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ABSTRACT Plastics can be recycled by extrusion using an extruder machine that melts and transforms the
material into a new product. This paper proposes the design, construction and thermal characterization of a
horizontal extruder machine integrated with a parabolic trough concentrator with a one-axis solar tracking
system, in which hybrid heating is performed by means of an arrangement of electrical resistances and
by the concentration of direct normal irradiance. The optical simulation and the design of the proposed
extruder are presented; as well as its integration with the parabolic trough concentrator. Experimental
tests were performed in a real environment and the temperatures reached in three cases of heating by
electrical resistance, solar radiation, and hybrid (electrical resistance plus solar radiation) were compared.
The objective is to reach a temperature of 200 ◦C in the barrel, for which an analysis of the experimental
thermal performance of the proposed extruder is presented. The heating by electrical resistances took
from 77 to 95 min to reach 200 ◦C, while the hybrid system only took 25 to 57 min, reducing the times
between 25.97 and 73.68% and, consequently, reducing the consumption of resistor current. In hybrid mode,
at one point in the barrel, temperatures higher than 260 ◦Cwere reached, providing the possibility of instantly
turning off some electrical resistances to save energy.

INDEX TERMS Plastic extrusion, extruder machine, parabolic trough collector, solar tracker, concentrated
solar power.

I. INTRODUCTION
Waste plastics are durable and non-biodegradable materials
that can be subjected to recycling processes to manufacture
new products through the use of mechanical or chemical
recycling technologies such as extrusion, injection molding,
pyrolysis, and liquefaction, among others [1], [2]. One of the
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most widely used plastic polymer recycling processes today
is extrusion, which is carried out in extruder machines and
whose operating principle is based on melting the material
previously crushed into flakes and placing it in contact with
a rotating and hot endless screw that moves the material
forward. Said endless screw is housed in an extrusion barrel
provided with a thermal system that allows reaching suf-
ficient temperatures to melt the plastic and make it pass
through an opening until it is picked up by the extrusion
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nozzle [3], [4], [5]. Typically, in extruder machines, electrical
resistances are used as a heating system to achieve working
temperatures, melt the material and extrude thermoplastics
in products such as hoses [6], composite filaments [7], and
pellets [8], among other applications.

On the other hand, it is well known that solar energy can be
used in various applications, such as building heating, water
heating, the operation of drying, dehydrating or desalination
units, or electricity generation, among other applications [9],
[10], [11], [12], [13], [14]. However, few studies report the
use or feasibility of employing solar energy in extrusion
processes. The authors of [15] propose the use of solar energy
stored in a battery to power the instrumentation of extrusion
equipment integrated into a 3D printer. Similarly, the authors
of [16] computationally estimate the operating parameters of
an extrusion process to propose the design of the extruder
equipment with an integrated Fresnel solar concentrator.

There are two types of solar concentration technologies:
linear and point focus. Point focus systems, such as central
tower and parabolic dish systems, can reach extremely high
temperatures (above 500 ◦C) due to their high solar concen-
tration levels. However, these systems only focus energy on
one point and require monitoring on two axes, making them
more complex.

On the other hand, linear focus solar concentration tech-
nologies, like linear Fresnel and Parabolic Trough Collector
(PTC) systems, are considered medium temperature
(150-400◦C) [17], [18].
Due to its technological maturity, the PTCs are one of the

most widely used Concentrated Solar Power (CSP) technolo-
gies within industrial processes for the application of solar
heating. PTCs are designed to collect and concentrate the
sun’s infrared heat, which can then be stored or transferred
without any energy transformation. As a result, these systems
boast an impressive efficiency rate of 70-80% [19]. PTCs
are commonly used for solar process heat production due
to their technological maturity and profitability. They are
more efficient than photovoltaic systems, which only convert
10-15% of solar radiation into electricity [20].
A PTC is a system that has a parabolic collector that

concentrates solar radiation in a receiver located at the linear
focus of the parabola [21], [22], [23]. This concentration
allows for reaching temperatures ranging between 100 and
400 ◦C [24], [25], which is why they have been development
and implemented in various applications such as pasteuriza-
tion, cooking, washing, distillation, fluid heating, and boiler
preheating, among others [26], [27], [28], [29], [30]. The
main disadvantage of PTCs is that they can only concen-
trate Direct Normal Irradiation (DNI), so they necessarily
require a Solar Tracking System (STS) on one axis to achieve
automatic orientation solar rays towards the receptor during
the day [31]. In particular, the authors of [26] developed
a PTC with a copper helical coil receiver through which
water flows as a heat transfer fluid and manages to reach
maximum working temperatures of 107 ◦C. In the work

of [27], maximum temperatures of 155 ◦C were obtained by
developing a PTC with a glass absorber tube as a receiver.
Likewise, [28] presented a summary of thermal applications
of solar energy with a focus on the use of PTCs in heating,
cooling, and desalination processes, where PTCs can reach
heat temperatures of up to 400 ◦C. In other papers, the authors
of [29] and [30] report, respectively, the use of PTCs in
concentrated solar power plants for steam generation and
to preheat seawater deposited in a distillation pond within
a desalination process. As observed in the literature, PTC
systems have been used to carry out various low andmédium-
temperature applications; however, to date, no studies have
been carried out on the integration and use of solar energy,
through a PTC with solar tracking, in the extrusion process
or thermoplastics and/or waste plastics in horizontal extrusion
machines.

