-

extrusion is still occurring, adjusting the extrusion multiplier 
is required. By increasing this parameter, the amount of plastic 
being extruded increases. It is suggested to increase the 
extrusion multiplier by 5% and reprint the test cube to check 
if the gaps between the shells still exist. In this case, keep 
increasing this parameter until the gaps cease to occur. 

(2) Stringing 
Stringing, otherwise known as oozing or whiskers, happens 
when small strings of plastic are left behind on a 3D printed 
part. This is a result of plastic oozing out of the nozzle while 
the extruder is moving to a new location. The most utilized 
tool to avoid excessive stringing is to enable the retraction 
setting. As explained formerly, this functionality will pull the 
filament backward into the nozzle when the extruder finishes 
printing a section of the model, acting as a countermeasure 
against oozing. Once it is time to begin printing again, the 
filament is pushed back into the nozzle and plastic begins 
extruding again normally. The settings that should be adjusted 
to avoid stringing are discussed below.  

The retraction distance is the most important retraction 
setting as it determines the amount of plastic being pulled out 
of the nozzle. Generally, the higher the retraction distance, the 
less likely it is for the nozzle to ooze plastic while moving. 
Most direct-drive extruders only require a retraction distance 
of 0.5 to 2 mm, whereas Bowden extruders may require a 
distance as high as 15 mm as the distance between the extruder 
drive gear and the heated nozzle is longer. To sum up, it is 
proposed to increase the retraction distance by 1 mm and re-
test to see if the performance improves. 

The following setting that can affect stringing is retraction 
speed as it determines how fast the filament is retracted from 
the nozzle. If the filament is retracted too slowly, the plastic 
will gradually ooze down the nozzle and may start leaking 
before the extruder is at its new destination. On the other hand, 
if the filament retracts too fast, it can either separate from the 
hot plastic inside the nozzle or the quick movement of the 
drive gear may grind away pieces of filament. Ideal values for 
retraction speed fall in between 1200 to 1600 mm/min or 20 
to 100 mm/s. Nevertheless, the most adequate value which can 
vary depending on the material used, therefore, it is suggested 
to experiment with different speeds to achieve minimum 
stringing. 

Once retraction settings have been verified, the next most 
common cause of excessive stringing is the temperature of the 
extruder. If it is set too high, the plastic inside the nozzle 
becomes less viscous and leaks easily out of the nozzle, unlike 
low temperatures, where plastic becomes somewhat solid and 
has difficulty leaving the nozzle. Accordingly, if retraction 
settings are optimal, it is advised to try decreasing the extruder 
temperature by 5 to 10 degrees.  

Finally, The speed of movement can also impact the amount 
of stringing. By increasing the movement speed of the printer, 
the time the extruder has to ooze when moving between two 
points is reduced. Therefore, if the printer can handle moving 
at higher speeds, increase the X-Y-axis movement speed 
setting to decrease stringing. 

c) 3D Printers 
To provide some examples of the different 3D printers 

available in the market, several requests were sent to different 



  

suppliers in order to obtain a detailed description of their 3D 
printers and the retail price of such equipment’s. Accordingly, 
information on three 3D printers have been obtained, and 
hence, one of them is presented below. For confidentiality 
purposes the identity of the supplier and their equipment are 
omitted. 

Printer A (PrA) is a compact desktop 3D printer with an 
enclosed chamber with air filtration and circulation, wireless 
file transfer, touch screen interface, built-in camera for remote 
monitoring, and an autocalibration system. The full 
characterization of this 3D printer is presented in Table 2. 

