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Abstract: The performance of solar thermal technology under high-altitude equatorial climatic
and solar path conditions has not been determined. Evacuated tube solar collectors are more
efficient than flat plate collectors in cold and cloudy regions; however, due to their dependence on
orientation, the irradiation incidence between the tubes of these collectors can be blocked. In this
study, the performance of these types of collectors was analyzed to determine the implications of their
orientation under these specific climate conditions. Four solar thermal systems were installed: two of
the systems used evacuated tube collectors, and two used flat plate collectors. Each collector was
connected to storage and discharge points to simulate residential consumption when observing the
real performance of the four systems in terms of irradiation availability. The evacuated tube collectors
were more efficient and reduced the backup energy requirement by up to 20.6% more on average
than the flat plate collectors. In addition, the performance of the evacuated tube collectors increased
by up to 9.8% when the tubes were arranged parallel to the solar path, compared to when they were
arranged perpendicular to the solar path, verifying that the blockage effect is an important parameter
to consider for evacuated tube technology. The main novelty of this research is the comparison of
these two technologies under different orientations, with perpendicular and parallel dispositions
toward the solar path, in a high-altitude equatorial location where solar collectors are not typically
oriented in any particular orientation. To the best of our knowledge, this is the first complete analysis
of real systems deployed under these conditions.

Keywords: solar thermal collectors; flat plate collectors; evacuated tube collectors; Andean equatorial
climate; domestic hot water

1. Introduction

The sun is the power source with the greatest capacity to supply human energy
needs [1]. Solar thermal technology has been used in buildings since the late 19th cen-
tury [2]. An extensive amount of research and development on solar thermal collectors
(STCs) for use in buildings has been conducted, with flat plate collectors (FPCs) and evacu-
ated tube collectors (ETCs) being among the most commonly used technologies [3]. The
operating principle of FPCs is a primitive form of solar thermal technology, which is the
same as the first solar boxes developed at the beginning of the 20th century and is based
on the greenhouse effect surrounding a solar absorption surface [2]. ETCs, in which heat
is collected by glass tubes enclosing heat pipes, represent a technological improvement.
The glass tubes create a vacuum or a minimal steady-state air environment that isolates the
collector from the outside environment [4].
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Water heating for both sanitary and heating purposes accounts for a large proportion
of the energy required by buildings [5]. In Corsica, France, Lamnatou et al. [6] found that
the energy payback time of using an FPC is shorter than that of an ETC, which indicates that
in middle latitudes with high irradiation, FPCs are more cost-effective. Likewise, Valančius
et al. [7] showed that the payback time of these technologies is 8 years, depending on the
climate in Central and Nordic Europe and local costs. Although the price of ETCs can be
a limiting factor, this technology is increasingly used instead of FPCs because ETCs are
better at maintaining the recovered heat. However, relatively speaking, ETCs are more
expensive than FPCs [8].

The majority of STCs are installed in China (71.0% of the global total). In 2014,
approximately 80.0% of all installed STCs in the world were ETCs [5]. In Turkey, the United
States, Mexico and China, FPCs account for 99.0%, 86.0%, 36.0%, and 5.0% of all STCs,
respectively [9–11]. The improved performance of ETCs is particularly noticeable in cold
and cloudy climates [8]; in summer, with seasonal climates such as that in Lithuania, the
two types of collectors can produce similar amounts of energy [7]. Ayompe et al. [12]
concluded that for a domestic system, ETCs are approximately 23.0% more efficient than
FPCs. Chow et al. [13] found that ETCs are between 11.0% and 25.0% more efficient than
FPCs for different European cities. Adsten et al. [14] showed that ETCs are between 28.0%
and 35.0% more efficient than FPCs in three different Swedish contexts, demonstrating the
superior performance of ETCs under seasonally variable conditions.

However, optimal conditions are not always met because the efficiencies of different
types of STCs depend on the design, weather conditions, demand, and consumption
profiles [8]. For example, Ge et al. [5] showed that the efficiencies of FPCs and ETCs can be
similar under certain operating conditions. Likewise, Tanha et al. [15] found that in snowy
and cold conditions, FPCs can provide almost 47.0% more energy than ETCs because ETCs
are likely to be covered with snow for a longer time, due to the low convection heat transfer
from the absorber to the outer glass tubes.

