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Abstract

Additive manufacturing (AM), also known as 3D printing (3DP) has revolutionized the development of components with
complex shapes, enabling better developed surfaces, favoring aerodynamic shapes, using moldable and easy-to-reuse
materials for aerodynamics; and involving hydrodynamics, energy, and transportation industries. One industry that has
benefited from this progress is wind energy. In this research, a small-scale H-Darrieus type wind turbine is designed to be
manufactured by a 3D printer, using a filament of polyethylene glycol terephthalate (PETG) with carbon fiber. The turbine was
made at laboratory scale with a height and diameter of 0.20 m and 0.22 m, respectively. This model was tested later in a wind
tunnel. The maximum power coefficient obtained was 0.21 at a tip speed ratio (TSR) of 0.12. The life cycle of the turbine was
analyzed considering manufacturing process, operation, and its disassembly to be recycled or reused. Results show the
manufacturing of H-Darrieus turbines is a sustainable solution for the environment and communities. This research shows

innovative results in the design, materials, and environmental impact calculations of a low scale wind turbine.
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1. Introduction
During the last decades, the use of polymeric materials in
various applications has increased significantly because of the
advantages that include ease of processing, relatively high
strength, low density and weight, and low cost.!"!

Multiple  thermoplastic
properties!’?l making them very common in the aerospace,

materials show  superior
automotive, and wind power industries.?!

Some of the materials used for the manufacture of blades
include polymeric resins, the most widely used material for the
manufacture of wind turbine blades.*! The thermoplastic
polymers show also advantages over the thermosets, such as a

higher fracture toughness. Polymeric resins (thermosets) are
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more used in composite industries due to their low viscosity
and simple processing when compared to thermoplastics.!
Thermosets are also used because they can be cured at low or
room temperatures, and with their lower viscosity, the process
is facilitated. Initially, polyester resins were extensively used
in this sector, but with the development of large wind turbines,
epoxy resins substituted them.>¢!

On the other hand, thermoplastics show much better
recyclability than thermosets. However, they require high
processing temperatures, increasing energy consumption and
difficulties in the manufacturing of large surfaces (more than
2 m in length), due to their much higher viscosity.l”! Although
the fracture toughness of thermoplastics is higher than that of
thermosets, the fatigue behavior of thermoplastics is generally
lower than for thermosets, even for composites with carbon or
glass fibers reinforcements. >4

With respect to the fiber reinforcements, when the E glass
fibers contents increases (or borosilicate glass due to its good
electrical resistance), stiffness, tensile, and compressive
strength increases proportionally.®°) However, at a high fiber
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volume content over 65%, a lack of resin probably due to
agglomeration is observed, causing that the fatigue strength of
the compound is reduced. The epoxy/glass fiber composites
for wind blades typically contains up to 75 wt% of glass
fibers.[8

Carbon fibers present a good alternative to glass fibers due
to their superior stiftness and lower density. This characteristic
enables the creation of thinner, stiffer, and lighter blades.
However, it is important to note that carbon fibers exhibit
lower damage tolerance, compressive strength, and relatively
limited maximum strain when compared to glass fibers.
Additionally, carbon fibers are considerably more expensive
than E-glass fibers.[*'°! Carbon fiber reinforced composites are
sensitive to misalignment and fiber curl: small misalignments
lead to strong compression reduction and fatigue resistance.
The utilization of carbon fiber composites is widespread in the
production of large wind turbine blades, with notable
companies such as Vestas, headquartered in Aarhus, Denmark,
and Siemens Gamesa, based in Zamudio, Spain.['"]

Aramid fibers are a feasible alternative material as well,
also called aromatic polyamide, which demonstrate high
mechanical strength, high toughness, and damage tolerance.
However, they show low compressive strength, low adhesion
to polymeric resins, high moisture absorption, and degradation
due to ultraviolet radiation.!'?!