This paper proposes the integration of a hybrid heating
system by solar and electric energy in a pilot plant of a single
screw horizontal extruder. On the one hand, a PTC system
with solar tracking concentrates the DNI on a linear focus
where the barrel (receiver) of the machine is installed, and,
on the other hand, a backup system made by an arrange-
ment of electrical resistances provides the remaining heat
necessary to reach the melting temperature of the plastics
used (typically between 180 and 280 ◦C depending on the
type of plastic to be extruded [32]). For this work, a tem-
perature of 200 ±15 ◦C, the average extrusion temperature
of Low-Density Polyethylene (LDPE) [33], [34], was estab-
lished as the desired response variable to be achieved in the
receiver.

The organization of this manuscript will be as follows:
Section II presents an opto-energetic analysis of the designed
PTC, in which the flow distribution in the receiver and
the system acceptance angle are analyzed. In addition, the
designs and characteristics of the PTC and the extruder
machine are described; as well as, the design and control of
the solar tracking system is presented. In Section III, the con-
figuration of the proposed hybrid extruder machine is shown
and the thermal characterization methodology used is speci-
fied. In addition, the experimental results on the temperatures
reached in the receiver by the three case studies are presented:
exclusive heating by means of solar energy, heating with
electrical resistances, and hybrid heating. Finally, Section IV
presents the conclusions of this work.

II. DESIGNS AND MATERIALS
Figure 1 shows a diagram of the total development stages of
the project, i.e., the development of the PTC, the Extruder
Machine (EM) and the Solar Tracking System (ST).

For the development of this project, firstly, the design and
optical simulation of the parabolic trough system was carried
out to determine its dimensions and the average solar concen-
tration on the receiver. Later, the mechanical design of the
PTC was elaborated in Solidworks® to plan its integration
into the proposed extruder machine. In order for the PTC
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to take advantage of most of the DNI throughout the day,
a one-axis solar tracking system was developed, which uses a
closed-loop on-off control algorithm. In order to focus on the
thermal results achieved by the extruder, in this study only its
component parts are shown. The following sections provide
the most important details of the above-mentioned items.

A. SIMULATION AND OPTICAL ANALYSIS OF THE PTC
SYSTEM
In order to define the physical parameters of the parabolic
concentrator and the receiving barrel, in addition to esti-
mating the maximum and average solar concentration and
calculating the acceptance angle of the proposed system,
an optical analysis was carried out in the Tonatiuh ray tracing
software, which uses the Monte Carlo method to optically
simulate concentrating solar systems. For the simulation the
following parameters were defined: pill Box’’ like a kind of
Sun, with 1 × 103 W/m2 of solar irradiance, 0.00465 max-
imum theta rad, 1 × 106 rays, and solar elevation angles of
82.5, 85, 87.5 and 90◦.

FIGURE 1. Block diagram of the project stages: PTC, extruder machine
(EM) and solar tracker system (ST).

Figure 2 shows the simulation of the parabolic trough
concentrator and the receiver tube based on themeasurements
of the proposed PTC (2000 mm straight side, 960 mm wide,
and 500 mm parabolic focus). In this image it can be seen that
when the incident solar radiation is perfectly perpendicular
to the normal surface of the concentrator; that is, when the
Solar Tracking Error (STE) is equal to 0◦, all the photons that
hit the surface of the reflective concentrator are redirected
towards the focal point of the parabola, where it is located
at the receiver (barrel) of the extruder. Note that the solar
concentration is found mainly on the sides of the receiving
tube since there is no concentration in the upper part and the
radiation level is 1x; which is 1,000 W/m2. The maximum

solar concentration level in the receiver is up to 10.03x
(10,030 W/m2); the average solar concentration is 3.85x.

Likewise, Figure 3 shows the incident flux distribution
in the receiver when there is no solar tracking error, which
is completely homogeneous throughout the receiver (the x-
axis corresponds to the width and the axis and length of the
receiver). It was concluded that the average solar concentra-
tion is sufficient for the proposed pilot plant, so the selected
measures are adequate.

