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Abstract: The compound parabolic concentrator is a promising technology for efficient solar irradia-
tion exploitation at low- and medium-temperature levels. This collector type can be used in a series
of applications, such as solar cooling, desalination, and industrial process heat applications. This
work presents a novel compound parabolic concentrator that presents satisfying efficiency and low
cost due to the use of flat glazing and not an evacuated tube receiver. More specifically, the goal of the
present investigation is based on the energy and exergy analysis of a compound parabolic collector
with flat glazing, which has a concentration ratio of 2.81. The collector is examined thermally and
exegetically, aiming to calculate the efficiency of different operating inlet temperatures. Moreover,
the solar unit is studied by a developed computational fluid dynamics model in the SolidWorks Flow
Simulation tool. Emphasis is given to the calculation of the convection losses of the receiver tube with
the internal air inside the collector. The heat convection coefficient is calculated, and the distribution
of the thermal losses, convection, and radiation is presented. Furthermore, the temperature levels of
the absorber, the cover glass, and the top thermal loss coefficient are found. The thermal efficiency of
the solar unit was 77.4% for inlet temperature at 10 ◦C and 32.6% for inlet temperature at 110 ◦C. It
was calculated that the maximum exergetic performance of the solar unit is 10.19% for operation at
90 ◦C, while the thermal efficiency for this case is 41.57%. Additionally, the temperature distributions
for different cases are included in the present work.

Keywords: low concentration; compound parabolic collector; thermal efficiency; exergy efficiency;
energy analysis; solar collector

1. Introduction

Compound parabolic concentrator (CPC) belongs to the family of concentrating solar
systems with a low concentration ratio, and thus, they can be characterized as non-imaging
systems [1]. They present concentration ratios from 1.1 of up to 5 [2], while the development
of a higher concentration ratio makes this technology tend to the parabolic trough collectors.
China is the lead research contributor to CPC technology with 23% of the worldwide
literature studies [3]. The CPC operates at low- and medium-temperature levels, usually
up to 150 ◦C or 200 ◦C [2], and it was initially suggested by Winston [4]. It can be used
in numerous applications in the building and industrial sectors, such as solar cooling [5],
desalination [6], power production [7], and industrial heat production [8]. However, this
collector has not managed to be widely used because it faces high competition with other
solar concentrating systems, such as the parabolic trough collector [9] and the linear Fresnel
reflector [10]. Thus, there is a need to develop the CPC of the new generation, which can be
less expensive than the other concentrating systems and with lower complexity to provide
new benefits in the solar market.

The usual CPC consists of a linear concentrator and an evacuated tube that can
operate at medium temperature with reduced thermal losses. Practically, the tubular
receiver has been found to be the most effective choice among others [11]. Additionally,
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the CPC can be used as a secondary concentrator in linear Fresnel reflector designs [12]
or in parabolic trough collectors [13]. Usually, the CPC operates with water, an ethylene
glycol/water mixture, or thermal oils. The CPC operation needs sun tracking for achieving
high performance, while there are no tracking designs with a system of low-concentration
ratio or asymmetrical reflectors [14].

The literature includes numerous numerical and experimental studies regarding the
aforementioned collector type. Ma et al. [15] examined experimentally a CPC with an evac-
uated tube that has an experimental novel selective coating. They examined their system
for operating temperatures up to 150 ◦C. According to the results, the system efficiency was
found in the range of approximately 40% to 60%. Liu et al. [16] examined an all-glass CPC
with an evacuated tube collector for steam generation, and they reported maximum effi-
ciency values of up to 51%. In another investigation, Korres and Tzivanidis [17] examined a
U-type mini CPC with an evacuated receiver. They reported the efficiency of the suggested
design is higher than other CPC designs in the literature by finding thermal efficiency of
up to 80% in low operating temperatures. In another work, Bellos et al. [18] optimized the
geometry of a CPC with an evacuated tube and examined it thermally. They concluded the
operation with pressurized water leads to increased thermal efficiency compared to the use
of thermal oil. In another work of this research team [19], it was concluded the application
of nanofluids can improve the performance of a CPC.