Basalt fibers are another feasible option, with good
mechanical properties: 30% stronger, 15-20% stiffer, 8-10%
lighter than E-glass fibers; while they are cheaper than carbon
fibers.[’] Basalt fibers has been used by Mengal et al., where
a basalt-carbon hybrid composite was used to produce blades
Chikhradze et al. used fiber-reinforced
hybrid composites and basalt nanopowders for wind turbines,

wind turbines.['4]

obtaining important results.'”! In terms of the scale, the
world’s longest wind turbine rotor blade currently measures
118 m long, led by Mingyang Smart Energy company, made
from carbon fiber composites.!'®’

Natural fibers such as sisal, flax, hemp, and jute, offer
compelling alternatives owing to their numerous advantages:
affordability, widespread availability, and environmentally
friendly attributes. The disadvantages are a high variability in
properties, high moisture absorption, and a low thermal
stability of raw fibers.['!8] Piggot et al. tested a novel epoxy
laminated bamboo and poplar for wind turbine blades,
showing high strength and stiffness to be used on wind blades.
The high strength and durability of bamboo, as well as its rapid
growth make bamboo a promising wind material for energy
applications.!'”)

Regarding the typical manufacture of wind turbines for
horizontal HAWT (Horizontal axis wind turbine) turbines,
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they are made from prefabricated molds, where two shells are
generated using resins and fibers. These reinforcements are
normally made with 75wt% glass fiber and 25wt% epoxy or
polyester resins, arranged in layers, then processed by vacuum
to remove air bubbles. Once the two sections are obtained,
they are bonded using an epoxy adhesive joint. In the center
of these components, a mast is strategically positioned to serve
as a central column, tasked with efficiently bearing the wind
loads. It undergoes a crucial treatment process wherein it is
coated with specialized protective paints. These coatings serve
a dual purpose: firstly, they shield the mast from the adverse
effects of weather conditions, such as corrosion and
degradation caused by exposure to sunlight, moisture, and
temperature variations. Secondly, certain types of paints are
designed with conductive properties, which can help to
dissipate electrical charges, thereby reducing the likelihood of
lightning strikes. This preventive measure is particularly
important in regions prone to thunderstorms or areas where
lightning poses a significant risk to the structural integrity of
wind turbine components.?!

For some vertical VAWT (Vertical axis wind turbine)
turbines, there are manufacturing processes that can be much
simpler than for HAWT horizontal turbines. This is because
the aerodynamic profile can be made uniform throughout the
length of the blade, as long as when the design of their blades
is straight, a blade that can be developed by extrusion of an
aluminum alloy with a low cost in labor and material costs.
This technique is applicable to polymers reinforced with glass
or carbon fibers for the manufacture of blades in VAWT
turbines.?!-22]

The 3D prototyping has been used in the green energy
sector to produce aerodynamic research models,??4 hydro
turbine prototypes®! and, recently, micro-scale wind
turbines.?®) With the advent of affordable and accessible 3D
technology, there is an opportunity for the wind power
industry to take an approach to small wind turbine design.
These can be made in a modular way to facilitate their
transport, Additive
manufacturing through fused deposition modeling (FDM) was

fabrication, and  installation.
used to make wind turbines, particularly for testing certain
component properties within a controlled environment before
sending a design into production. Manufacturing low-ladder
wind turbines can bring benefits to the end user, as they can
get a low-cost turbine with considerable energy savings. These
manufacturing processes facilitate the accessibility of wind
turbines worldwide.??") Rural electrification projects where
wind power can be used to provide basic electricity could
benefit from this technology. These wind turbines can be
manufactured on site. Due to the low cost of filament material,
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printers are available for values between $200 and $800 USD
for basic printers, which suggest that wind turbines can be
made at very reduced cost.?7-30]

The current research shows the design of a low-power H-
Darrieus type wind turbine on a laboratory scale, beginning
with the selection of the chord width according to the
dimension’s limitations by 3D printing apparatus. The
aerodynamic profile to be used for this case was NACA 0024.
This turbine is exposed to environmental conditions in a wind
tunnel, which allows to obtain, through a sensor, the torque
and the rotation speed. Through this data was obtained the
electrical power delivered by the turbine, which was 0.52 w,
when the air speed was 6 m/s and the generator rotated at 198
RPM. The life cycle of the blades was analyzed to verify if the
recyclable manufacturing material can be reused after
dismantling.

