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a b s t r a c t

One popular simulation tool for predicting solar thermal (ST) performance is the F-chart model, which
has not been validated for the conditions in equatorial-climate countries. In this work, the performance
of two ST systems (evacuated tube collectors (ETCs) and flat plate collectors (FPCs), widely used for
supplying domestic hot water (DHW) was assessed and compared with F-chart simulation results. The
energy demands were simulated by scheduling hot water discharges and measuring the backup energy
requirements to fulfil DHW needs. Then, the difference between the calculated solar fraction using the
F-chart model and the measured solar fraction was obtained. Both the measurements and simulations
showed that the ETC systems performed better than the FPC systems in a city located on the Ecuadorian
highlands with distinct climate conditions. The results showed that ETC systems are, on average, up to
18.5% more efficient than FPC systems. A comparative economic analysis was carried out considering
that domestic water heating systems are backed up with liquified petroleum gas (LPG) or electricity,
both with and without state subsidies. However, due to the higher cost of ETC technology compared
to FPC technology, and despite ETC’s higher efficiency than FPC’s, only US$0.34 per month can be
saved on average because of the impact of energy subsidies. Thus, the FPC technology seems more
profitable, under the mentioned conditions, because of its lower capital costs. With backup systems
powered by unsubsidized energy, the two technologies are nearly comparable. The ETC technology
appears suitable only under the unsubsidized electricity scenario. The novelty of this research is that
real ST systems installed under similar conditions are integrated, the operation of ST technologies for
DWH is simulated, and the different inclinations and orientations of solar collectors are considered.
The results are compared with simulations from the F-chart model, and each system is economically
assessed.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Solar radiation is more abundant than any other renewable
nergy source on Earth. The solar radiation incidence on the
arth’s surface for less than one hour is enough to meet the
nergy demand of our planet for an entire year (Perez and Perez,
009). Additionally, the amount of solar irradiation at the Earth’s
urface could meet the total energy demand of the planet almost
000 times (The World Counts, 2023). The urban population is ex-
ected to reach ∼2.5 billion inhabitants by 2050 (United Nations,

Department of Economic and Social Affairs, 2018), with additional
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energy requirements projected. Addressing the energy crisis will
require the use of alternative sources as well as traditional energy
resources, which will cause economic and political tensions that
lead to conflicts at the local or international level (Astrov et al.,
2022). One alternative is to promote and evaluate the capacities
of different sources of renewable energy in cities and in buildings
under a model of maximum self-supply (International Renewable
Energy Agency (IRENA), 2021). Each residential core, including
people obtaining their own clean energy, would contribute to
energy sustainability.

Solar thermal (ST) technology is an important alternative that
has long been used to meet energy demands in buildings. The
Solar Heating and Cooling Program of the International Energy

Agency (IEA and SHC, 2022) estimated that in 2019, 684 million

icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

FPC Flat Plate Collector
ETC Evacuated Tube Collector
ST Solar Thermal
DHW Domestic Hot Water
PV Photovoltaic
RTD Resistance Temperature Detector
freal Real Solar Fraction contributed by the

System
LPG Liquified Petroleum Gas
fcal Calculated Solar Fraction
n Number of Days
Qu Useful Energy
Qa Calculated Heat Load
ṁ Mass Flow
Cp Specific Heat Capacity of Water
A Collector Area
I Solar Irradiance
dt Integration Time
C Daily Water Consumption
Taccumulation Tank Water Accumulation Temperature
Tnetwork Network Water Temperature
RAD Solar Irradiance
ETCNor North-Facing Evacuated Tube Collector
ETCSou South-Facing Evacuated Tube Collector
ETCEas East-Facing Evacuated Tube Collector
ETCWes West-Facing Evacuated Tube Collector
FPCNor North-Facing Flat Plate Collector
FPCSou South-Facing Flat Plate Collector
FPCEas East-Facing Flat Plate Collector
FPCWes West-Facing Flat Plate Collector
freal/fcal Real Solar Fraction to Calculated Solar