The idea of using a receiver that acts as a tank inside the CPC has been examined
experimentally by Souliotis and Tripanagnostopoulos [20]. They practically used flat
glazing over the CPC cavity, and they used a receiver tube of a high diameter for storing
a significant amount of water inside. They found this design can be a competitive one
with the flat plate collectors. In another work of the same research team [21], the design
with two internal tanks was studied. Different configurations were studied, and they
concluded this design is very efficient during the day with a satisfactory performance at
night. Regarding the optimal location of the stable systems, it was concluded the east–west
direction is the more efficient choice than the south–north direction [22]. Furthermore,
Tripanagnostopoulos and Souliotis [23] concluded the exploitation of an asymmetrical
reflector is a more efficient choice compared to the use of a symmetric reflector. The use of
an asymmetric reflector with an evacuated tube has been investigated by Korres et al. [24].
They evaluated the use of a cavity receiver and a U-tube conventional receiver. They
concluded the cavity absorber design inside the evacuated tube is the best solution. Recently,
Zhang et al. [25] designed an asymmetrical CPC with the help of a 3-D printer. They found
the suggested asymmetrical design can operate for more hours per year compared to the
symmetrical one.

Moreover, the use of CPC has been found to be a more efficient choice compared to
the use of an evacuated tube collector for a solar cooling system in Egypt. More specifically,
the CPC was found to lead to 94% solar coverage, while it was 66% for the evacuated
tube collector [26]. The use of a CPC field has been also used for producing ice with a
water/NH3 absorption chiller [27]. Another option is the incorporation of a compound
parabolic concentrator with photovoltaic cells for increasing the solar concentration on the
cell. This fact has been examined with a concentration ratio of about 2 and a half-acceptance
angle of 30◦ [28].

The previous analysis shows significant interest in the CPC. The present work suggests
an interesting CPC configuration that presents low cost and a low-complexity level due
to the lack of an evacuated tube. Practically, the suggested unit has a bare receiver tube
without a cylindrical cover in a CPC cavity with a flat glass cover. This design can operate in
low temperatures, and it has been examined up to 110 ◦C inlet temperature with pressurized
water at 5 bar to avoid evaporation. There is internal heat convection between the absorber
tube and the inside air, which is examined in detail. More specifically, emphasis is given
to the calculation of the internal heat convection coefficient between the absorber and the
air. The analysis is a computational fluids dynamic investigation with the SolidWorks
Flow Simulation software [29]. The results of this analysis clearly show the thermal and
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exergy behavior of the present design, while critical aspects of the present collector are also
illustrated, such as the temperature distribution over the internal and external surfaces.

2. Material and Methods
2.1. The Designed CPC with Flat Glazing

The present system is a low-cost concentrating collector with a mean concentrating
ratio of around 2.8 and a half-acceptance angle of 53◦. The geometry of the CPC is an
optimized one, and it has been taken from our previous work in Ref. [18]. The main
dimensions and the data of the present solar unit are included in Table 1.

Table 1. Basic design parameters of the solar unit.

Parameters Values

Concentration ratio 2.81
Absorber emissivity 0.1

Glass cover emissivity 0.88
Optical efficiency for zero solar angle 80%

Useful collector’s width 0.3 m
Useful collector’s length 1 m

Focal distance of the parabola 0.05 m
Absorber inside diameter 0.030 m

Absorber outside diameter 0.034 m
Cover thickness 4 mm

External insulation thickness 0.02 m
Thermal conductivity of the insulation 0.035 W/mK

The collector has a cylindrical absorber with a selective coating, while there is no
cylindrical cover. The cover in the present system is a flat glass that closes the collector
and keeps the air inside the collector. The capture of the air leads to a low-cost design
without complexity due to the lack of the evacuated tube, while the heat losses are restricted
because the air is an enclosure and there is no leakage with the ambient. Moreover, the
present system has an external insulation of 2 cm with glass wool, which reduces the edge
thermal losses. Figure 1 exhibits the solar collector, which consists of the outer insulation,
the CPC reflector, the absorber tube, and the flat glazing. The aperture of the module is
0.3 m2, which indicates that in a real application, many modules must be combined to
achieve the proper thermal production capacity. The working fluid in the present work is
pressurized water of 5 bar, aiming to keep it in the liquid phase during all the simulations.
The present design is an alternative choice in the CPC family, aiming to operate efficiently
without an evacuated tube collector to reduce the cost and complexity of the system.Sustainability 2023, 15, 4347 4 of 20 
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2.2. Basic Mathematical Formulation Part

The following mathematical formulation part includes the main parameters and
evaluation indexes used in the present simulation work.