B. Secondary Pillars 
1) Product Design 

The findings indicate two possible marketable products. 
The first marketable product that can result from the waste 
valorization solution is recycled plastic filament for 3D 
printers. The feasibility of recycled plastics as 3DP feedstock 
has been validated in the literature review. Additionally, there 
is currently a Dutch company, Re-Filament, that already 
produces recycled plastic filament at a quality comparable or 
superior to premium non-recycled filaments (ReFil, 2019). 
The average retail price of these recycled filaments is 30€/kg, 
comparable to those that are non-recycled, which allows for 
increased profit margins since there are practically no costs 
with raw material. Nevertheless, the variety of recycled plastic 
filaments is reduced since the filament extrusion process for 
the other plastics has not been optimized yet. Therefore, there 
is still a long way to go regarding the introduction of different 
recycled plastic filaments into the market, but once the 
processes have been validated, it will be possible to benefit 
from more types of plastic waste. The second possible 
marketable outcome from the proposed solution is a wide 
array of 3D printed products that can be integrated into 
different end-use industries. The versatility of 3DP has 
allowed the manufacturing of almost any item. Three different 
3D printed products, a wrist cast, a custom lamp, and a laser 
hair removal handle, are proposed as an illustration of the 
application of 3D printed products in different markets. These 
products were chosen as they represent opposite extremes of 
different product design. The wrist cast represents a highly 
customizable product, since it is adapted to each patient, that 
retails at a low price, and takes a short printing time to 

produce. Moreover, the custom lamp represents an also a 
customizable product but at a higher retail price, and that takes 
twice as long to print compared to the wrist cast. On the other 
hand, the laser hair removal handle represents a standardized 
product, that retails at a much higher price point, and that takes 
six times longer to print compared to the wrist cast. The exact 
retail prices and printing times for these products are shown in 
Table 3. Additionally, this table serves as a demonstration of 
the potential revenue of different types of 3D printed products, 
in different end-use industries. Nevertheless, this table is just 
an example, as a 3D printer is expected to produce a mix of 
products, that maximizes the company’s profit, instead of 
manufacturing one single product. 

2) Layout and Flow 
Conceptualizing the appropriate physical location of the 

downstream waste valorization solution is essential for the 
proper flow of material and information. Accordingly, the 
layout and flow process design pillar involves establishing the 
physical layout of the filament extrusion line and the 3D 
printers, which in turn dictates the flow of plastic throughout 
the process. To gain some notions on the most appropriate 
layout for the solution, informal interviews were conducted 
with experienced employees in both the extrusion and 3DP 
industries, which turned out to be essential for the 
development of the layout proposals. The conclusions that 
were drawn from the interviews revealed that most 3DP 
companies are organized in printing farms. Taking this 
information into consideration, three different layout 
proposals were developed considering the scenarios, a low, 
medium ,and high production capacity, which have been 
designated as LC, MC and HC, respectively. All layout 
proposals consider the same equipment, the ExB and PrA, and 
the utilization of standard racks, each with the capacity of six 
3D printers, similar to a print farm set-up. Apart from the 
dimensions of the equipment and the rack itself, a safety 
distance was added to the final layout proposals. The layout 
proposal for the LC scenario is illustrated in Figure 4, as well 
as the total area required for its implementation, which in this 
case is 57.28m2. On the other hand, the necessary area for the 
implementation of the MC and HC scenario are, 100.76m2 and 
247.32m2, respectively.  

3) Job Design 
The proper management of people is vital to ensure a 

smooth and effective operation, which is the foundation of the 
process design pillar that is discussed next, job design. 
Therefore, this section aims at outlining the tasks and 
responsibilities associated with certain parts of the process, as 
well as establishing the qualifications that are required to 
perform them. To understand the workforce required for the 

Table 2: PrA technical specifications. 

Table 3: The potential revenue of different 3D printed products.  



  

waste valorization process, informal interviews were carried 
out with employees in both the extrusion and 3DP industries. 
The conclusions drawn from the interviews reveal that for 
each filament extrusion line, it is necessary at least one 
extrusion technician and one engineer, whereas, for every 
twenty 3D printers, one 3DP technician is enough. The 
technicians are required to comprehend the functioning and 
maintenance of the equipment, while the engineer contributes 
with more specialized knowledge on the operation. 
Accordingly, both technicians are required to have high 
mechanical aptitude since they need to understand how all the 
components of each technology work, especially in situations 
where the equipment requires maintenance. Moreover, they 
should possess strong attention to detail to guarantee both the 
filament and finished products are accurate. Furthermore, the 
ability of communication and strong organizational skills are 
fundamental to effectively manage all aspects of the processes 
and communicate rapidly in case of an error. On the other 
hand, the tasks of the field engineer are to identify, understand, 
and interpret the constraints of the process to produce 
successful results. In other words, the engineer is expected to 
be an expert in the extrusion filament process and be able to 
identify problems that might occur during processing that are 
not easily detectable, research and provide solutions, make 
important operational decisions, and overall ensure the 
process and product matches the requirements and needs. 