2. Methods and materials

2.1 Design methodology

The aerodynamic analysis quantifies the kinetic energy of the
air that can be transferred to the wind turbine."! For this, the
actuator disk model®>31 is used, where the turbine is
represented by a circular disk through which the air current
flows with a speed W-, this movement of the air generates a
pressure drop p , in the intermediate position of the actuator
disc, as shown in Fig. 1. For the actuator disk model is
assumed that there is no resistance to friction, therefore the
flow is in a plane, homogeneous, and incompressible state. A
control volume is also assumed, in which the boundaries are
surfaces with two tube-shaped cross sections. To analyze this
control volume, four regions are considered. The first is free
flow region; the second is just before the blades; the third just
after the blades: and the last the fourth region is the stela.

h} A LT Ap A,

Fig. 1 Actuating disk in a flow tube.

Figure 1 shows a flow tube which does not have a constant
area because the disc extracts part of the energy from the wind,
and thus, the speed of the fluid decreases. To ensure that the
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continuity equation holds as one variable decreases, the other
must increase. As the wind speed decreases, the area must
increase, in this way it is established in Eq. (1) that:
pA-coW_-00o=pApWp= pAcWew (1
where (p) is the air density, (A) is the cross-sectional area and
(W) is the wind speed. In the same way, the amount of
movement (M) that delivers an air mass m to the actuator disc
can be determined by Eq. (2).34
M=m(W-wWx) 2
While the forces (F) that interact between the air flow and the
actuator disc are governed by Newton’s second law, which can
be expressed by Eq. (3).34
M

F= ((li_t =1m (W—oo - Woo) = pWADWD(W—oo - Woo)

3)
The kinetic energy (E£.) delivered by the air mass is governed
by Eq. (4).

Ec = s m(WZ,, — W2) 4)
And the power delivered by the air (P,) to the actuator disc
can be determined by Eq. (5).3%

1
Py =3 pApWp (W2, — W2) 5)

The power finally extracted by the actuator disc (Pp) will be
given by Eq. (6)B%

1
Pp =FWp = > pAp W2, Cp (6)

where (Cp) is the power coefficient of the actuator disc, which
can be determined from Eq. (7).

P
Cp =2 (7)

If we substitute Egs. (5) and (6) in (7), we would have the
power coefficient of the disc given by Eq. (8).34
_ %pADWEmALa(l—a)Z

— — )2
Cp = T AW =4a(l1—a) (8)
Therefore, the power of the disc will be governed by Eq. (9).
Po =3 pAp W3, 4a(1 — a)? 9)
where a is given in Eq. (10):
—1_%n
a=1 W (10)

Being (a) the flow factor; from Eq. (8) it can be deduced that
Cp Maximum is (16)/27=0.593, which is demonstrated by
tabulating values of a between (0.1 and 1) with intervals of
0.05.53% Therefore, Fig. 2 is obtained.*

With a value of the flow factor a=1/3, the maximum power
coefficient would be 59.3%, which reflects what is known as
the Betz limit and it is due to the impossibility to extract 100%
of the kinetic energy of the wind since this would imply that
the final speed of the wind was zero, that is, no flow.5"]
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Fig. 2 Obtaining the maximum power coefficient vs. the flow
factor.

Additionally, this value only happens when we have a
constant linear flow, not viscous and not turbulent. If on the
contrary it happens, detaching from vortices or wake rotation,
the efficiency will be further reduced.