The solar energy in the system can be found as:

Qsolar = Aa · G (1)

The collecting area is the product of the aperture dimensions as below:

Aa = L · W (2)

The useful heat production is determined as:

Qu = m · cp · (Tout − Tin) (3)

The optical efficiency expression is the next:

ηopt =
Qabs

Qsolar
(4)

The heat losses of the unit can be calculated as:

Qloss,total = ηopt · Qsol − Qu (5)

The total thermal losses are separated into the edge and the top losses:

Qloss,total = Qloss,edge + Qloss,top (6)

The top heat loss coefficient of the system can be written as:

Ut =
Qloss,top

Aa · (Tc − Tam)
(7)

The thermal efficiency can be found as:

ηth =
Qu

Qsolar
(8)

The exergy efficiency of the unit can be calculated as below by applying the Petela
model [30] for estimating the solar exergy flow, neglecting the pressure drop which is too
low in the present system [31]:

ηex =
Qu − m · cp · Tam · ln

[
Tout
Tin

]
Qsolar ·

(
1 − 4

3 ·
[

Tam
Tsun

]
+ 1

3 ·
[

Tam
Tsun

]4
) (9)

In the previous formula, the temperature levels are used in Kelvin units, and the mean
sun temperature is selected at 5770 K. The exergy efficiency is a valuable index that shows
the possibility of work extraction by ideally exploiting the produced thermal energy from
the collector. It evaluates both the produced heat quantity and its temperature level. Hence,
this index is ideal for evaluating the possibility of using the present collector on a system
that includes other thermodynamic cycles (e.g., power or refrigeration cycles).

2.3. Details of the Simulation Process

The present simulation study has been developed with the SolidWorks Flow Simula-
tion tool (Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA) [29]. This tool
can conduct optical, thermal, and flow studies simultaneously, and it is an ideal choice for
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the simulation of solar concentrating systems. The following methodology for the model
developed has also been described in previous studies [18,19] and thus, it will be given
briefly below.

The basic boundaries conditions are the following:

(A) The solar irradiation on the collector aperture is selected at 800 W/m2.
(B) The solar angle is equal to zero, and thus, the solar rays are vertical to the collector

opening.
(C) The inlet temperature in the system is chosen to vary from 10 ◦C up to 110 ◦C.
(D) The ambient temperature was selected at 10 ◦C.
(E) The heat convection coefficient with the environment was chosen at 10 W/m2K [32].
(F) The mass flow rate of the pressurized water was selected at 0.01 kg/s in the inlet.
(G) The outlet pressure was chosen at 5 bar.

Table 2 summarizes the basic input parameters of the present model. The copper
absorber tube was chosen to be selective, and the cover is made of glass material, while the
insulation is glass wool. The air inside the cavity exchanges heat with the absorber and the
reflecting surface with natural convection. Practically, the air moves inside the cavity due
to temperature variation, which plays a critical role in the present modeling. The system
operates with a mass flow rate of 0.01 kg/s, which leads to a laminar flow regime in all the
studied scenarios. Additionally, the thermal properties of the water during the simulation
are not constant, but they vary according to the water temperature level.

Table 2. Basic simulation inputs.

Parameter Symbol Values

Mass flow rate m 0.01 kg/s
Inlet temperature Tin 10, 30, 50, 70, 90, 110 ◦C

Ambient temperature Tam 10 ◦C
Heat convection coefficient with the ambient hca 10 W/m2K

Solar irradiation G 800 W/m2

Solar angle θ 0◦

The present tool makes possible the calculation of critical parameters. The most impor-
tant parameters that are taken as simulation outputs are the following: water bulk outlet
temperature, average absorber temperature, average glass temperature, heat convection
coefficient between the absorber and inside air, total thermal losses, top thermal losses, and
edge thermal losses.

The optical analysis has been conducted with a total number of rays at 107, which
is a sufficient number that was defined after the preliminary analysis. The final model
was discretized properly using the mesh tool of SolidWorks, and finally, a total number of
cells of around 2 million was selected after some trials with different meshes. Verification
results of the present flow model inside the absorber tube can be found in our previous
work [19]. Moreover, the results regarding the optical efficiency calculation and the impact
of the solar angles on the collector performance have been previously given in Ref. [18].
Additionally, this work includes details regarding the reflector geometry and the absorber
tube geometry because it was a preliminary work that supports the optical and design
parts of the present study. Regarding the validity of the present work, verification results
of thermal performance for a similar CPC with an evacuated tube collector have been
published in Ref. [18], while the flow verification results of this similar design have been
published in Ref. [19]. Thus, it is obvious the SolidWorks Flow Simulation tool is a proper
tool for conducting investigations of CPC systems. Additionally, it is useful to add that
verification evidence for the followed methodology has been presented in other studies,
such as Ref. [17] for a mini-CPC and Ref. [24] for an asymmetric CPC.