Fraction Relation
β Collector Inclination

m2 of ST collector surfaces were installed worldwide, with the
capacity to prevent 135.1 million tons of CO2 from entering the
tmosphere (Weiss and Spörk-Dür, 2019). The principle of the
reenhouse effect and the solar box or thermal concentration
rradiated by the sun have been applied to buildings with patent
egistrations since the 19th century (Morse, 1881), and there are
ecords of the sun being considered in architectural designs since
lassical times (Vázquez Espí, 1999). The usefulness of ST systems
epends on the availability of solar radiation and the conditions
nfluencing demand and the levels of captured radiation can be
mproved by suitably arranging the collectors and adjusting the
torage conditions and capacity (Gajbert, 2008).
ST technology comprises different systems, depending on the

onstituent materials and configuration of the collection sur-
ace. Kalogirou extensively described the capabilities, potential,
nd limitations of diverse ST technologies (Kalogirou, 2004). The
doption of a specific technology is based on the capacity, techni-
al potential, and/or cost. For buildings, ST is typically utilized to
eet domestic hot water (DHW) demand and, to a lesser extent,

or heating, recreation, agricultural or industrial uses. For space
eating, there is a reduced capacity since in places where and
t times when the demand is high, solar irradiance levels are
ypically minimal; therefore, DHW has been the prevailing appli-
ation of ST worldwide. The two technologies with the greatest
ntegrability in buildings are evacuated tube collectors (ETCs) and
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flat plate collectors (FPCs) (Munari, 2009). FPCs include a flat,
metallic absorbent layer under a glazed surface enclosed into an
isolated box that provides a low-heat-energy-transfer enclosure
with a heat exchanger coil. FPCs exploit all the radiation that
reaches the collection surface; however, there are losses due to
convection and transmission effects (despite the adoption of glass
barriers and isolation measures), which reduce the performance
under cold and windy weather conditions. Nevertheless, they are
efficient in hot climates and in places with high levels of direct
irradiation exposure. ETC technology employs smaller section
collectors enclosed in a vacuum environment within glass tubes.
This vacuum environment creates isolation, which reduces con-
vection and conduction losses that negatively affect the efficiency
of FPCs. Therefore, ETC technology is more isolated than FPC
for better performance in cold, windy weather conditions and
in cases with diffuse solar irradiance, even though a portion of
the radiation is lost since it passes between the tubes (Moldovan
et al., 2020).

To implement ST systems, it is important to understand the
behaviour of the complete system under specific climate condi-
tions; consequently, performance prediction models of ST tech-
nology have been developed. The F-chart model developed by
Beckman et al. (1977) is a mathematical method (static model
type) that enables thermal supply capacity estimation from the
solar source. This model can be applied to estimate ST-based res-
idential hot water consumption. It is a widely used prediction tool
that is based on the available irradiation data, equipment specifi-
cations, and collection surface information. The model considers
the loss coefficient of the product (given by the performance of
the ETCs or FPCs), weather conditions, temperature of the supply
water building network, storage capacity, foreseeable demand
and angle of solar incidence. However, as for any simulation
model, the modelled results may differ from actual observations
because it is difficult to consider all possible parameters, as noted
by Okafor and Akubue (2012).

The proper introduction of a technology for energy supply
requires reliable information on the capacity of the system, which
requires monitoring and analyses of the real performance of
equipment. In Ecuador, alternatives are sought to reduce fossil
fuel consumption and mitigate the high negative economic and
environmental impacts of subsidies for fuels. Therefore, the main
strategy is to reduce state spending on hydrocarbon imports
and, in turn, invest in the national clean technology industry
(Creamer-Guillen and Becerra-Robalino, 2016), contributing ad-
ditionally to the promotion of local employment, as discussed by
IRENA and ILO (2021).