An efficiency factor for mechanical and electrical losses (7)
equivalent to 0.75 must be added to Eq. (9). This is because
the system, when it transforms mechanical energy into
electrical energy, has an energy loss, which could be loss in
the form of heat by the conducting cables. In this way, the final
power equation obtained by the wind turbine is obtained given
in Eq. (11), as (Py):

)

Ap is defined as the area that surrounds the blades in their

1
b= pApW3,,Cpn

movements and is related to the rotor diameter (D) and the
blade height (H). The area is defined by Eq. (12).

Ap =DH =2R (12)
On the other hand, the tip speed of the blade or TSR (1)
directly affects the power coefficient and is defined by Eq.
(13).34
Ry

TSR (A) = o

(13)

where () is the rotational speed of the turbine. The TSR value
relates the tangential velocity at the tip of the blade and the air
velocity.’¢! Each wind turbine configuration is different, which
produces a different Cp for each one. There are low speed
turbines such as Savonious rotors or Multiblade mills which
have low efficiency. Likewise, there are horizontal rotors with
1, 2, and 3 blades Darrieus rotors with much higher Cp,?*
giving a greater efficiency in the ranges between 35 and
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50%.57 The higher the TSR, the aerodynamic profile should
be more close to the optimal, since turbines with very high
speeds tend to decrease their efficiency.>”

On the other hand, there is a shape factor (4pR) that relates
the height of the blade (H) and the radius of the turbine (R).
This factor can oscillate between 1 and 4 for vertical axis wind
turbines. In this research, the relationship of 2 was used,
represented by Eq. (14)337341

H
ApR =~ (14)

For the design of the blades, the chord length (c) could be
obtained by equating the turbine thrust (I), given by the
actuator disc theory, and with the turbine thrust given by the
theory moment in the blade, see Eq. (15).53734

[ =2pApa(l —a)W_2 (15)

The forces that interact in a vertical axis turbine can be
interpreted by means of the blade element theory and the
moment at the turbine.* The forces act during the entire
revolution of the blade. There is a component of lift force F7
in the direction of rotation, while the moment produced varies
with respect to the position of the blade.l*’! The smaller the
number of blades, the greater the number of blades will be
variation in torque.¢l The angle of attack (a) in this vertical
axis turbine varies as a function of the azimuth angle (). It is
also possible to show that the rotation of the turbine is
produced by F and the velocity vector (W-)), or (W) breaks
down into a normal vector (F) and a tangential vector (Fr)
giving rise to the following Eq. (16).141421

w = \/(Vi sin(0))? + (v; cos(8) + YR)? (16)

where v;1is the velocity through the turbine; w can be expressed
in a dimensionless way using the speed of the free current, in
Eq. (17).B4

W Vi . 2 Vi YR 2
W \/(W sm(e)) + (W cos(0) + W) 17
y; can be rewritten in terms of a.
vi=V(1—a) (18)

With Egs. (14) and (18), we substitute in Eq. (16) and obtain**

. 2 2
W= J((1 —a)sin(8))” + ((1 —a) cos(B) + A) (19)
In addition we can say that:
__v;Sin(6)
~ Sin(a) (20)
_ W(1-a)Sin(0) Q1)

Sin(a)
The angle of attack (a) can be expressed as a function of Eq.
(22)B4

v;Sin(0)

tan(oc) = vicos(8)+YR

(22)
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Eq. (22) can be expressed in a dimensionless way using Eq.
(18).534

o= tan_l( (1—a)Sin(6) )

(1—-a)cos(0)+A (23)

As shown in Eq. (23), the angle of attack is affected by the
azimuth angle (¢). This variation in the position of the blade
produces a variation in the torque. It can also be seen that the
fewer the number of blades, the oscillation of the torque will
be greater.

The normal and tangential force of the blade can be
expressed as follows!*

1

Fy = EpWZHC(CLCOS(O() + CpSin(a)) (24)

Fr = %prHC(CLSin(a) — CpCos(a)) (25)

where (Cr) is the lift coefficient and (Cp) is the drag
coefficient. The instantaneous buoyant force of the air (/;) on
the turbine can be expressed as follows*#!