The inlet temperature of the fluid was examined from 10 ◦C up to 110 ◦C with a step
of 20 ◦C. The scope of the present analysis is to study the system in various operating
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temperature scenarios and in a reasonable range and the development of the thermal
efficiency curve. Hence, the collector performance can be evaluated for different possible
operating scenarios and applications.

3. Results and Discussion
3.1. Thermal and Exergy Performance Analysis

The examined solar unit is studied for different inlet temperatures aiming to calculate
the solar unit’s behavior under different operating conditions. The results are presented
with the help of the expression [(Tin − Tam)/G]; an expression usually used for the pre-
sentation of the solar unit’s performance. Figure 2 shows the mean receiver and the mean
cover temperatures for the different operating cases. It is obvious there is a linear increase
of the receiver and covers temperatures with the increase of the parameter [(Tin − Tam)/G].
The slope of the receiver temperature curve is significantly higher than the slope of the
cover curve because the cover comes in contact with the ambient air, which has lower
values compared to the water that flows in the tube. Moreover, the receiver absorbs solar
irradiation, while the cover is transparent to solar irradiation.
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Figure 2. Mean absorber (Tr) and mean cover (Tc) temperature distribution for the different
studied cases.

Figure 3 exhibits the thermal losses of the examined solar unit for the different cases.
The total losses are separated into the top and the edge losses. The top losses are found
between the cover and the environment, while the edge losses are the thermal losses from
the outer cavity area to the ambient. It is clear the three curves have a linear character with
the rise of the parameter [(Tin − Tam)/G], which is practically associated with the inlet
temperature (Tin). The interesting result is that the slope of the top losses is greater than the
edge losses. The edge losses are associated with the outer cavity area, which is an insulated
area, and thus, it presents relatively restricted thermal losses. However, the edge losses are
generally higher than the top losses except in higher temperatures because the edge area is
significantly higher than the top area. Figure 4 depicts the top thermal loss coefficient (Ut),
which is an important parameter for the characterization of a system with flat glazing. The
rise in the inlet temperature leads to a rough increase in the top thermal loss coefficient,
which takes values around 15 W/m2K.
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Figure 3. Thermal loss variation (total, top, edge) for the different studied cases.
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The next step regards the presentation of the performance indexes. Figure 5 displays
the thermal efficiency of the solar unit and Figure 6 the exergy performance of the solar
collector for the studied operating scenarios. The thermal efficiency curve has a decreasing
trend with the rise of the water inlet temperature. It is a reasonable result because greater
inlet temperature leads to thermal losses to be greater, which reduces the thermal efficiency.
The range of thermal efficiency is found from 32.6% up to 77.4%. The thermal efficiency
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curve is approximated by the following linear expression with a very good fitness factor,
R2 = 99.89%.

ηth = 0.7808 − 3.6126 ·
(

Tin − Tam

G

)
(10)
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The previous equation is a very useful one which can be used for the quick and accurate
evaluation of the solar collector under different operating conditions. This equation can be
used in cases where the solar collector is coupled with other energy devices, and thus, it is
a powerful tool for investigating the overall system performance.
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The exergetic efficiency of the present solar system is maximized at 10.19% for an
inlet temperature of 90 ◦C. This result is very interesting because it shows the present
collector must be used in applications that need temperature levels around 90 ◦C, such as
solar cooling and desalination. Hence, this system is an ideal choice for these applications.
Practically, the exergy efficiency presents a maximum point because in low temperatures
there is no exergy potential, while in higher temperatures there are significant thermal
losses that restrict the exergy output.

At this point, it would be very interesting to discuss the possible use of the examined
system in a solar cooling application. Figure 6 indicates the optimum operation close to
90 ◦C, which is an ideal choice for using the present system in a solar cooling configuration
with an absorption chiller. The thermal efficiency of the collector for an inlet temperature
of 90 ◦C is 41.57%, and the coefficient of performance of solar cooling at this temperature
is about 0.75 by assuming a slightly lower generator temperature [33]. Thus, the overall
system coefficient of performance is the product of the aforementioned indexes, and it is
estimated at 0.312. For a case study of a building with 10 kW cooling needs, the solar input
energy is estimated at 32.1 kW. Assuming the solar irradiation of 800 W/m2, the needed
solar field area is about 40 m2, which is a reasonably available area for a building’s roof.
For covering this collecting area, about 133 modules of the present solar collector must be
installed. A tracking mechanism is required to achieve high performance during the day.
The main axis of the solar collectors could be in the south–north direction, and the track of
the sun is to be performed in the east–west direction.