In this study, the behaviour and capacities of the two de-
scribed ST technologies (ETCs and FPCs) are assessed in Andean
equatorial climatic conditions in the city of Cuenca, Ecuador. The
experimental setup for the study is located at 2◦54′2.32′′S and
79◦0′39.44′′W. A satellite image of the collectors can be seen in
ig. 1 (using the Google Earth Pro platform). The study location
as a particular and relatively stable climate with a solar path
hat is nearly perpendicular to the ground at noon throughout
he year. Due to the mountainous surroundings, the cloud cover is
igh, but there are also several days with high levels of radiation
hroughout the year, and the radiation levels vary slightly by
eason. Thus, the conditions in Cuenca represent the climate con-
itions of other cities in the South American Andes, as described
n a previous study (Zalamea-león and Barragán-escandón, 2021).
ue to the locations and climate characteristics of these cities, it
s difficult to predict which of the two mentioned ST technologies
re more appropriate for residential use. Thus, a comparative
nalysis between the two technologies in different scenarios is
arried out in this study.
Additionally, the differences between the F-chart model simu-

ation results and the real capacity of the technology are explored
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Fig. 1. Satellite image of test benches for solar thermal systems observed using Google Earth Pro.
by comparing the simulation results with real performance read-
ings (under the same conditions). Four ST systems were built
with two ETCs and two FPCs and, in each system, the collectors
were set at different orientations and inclinations, simulating
possible arrangements when installed on sloped roofs. It has been
established that when photovoltaic (PV) collectors are placed in
different orientations and with a low inclination relative to the
horizontal axis, the incidence of irradiation is not significantly
reduced at the studied latitude (Izquierdo-torres et al., 2019).
However, greater inclinations deserve further analysis. Although
previous studies analysed the capacity of ST systems, in this work,
simulations are conducted using data obtained from real equip-
ment under different working conditions that were monitored
daily. The novelty of this work lies in the comparative analysis of
the solar systems of two well-known ST technologies in complete
installations, including an integrated water storage system and a
recirculation system. In addition, the theoretical performance of
the F-chart model is assessed based on experimental results, and
such an analysis has not been reported previously, according to
our literature review.

1.1. Background research

Residential water supply applications of ST technology have
been recorded since the end of the 19th century with the ‘‘Cli-
max’’ solar water heater in the United States and subsequent de-
velopments in Spain and Cuba, according to Vázquez Espí (1999)
and Kalogirou (2004). As early as 1989, in the first description
of the capacities of the FPC and ETC technologies, Duffie (one of
the main developers of the F-chart model), described the uses
and capacities of ST technology. The losses in the ETCs were
described as ‘‘a quarter, giving more energy, higher temperature,
and operating at lower levels of radiation’’ when compared to
those observed in FPCs [18]. Performance prediction models for
ST technology were published as early as 1988, such as by Prapas
et al. (1988). Subsequently, the authors began to analyse the
capacity of ST technology with collectors arranged in different
orientations and inclinations to determine the best deployment
of an ST system according to location and use. The authors also
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found that in Malaysia, up to 40% more radiant power can be re-
ceived over one year by adjusting the inclination of the collectors
(Bari, 2000). Interestingly, to the best of the authors knowledge,
no have reported the influence of collector inclinations on the
radiant power received under the conditions in equatorial cities
at high altitudes, as those in the Andean highlands.

Recent research for improving the thermal performance of
ST collectors has focused on studying how a specific technol-
ogy, under different climate and solar conditions, could increase
their capability. Singh and Das (2022), for example, analysed
the performance of different air conditioning systems that oper-
ate with ST energy, considering refrigerant flow variability and
inclination, and their performance was compared with that of
conventional air systems. The authors found that better air condi-
tioning performance results are obtained with variable refrigerant
flow, reaching an energy efficiency improvement of up to 23%
depending on the climate conditions and air humidity variations.
However, the study was performed with simulations and climate
data available in commercial software but not with real on-
site performance measurements. Another study performed by
the same authors determined the efficiency of hybrid systems
for energizing air conditioning systems with ST, biomass, and
an electrical generator. In the work, the authors compared sim-
ulations with real data from specific experimental systems for
validation. Additionally, the payback period was noted as an
important factor related to the viability of an ST project (Singh
and Das, 2021).