I; = FxSin(0) — FpCos(8) (26)
Egs. (24) and (25) are replaced in Eq. (26), obtaining?**
I = %prHc[(CLCos(a) + CpSin(a))Sin(8) —
(CLSin(a) — CpCos(a))Cos(0)] (27)

This is how from Eq. (11), (19) and (25), (c¢) can be found:*

_ 8aRSin?(a)
¢= (1—a)Sin2G(CDCos(a—G)—CLSin(a—G))

(28)

According to Eq. (26), the azimuth angle (6) values are
from 0" to 360°. The angle of attack () is kept fixed at 5° to
guarantee good aerodynamic performance. In the same way,
for each aerodynamic profile, a value of (C) and (Cp) defines
the profile to be used in the turbine will be NACA 0024.141 It
was found in the literature that the values of lift and drag
coefficient for an angle of attack of 5° will be 0.8435 and
0.05489 respectively, while the axial induction factor value is
0.76. The value of R is 0.11.03443]

Analyzing Fig. 3 only were shown azimuth angle values
between 60 and 120°, since significant chord length values are
obtained in this range. Values below 50° and above 130° are
neglected as they do not show values that might be too large
for chord length. The wind turbine to be developed will be
designed on a laboratory scale, for which must be taken into
account the following parameters: density of the air of 1.2
Kg/m?, area of the turbine for which the height of the blade of
0.2 m, and radius of the turbine of 0.11 m, parameters all
designated to determine the average speed of the air in
Medellin, the city where the turbine will be installed. The atlas
is taken as a reference of the wind and wind energy of
Colombia, carried out by the energy mining planning unit
(UPME), attached to the Colombian Ministry of Mines and
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Energy.’*#41 The average map shows in the Antioquia region
average annual speeds between 2 and 3.5 m/s, therefore setting
a value of 2.5 m/s. The power coefficient will be 0.251% and
the efficiency in the generation and transformation of energy
will be 0.75. By assuming a fixed value of (), (Cr) and (Cp),
which represent the best performance of the turbine, a value of
chord length ¢ = 29.4 mm is obtained, specifically by
averaging the values in Fig. 3, with Azimuth Angle between
60 and 120°. The summary of all these parameters is presented

in Table 1, while the blade profile can be seen in Fig. 4.
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Fig. 3 Chord length (mm) vs Azimuth angle.

Table 1. Parameters for the design of the H-Darrieus wind turbine
with NACA 0024 profile.

Design parameter Value

Air Density (kg/m?) 1.2

Turbine area (m2) 0.044

Blade height (m) 0.2

Turbine radius (m) 0.11
Estimated air speed (m/s) 2.5

Power Coefficient (Cp) 0.3
Mechanical and electrical efficiency (7) 0.75

Blade airfoil NACA 0024
Chord length (mm) 29.4

The non-dimensional coordinates for the NACA 0024
profile are obtained from air foil tools./“! These dimensionless
measurements are multiplied by the length of the chord,
generating the profile shown in Fig. 4a. Thus, the aerodynamic
profile is obtained, necessary to obtain the design of the blades,
shown in Fig. 4b, which illustrates the blade with a chord
length of 29.4 mm and a length of 210 mm, plus adding 5 mm
to each support disk. In the same way, the support discs of the
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Fig. 4 a) Design of the blade with NACA 0024 configuration with a chord length of 29.4 mm and a length of 210 mm; b) blade
profile with NACA 0024 configuration; ¢) blade support discs of 220 mm in diameter and 5 mm thick; d) 300 mm axis long and 12

mm in diameter; e) Shaft and disc connection hub.

blades of 220 mm in diameter and 5 mm thick are designed,
see Fig. 4c. Similarly, the axis of 300 mm in length and 12 mm
in diameter is designed, see Fig. 4d. Finally, the hubs for
connecting the shaft and discs are designed, which will serve
as a fastener between the two components, see Fig. 4e. Last,
Fig. S1 shows the assembly of the components made in design
software.