After establishing and validating the physical dimensions
of the PTC, an analysis of the collector optical losses caused
by the STE was performed, which allowed us to analyze the
impact of the solar tracking accuracy of the system. An STE
of different degrees was induced in simulation to divert the
incident solar radiation and analyze the behavior of the sys-
tem’s maximum and average solar concentration, in addition
to studying the flux distribution in the receiver. It is worth
mentioning that this analysis was only carried out on the axis
of movement of the system and it was considered that the
orientation of the PTC is north-south, so the monitoring is
carried out from east to west.

FIGURE 2. Photon flux map when the angle formed between the incident
solar radiation and the surface is 90◦ (ideal position); that is, with a
STE=0◦.

FIGURE 3. Incident flux distribution in the receiving tube with a STE=0◦.

Figure 4 shows the photon map obtained with an STE of
2.5◦, 5◦, and 7.5◦. It is observed that the concentration in the
receptor tends to go up on the right side and down on the left
side, this depends on the sign of the STE. Note that in 5◦ and
7.5◦, the STE is already so large that most of the photons do
not hit the receiver, resulting in a decrease in the average solar
concentration of the system.

Table 1 details the levels of solar concentration in the
receiver, where it can be seen that even when 0◦ <STE<5◦,
the maximum solar concentration is higher than with
STE=0◦, but the flow distribution is low, which generates
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FIGURE 4. Photon flux map when the angle of incident radiation and the surface normal is: a) 87.5◦ (STE=2.5◦), b) 85◦ (STE=5◦), and c) 82.5◦

(STE=7.5◦).

TABLE 1. Theoretical concentration levels achieved with different STE.

thermal stress in the receiving tube. On the other hand, the
average solar concentration decreases as the STE increases
and, consequently, the energy efficiency also decreases.

Finally, to know the required precision of the PTC solar
tracking system, the acceptance angle (θa) in the tracking
axis was determined by means of a simulation; that is, the
angle when the incident average flow losses are of the order
of 2◦ [35].
Figure 5 shows the relationship between the STE and the

average solar concentration, in which it is observed that the
θa obtained was ±4.2◦, that is, even when the STE=4.2◦

the average solar flux is guaranteed to be 98%. After this
angle, the average concentration drops dramatically. There-
fore, it is concluded that, in order to maintain acceptable
optical efficiency, the solar tracking system is required to
have a precision greater than |4.2◦

|, which represents a wide
tracking tolerance. Based on this, the actuators, solar sensors,
controller, control algorithm, and mechanical transmission
system, among others, were selected for the solar tracking
system.

FIGURE 5. Changes in the average incident flow due to changes in the
angular deviation of the DNI.

B. MECHANICAL DESIGN OF THE PTC SYSTEM
After carrying out the optical simulation, the mechanical
simulation of the extruder elements was carried out, the most
important elements being the parabolic collector and the
horizontal extruder machine. The PTC was designed to sit on
a commercial carbon steel frame that allows it to maintain its
parabolic geometry and remain balanced via a barrel-matched
floating support system. The PTC rotates through a mechan-
ical transmission system made up of a Direct Current (DC)
motor, a gear motor, and a winch system and cable. The linear
focus of the parabola remains constant at a 500 mm focal
radius, the place where the barrel (receiver) of the extruder
was installed and where the sun’s rays are concentrated dur-
ing the day. Figure 6 shows the design of the PTC and its
components: (A) the reflective optical element (parabolic
collector) consisting of a 2000 mm long and 960 mm wide
natural aluminum sheet with a mirror finish, 18-gauge;
(B) the floating support system that is made up of 2 vertical
guides with circular terminals adaptable to the barrel, which
are integrated into the frame by means of fastening screws,
(C) the receiver (barrel), (D) the frame, which is made up
of 3 1/4’’ steel arches (2 arches of 2 m on a straight side and
1 arch of 1 m on a straight side) and 4 1/8 × 3/4’’ steel screed

FIGURE 6. Isometric design of the reflecting dish: A) reflective optical
element (dish), B) floating vertical supports, C) receiver (barrel), D) frame,
E) gear motor, F) DC motor, and G) winch system.
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FIGURE 7. Technical drawing of the extruder machine: A) PTC, B) floating vertical
supports, C) barrel (receiver), D) frame, E) gear motor, F) DC motor, G) winch system,
H) extruder mouth, I) resistors electrical, J) solar sensor, K) spindle, L) feed hopper,
M) solar tracking panel, N) 220V electrical control panel, O) power transmission
equipment (AC motor, gearbox, chain) and P) support structure.

TABLE 2. Approximate cost of the PTC.

secondary support elements. The design also contemplates
a mechanical transmission system made up of: (E) a 50:1
gear ratio gear motor, (F) a NEMA 23 model OK57H18112A
4.2A, 3Nm motor, and (G) a winch system with 3/32’’ steel
cable and sliding double-packed trolley-type guides. Table 2
describes the main elements of the raw material cost used
in the construction of the PTC, without considering labor
costs or other expenses. The total approximate cost of the
developed PTC was $494.87 USD.