In another study, a comparative analysis of FPC and ETC tech-
nologies was performed, and the effect of vacuum tubes blocking
each other in vertically arranged collectors was assessed (Shah
and Furbo, 2004). The authors observed that to achieve better
performance, the distance between the central axes of vacuum
tubes with a diameter of 4.7 cm must be at least 20 cm to reduce
the effect of inter shading between the tubes. In another com-
parative study of the performance of ETCs and FPCs (Zambolin
and Del Col, 2010), the difference in efficiency between the two
collector types was established. ETCs were found to be more
efficient in cold and low-irradiation conditions, whereas FPCs

performed better under high direct solar irradiation conditions.
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A whole system prediction model with the F-chart model was
eveloped by Klein, Beckman and Duffie in 1976 (Klein et al.,
976). It is a widely applied model for the prediction of ST perfor-
ance and has been disseminated as an easily programmable tool

n an electronic datasheet and freely distributed by state entities
hat seek to expand the use of ST technology (Minenergia, 2022).
his model has been recommended as a predictive tool in Ecuador
or evaluating the performance of ST technologies (Obaco and
aramillo, 2010) and has been compared with complex dynamic
odels. The comparison showed relatively similar results, with

ags of up to 5% (Dongellini et al., 2015; Guilló et al., 2008), which
s in the error range of simulations.

Previously, the application of the F-chart model to the col-
ector arrangements in the study region was analysed through
his method, and the capacities of ETCs and FPCs with different
nclinations and orientations were compared. It has been esti-
ated that the greatest capacity is realized when the collectors
re arranged with an inclination close to the horizontal axis and
riented south, which contradicts the theoretical performance
esults in principle, since if the latitude of the collector location
s the Southern Hemisphere (2, 54◦ south), as a rule, the best
orientation is north. However, in the study location near the
equator, there is a high incidence of cloudiness in the summer
season in the Northern Hemisphere. It has also been previously
determined that ETC technology theoretically outperforms FPC
technology in the region by up to 26% of the solar fraction when
applying the F-chart (Astudillo-flores et al., 2021). However, for
PV technology, it has been established that in Cuenca, the PV per-
formance is better with an east orientation (with an inclination
of 14◦), namely, the performance is 7.05% better than when the
PV faces west with a 26◦ inclination, and if they are on the same
incline, the performance is improved by less than 1%. This result
is a consequence of the lower cloudiness in the morning, but it
is concluded that any orientation is adequate when the PVs are
arranged with a low slope. However, in the same study, it was
concluded that increasing the slope is appropriate to keep the PV
clean, given the high levels of rainfall, with losses of less than
3% due to natural cleansing from the rain (Izquierdo-torres et al.,
2019).

Studies have also been performed to evaluate the real perfor-
mance of ST output compared with the real output per example
in the study performed by Zhang et al. (2021) for PV-ST solar
plates. Additionally, in Ecuador, the performance of a single ETC
has been determined by establishing the thermal output, as in
the study performed by Recalde et al. (2015), among the studies
detecting collector performance. The work presented herein seeks
to advance our understanding of the performance of complete
and real-scale residential ST systems considering storage, real cli-
mate conditions, and the thermal distribution. Therefore, the true
performance of ST systems is assessed when deploying collectors
for irradiation capture at different orientations and inclinations
representative of the slopes of roofs in Latin America and the
Andean region, representing the situation of collectors placed in
a coplanar layout with respect to inclined roofs. This study com-
plements a previous study in which the incidence of shadows of
evacuated tubes compared to those of FPCs and the performance
of solar thermal systems were analysed (Zalamea-Leon et al.,
2021).