In terms of incident irradiation, the net internal collector surface area of FPCs is
greater than the collector surface area of ETCs for collectors of similar sizes. ETCs, which
are subdivided or segmented in tubular collectors, produce an irradiated surface area for
an infinite number of solar incidence angles that are essentially tangential around the tubes;
however, due to the separation between the tubes, part of the irradiation flows between
them (and the internal collectors in the tubes) when the solar incidence is perpendicular
or nearly perpendicular to the collector. In contrast, FPCs capture all irradiation that
falls on their surface with a single angle of incidence, which varies throughout the day,
resulting in higher thermal losses due to convection in the collector. As a result of the
superior insulation of ETCs, higher fluid temperatures can be attained, and low amounts
of irradiation in cold weather can be better utilized; heat collection is even possible under
diffuse irradiation conditions. In contrast, in climates with high levels of direct irradiation
and high ambient temperatures, FPCs perform better than ETCs [16]. The comparative
performance trend between the two technologies assumes that the performance of ETCs
will be superior as the required temperature differential becomes more demanding (relative
to the ambient temperature) [3]. The characteristic relationship between these two types of
collectors, in terms of the efficiency of both technologies, is presented in Figure 1 according
to a report published by Norton [17].

Despite the emergence of various typologies of STC products developed for architec-
tural integration [18,19], the standard ETC and FPC products remain the most widespread
and cost-effective technologies for housing. These STCs are economical and efficient and
can be installed coplanar to building surfaces to reduce the esthetic–architectural impact.

In this study, the performance of these technologies under equatorial climatic con-
ditions at high altitudes was measured. The study area is located in the South American
Andes Mountain Range in a context that makes it possible to characterize the capacity of
these technologies in inter-Andean valleys, at altitudes of between 2000 and 3000 meters
above sea level. A recent (2020) analysis examined six cities with these geographical condi-
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tions, from Bogotá (4.7◦ Lat North) to Arequipa (16.3◦ Lat South), and included a variety of
urban areas, such as Pasto (Colombia), Ambato, Riobamba, Quito, Cuenca, Loja (Ecuador),
Cajamarca and many smaller towns. An average maximum temperature of 22.8 ◦C was
recorded in the city of Loja, and an average minimum temperature of 6.8 ◦C was recorded
in Arequipa in Peru [20]. The thermal energy requirements in this region are high and
stable under these conditions. Under the equatorial solar path, the solar gain is significant
only on roofs [21,22].

Figure 1. Efficiency curve of STCs based on climatic conditions [17].

A previous study examined the electricity generation performance of photovoltaic
(PV) installations in the same city as is used for the present research. The previous study
examined a different technology but with a performance that was directly correlated with
irradiation incidence, using PV panels arranged in sloped arrangements similar to the roofs
of buildings. The revealed that the maximum annual generation is not highest from PV
panels that are inclined and oriented toward the Equator (to the north), as is normally
considered the general rule for optimal solar capture. Overall, an improvement of only
7.0% in annual generation was found when the panels were oriented to the east, relative
to the worst orientation (to the west); the yield from north and south orientations was
intermediate. The difference in yield is a consequence of cloud cover, as the annual balance
shows higher cloud cover in the afternoon and midday and lower cloud cover in the
morning [23]. Regarding solar PV, it has been found that there is not a significant incidence
regarding orientation at this latitude, especially when the solar plates are arranged in a
low inclination with a flat surface, as in FPC technology. However, the performance of
PVs is dependent on electromagnetic waves, specifically those that are more related to
light waves. In contrast, the performance of STCs is determined by thermal and infrared
electromagnetic waves; therefore, although the efficiency of both technologies is influenced
by the irradiation levels, the technologies use different wavelengths of solar irradiation.
Photovoltaics, unlike STCs, exhibit a reduced performance according to temperature [24].

Previous researchers have analyzed the performance of ETCs under equatorial Andean
conditions in terms of inclination modifications, with each tube receiving direct solar
incidence [25]; under such conditions, the fluid could be heated even at slopes of up to 60◦.
Despite the potential of STCs for buildings and the relevant diffusion of this technology,
the performance of STCs under different collector orientations has not been analyzed.
By applying the F-Chart method [26], which is a mathematical model that allows the
performance of STCs to be predicted based on irradiation, inclination, orientation, climatic
conditions, and other factors, the most favorable orientation for surface collectors under
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the irradiation conditions of Cuenca, Ecuador, was determined to be toward the north if
the inclination was above 18◦; however, for lower inclinations (14◦), the solar performance
was similar for all orientations.

The novelty of this research is based on a comparative determination of the heating ca-
pacity of ETC and FPC technologies and measurements of the incidence of the intershading
effect between the evacuated tubes in an ETC. FPC and ETC technologies have been com-
pared in the past [3,27,28] and their performance characteristics and the effects of collector
orientations have been analyzed. However, to the best of our knowledge, the performance
of these technologies has not been analyzed using the methodology presented here, in the
context of a working residential hot water system under equal irradiation incidence.