C. MECHANICAL DESIGN OF THE HORIZONTAL
EXTRUDER MACHINE
Starting from the design of the previous PTC, a single screw
horizontal extruder machine pilot plant was designed, which
has a support structure with a geometry capable of integrating
the PTCwith the solar tracking system and other components,
as shown in the technical drawing in Figure 7.
The screw, the extruder mouth, the feeding Hopper, and

the barrel constitute the extrusion module. For this study, the
barrel works as the receiving device of the present work,
which is kept at a fixed point due to the architecture of
the extruder. The barrel consists of a cylindrical perforated
steel bar of 8630 steel with 1200 mm long and with inter-
nal and external diameters of 50 and 75 mm, respectively

(other elements of the extrusion module are not described).
The electrical control panel and power transmission equip-
ment modules are used to control the rotational speed of
the spindle (modules not described). The sun tracking con-
trol panel is used to control the automatic movement of the
PTC by means of the sun sensor in relation to the apparent
movement of the Sun during the day. A set of 5 electrical
resistances connected in parallel constitutes the electrical
heating system. Each band-type resistor is 500W at 220V
and 3’’ in diameter with an integrated type k thermocouple.
The integral operating principle of the machine is of the
conventional type, where the raw material in the form of
flakes is fed through the feeding hopper to come into contact
with the spindle housed inside the barrel, which is heated
and rotated to allow the material melts and passes through
an extruder mouth, adopting a new geometry. The resistors
are connected in series and placed equidistantly on the barrel.
In hybrid mode, the resistors are used in conjunction with the
PTC with solar tracking to provide the working heat required
to melt the raw material.

D. DESIGN AND CONTROL OF THE SOLAR TRACKING
SYSTEM
The solar tracking control was carried out using an on-off
control algorithm with tracking Hysteresis (H ) shown in
Figure 8. This control is fed back by a solar sensor based on
the voltage difference generated by an electronic arrangement
with 2 Light Depending Resistors (LDR1 and LDR2); which is
Rdif =LDR1−LDR2. The control system error (e) is calculated
by e = Ref−Rdif , where Ref is the desired reference, in this
case Ref = 0. With the value of e, the control algorithm
is capable of sending the control signal (u) to activate the
actuators of the system by means of an analogue driver.
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FIGURE 8. Block diagram of the solar tracking control system.

FIGURE 9. Closed-loop control system flowchart.

The PTC DC motor rotates to the west when the counter-
clockwise rotation is activated (MCW ), otherwise, turn east
counterclockwise (MCCW ).

In the same way, Figure 9 presents the flowchart of the
tracking algorithm, which executes the following processes:

1. The voltage generated by the electronic arrangement is
obtained with the LDR.

2. Said signals are digitized to obtain LDR1 and LDR2 and
are compared with the digital value produced by the
Minimum Instantaneous Global Horizontal Irradiance
(GHIm) required to perform sun tracking. In the case
study, it was experimentally established GHIm=3V,
which is the voltage that is generated when the global
radiation is at least 500 W/m2. This allows, in case
of cloudiness or darkness, the solar tracker to remain
off (Moff ), which avoids energy waste. It should be
mentioned that the photoresistors generate a value of
1024 adc for a radiation of 1,000W/m2 and about 0 adc
when in total darkness. In short, when LDR1 and LDR2
are greater than GHIm, the tracker starts its routine;

otherwise, it remains immobile until the radiation is the
minimum allowable.

3. The difference between the values produced by the
photoresistors is calculated, Rdif =LDR1−LDR2.

4. When |Rdif | is greater than or equal to H , the tracker
is disoriented and needs to correct its position. On the
contrary, when |Rdif |e = Ref − Rdif is less than H ,
the tracker is positioned perpendicular to the Sun’s
rays with the allowable margin of error and does not
require relocation, therefore the DC motor remains
off. It is worth mentioning that, due to the nature of
photoresistors and diffuse solar radiation, it is very rare
that Rdif is equal to zero during sun tracking. The hys-
teresis was set experimentally to 2V, value that occurs
when the tracking error is approximately 2◦, which is
within the acceptance angle of the designed system (see
Section II-A), so we ensure that the efficiency of the
PTC is greater than 98%.

5. Finally, to determine the direction of rotation required
by the PTC; when Rdif ≥ 0, the motor rotatesMCW to
the west, otherwise turnMCCW to the east.