3.2. Peripheral Analysis on the Absorber Tube

The present section includes results related to the peripheral analysis of the tem-
perature and of heat flux in the model section of the absorber. Figure 7 illustrates the
temperature distribution as a function of the peripheral angle (β) and inlet water temper-
ature at 50 ◦C. The maximum temperature is found at the top point, which is 55.84 ◦C,
while the minimum is found at the down part in the value of 55.70 ◦C. The variation is
only 0.14 ◦C, which is not a high value, and indicates a relatively uniform profile. This
indicates there are no “hot spots” which are associated with high thermal losses, and the
danger of failure in the absorber due to the thermal stresses is restricted due to the very
low peripheral temperature deviation.
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Furthermore, Figure 8 exhibits the fluid’s temperature distribution at the end of the
collector. This depiction is a vertical cross-section, which indicates the water is hotter in
its upper part, a result in accordance with the tube temperature distribution, which is also
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maximized in the upper part. The water temperature varies from 52.19 ◦C in the down part
up to 55.38 ◦C in the upper part, while the mean bulk temperature is found at 54.32 ◦C.
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Figure 9 depicts images from the simulation model that shows the heat flux distribution
over the receiver. The maximum heat flux is found at the top of the tube and the minimum
at the bottom. This evidence supports the previous results, which indicate the maximum
temperature at the upper part and the minimum in the down part. However, the small
temperature deviation is explained by the big thermal conductivity of the absorber as a
copper material.
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Figure 9. Solar irradiation distribution in the receiver tube. The blue color indicates the higher values
and the red color the lower values, while the negative sign has only a logistic meaning.

Moreover, Figure 10 depicts the local concentration ratio over the periphery of the
absorber tube in the middle cross-section. The maximum local concentration ratio is found
at 4.61 in the upper part, while the minimum is at 1.12 in the down part. Additionally,
it is interesting that there are two symmetrical regions with a local concentration ratio of
4.29. These regions are found for the peripheral angles (β) of 150◦ and 210◦. The mean
concentration ratio is around 2.81, and there are valuable deviations between the maximum
and the mean value as well as between the mean and the minimum values. However, the
deviation in the temperature level is not high, which indicates the deviation of the local
concentration ratio does not create efficiency issues.
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Figure 10. Local concentration ratio on the absorber tube peripheral line.

The last part of this subsection includes results for the inside heat convection coefficient
between the absorber tube and inside air. This analysis is very important for the present
design because the internal convection in the absorber tube is the drawback of this design
compared to the evacuated tube design. Figure 11 depicts these results in the periphery of
the tube in the center of the collector. The minimum value of this coefficient is found at
the top point of the collector, and in this location, the heat convection coefficient is around
1.22 W/m2K, while the maximum is found at 5 W/m2K for peripheral angles at 45◦ and
315◦, respectively. At the bottom part of the collector, the value of the heat convection
coefficient was found at 3.62 W/m2K. The mean heat convection value was calculated at
around 3.8 W/m2K, which is a reasonable value for a cavity. Practically, the results indicate
the internal heat convection coefficient is relatively low; thus, the convection thermal losses
are not so high. This result supports that the suggested collector is an efficient one, and the
internal convection losses, which do not exist in the evacuated tube design, cannot reduce
its performance significantly.
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Figure 11. Peripheral distribution of the heat convection coefficient between the receiver tube and
inside air in the collector (a case study for inlet temperature at 50 ◦C).
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3.3. Temperature Distribution Profiles

The last part of the results section includes images from the simulation analysis that
lead to a deeper explanation of the behavior of the examined solar unit. Figure 12 depicts
the temperature distribution over the receiver for inlet temperature at 50 ◦C. The absorber
tube is heated from the beginning up to the end, following the fluid heating. However, at
the end of the collector, there is a small cooling due to the existence of the edge boundary,
which acts as a thermal bridge of the collector and reduces the absorber temperature at
this point.
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Figure 12. Temperature distribution over the absorber tube for inlet temperature at 50 ◦C.