This work is structured as follows: first, the solar thermal installations, monitoring
equipment, and programming of the consumption of the systems are described. Then, the
main results and temperatures obtained as a consequence of the different technologies
being oriented in different directions are compared under different extreme and average
irradiation scenarios. Then, the comparative temperatures obtained in the solar collector
outlets and in the storage tank outlets (with the hot water supply representing this last
parameter) are presented, and the systems are compared under different scenarios with
high, low, and average irradiation potentials.

2. Materials and Methods

Four STCs were installed in the Andean city of Cuenca, Ecuador, and configured as
completely built systems to simulate four residences with identical levels of consumption
and storage (200 L). The configuration of each of the four systems was a split collector-
storage system, which is an appropriate configuration to reduce architectural impacts and
seismic risks, which are common throughout the Andes Mountains. The collectors were
deployed facing each of the four cardinal directions, and each collector was paired with
each technology to orient the solar incidence parallel to the equatorial solar path (east to
west) or perpendicular to the equatorial solar path (north to south. The collectors were
thus positioned such that there was direct irradiation incidence in the morning or in the
afternoon; thus, the evacuated tubes were installed so that one ETC was oriented to the
west (ETC.w) and the other ETC to the south (ETC.s), i.e., with the tubes parallel to the
solar path. Similarly, one of the FPCs was deployed parallel to the solar path to the east
(FPC.e), and the other was deployed with a north-facing orientation (FPC.n). We set four
systems to compare their performance under identical irradiation conditions: one FPC
facing parallel to the solar path and one facing perpendicular to the solar path, and one
ETC facing parallel to the solar path with the other facing perpendicular to the solar path.

In this experiment, we used the Shanghai APS Eco-tech CO model FPC, with an
absorber surface area of 1.9 m2, and the Apricus ETC-20 model ETC, with a net surface
area of 3.0 m2 and an absorber surface area of 1.9 m2 [29] (Figure 2). Although the vacuum
tubes have 50% larger spatial occupancy, they are similar in terms of collector surface. The
STCs were installed with an inclination of 15◦ with respect to the horizon, which is close to
the slope known as “tercia” (18◦), typical of local roofs, and is the minimum recommended
inclination to achieve the appropriate thermosiphon effect on flat roofs. Figure 2 shows
the deployment scheme of the STC, installed on one of the roofs of the Universidad de
Cuenca’s Recreation Centre (CREDU). The system is complemented by individual storage
units. Figure 3 shows photographs of both the STC and the integrated storage tanks. As a
consequence of the low slope, the solar arrangement of the collectors interferes minimally
and only for a few minutes, very early in the morning and very late in the afternoon with
shadowing between collectors, showing negligible performance losses due to this effect.
The built environment also does not affect the solar incidence in this location.
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Figure 2. Schematic diagram of the installation of the STCs and storage.

Figure 3. Photographs of the installation of one of the STCs and a storage tank taken from the south.

For typical FPC products, the irradiation incidence varies with respect to the flat
collector surface according to the time of day. However, in the case of ETCs, where the
collector geometry consists of smaller-capture curved surfaces, the irradiation incidence
on each tube varies or is mostly direct in some strips and essentially tangential in other
strips. The aim of this study was to determine the difference in the incident irradiation on
evacuated tubes if the tubes are arranged parallel or perpendicular to the solar path. The
incident irradiation is affected by the proximity between tubes and the shadowing effect.
Normally, evacuated tubes are separated by approximately 1.0 cm and have a diameter of
6.0 cm. In regions far from the Equator, orienting STCs toward the solar path (southward
in the Northern Hemisphere and northward in the Southern Hemisphere) has typically
been considered optimal. In equatorial regions, irradiation collection is feasible with an
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orientation toward any cardinal point when the tilt of the collector is low [21,22]. However,
in equatorial regions, when the tubes are oriented either toward the north or south or
in arrangements near these orientations, a shading effect between the tubes affects the
solar incidence that does not occur when the ETC faces directly east or west. Evidently,
this blocking of irradiation affects the performance of these types of collectors, mostly in
the early morning and late afternoon hours, when the irradiation is not high; therefore,
there is no information as to the global relevance of this self-blocking phenomenon, an
effect that is not present when the solar path is parallel to the orientation of the tubes.
Appendix A shows a simulation and diagrams of the incident irradiation, developed in
Graphisoft ArchiCAD 24 [30], and indicates the irradiation permeability of the tubes. The
time of day is evidenced when the light and dark stripes of shadow appear below, i.e., the
light passes over the collectors at the moment when the direct irradiation hits the total
diameter of the vacuum tubes. In these simulations, the data show that with the collector
facing south, the shadow begins to cross the stripes at 10:30 a.m. This effect continues
until 2:15 p.m., after which time the light stripes disappear, which implies that blockage
of irradiation between tubes begins to occur. When we analyze the same effect with the
collector oriented to the west at a 15◦ tilt, the data show that although the collector is facing
away from the sunrise at 7:30 a.m., direct irradiation already begins to cause an effect. This
incidence of direct irradiation occurs throughout the day, and the irradiation always crosses
between the tubes, a sign that there is no blockage between them. During the afternoon,
the solar incidence is more direct, even in the late afternoon. Figure 4 shows diagrams
of the intershading effect at early morning solar altitude (8 a.m.) and the permeability of
irradiation through the collectors at 1 p.m. In addition, an in-site photograph of the south-
facing evacuated tube collector, demonstrating the intershading effect, is shown; this image
was taken on an equinox day (21 September 2020 at 8 a.m.). Observing this phenomenon, it
is clear that intershading only affects ETCs, so this research focused on comparing the effect
of orientation on performance. So, for this purpose, an analysis comparing the various
orientations of ETC was conducted, displaying one unit perpendicular to the sun’s path
versus one that was deployed parallel to the solar path. These were also compared to FPC,
to establish the incidence in terms of orientation at this latitude.