2. Methodology

To determine the capacity and efficiency of both technologies
and to identify the solar fraction, it is necessary to measure
the level of irradiation at the moment of generation and de-
termine the proportion of energy used. In addition, other air
and water temperature parameters are needed. To collect data
2570
Table 1
Evacuation volumes and discharge times of the four solar thermal systems.
Schedule/Collector ETC02 ETC01 FPC02 FPC01 Evacuation

volume (L)

Morning 1 Shower 06:00 06:05 06:10 06:15 52
Morning 2 Sinks 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 Baths 13:15 13:30 13:45 14:00 16
Night 1 Kitchen 19:00 19:05 19:10 19:15 16
Night 2 Baths 19:55 20:00 20:05 20:10 20
Night 3 Shower 20:50 20:55 21:00 21:05 52

on solar radiation and ambient temperature, the Delta T model
GP2 weather station is used (Delta-T devices, 2019). The data
sampling period is calibrated with a resolution of 10 min, which
enables momentary climatic and cloud variation detection. To
determine the capacity of the ST technology, four individual sys-
tems are deployed in complete residential kits. The four systems
are decoupled with the collectors separated from the isolated
storage tank, which is an appropriate configuration for architec-
tural and aesthetic integration and for lower seismic risk. The
FPC-type ST systems are integrated with 200 litre storage, and
the ETC systems are integrated with 300 litre storage, which is
the recommended volume for residential kits. The ETCs use the
Apricus ETC20 model (Apricus, 2021) with 20 evacuated tubes,
with a total surface area of 3 m2 and a net collecting area in the
ubes of 2 m2, according to the technical specifications. The FPC
ystems use the Shanghai APS Eco-tech CO model (APS Products,
020). The temperature is measured using resistance temperature
etector (RTD) PT100 Autonics thermocouples (Autonic, 2021)
laced inside the thermotanks and RTD PT1000 thermocouples at
he outlets of the collectors. Fig. 2 shows the connection diagrams
or both types of domestic hot water, as well as the locations of
he thermocouple sensors and photographs of the four collectors
nd storage systems. The installation cost of each FPC system is
S$887.50, and that of each ETC system is US$1425.00; thus, the
econd technology has a 60% higher cost.
To simulate the operation of each of the systems under the res-

dential use scenario, water is automatically evacuated to reflect
esidential use, as characterized in a previous local study (Calle-
iguencia and Tinoco-Gómez, 2018). This evacuation is scheduled
ith an automated system that releases 200 L per day from
ach water heater at a water temperature that reflects potential
esidential use, with higher scheduled discharges in the morning
nd at the end of the afternoon and two smaller discharges at
idday. The water temperature is measured at the outlet of

he water heaters to discern the temperature needed to reach
he 50 ◦C minimum required at the time of discharge in the
espective volume. The evacuated volumes and discharge times
re the same among the four systems but with a 5-minute delay
o avoid coinciding flows since the pipes lead to a single pipe
hat carries hot water to the university pool. The evacuations are
escribed in Table 1.
Each system is connected to an SR658 controller (Hetzon-

eboilerhuis, 2015), which has a data logger and is in charge
f measuring and storing the temperature data for each of the
ones of the system. This equipment is calibrated with the same
ampling frequency as the weather station.

.1. Variable parameters

For the parameters to be modified, under the limitation of
aving four complete residential systems (two of each type and
or a limited time), performance measurements can be made for
eriods of at least three weeks. The ideal period for each deposi-
ion would be an entire year, but a shorter period is also valid
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Fig. 2. Solar collector connection diagram and installation photos.
or the established goals since the comparison of performance
etween both technologies is performed, especially under cli-
ate conditions with minimum seasonal influence. Additionally,
comparison with the F-chart model is also possible, since in the
odel, the irradiation availability data are taken on-site, and the
ngular incidence obtained when the thermal output is taken is
lso considered as input data in the model. The measurements
ere taken from May 2020 to February 2021. The slopes of the
ollectors are typical for local roofs, namely, 14◦, which reflects
he slope of fibre cement roofs and arrangement in flat roofs; 18◦,
orresponding to the slope of traditional tile roofs; and 26◦ and
5◦, corresponding to 50% and 100% of the slope, respectively,
epresentative of roofs of maximum slope observed locally, nor-
ally used to create interior spaces of habitable rooftops. The
rientations considered for analysing the heating potential of the
HW are the four cardinal directions. At equatorial latitudes, solar
ncidences in the four orientations are high if the slope of the
ollectors is low in the annual balance, which implies that the
rientation does not greatly influence the total energy collected
ut does influence the hours of capture and the amount of overlap
etween hours of use (Mulcué-Nieto and Mora-López, 2017),
hereby affecting the obtained caloric energy. The inclinations
nd orientations of the solar collectors were varied according to
able 2.
Based on the collected data, with the irradiation levels and