The solar sensor was developed by placing the photoresis-
tors (LDR1 and LDR2) on an electronic printed circuit board
installed inside a base (casing) designed with an obelisk-type
divider, which provides a shading on one or the other sensor
according to the apparent position of the Sun during the day.
In Figure 10, the manufactured solar sensor is presented. The
holes in the white casing act as windows that allow solar
radiation to fall directly on the photoresistors. The voltage
difference generated with the electronic arrangement of the
resistors allows to command the direction of rotation of the
DC motor of the PTC to concentrate the maximum solar
radiation on the receiver.

FIGURE 10. Solar sensor: a) windows and obelisk top view, and b) under
the Sun view.

Figure 11 shows the monitoring and control board of
the solar tracking system, with the Raspberry Pi 3B card
being the main control element due to its processing speed,
which is why the general program was carried out in Python.
An Arduino Mega 2560 board is used as a data acquisition
card.

In order for the user to easily manipulate the proposed
extruder, a Human-Machine Interface (HMI) was developed
through a 7’’ Nextion touch screen, in which it is possible to
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FIGURE 11. Solar tracking system monitoring and control panel: A) HMI,
B) pilot light, C) On-off selector, D) Arduino Mega 2560 card with shield,
E) 5V-12V DIN terminals, F) SDR-05V relays, G) CH340G module, H) solar
sensor, I) limit switch ME-8108, J) 5V-1A Arduino and 5V-3A RPi power
supplies, K) RPi 3B board, L) 100-240VAC 5V 2.4 power supply A,
M) 100-240AC 24V 2.5A power supply, N) 5SL6106 and 5SL6104 switches,
and O) TB6600 driver.

monitor the variables of interest and command system oper-
ation (manual or automatic mode) and make configurations.
In automatic mode, the PTC follows the apparent position of
the Sun during the day; in manual mode, the PTC can rotate
on its tracking axis toMCW andMCCW according to the user’s
decision and in this way, it can be used to maintain or place
or remove elements of the system.

Figure 12 shows the HMI, which was also designed in
Python using the Tkinter graphics library, on the main screen
it can be seen: (a) the position of the PTC calculated with
the pulses of the DC stepper motor, (b) the values of the
photoresistors and their differential voltage Rdif , and (c) the
required GHIm for tracking to take place and (d) the current
value of the tracking hysteresis H .

FIGURE 12. Solar tracking monitoring and control system interface:
automatic mode screen.

In addition, Table 3 describes the approximate costs of the
modular electronics, interface elements, and other materials
involved in the construction of the solar tracking system,
without considering labor costs or other expenses. The
approximate total cost of the developed solar tracker was
$700.25 USD.

TABLE 3. Approximate cost of the solar tracker.

III. RESULTS
A. INTEGRATION OF THE PROPOSED HYBRID EXTRUDER
MACHINE
The assembly and final integration of the PTC with the solar
tracking system in the hybrid extruder machine was carried
out, as shown in Figure 13. The operation of the electrical
resistances and the operation of the PTC with solar tracking
was verified before to carry out the thermal experimentation
tests. The solar tracking movement system provides stability
and rotation control to the parabolic collector, managing to
orient the position of the PTC in such a way that most of the
solar radiation is concentrated in the receiver (barrel) of the
parabola, which it absorbs heat and increases its temperature.

B. EXPERIMENTAL RESULTS
1) EXPERIMENTAL SETUP
For comparative purposes, in the present experimental
campaign, three heating configurations of the proposed
extruder were performed: (1) through electrical resistances,
(2) through solar radiation, and (3) through a hybrid system
(resistances plus solar energy).

The experimentation was carried out at the Instituto Tec-
nológico de Pabellón de Arteaga, Pabellón de Arteaga,
Aguascalientes, México, located at a longitude of 102◦ 16’
8.04’’ W and latitude 22◦ 09’ 42.11’’ N. With the support of
a brand thermographic camera Flir E5-XT, the temperature
reached by the barrel (receiver) and the times to reach the
stable state of the temperature were measured, which was
established at 200 ±15 ◦C as the desired reference for all the
experiments, with a lower limit set at 185 ◦C and an upper
limit at 215 ◦C.
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FIGURE 13. Hybrid extrusion machine built: A) PTC, B) floating vertical supports, C) barrel (receiver), D) frame,
E) gear motor, F) DC motor, G) winch system, H) extruder nozzle, I) electrical resistances, J) solar sensor,
K) screw, L) feeding hopper, M) solar tracking panel, N) 220V electrical control panel, O) power transmission
equipment (AC motor, gearbox, chain), and P) support structure.

FIGURE 14. Temperature measurement points on the receiver of the
extruder machine: P1, P2, P3, and P4.

In each experiment, the same thermal monitoring points
(P1, P2, P3, P4) on the receiver were considered, see
Figure 14. According to the experimental heating configu-
ration, heating times of 2, 3 or 5 hours were established. The
heating time of the barrel using solar energy can be relatively
long compared to electric resistances. However, it is impor-
tant to mention that the system used in the experimentation
is a functional prototype that was used to conduct a proof of
concept in an actual environment. Using a bigger collector to
attain a higher solar concentration level would be sufficient
to reduce the heating time.