Figure 4. Diagrams showing solar incidence on the vacuum tubes and irradiance blocking at 8 a.m. and at 1 p.m. The
photograph shows the solar incidence on the equinox at 8 a.m. in south-facing ETCs.

For a full simulation of each residential system, it is necessary to replicate similar
water consumption demands to understand the real effect of system performance in a
consumption scenario. To this end, an automatic actuation system was installed to ensure
water discharge at specific times throughout the day. Industri Mega timers [31] with LS-MC
18 B contactors were installed, along with Autonics TM4-NDSB temperature sensors [32],
which, in conjunction with thermocouple systems (with an accuracy of +/− 0.5 ◦C) located
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throughout the network, allowed the hot water to be activated and evacuated, while the
temperature of the water entering and leaving the STC in the inlet, outlet, and storage
systems was measured. The calibrated volume corresponds to a consumption of 50 L per
person per day. Each system is calculated as serving a family of four. This magnitude cor-
responds to the simulation from Calle and Tinoco’s analysis regarding local conditions [33].
The scheduled discharge times are shown in Table 1. The discharges were planned to be
five minutes apart to avoid the coincidence of water evacuation in the network because
the collectors flow into a single pipe that carries the water to the heated pool, which is the
evacuation location.

Table 1. Volume of water discharge as a simulation of residential use.

Timetable/STC ETC.w ETC.s FPC.n FPC.e Volume of Hot Water
Evacuated (L)

Morning 1 Shower 06:00 06:05 06:10 06:15 52
Morning 2 Hand wash basins 06:55 07:00 07:05 07:10 20

Morning 3 Dishwasher 07:50 07:55 08:00 08:05 8
Afternoon 1 Kitchen 12:00 12:15 12:30 12:45 16

Afternoon 2 Dishwasher 13:15 13:30 13:45 14:00 16
Night 1 Kitchen 19:00 19:05 19:10 19:15 16

Night 2 Dishwasher 19:55 20:00 20:05 20:10 20
Night 3 Shower 20:50 20:55 21:00 21:05 52

Simultaneously, meteorological data were taken from a Delta T Devices GP2 weather
station [34], which is located on the campus 120 m away from the collector site. Sensors
at this station provide data on irradiation, air temperature, wind speed and direction,
humidity conditions, and other parameters, which ensures that irradiation and climate are
known at the time the temperature readings are taken at the collectors.

The performance reading period for the four systems ran from 26 February to 30 June
2020. These are months of high relative cloudiness, although, at this latitude, cloud cover
is substantial throughout the year. The solar altitude is always nearly perpendicular to the
ground at noon, with maximum deviations of approximately 26◦ to the north on the June
solstice and 20◦ to the south on the December solstice (Appendix A).

Once the systems were installed, the performance of each of the ST plates and the
thermal energy obtained in each of the collectors were determined. The temperature of use
at the storage outlets was determined by considering a consumption temperature of 50 ◦C,
which is the normal temperature for residential heaters and a minimum requirement in
concordance with the local norm for residential hot-water heaters [35].

3. Results

Data collection was executed and temperature comparisons were established on
hourly day curves of maximum irradiance, minimum irradiance, and average irradiance.
Additionally, a comparison between the global yield cases was performed.

3.1. Temperatures at the Outlets of the STCs

The curves in Figure 5a,b show the temperatures at the outlets of the four STCs and
the irradiation levels throughout the day on the maximum irradiation day, the minimum
irradiation day, and the average irradiation of all the days examined. The data in Figure 5a
show that on a day with a high level of solar energy being irradiated (5195 wh/m2), FPC.n
reached a temperature of 41.9 ◦C at the outlet of the collector, exceeding the maximum
temperature observed in FPC.e (38.5 ◦C) by 3.4 ◦C; this difference is attributed to the high
level of irradiation at midday and in the early afternoon, when a higher level of irradiation
occurred at a more direct angle in the north-south orientation compared to the east-west
orientation. During a day with minimum irradiation, a maximum outlet temperature of



Sustainability 2021, 13, 13870 8 of 17

25.4 ◦C was measured at FPC.e, which was only 0.5 ◦C lower than that measured at FPC.n
(25.9 ◦C).