2.2 Material and manufacturing method of H-Darrieus
wind turbine

The material selected is PETG, which is PET (Polyethylene
terephthalate glycol) with carbon fiber reinforcement. This
material was selected because it is one of the strongest and
toughest filaments available for the fused deposition modeling
(FDM) technique, which is an extrusion-based technique for
additive manufacturing (AM). Additionally, with these
materials, the printed parts will be much lighter and more
dimensionally stable than with just the polymer since the
fibers prevent the shrinkage of the part as it cools.

The 3D printing parameters for PETG filaments can vary
depending on the filament manufacturer, type of 3D printer,
and user preferences. However, there are some general settings
that are commonly used for printing with PETG:

e The optimal extrusion temperature for PETG is usually
in the range of 230 and 250 °C. This may vary slightly

6 | Eng. Sci., 2024, 31, 1156

depending on the filament brand and printer.

o The temperature of the heated bed is typically between

80 and 110 °C for PETG. This helps prevent warping and

promotes better adhesion to the printing surface.

e The recommended printing speed for PETG is generally

between 70 and 90 mm/s. A lower speed can help improve

print quality and reduce the likelihood of issues such as

stringing.

e Some users find it useful to use an adhesion layer such as

hairspray or adhesive for PETG prints to improve adhesion

to the heated bed.

e Unlike other filaments like PLA, PETG generally

requires less ventilation during printing to prevent it from

cooling too quickly and causing issues such as delamination.
Table 2 presents some properties of PETGH“! and the
parameters utilized for 3D printing turbine blades.

2.3. Assembly and operational tests of the H-Darrieus wind
turbine prototype
Once all the components were obtained, the wind turbine was
assembled as shown in Fig. S2a. This turbine must be coupled
to a test bench which is made of acrylic, which allows it to be
connected to a wind tunnel, where several functional tests can
be done, see Fig. S2b.

To carry out the tests of the H-Darrieus wind turbine, a
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Table 2. 3D Printing parameters for PETG filaments.

Parameter Value
Density of the filament 1.27 g/em?
Molecular weight 300.3706 g/mol
Elongation at break 70%
Tensile strength 26 MPa
Modulus of elasticity 2150 MPa
Melting point 200-230°C
Heat distortion temperature 74°C
Extrusion Temperature 230°C
Temperature of the heated bed 85°C
Printing Speed 80 mm/s

wind tunnel was used to study the effects of airflow. The
variables to be measured were torque and rotation speed, thus
obtaining the electric power generated and the analysis of the
fluctuating torque, very particular for this type of turbines.
They also can be optimized to the maximum speed of rotation,
with a constant speed of the wind of 6 m/s, where the turbine
obtained its highest performance. The articulation of the test
bench to the tunnel, the fan motor, the air duct, and the sensor
can be seen in Fig. S3.

3. Results and analysis

During the measurements of the power curve, the Futek
TRS605 torque sensor with encoder was used coupled to the
axis of the wind turbine and a motor with a control system that
serves as a load. Sensor data captured was done using the
IHH500 Pro display that was connected to the sensor. The data
obtained are displayed in Fig. 5, which shows the variation in
the power coefficient (Cp) versus the specific or peripheral
speed (TSR). This is how the maximum power coefficient
generated by the turbine of 0.21 is obtained, equivalent to a
21% efficiency, at a TSR rate of 0.12. When comparing this
efficiency with the Betz limit, which stipulates a maximum
efficiency in ideal conditions of 59%, the turbine has an
appropriate percentage for the type of vertical turbine, which
oscillate in efficiencies ranges between 20 and 35% according
to the classification carried out by the researchers Beauson et
al. Thus, the power coefficients according to the type of
turbine can be obtained.*)

This type of Darrieus-type vertical wind turbines normally
presents a Cp between 0.2 to 0.4. Although these values are
small compared to large horizontal wind turbines with typical
values between 0.4 to 0.5, this research work conducted on a
laboratory scale presents a significant and acceptable
efficiency, able to improve with further research.