emperatures obtained in different positions in the ST system
Tn), we calculate the solar fraction contributed by the ST systems
freal). Likewise, the energies required by an auxiliary electrical
system and by liquified petroleum gas (LPG) combustion to reach

the required water temperature are also determined.

2571
Table 2
Data collection dates for the solar collectors.
Data collection date Inclination Orientation

03 May–27 Jun 14◦ -FPC oriented east-north
-ETC oriented west-south01 Aug–02 Sep 45◦

03 Sep–24 Sep 26◦

25 Sep–21 Nov 18◦

Change in orientation

29 Nov–17 Dec 14◦ -FPC oriented west-south
-ETC oriented east-north18 Dec–07 Jan 18◦

08 Jan–24 Jan 26◦

25 Jan–21 Feb 45◦

Next, once climatic information is collected and the perfor-
mance of the collectors is evaluated, the solar fraction is calcu-
lated via the F-chart method (fcal in our calculation). The calcu-
lation of the solar fraction is performed according to the method
described by Klein et al. (1976), and their equations and mathe-
matical development were presented in detail in a previous study
(Astudillo-flores et al., 2021).

In this study, however, the performance is estimated based on
the irradiation available over three weeks for each of the collector
arrangements, which is then extrapolated to the corresponding
month, that is, with a minimum reading sample of 67%, consider-
ing the solar path corresponding to that period. This information
is required to calibrate the F-chart. Importantly, in this case, the
model is applied in two different stages. In the first stage, the
average radiation is used during the number of days (n) that
data were collected for the inclinations and orientations shown in
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Table 1. In the second stage, only the data for the day of maximum
radiation are used, and with n equal to the number of days, data
ere collected for each inclination and orientation.
To calculate the real solar fraction (called freal), the method-

ology described by Obaco and Jaramillo is used (Obaco and
Jaramillo, 2010) based on a model originally proposed by Klein
and others (Klein et al., 1976), where freal is the ratio between the
useful energy (Qu) collected by the collector and the calculated
heat load (Qa).

freal =
Qu

Qa
(Klein et al., 1976) (1)

The useful energy collected by the collector, in our case, is
defined by the following formula.

Qu =

∫
ṁ × Cp × (Toutlet − Tinlet) × dt

A ×
∫
I × dt

(Klein et al., 1976) (2)

where
ṁ, is the mass flow that circulates through the system (0.22 kg/s),
Cp is the specific heat of water (4187 J/kg ◦C),
A is the area of the collector,
I is the solar irradiance (W/m2), and
dt is the integration time.

The heat load is calculated by the following formula.

Qa = C×Cp×n×(Taccumulation − Tnetwork) (Klein et al., 1976)
(3)

C is the daily water consumption (l/day),
Cp is the specific heat of water (4187 J/kg ◦C),
n is the number of days that samples were taken,
Taccumulation is the accumulation temperature of the tank, and
Tnetwork is the water temperature of the network.