Figure 5. (a,b) Hourly temperature difference for the FPCs and ETCs outlets, according to orientation
and different radiations scenarios.

With regard to the ETC (Figure 5b), the ETC.w system showed an outlet temperature
of 50.6 ◦C, which was significantly higher than that of the ETC.s collector, with a maximum
temperature of 41.6 ◦C on the same day of high irradiation. In other words, with the
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orientation of the tubes arranged parallel to the solar path, the data revealed a temperature
that was 9.0 ◦C higher, indicating a significant difference between the two systems with
the same solar technology, thus supporting the initial hypothesis of the occurrence of
irradiation blocking between tubes. On days with low irradiation as a consequence of
cloud cover, the ETC.w system with the tubes parallel to the solar path also outperformed
the other systems as expected, with a temperature of 30.9 ◦C compared to 27.3 ◦C for the
ETC.s collector, an improvement of 3.6 ◦C and 4.7 ◦C, respectively, over both FPCs; this
result also supports the initial hypothesis despite the lower direct irradiation, and the
superior performance of ETC versus FPC is also demonstrated.

In the case of the FPCs, under average irradiation conditions, for both FPC.e and
FPC.n, the maximum temperatures were similar, indicating that with this technology, the
orientation is not a major factor (FPC.e = 30.2 ◦C vs. FPC.n = 30.1 ◦C). In contrast, in
the ETCs, with respect to average temperature and irradiation, the data show that the
maximum temperature was recorded for ETC.w, with an average maximum of 38.8 ◦C,
compared to 33.2 ◦C for ETC.s, i.e., 5.6 ◦C higher on average in the measurement period.
Comparing the performance between the ETC and FPC technologies revealed that the
temperatures of the ETCs were, on average, 3.7% higher than those of the FPCs.

Comparing the average temperatures of the two technologies (total days and total
average hours) revealed similar average outlet temperatures for the two FPC systems, with
that of FPC.n being only 0.1 ◦C higher than that of FPC.e. However, in the case of the ETCs,
the average temperatures were 1.7 ◦C higher in the west orientation than in the south
orientation. Moreover, the maximum temperature at the outlet of the ETC collector was
5.6 ◦C higher for ETC.w than for ETC.s (Table 2).

Table 2. Comparative average (Avg.) and maximum (Max.) temperatures at the solar collector outlets.

Average Daily Irradiation Collector
Water Outlet Temperature. Maximum

and Average Temperature Comparative
Analysis (◦C) for 3177 Wh/m2 Daily

Solar Energy Scenario

Low-Irradiation Day Collector Water
Outlet Temperature. Maximum and
Average Temperature Comparative
Analysis (◦C) for 1565 Wh/m2 Solar

Energy Scenario

High-Irradiation Day Collector Water
Outlet Temperature. Maximum and
Average Temperature Comparative
Analysis (◦C) for 5195 Wh/m2 Daily

Solar Energy Scenario

Average Temperature Detected(◦C) Average Temperature Detected (◦C) Average Temperature Detected (◦C)

FPC.e FPC.n ETC.s ETC.w FPC.e. FPC.n. ETC.s. ETC.w FPC.e FPC.n ETC.s ETC.w

18.8 18.9 21.7 23.4 16.9 16.9 19.3 20.2 21.3 23.8 24.8 27.2

Temperature difference against the same
technology outlet collector (◦C)

Temperature difference against the same
technology outlet collector (◦C)

Temperature difference against the same

technology outlet collector (◦C)

−0.1 0.1 −1.7 1.7 0.0 0.0 −1.0 1.0 −2.5 2.5 −2.4 2.4

Maximum Temperature Detected (◦C) Maximum Temperature Detected (◦C) Maximum Temperature Detected (◦C)

FPC.e FPC.n ETC.s ETC.w FPC.e FPC.n ETC.s ETC.w FPC.e FPC.n ETC.s ETC.w

30.2 30.1 33.2 38.8 25.4 25.8 27.6 31.4 41.1 40.9 41.7 50.6

Temperature difference against the same
technology outlet collector (◦C)

Temperature difference against the same
technology outlet collector (◦C)

Temperature difference against the same
technology outlet collector (◦C)