During the test days, the level of solar radiation (W/m2),
the wind speed (km/h) and the electrical energy consumption
(kWh) of the electrical resistances were recorded. DNI data

were obtained from the automatic weather station located
at the Aguascalientes meteorological observatory, located at
longitude 102◦ 17’ 28.28’’ W and latitude 21◦ 51’ 03.39’’ N
(belonging to the National Meteorological Service (Mex.)
available in [36]).

An RZ GM816 digital anemometer was used for measure
wind speed and the PZEM 022 current meter was used for
energy consumption. It is worth mentioning that the thermal
characterization of the system was carried out without the
extrusion of material so as not to affect the results and to
be able to make an equitable comparison of the thermal
performance between the defined experimental models.

2) HEATING BY ELECTRICAL RESISTANCES
For the experimental tests of heating by electric resistances,
the solar tracking of the PTC was not activated. The extruder
machine was placed under an architectural roof in order
to carry out the experiments under shade; however, it was
exposed to the presence of gusts of wind. The tests were per-
formed during the periods from October 25 to November 16,
2022 and from March 16 to April 12, 2023. The resis-
tors were attached to the body of the barrel and put into
operation. For these tests, a maximum time of 2 hours of oper-
ation of the resistors was established from 11:00 to 13:00 h
(local time).

Figures 15 and 16 shows the experimental results of the
typical heating obtained through electrical resistances on the
days of November 9, 2022 and April 3, 2023, respectively.
On both days, a similar behavior was observed: (1) a low level
of wind speed (less than 7 km/h); (2) the initial temperature
of the receiver was 19.4 and 28.5 ◦C (room tempera-
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FIGURE 15. Temperatures reached in the receiver through the resistances
on November 9, 2022.

FIGURE 16. Temperatures reached in the receiver through the resistances
on April 3, 2023.

ture), respectively; (3) the resistors, upon being turned on,
rapidly heat the receiver until reaching thermal stability
within the desired heating range; (4) for the days presented,
185 ◦C was reached between 70 and 80 minutes of operation,
while 200 ◦C was reached at 77 and 95 minutes of ignition;
(5) the difference in times observed to reach temperatures
of 185 and 200 ◦C between the days presented is mainly
due to the natural decrease in the efficiency (useful life) of
the resistors, a disadvantage observed in this type of heating
system, and (6) during the time of the experimentation, the
temperature of 215 ◦C was never exceeded; however, it can
be inferred that if the heating had continued, this level would
have been surpassed.

In the same way, during the days of experimentation,
the measurement of the current consumption of the resis-
tor arrangement was conducted. On November 9, 2022,
an approximate energy consumption of 2.3 and 2.55 kWh
was recorded to reach temperatures of 185 and 200 ◦C,
respectively. Similarly, onApril 3, 2023, the values of 185 and
200 ◦C were reached with an electrical consumption of
2.65 and 3.15 kWh. It is worth mentioning that these con-
sumption values only consider the 2 hours of operation of the
resistors.

3) HEATING BY THE PTC SYSTEM WITH SOLAR TRACKING
The heating experiments by the PTC system with solar track-
ing were carried out outdoors in a sunny area and were
performed in the periods from September 30 to October 28,
2022 and from April 12 to May 15, 2023 on a regular sched-
ule. from 11:00 to 14:00 h (local time). In this case, solar
tracking allowed DNI to be concentrated on the extruder
barrel without the effect of electrical resistances. The graphs
obtained in two days of solar tracking with a clear day and
with a wind speed of less than 7 km/h are presented.

Figures 17 and 18 shows, respectively, the temperatures
reached by the receiver on October 27, 2022 and May 11,
2023. In general, on both days an increase in the receiver
temperature can be seen as the time of solar concentration
advances. The maximum temperature reached at point P4 of
the receiver, onOctober 27, 2022, was 96 ◦C,with the average
initial temperature of the receiver being 22 ◦C. However, the
temperature of point P1 only reached a temperature of 56 ◦C
due to the geometric losses caused by the end of the collector,
which will be analyzed later. The low temperatures reached
in the receiver are mainly due to the fact that, on the date the
experiment was carried out, the Global Horizontal Irradiance
(GHI) is low, because it never reaches 1,000 W/m2. On the
other hand, thanks to the high level of GHI presented on

FIGURE 17. Temperatures reached in the receiver through the PTC on
October 27, 2022.