3. Results

3.1. ST performance under varied inclination and orientation set-
tings

The result sought in this work is the temperature of the
outflow of each storage thermotank, which reflects the usable
thermal energy for consumption and therefore can be used to
determine the backup power required and real ST capacity. The
first observable result is the direct correlation between the tem-
perature reached and the level of solar irradiance. Next, the
average temperature curves in each of the ST systems at the T4
output are calculated for 32 scenarios (north, south, east, and
west orientations, in four inclinations and two technologies), as
shown in Fig. 3 from (a) to (h). These temperature curves are
compared with the global average solar irradiance curves mea-
sured on the same days. The ideal scenario would undoubtedly be
to obtain these curves under levels of identical irradiance for all
circumstances; however, doing so would require many systems
to be installed simultaneously in the laboratory. Beyond this,
the objective of this work is to determine the reliability of the
simulations and the performance of the complete systems at the
hot water outlet. In the subsequent figures, the red-marked lines
correspond to irradiation and temperature when the collectors
are deployed at a 14◦ tilt, with blue-marked lines denote when
the collectors are deployed at a 18◦ tilt, yellow lines when they
are set at a 26◦ tilt and green lines when they are set at a
45◦ tilt. When the collector’s tilt increases, theoretically poorer
performance would be expected, since the radiation incidence on
average becomes more tangential in equatorial regions.

As expected, the temperature measurement results indicate

that the maximum temperatures of the curves are a consequence
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of higher levels of solar irradiance. It is also observed that the
trend exists minimally at higher temperatures with the collec-
tors deployed with lower slopes, although not significantly as
expected. The maximum temperatures reached under the pro-
posed inclinations in both technologies are not very different,
namely, 32.4 ◦C in the ETC system inclined 14◦ and oriented north
nd 26.7 ◦C in the FPC system oriented north and inclined 26◦.
he time at which the temperature is the highest when leaving
he storage tanks in all cases is 15:00 to 16:00. The trend also
ndicates that in general, the systems heated by the ETCs tend to
each higher temperatures; however, when the FPCs are under
reater solar irradiance, the average temperatures reached for the
PC systems are even higher than those reached by the ETCs (in
he case of the ETC and FPC systems) at the T4 outlets of the
torage tanks.
The most important performance difference between the ETC

nd FPC systems is the significant and rapid temperature reduc-
ion in the thermotanks, especially those caused by the nocturnal
ischarges that simulate the night consumption under the sce-
ario described in Table 1. Three consecutive discharges of a total
f 88 L are scheduled in each system, which implies that the
emperature of the FPC systems is reduced between 7 ◦C and 9 ◦C,
whereas that of the ETC systems is only reduced between 1 ◦C and
4 ◦C in the outlets of the thermotanks. This is a logical and con-
sequential aspect of the different storage volumes and therefore
the lower thermal energy contained (200 L vs. 300 L). This finding
implies that for calculating the energy needed for the discharges
scheduled in the morning, the required backup temperature is
higher in the systems supplied by FPCs, and therefore, the energy
consumption is higher. This result is also consistent with the
results of a previous study carried out on these same specimens,
where it was determined that in the case of the two technologies
deployed at the same inclination (14◦), the FPC systems require
between 21% and 17% more backup power than the ETC systems
(Zalamea-Leon et al., 2021); therefore, the best ETC capacity is in
moderately cloudy and highly cloudy scenarios.

3.2. Computation and comparison of freal and fcal

freal (the water heating and solar fraction in real measure-
ments) is measured by applying model (1), considering the tem-
perature at the outlets of the tanks and the variation in this
temperature in each discharge and by thermal losses from the
system. It is analysed for a temperature requirement of at least
50 ◦C in each of the consumption flows according to the stan-
dard (Ministerio de Desarrollo Urbano y Vivienda, 2020). Table 1
shows the calculated complementary energy demand and there-
fore the average solar contribution on the days in which the
measurements were made. Then, through the F-chart model, in
accordance with the period of the year and the solar angle on the
collectors coinciding with the date of taking real measurements,
the model is calibrated with the onsite level of solar irradiance,
ambient temperature and water temperature. When evaluating
the performance of the ETCs from the F-chart model, the solar
fractions freal and fcal are compared, and the results are presented
in Table 3 for the ETC technology and in Table 4 for the FPC
technology.