0.1 −0.1 −5.6 5.6 −0.4 0.4 −3.7 3.7 0.2 −0.2 −8.9 8.9

Table 2 also shows an analysis of the temperature at the outlet of the STCs under
average irradiance conditions on the days (scenarios) when the measurements were taken
(3177 Wh/m2). At this point, the day with the lowest irradiated energy (1565 Wh/m2), a day
of considerable cloud cover, and the day with the highest irradiated energy (5195 Wh/m2)
were analyzed. In the three scenarios, the average temperatures at the collector outlet were
measured, and the percentage difference in temperature at the collector was compared to
that of another collector with the same technology in a different orientation. The temper-
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atures of the FPCs revealed a reduced heating differential depending on the orientation;
greater differences were observed for the ETCs, especially for the maximum irradiation
scenario, with an 8.9 ◦C higher temperature in ETC.w than in ETC.s. At the end of Table 2,
the difference in temperature between units using the same technology at the collectors’
outlets is expressed, detecting more differences when comparing ETC collectors than for
the FPC collectors.

3.2. Temperatures at the Storage Outlets

While the temperature of STCs is the most important indicator of the performance
and thermal capacity of the two technologies, and orientation is a useful parameter for
the selection of both technologies for different uses, it is also important to analyze their
influence on residential water systems. For this purpose, it is important to simulate systems
configured for residential operation, with storage tanks. In this manner, the performance
differential of the systems with respect to the required Domestic Hot Water (DHW) usage
temperature and the contribution to a typical boiler with an outlet temperature of 50.0 ◦C
can be measured.

When observing the FP at high or minimum levels of irradiation, the temperatures
with the north and east orientations were similar. In addition, the temperature barely
increased on a day of low irradiation, i.e., increasing by 2.5 ◦C compared with the tempera-
ture early in the morning, prior to any irradiation, which was taken as the base temperature,
indicating a low capacity under very cloudy conditions. In contrast, on days with high
irradiation, the temperature increased by more than 20.0 ◦C in both FPC systems. On aver-
age, the tank outlet temperature increased by approximately 10.5 ◦C every day, indicating
the low efficiency of the FPCs under high cloud cover conditions, even in warm ambient
temperatures. During hot water evacuation, a drop in storage temperature was observed,
especially during times of heavy discharge (Figure 6a).

The situation is different for ETCs. On days of minimum irradiation, the temperature
increased between 3.8 ◦C and 5.0 ◦C, with greater heating of the west-facing system, where
there was no intershading between tubes. Under the high-irradiation scenario, the increase
was between 19.3 ◦C and 17.8 ◦C, with ETC.w performing better than ETC.s; however, due
to the starting temperature in the early morning, the ETC oriented to the west reached
a 3.2 ◦C-higher temperature as a result of the higher heat of the previous day. On a day
of average irradiance, the temperature of ETC.w was 2.1 ◦C higher than that of ETC.s
(Figure 6b).

Finally, when comparing the storage temperatures in the upper outlet of the tank
sensor of the two technologies (Table 3), temperatures very close to those of the two FPC
systems were observed only with ETC.s; however, the temperatures of these three systems
were exceeded by that of ETC.w, reaching a maximum of 3.0 ◦C on a day of high irradiation,
2.1 ◦C with average irradiation, and 2.6 ◦C on a day of minimal irradiation. Interestingly,
and in contrast to previous results, the FPC.e system outperformed the FPC.n system by
almost 2.0 ◦C under high-irradiation conditions. Although this differential is smaller on
average and, under low irradiation conditions, this higher performance could correspond
to the higher irradiation level expected in the morning hours in this region, as has been
demonstrated by Izquierdo et al. [23]; thus, the FPC that was facing east has the best local
performance. The temperature was always higher in the upper storage outlet of the ETC
systems, with the average temperature of ETC.w exceeding that of ETC.s by between 2.1 ◦C
and 3.0 ◦C in both average conditions and at the maximum temperature, demonstrating
the higher performance when the tubes are not affected by shadowing from other tubes
in ETC, i.e., when these are arranged parallel to the solar path (Table 3). At the end of
Table 3, the differences in temperature between the same technology systems are expressed,
detecting more differences when comparing ETC systems than in the FPC systems.



Sustainability 2021, 13, 13870 11 of 17

Figure 6. (a) FPC systems storage tank temperature difference. (b) ETC systems storage tank
temperature difference.