FIGURE 18. Temperatures reached in the receiver through the PTC on
May 11, 2023.
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May 11, 2023 (radiation greater than 1,000 W/m2), a wide
temperature gradient was obtained, starting at 40 ◦C and
reaching amaximum of 159 ◦C (see Fig. 18). It is important to
mention that the initial temperature of the receiver on this day
was not equal to the ambient temperature because the receiver
received solar radiation before starting the test, increasing its
temperature.

As observed, on both days of experimentation it was not
possible to reach the desired temperature (200 ±15 ◦C) only
with the solar radiation concentrated by the PTC; however,
it is found that this configuration can be used to preheat the
receiver or as auxiliary support for electrical resistances in a
hybrid heating system.

As is well known, PTCs are typically exposed to collector
end geometry losses. Figure 19 shows how these losses were
present in the experimentation on October 27, 2022 and
May 11, 2023, where a shading is observed at point P1, which
means that it did not receive constant radiation at throughout
the day, considerably affecting the temperature of this point
since it did not even reach 100 ◦C (see Fig. 18). The degree
of geometric losses generally varies according to the date of
the experimentation and the latitude of the place. Regularly,
the percentage of losses is usually reduced by increasing the
length of the collector.

FIGURE 19. Geometric losses due to the end of the collector on point P1
(May 11, 2023).

4) HEATING BY THE HYBRID SYSTEM
The hybrid heating model of the proposed extruder is based
on the operation of the PTCwith solar tracking plus electrical
resistances. There are two modes in which the system can be
executed: (a) hybrid mode with preheating: the PTC is used
as an initial preheating system and after a period of time the
resistors are activated to reach the desired extrusion temper-
ature, and (b) total hybrid mode: the PTC and the electrical
resistances are activated from the beginning of operation to
reach the desired temperature more quickly.

The heating tests by the hybrid system were carried out
outdoors in a sunny area and were performed in the peri-
ods from October 25 to November 16, 2022 and from

May 15 to 31, 2023 at 11:00 to 16:00 h (local time). The
graphs obtained in days of hybrid operation are presented
during clear days and with wind speed less than 7 km/h.

a: HYBRID MODE WITH WARM-UP
During the present experimentation, firstly, the PTC with
solar tracking was put into operation exclusively for a period
of 180 min (from 11:00 to 14:00 h local time); After this
time, the electrical resistances were activated for 120 min
(from 14:00 to 16:00 h local time). Figure 20 presents the
temperatures reached in the receiver (barrel) on November
10, 2022, a season of the year in which solar radiation is not
high (GHI < 1000 W/m2 throughout the day). In this case,
the preheat reached a temperature of up to 79 ◦C at point
P4 after 180 min (orange area of Fig. 20); then, the elec-
trical resistances were activated and the hybrid system took
approximately 41 min to reach 185 ◦C, and 57 min to reach
a temperature of 200 ◦C, that is, 41.4 and 25.97% less time
than required for exclusive heating with electric resistance.
Note that, immediately when hybrid mode is entered (green
zone in Fig. 20), there is a step in the temperature increase
at all points in the receiver. Likewise, it is important to note
that 215 ◦C was reached in approximately 81 min, something
not achieved in 120 min of heating with electrical resistances
(see Section III-B.2).

FIGURE 20. Temperatures reached in the hybrid mode with preheating on
November 10, 2022.

Similarly, Figure 21 shows the behavior of the tempera-
tures in the receiver on May 30, 2023, a day with a high level
of GHI. On this day, a temperature of 147 ◦C was reached
during preheating (only with the PTC, see orange zone), and
just 18 min after activating the electrical resistances, a maxi-
mum temperature of 185 ◦C was recorded at one point in the
receiver, and 25min to reach 200 ◦C, a reduction of 77.50 and
73.68% of the time used by the electrical resistances, respec-
tively. The receiver reached a maximum of 215 ◦C in just
49 min. In the same way as in the case of exclusive heating
by the PTC, point P1 was affected by the losses at the end of
the collector on the days analyzed; however, when the system
works in its hybrid mode, the resistors compensate for this
problem, managing to increase the temperature of said point
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TABLE 4. Comparative summary of the experimentation.

FIGURE 21. Temperatures reached in hybrid mode with preheating on
May 30, 2023.

above 185 ◦C. The experimental results showed a significant
reduction in the operation time of the electrical resistances
to reach the desired temperatures and, consequently, there
would be a decrease in the costs of energy expenditure, which
suggests that the integration of solar energy within a process
extrusion is feasible.

b: FULL HYBRID MODE
Additionally, the behavior of the total hybrid system was
analyzed, activating simultaneously from the beginning the
electrical resistances and the PTC with solar tracking.

Figure 22 shows the results of May 31, 2023, under this
heating mode. Starting from an initial temperature of 39 ◦C
(receiver exposed to the elements prior to the tests), times
of 27, 30, and 43 min were recorded to reach 185, 200 and
215 ◦C, respectively. Comparing these results against those
obtained by the exclusive use of electrical resistances (see
Fig. 16), a decrease of 66.25 and 68.42% was achieved in
the operation times of the resistances to reach temperatures
of 185 and 200 ◦C, respectively.