The torque variation cycles versus time are summarized in

© Engineered Science Publisher LLC 2024

Fig. 6, with the torque variation cycle repeated every second,
in an oscillating between 14 to 20 N.mm. This fluctuation is
normal in this type of turbines due to its own design, which
produces variations according to the position of the blade: the
air hits in different ways at the different turning points, causing
variations in the force of the air over the turbine, generating
the torque variations.

0.25 - - - - ; ;
02 y=-53.813x42.224x 2+ 1.6894x+0.0035 1
) .
R*=0.7165 ™ e B e
015 1
=
o
01F ]
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Fig. 5 Power coefficient vs TSR speed for wind turbine.
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Fig. 6 Torque (Nmm) vs. time (s) for a wind turbine.

4. Life cycle analysis for laboratory scale wind turbine
blades

Due to the current environmental questions and needs
worldwide, there is a need to understand the impact generated
by a product using the concept of life cycle analysis (LCA),
which considers all aspects from the extraction to the
production of energy and material, the manufacturing, the use,
and the final disposal. Thus, the critical points where a
considerable environmental load could be generated are
identified.[*>-s") The NTC-ISO 14040 standard established the
procedure for the LCAP? of a product, going through the
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following stages, and shown in Fig. 7.

Framework of a life cycle analysis of the blades of a wind
turbine
Defining the N
objective and
scope —
v 1 .
Inventory g Interpretation
analysis —
v
Impact
evaluation D —

Fig. 7 Stages of life cycle analysis.

The LCA for the wind turbine blades starts by the
definition of the objective and scope: it is important to
understand the environmental impact generated by the use of
3D printed thermoplastic materials, for the production of
blades for an h-Darrieus wind turbine, in order to analyze if
this material is less polluting with respect to other materials
used for the same purpose. In this way, the wind energy sector
could begin to see new ways of manufacturing turbines in a
cleaner way for the environment. This follows an inventory
analysis: within this stage, it was analyzed the energy and
material inputs, the products obtained, and the waste generated
during each stage of the process.

e Acquisition of raw materials for the turbine: PET or
polyethylene tereph-thalate is one of the most used plastics
worldwide. Paraxylene is extracted from petroleum, it is
oxidized by air to give way to terephthalic acid, while
ethylene is obtained from natural gas, where it is oxidized
by air to give way to ethylene glycol. To produce 1 kg of
PETG, an average of 1.9 kg of crude oil is used and 23
kWh/kg of electrical energy must be used to produce 1 kg of
PETG.™ For the manufacture of the turbine, 2 kg of PETG
were required, and thus a total of 46 kWh/kg were consumed
to obtain the raw material. In Colombia, a CO; emission
factor for electricity generation equivalent to 164.38 g of
CO; is used for each kilowatt hour (kWh) generated.’>*
Therefore, the acquisition of raw material for the
manufacture of the blades of the turbine generated 7.56 kg
CO2/kWh.

e Transportation and distribution of the product: because
the PETG material was not available in the city of Medellin-
Colombia, a request to a company in the city of Bogota-
Colombia must be made. Thus, the product had to travel 415
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km. On average, a vehicle could consume 9 gallons or 34 L
of gasoline to cover this route, since for every 45 km it could
consume 1 gallon. According to the research carried out by
the Catalan office for climate change, it was established that
2.38 kg of COo/L is the carbon footprint for each liter of
consumed gasoline. In this way, to transport the material,
80.92 kg of CO»/L were produced.

e Blade manufacturing process: for the manufacturing
process, an FDM type 3D printer was used, which melts the
rolled material and extrudes it into a specific shape. The
manufacturing time for the 3 blades was 56 h, with a total of
144 g used. According to the technical specifications of the
Pegasus MakeR printer, it has a power of 280 Wh, which
gives that the electrical consumption was 15.68 kWh, while
the value of the carbon footprint in this process is estimated
to be 2.57 kg CO»/kWh.