4) Supply Network Design 
As stated before, the target customers for the 

implementation of the downstream waste valorization solution 
are waste collectors that perform the cleaning and sorting of 
the plastic. In turn, these companies, that are able to integrate 
this solution into their process, will ultimately become the 
plastic waste suppliers of the process. In sum, the raw material 
suppliers for the solution are the plastic recycling companies 
that perform the upstream waste management process. With 
regard to identifying the potential clients, it is important to 
refer to the product design pillar, where the two marketable 
outcomes of the waste valorization solution were established, 
the recycled filament itself or a wide array of 3D printed 
products. Appropriately, the recycled filament is targeted to 
3DP companies that consume plastic filament as feedstock 
material. On the other hand, the 3D printed products can be, 
and are increasingly being integrated into different industries 
for different applications. Therefore, the potential clients for 

3D printed products are countless and are present in several 
end-use industries. 

IV. PROJECT APPRAISAL 
The project appraisal was performed to twelve different 

scenarios, which consist of three production capacity 
scenarios, which were then divided into four sub-scenarios, 
considering different marketable options. The production 
capacity scenarios are identical to those established for the 
layout proposals and their full characterization is presented in 
Table *. The four sub-scenarios, which are shown in Table *, 
are centered on the marketable options that were presented in 
the product design pillar. The first sub-scenario considers 
retailing, exclusively, all the recycled filament that is 
produced by the extruder, whereas the other sub-scenarios 
consider the retail of the maximum amount of product that can 
produced by the 3D printers, and retailing the leftover amount 
of recycled filament.  

Three project appraisal criteria were calculated to measure 
the success of each scenario, the NPV, the IRR, and the 
payback period, which are presented in Table 4.  

 
The first criterion that was calculated, the NPV, represents 

the discounted present value of the sequence of cash flows 
over the lifetime of the project, which in this case is 10 years. 
A positive NPV indicates that the projected earnings generated 
by the project exceeds the anticipated costs, translating into a 
profitable project. Additionally, the higher the NPV, the more 
profitable the project is (Samset, 2010). By observing Table *, 
it is clear that, according to this criterion, all scenarios are 
extremely profitable. The scenarios that consider only 
retailing rFil have the same values, since removing the 3D 
printing factor of the scenario results in 3 identical situations. 
Within each production capacity scenario, the NPV increases 
throughout sub-scenario P1, P2 and P3, as expected, since the 
retail price of the product increases, even though less units are 
sold. It is also possible to conclude that the HC scenarios, 
excluding the rFil, are the most profitable.  

The second criterion that was computed, the IRR, is the 
interest rate that returns a zero NPV and is a direct expression 
of the anticipated yield of the project. Similarly, to the NPV, 
the higher the project’s IRR, the more desirable it becomes 
(Samset, 2010). It is apparent from Table * that all scenarios 
are highly profitable since the IRR values are extremely high. 
Comparably to what occurred with the NPV, within each 
production capacity scenario, the IRR increases throughout 
sub-scenario P1, P2 and P3. However, it appears as the IRR is 

Project Appraisal Criteria LC - rFil LC - P1 LC - P2 LC - P3

Net Present Value (NPV) €6 074 820,00 €6 728 630,39 €7 197 207,49 €10 154 466,93
Payback Period (Years) 0,034                        0,073                        0,070                        0,048                        
Payback Period (Months) 0,406                        0,874                        0,841                        0,582                        