Figure 13 presents the air temperature distribution in the system in a vertical cross-
section along the receiver. The air is hot close to the tube and colder close to the glass.
Additionally, Figure 14 depicts air temperature iso-surfaces of 20 ◦C, 30 ◦C, and 40 ◦C.
The majority of the enclosure has temperature levels around 30 ◦C, which is a reasonable
result. In the present simulation, the ambient is selected at 10 ◦C and the inlet fluid at
50 ◦C; hence, the air has a mean temperature close to 30 ◦C, which is the mean value of the
aforementioned values. This analysis indicates the results are reasonable and acceptable.
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Moreover, Figure 15 shows the air temperature distribution into three cross-sections in
the beginning, in the middle, and at the end of the collector. The air is hotter close to the
sides compared to the center of the collector. This fact can be explained by the more intense
air movement in the center of the collector, while the air cannot move with high velocities
close to the sides.
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Figure 16 gives the temperature distribution in the outer area of the collector. More
specifically, Figure 16a emphasizes the upper part of the collector, which reaches up to
49.51 ◦C due to the direct absorption of solar irradiation. Figure 16b,c emphasizes the
down part of the collector, and the minimum found temperatures were close to 12 ◦C.
The different color range among the subfigures was selected for giving the temperature
distribution in detail for both the upper and lower parts of the solar unit. The locations
with low temperatures close to the ambient levels indicate high thermal losses in these
areas. In addition, the existence of the insulation justifies the high difference between the
indoor space and the outer surface. Furthermore, the corners of the collector are the coldest
areas because, in these locations, there are geometrical thermal bridges. A solution for
facing this issue is the addition of extra insulation in these areas, which can be examined in
future studies. The reduction of the thermal bridges can keep the indoor air at a relatively
higher temperature, thus reducing the heat losses of the receiver.Sustainability 2023, 15, 4347 17 of 20 
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Figure 16. Temperature distribution over the outer collector surface for inlet temperature at 50 ◦C.
(a) Top view with a temperature range of 10.64–49.51 ◦C, (b) Top view with a temperature range of
12–18 ◦C, (c) Down view with a temperature range of 12–18 ◦C.
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4. Conclusions

Solar concentrating systems of a low concentration ratio present high interest due to
the possibility of heat production for numerous applications, such as solar cooling and
desalination. The present work presents a low-cost and efficient system with relatively
low complexity that is based on the use of a CPC with flat glazing, which presents an
acceptable efficiency. The present work is a CFD study for different operating conditions
with pressurized water. The most valuable conclusions are the following:

- The cover and receiver temperatures as well as the thermal losses have linear increas-
ing rates with the rise of the pressurized water’s temperature at the inlet.

- The mean heat convection value was calculated close to 3.8 W/m2K, which is a
reasonable value for a closed cavity.

- The CPC collector with flat glazing is an efficient design that presents thermal effi-
ciency in the range of 32.6% up to 77.4% when the pressurized water temperature
operates in the range of 110 ◦C down to 10 ◦C.

- The exergy efficiency of the unit presents maximum performance for an inlet tempera-
ture of 90 ◦C at 10.19%. This result shows the solar unit is suitable for applications,
such as solar cooling and desalination.

- There is a need to add extra insulation in the corners of the external surface to prop-
erly face the geometrical thermal bridges at the angles, which improves the overall
collector performance.
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Nomenclature
Aa Area of the cover, m2

cp Specific heat capacity, J/kgK
Dri Inner diameter of the receiver tube, m
Dro Outer diameter of the receiver tube, m
G Solar irradiation, W/m2

hair Heat convection between the absorber and inside air, W/m2K
hca Convective coefficient between cover and ambient, W/m2K
L Collector length, m
m Mass flow rate, kg/s
Tam Ambient temperature, ◦C
Tc Cover temperature, ◦C
Tin Inlet temperature, ◦C
Tout Outlet temperature, ◦C
Tr Absorber temperature, ◦C
Tsun Sun temperature, K
Qabs Absorbed energy rate, W
Qloss Thermal losses rate, W
Qu Useful energy rate, W
Ut Top thermal loss coefficient, W/m2K
W Collector width, m
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Greek Symbols
β Absorber angle, ◦

θ Solar angle at the cover surface, ◦

ηex Exergy efficiency
ηth Thermal efficiency
ηopt Optical efficiency
Subscripts and Superscripts
loss, edge Losses from the edge of the collector
loss, total Losses of the total collector
loss, top Losses of the top part of the collector
Abbreviations
CPC Compound parabolic concentrator
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