3.3. Supplementary Energy Requirement for Residential Use

Finally, we determined the missing energy requirement. Assuming that the temper-
ature differential is fed by a typical wall boiler, according to the energy requirement for
hot water, we considered 50.0 ◦C as the normal required temperature [36] at the outlet
of the heating system [37]. For this calculation, we considered the number of discharges
described in Table 1 in terms of quantity and the existing temperatures at the outlets of
the tanks at those hours. The amount of energy required was obtained from the volume
of hot water required and the temperature shortfall, as shown in Table 4. The data show
that in terms of daily energy volume, when comparing extreme conditions, the worst-case
scenario is one of minimum irradiation in the FPC.n system, where the energy shortfall
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is 7.0 kWh per day, a 67.5% greater shortfall than the 4.2 kWh shortfall in the best-case
scenario in the ETC.w system. However, in the case of average irradiation magnitude, the
ETC.w system has a 9.7% lower energy requirement than the ETC.s system. Furthermore,
the systems powered by the ETC required, on average, 8.0% less backup power compared
to the FPC installations, and the ETC.w required 18.5% less backup power than both FPCs,
on average.

Table 3. Comparative average (Avg.) and maximum (Max.) temperatures at the storage tank outlets.

Average Irradiation Day Outlet Storage
Temperature and Comparative analysis
(◦C) for 3177 Wh/m2 Daily Solar Energy

Scenario

Low-Irradiation Day Outlet Storage
Temperature and Comparative Analysis
(◦C) for 1565 Wh/m2 Daily Solar Energy

Scenario

High-Irradiation Day Outlet Storage
Temperature and Comparative Analysis
(◦C) for 5195 Wh/m2 Daily Solar Energy

Scenario

Average Temperature (◦C) Average Temperature (◦C) Average Temperature (◦C)

FPC.e FPC.n ETC.s ETC.w FPC.e FPC.n ETC.s ETC.w FPC.e FPC.n ETC.s ETC.w

23.1 22.4 24.2 26.4 20.8 20.1 21.4 23.8 27.2 25.2 28.2 31.1

Temperature difference against the same
technology outlet storage(◦C)

Temperature difference against the same
technology outlet storage (◦C)

Temperature difference against the same
technology outlet storage (◦C)

0.7 −0.7 −2.1 2.1 0.8 −0.8 −2.3 2.3 2.0 −2.0 −3.0 3.0

Maximum Temperature Detected (◦C) Maximum Temperature Detected (◦C) Maximum Temperature Detected (◦C)

FPC.e FPC.n. ETC.s ETC.w FPC.e FPC.n ETC.s ETC.w FPC.e. FPC.n ETC.s ETC.w
Max

28.3 28.1 28.7 30.8 22.2 21.7 21.7 24.3 36.7 36.8 36.2 39.2

Temperature difference against the same
technology outlet storage(◦C)

Temperature difference against the same
technology outlet storage (◦C)

Temperature difference against the same
technology outlet storage (◦C)

0.2 −0.2 −2.1 2.1 0.5 −0.5 −2.6 2.6 −0.1 0.1 −3.0 3.0

Table 4. Daily energy shortfall for residential water heating in the four systems, considering a residential water use of 200 L
of DHW per household.

Total Energy Shortfall (kWh/day)

STC
Irradiation Conditions

% Comparative avg. Energy Requirement
vs. Minimum avg. RequirementIrrad.Min

(1565 Wh/m2)
Irrad.Max

(5195 Wh/m2)
Irrad.Avg. 3177

(Wh/m2)

FPC.e 6.8 5.1 6.2 116.5%

FPC.n 7.0 5.6 6.5 120.6%

ETC.s 6.6 4.7 5.9 109.8%

ETC.w (base) 6.1 4.2 5.4 100.0%

4. Discussion

As noted above, this study is unique in the sense that it is based on executing four
complete solar system installations as a laboratory, which allows the performance of four
complete solar thermal systems to be measured simultaneously under identical climatic
conditions. Although the performance of these technologies according to irradiation
availability has been extensively studied by different authors [38,39], those analyses have
been performed in a simulation environment. Local studies have also previously been
performed [25], but only with ETC technology. ETC is an important alternative in the
studied region since it has a better performance in cold and cloudy climates, as is typical in
Andean cities throughout the year, so it is important to define the performance of ETC and
compare it to that of FPC.

The performance of ETCs is influenced by the self-shading effect between the evac-
uated tubes of the ETC. The data reveal that the orientation affected the performance,
with an average ETC temperature that was 1.7 ◦C higher when the tubes were deployed
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parallel to the solar path than when they were deployed perpendicular to it, i.e., with
shading being cast between the tubes. A comparative analysis of the performance of the
two technologies indicated that the ETC on average achieved temperatures 9.9 ◦C higher
than those of the FPC, confirming the better performance of ETC technology under high
cloud cover conditions, as noted above, which are characteristic of this area of the Andes.
In contrast, the average heating difference between the two FPC collectors was minimal
(0.1 ◦C higher for FPC.n than for FPC.e), indicating that the orientation of the FPC was
not decisive, at least at the reduced slopes representative of local pitched roofs. However,
comparing the performance of complete ST systems fed by ETC.s revealed that for ETC.w,
with the tubes parallel to the solar path, the average outlet temperature was 2.1 ◦C higher
than that of ETC.s; however, on days of high irradiation (when there is more incidence of
shade), this difference was 3.0 ◦C.