Project Appraisal Criteria MC - rFil MC - P1 MC - P2 MC - P3

Net Present Value (NPV) €6 074 820,00 €10 132 840,30 €11 764 312,24 €30 687 859,54
Internal Rate of Return (IRR) 2956,58% 538,09% 622,01% 1595,47%
Payback Period (Years) 0,034                        0,186                        0,161                        0,063                        
Payback Period (Months) 0,406                        2,230                        1,929                        0,752                        

Project Appraisal Criteria HC - rFil HC - P1 HC - P2 HC - P3

Net Present Value (NPV) €6 074 820,00 €14 190 860,61 €17 453 804,48 €55 300 899,08
Internal Rate of Return (IRR) 2956,58% 402,40% 491,03% 1519,11%
Payback Period (Years) 0,034                        0,249                        0,204                        0,066                        
Payback Period (Months) 0,406                        2,982                        2,444                        0,790                        

LOW CAPACITY (LC)

MEDIUM CAPACITY (MC)

HIGH CAPACITY (HC)

Table 4: The project appraisal criteria for the different scenarios. 

Figure 4: Layout proposal for a LC scenario (the diagram is not to scale). 
 



  

in conflict with the NPV, since the IRR of the LC scenarios 
are higher than the IRR of the MC and the HC scenarios, and 
the IRR of the MC scenarios is higher than those of the HC 
scenario. This conflict may arise when dealing with mutually 
exclusive projects, in this case scenarios, where the goal is to 
select the best scenario, eliminating the others from 
consideration. In this case, the conflict may result from the 
difference in the scale of the scenarios or from the difference 
of the cash flow distribution over time (Smirnov, 2019). 
Considering that the scenarios represent different production 
capacities, it seems likely that the size difference between 
them is responsible for this conflict. When conflicts arise, it is 
generally accepted that the NPV method is the preferred 
technique since it assumes that the future cash flows are 
reinvested at the discount rate (cost of capital), a more realistic 
and conservative assumption, when compared to the IRR 
method which considers the future cash flows are reinvested 
at the IRR (Smirnov, 2019).  

Finally, the payback period was calculated, which indicates 
the amount of time required to recuperate the cost of the 
investment, or to reach the breakeven point. Therefore, shorter 
payback periods translate into more attractive investments 
(Samset, 2010). Looking into the results, all scenarios reveal 
very short payback periods, all under one month, except from 
scenarios MC-P1, MC-P2, HC-P1, HC-P2, whose payback 
periods are under one year, which is also a short period of 
time. 

All in all, the project appraisal criteria are very optimistic 
and validate all the scenarios considered for the downstream 
waste valorization solution. However, these results need to be 
interpreted with caution. For example, in the scenarios which 
involve P3, 1 ExB produces roughly 49.9 ton of rFil annualy, 
while 12, 72, and 144 PrA produce respectively, 3293, 19760 
and 39520 units of P3, which consume respectively, 382, 
2292, and 4582 kg of filament annually. The left-over amount 
of rFil is respectively, 49.5, 47.6, 45.3 ton per year, which 
translates into only 0.8, 4.6 and 9.2% of annual rFil 
consumption, and this is regarding P3, the product which 
consumes the most filament. Therefore, the optimistic results 
obtained through this project appraisal are highly reliant on the 
3DP plastic filament market, i.e., are subject to the capacity of 
retailing all the remaining rFil. For this reason, it was decided 
to perform a sensitivity analysis on the NPV by varying the 
3DP filament market. The responsiveness of the LC scenarios 
are shown in Figure 5. Looking into the LC-rFil scenario, a 
market fluctuation of -5, -10, and -15%, results in the decrease 
of the NPV by 321 498.70€, 642 997.40€, and 964 496.09€, 
respectively.  

The conclusion is that the optimistic results are subject to 
the 3DP filament market, and therefore, can be associated to a 
future scenario where the 3DP industry has expanded, as well 
as the demand for 3DP filament, as expected. 

V. CONCLUSIONS 
This research has contributed to filling out the literature gap 

on the development of an integrated process design of waste 
valorization with extrusion and 3DP at an industrial scale by 
adopting the methodology proposed by Slack et al. (2007). 
Additionally, this research has contributed with a sustainable 
solution in reducing the excessive volumes of plastic waste 
which are threatening life as we know on planet Earth. 