As can be seen, if a high receiver temperature in aminimum
time is desirable, this heating mode could be the best option,

FIGURE 22. Temperatures reached in the total hybrid tests of PTC +

resistance at the same time on May 31, 2023.

since temperatures higher than 260 ◦C were reached, some-
thing not achieved in the other modes of heating. Otherwise,
if it is desired to keep the temperature within the range of
200 ±15◦C, it would be possible to instantly turn off the
resistances, which would allow a greater saving of electrical
energy during extrusion.

Finally, Table 4 summarizes the most important results
obtained in the experimentation. Considering the base tem-
perature of 200 ◦C: (a) in the hybrid mode with preheating,
the extruder receiver reaches the desired temperature faster
and with less electrical consumption than with the exclusive
use of electrical resistances, allowing a savings of 25.97 and
73.68% for the days of November 10, 2022 and May 30,
2023, respectively; and (b) similarly, in the full hybrid mode,
an energy saving of 68.42% was observed for May 31, 2023,
which was similar to that obtained in the hybrid experimen-
tation with heating on May 30, 2023 (day with a similar
level of radiation), so it can be concluded that both hybrid
modes produce a similar result of energy savings. It is
important to mention that the savings percentages may vary
depending on the level of the GHI, wind speed and ambient
temperature.
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IV. CONCLUSION
This paper presents the design and construction of a hybrid
horizontal extruder machine (electric and solar), which uses
a parabolic trough system with solar tracking to concentrate
direct normal irradiation in a linear focus, where it is located.
the extruder barrel (receiver).

For this, the design and the optical simulation were pre-
formed to determine the optimal geometry of the collector
and receiver of the PTC, reaching an average solar concentra-
tion of 3.85x; that is to say, 3,850W/m2. With this simulation,
the solar tracking tolerance of ±4.2◦ was estimated, which
ensures that the optical efficiency remains above 98%. This
wide tolerance allowed the solar tracker to avoid the need
to continuously update its position, having lower power
consumption during solar tracking. The integration of the
proposed extruder machine with the parabolic trough system
with solar tracking is presented.

For comparative purposes and validation of the opera-
tion in a real environment, experimental heating tests of the
extruder barrel were performed following the three methods:
(1) electrical resistances, (2) PTC with solar tracking (solar
radiation), and (3) hybrid with preheating and total hybrid.
Likewise, tests were carried out in two different seasons of
the year to compare the impact of the level of solar radiation
on the system.

The times inwhich at least one point of the receiver reached
the desired temperature of 200 ±15 ◦C were measured and
the following was concluded:
(a) Heating by means of electrical resistances allowed us

to validate that said arrangement is capable of reaching
the desired temperature (200 ◦C), it was observed that
approximately between 77 and 95 min are required to
reach this objective.

(b) In the case of the exclusive use of heating with PTC
(solar radiation), maximum temperatures of up to
159 ◦C were recorded and, despite the fact that the
desired temperature was not reached, it is evident that
this mode can be used as system of pre-heating or
complement of the electrical resistances, which helps
to reduce the operating times of the resistances.

(c) The hybrid mode with preheating allowed a time reduc-
tion between 25.97 and 73.68% to reach 200 ◦C in
the receiver with respect to the times presented with
electrical resistances. Variations over time depended
mainly on the GHIlevel on the testing day. In addition,
a maximum temperature of 243 ◦C was reached in a
period of two hours from the activation of the electrical
resistances.

(d) In full hybrid heating, the time needed to reach 200 ◦C
was reduced by 68.42% compared to that required by
electrical resistances, and an approximate maximum
temperature of 260 ◦C was reached in the receiver after
two hours of operation, being the highest temperature
recorded in all heating modes. Since this tempera-
ture already drastically exceeds the target temperature,
it would be possible to instantly turn off the resistors

in the extrusion process, allowing for further electrical
energy savings.

As previously mentioned, the proposed extruder machine is
just a prototype created for research, reaching temperatures
up to 260 ◦C. However, it is possible to increase the solar
concentration and temperature level of the barrel by increas-
ing the length or opening of the parabolic trough collector and
the heating time could be reduced using a bigger collector too.
The general results allowed us to analyze the feasibility of
integrating the use of solar radiation to carry out an extrusion
process. In particular, the proposed prototype can be clas-
sified as a medium-temperature solar concentration device,
as the temperature reached are suitable for extruding plastics
like polystyrene, polypropylene and polyethylene.
As future work, it is intended to carry out the actual

extrusion of material to include an economic analysis of the
prototype and to optimize the design and configuration of the
system.
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