e Use and maintenance: the blades made with PETG are
assembled to the turbine and put into operation to generate
energy. An operating time of between 20 and 30 years is
estimated, with the turbine generating electricity from the
wind and helping to mitigate the carbon footprint for
electricity generation. If we assume that the turbine on a
laboratory scale works 8 hours a day and produces 0.52 Wh,
in 8 hours it will produce 4.16 Wh, in a year it will produce
1.5 kWh, and in 30 years it will produce 45.5 kW. Conver

o ting this data to the amount of CO, it is obtained that 7.48
kg CO2/kWh would be left to be generated into the
environment. On the other hand, a periodic preventive
maintenance is expected to be carried out on all turbine
components that require it.

¢ Final disposal of process and product waste: PETG is an
amorphous thermoplastic, 100% recyclable, so it is possible
that after completing its useful life, the turbine can be
dismantled to give it a secondary use after a recycling
process. A typical process consists of finely grinding the
waste generated both during the manufacture and during the
dismantling of the turbine, and once the material is ground,
it is possible to melt it again to generate new filaments,
which could be reused to print new parts. The inputs and
outputs of the process for the life cycle analysis of the blades
for the H-Darrieus wind turbine are shown in Fig. 8.

The purpose of the environmental impact assessment and
LCA of the blades for the H-Darrieus wind turbine is to
understand the effects generated in the manufacturing of the
blades used in this research. When analyzing the first stage, it
was found that during the extraction of oil and the
transformation of the components necessary to obtain PETG,
7.56 kg CO2kWh were generated due to electricity
consumption. Later, in the process of transporting the material,
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Fig. 8 Inputs and outputs for the life cycle analysis for the followed process.

80.92 kg of CO, were generated due to the liters of gasoline
used in the transportation process. The value is very high since
the combustion of gasoline produces a high CO; content in the
atmosphere.

Subsequently, in the manufacturing stage of the blades, a
carbon footprint of 2.57 kg CO»/kWh was generated due to the
electrical consumption used by the printer for the
manufacturing process. Finally, the use of the wind turbine
would help to mitigate 7.48 kg CO»/kWh, leaving a total
carbon footprint of 83.57 kg CO»/kWh. It is important to note
that the greatest environmental impact is caused by
transportation, which indisputable of
contamination. Buying locally would help to reduce this
environmental impact by up to 88% of CO; emissions into the

1S an source

environment.

5. Conclusions

The current research has shown that manufacturing of the
wind turbines is not only feasible as an alternative energy
solution but also environmentally and economically
sustainable, thus not only having positive impact with the
research and development, but also with the environment and
local communities. Results could be extended far more beyond
the H-Darrieus turbine to many others, basically because the
scale, materials, and manufacturing technique are easy to use
in many processes.

Additive manufacturing has shown to be a versatile
technology for the fabrication of components with complex
shapes, and could be further optimized to be more inexpensive,
durable, and ecological process, towards optimization via
mechanical design and circular economy, a phase of the
development that is possible with the scale up for companies
in large scale fabrication process. For developing countries,

© Engineered Science Publisher LLC 2024

such as Colombia where this research took place, it could
represent an opportunity for cutting the gaps in the technology,
education, and social development.

The maximum power coefficient obtained was 0.21, at a
TSR of 0.12. Looking in the literature for the average Cp for
vertical wind turbines, they are in a range of 0.2 and 0.4.
Knowing that the maximum mechanical efficiency capable of
extracting air from a wind turbine will be 59.3%, can be
concluded that the turbine has efficiency within the normal
range for its type.

The production of the blades for the H-Darrieus wind
turbine generated a carbon footprint of 83.57 kg CO2/kWh
including transportation, and 2.65 kg CO./kWh without
transportation. The greatest environmental impact occurs in
the transport of the raw material of this research, and thus,
obtaining the raw materials locally would reduce this effect by
up to 88% of CO; emissions into the environment, or using
other means of transport that do not use energy sources derived
from hydrocarbons.
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