REFERENCES 
Baechler, C., DeVuono, M., and Pearce, J. M. (2013). ‘Distributed 

recycling of waste polymer into RepRap feedstock’. Rapid Prototyping 
Journal, 19(2), 118-125. 

Domingues, J., Marques, T., Mateus, A., Carreira, P., and Malça, C. 
(2017). ‘An additive manufacturing solution to produce big green parts from 
tires and recycled plastics’. Procedia Manufacturing, 12, 242-248. 

Geyer, R., Jambeck, J. R. and Law, K. L. (2017). ‘Production, use, and fate 
of all plastics ever made’. Available at: http://advances.sciencemag.org/ 
(Accessed: 7 February 2019). 

Huang, Y., Leu, M. C., Mazumder, J., and Donmez, A. (2015). ‘Additive 
manufacturing: current state, future potential, gaps and needs, and 
recommendations’. Journal of Manufacturing Science and Engineering, 
137(1), 014001. 

Lehrer, J., and Scanlon, M.R. (2017). ‘The development of a sustainable 
technology for 3D printing using recycled materials’. 

Pakkanen, J., Manfredi, D., Minetola, P., and Iuliano, L. (2017). ‘About 
the use of recycled or biodegradable filaments for sustainability of 3D 
printing’. In International Conference on Sustainable Design and 
Manufacturing (pp. 776-785). Springer, Cham. 

Ritchie, H. and Roser, M. (2018), Plastic pollution. Available at: 
https://ourworldindata.org/plastic- pollution (Accessed: 9 February 2019). 

Slack, N., Chambers, S., and Johnston, R. (2007). Operations 
management, 5th edn, Pearson education. 

UNEP: United Nations Environment Programme (2018), Single-use 
plastics | a roadmap for sustainability. Available at: 
https://wedocs.unep.org/bitstream/handle/20.500.11822/25496/singleUsePla
stic_sustainability.pd f?isAllowed=y&sequence=1 (Accessed: 9 February 
2019). 

Wohlers, T., and Caffrey, T. (2018). Wohlers Report. ‘3D printing and 
additive manufacturing state of the industry’. Wohlers Associates, Fort 
Collins. 

Zander, N. E., Gillan, M., and Lambeth, R. H. (2018). ‘Recycled 
polyethylene terephthalate as a new FFF feedstock material’. Additive 
Manufacturing, 21, 174-182. 

Giles Jr, H. F., Mount III, E. M., and Wagner Jr, J. R. (2004). Extrusion: 
the definitive processing guide and handbook. William Andrew. 

3D VERKSTAN (no date), A visual ultimaker troubleshooting guide. 
Available at: https://support.3dverkstan.se/article/23-a-visual-ultimaker-
troubleshooting-guide (Accessed: 15 August 2019). 

Simplify3D (no date), Print quality troubleshooting guide. Available at: 
https://www.simplify3d.com/support/print-quality-troubleshooting/ 
(Accessed: 15 August 2019). 

ReFil (no date), The makers of recycled filament. Available at: 
https://www.re-filament.com/ (Accessed: 8 October 2019). 

Samset, K. (2010). Early project appraisal: making the initial choices. 
Springer. 

Smirnov, Y. (no date) NPV vs IRR Method. Available at: 
http://financialmanagementpro.com/npv-vs-irr/ (Accessed: 25 October 2019). 

€ 4,500,000 

€ 5,500,000 

€ 6,500,000 

€ 7,500,000 

€ 8,500,000 

€ 9,500,000 

€ 10,500,000 

-15% -10% -5% 0% 5% 10% 15%

N
PV

3DP Filament Market Variation

3DP FILAMENT MARKET SENSITIVITY ANALYSIS - LC SCENARIOS

LC - rFil
LC - P1
LC - P2
LC - P3

Figure 5: 3DP filament market sensitivity analysis for the LC scenarios. 