The temperature performance at the outlets of the storage tanks (upper band of the
tanks that feed the DHW system), with respect to the temperature of the evacuation volume
for DHW use, show that on average, there was a greater difference when comparing the
two systems supplied by the FPC, with FPC.n requiring 0.7 ◦C more energy than FPC.e.
The difference was more pronounced in the ETC, with an average temperature differential
of up to 3.0 ◦C higher in the system supplied by ETC.w than in that supplied by ETC.s,
confirming the better performance of ETC without self-shading between evacuated tubes
when these are arranged parallel to the solar path in a complete residential system.

In accordance with simulated residential consumption, the thermal energy differential
required to reach a consumption temperature of 50.0 ◦C was analyzed; the temperature
can be adjusted with a backup heating system using wall-mounted boilers. Comparatively,
a system powered by other ETCs demands 9.8% more thermal energy on average than the
best-performing system (ETC.w). The FPC had a higher deficit and energy demand, with
FPC.e and FPC.n requiring 16.5% and 20.6% more energy, respectively, compared to the
best-performing system (ETC.w). With respect to the difference between the two FPCs, the
FPC.n system required on average 0.7 ◦C more thermal energy than FPC.e due to the higher
morning irradiation at the site, as previously established [23]. It is necessary to consider
that the analysis of the FPC system takes into account the water outlet temperatures of
the storage and the volume of hot water at the time of evacuation (preset hours of use),
which differ from the whole-day average temperature. It is also necessary to consider
the efficiency of on-demand heaters, which is approximately 70–80% for typical gas- or
electric-powered units, for the estimation of the fuel or electricity requirements [23].

5. Conclusions

In this study, four residential DHW installations were simulated with STCs, starting
from complete residential systems, considered in terms of consumption levels determined
by programmed evacuations from the storage tanks. The installations were analyzed under
the scenario of solar use, such that the collectors were inclined on a slope similar to that
used locally for building roofs or for installations on flat slabs (15◦). The collectors included
two FPCs, one parallel with the solar path (FPC.e) and the other perpendicular to the solar
path (FPC.n), and two ETCs, one parallel with the solar path, in this case in the afternoon
(ETC.w), and the other perpendicular to the solar path (ETC.s).

As expected, considering the high level of cloudiness, the superior performance of
the ETC collector was confirmed under this climate. However, some novel aspects were
determined, such as the difference in ETC performance when the collectors were arranged
in different orientations, a situation that has not been observed in FPC technology or even
in PV technology. In terms of the heat output from FPCs, a temperature of less than 0.1 ◦C
was observed in both collector outlets. However, in ETC systems, at the collector outlet, a
1.7 ◦C higher temperature was observed. When compared at the tank outlet, an average
2.1 ◦C higher temperature was observed when the tubes of the ETC were aligned parallel
with the solar path. This implies a 9.8% higher energy demand on the backup energy
system when the ETC collector is facing south than when it is facing west. FPC requires
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between 20.6% and 17.0% more backup energy than the ETC oriented to the west. These
results are very useful as a way to show the implications when choosing solar technology
alternatives and show that ETC is more efficient, especially when the collectors are facing
parallel to the solar path, when these systems are located in regions close to the Equator.

This study also illustrates the need to analyze these technologies in context for each
region of the planet. Thus, in seasonal climates, tube shading effects can also occur in the
ETC but it will always be necessary to orient the collectors parallel with the path of the sun
as a priority, so this effect must also be analyzed at other latitudes. Based on the proposed
methodology, guidelines can be established to avoid losses due to the arrangement of
collectors; moreover, climatic conditions such as cloudiness differ, so the technology output
must be determined in each region.
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Abbreviations

β Slope angle
◦C Degrees Celsius
cm Centimeters
CO2 Carbon dioxide
DHW Domestic hot water
ETC Evacuated tube collector
ETC.w Evacuated tube collector facing west
ETC.s Evacuated tube collector facing south
FPC Flat plate collector
FPC.e Flat plate collector facing east
FPC.n Flat plate collector facing north
IEA International Energy Agency
kg Kilograms
kWh Kilowatt hours (energy)
LPG Liquified petroleum gas
L Liters
m2 Square meters
masl Meters above sea level
PV Photovoltaic
STC Solar-thermal collector
SO2 Sulfur dioxide
Temp.Avg Average temperature
USD United States dollars
Wh/m2 Watt-hours per square meter (energy)
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Appendix A

Figure A1. Level of insolation and shading of ETCs at different times of the day.
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