Tables 3 and 4 also present the average daily solar irradiance
scenarios in which both solar fractions freal and fcal were deter-
ined based on each collector arrangement, which affects water
eating. The indicator freal/fcal is also presented as a percentage,
hich is used to compare the variation in the solar fractions
btained in different collector arrangements and the percentage
ariation in efficiency in accordance with the data detected in
ach system versus the theoretical fraction. The third aspect
hown in the tables is the percentage variation in efficiency of
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Fig. 3. Readings of the hourly average irradiation and average consumption water temperatures measured at the outlets of the ST collectors. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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each incline of the collector with respect to the previous, less
steep incline. One of the most important aspects observed in
Table 2 is the comparison of the real fraction freal of the system
mong different inclination scenarios, which is the minimum loss
ue to the increase in inclination (between 0% and close to 6% in
ituations of similar irradiance). However, important reductions
re detected when the solar irradiance is significantly reduced;
or example, in the case of the west orientation, by increasing the
nclination between 18◦ and 26◦, f is reduced by 19.18 points of
real

2573
this fraction index. Regardless, when the average daily irradiance
increases, between the inclinations of 26◦ and 45◦, the solar
raction increases by 18.85%, contrary to expectations. For the
orth orientation, we see, for example, that with an inclination of
5◦, the solar fraction exceeds that in the 18◦ inclination scenario
57.7 versus 56.7) and is much greater than that with an inclina-
ion of 26◦. This result is also due to the higher levels of direct
olar irradiance, especially in the afternoons when the collectors
ere tilted at 45◦, which produced a higher tank temperature
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Fig. 3. (continued).
during the night hours of high discharge. From then on, in the
scenarios of the other orientations, a decreasing trend is observed
in freal as the collectors are arranged with a greater inclination
setting, as expected. The reductions typically observed due to the
increasing inclination of the collectors, however, are less than
those obtained for the theoretically calculated fraction fcal. Table 3
shows freal and fcal, along with the percentage efficiency reduction
that occurs as the inclination increases, highlighted in green,
2574
and the exceptions where the efficiency increases despite the
increasing inclination highlighted in orange, which is visualized
with respect to the higher solar irradiance levels expressed in
RAD Wh/m2 day parameter.

For the ST installations powered by FPCs, the same com-
parative procedure is carried out, and the maximum real solar
fraction freal reached is 37.4 with the collector arranged at a 14◦

inclination and oriented to the east. This finding is similar to
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studies that demonstrate the same pattern locally for PV, namely,
that the eastern orientation is the most favourable (Izquierdo-
torres et al., 2019). In contrast, the lowest freal detected is 25.0,
which occurs with the FPCs oriented to the north at an inclination
of 26◦. This occurs when there is low average solar irradiance
(3065.9 Wh/m2) and during the month of September when the
sun no longer travels from the north but passes approximately
perpendicularly over the ground at this latitude. Although not
linear, there tends to be a lower solar fraction when the collectors
are more inclined. However, although freal can be high even on
steep slopes under intense average insolation (see Table 4), when
the FPCs are oriented northwards, freal increases by 14% as the
inclination increases from 26◦ to 45◦ because of the increasing av-
erage solar irradiance from 3065.9 Wh/m2 day to 3847.6 Wh/m2

ay.
freal increases even though the theoretical simulations of the

-chart indicate that as the measured solar irradiance grows,
he solar fraction should be reduced. Compared fcal with freal in
ystems powered by FPCs, unlike what is measured and simulated
n the ETCs, fcal of the FPCs is higher than freal when the FPCs
re arranged at a low inclination, with freal between 79.07% and
8.55% of fcal. However, when the inclination is greater, freal grows
omparatively; thus, with an inclination of 45◦ facing in south,
ast and west orientations, the indicator freal is 220%, 2%, 182.8%
nd 358.1% of fcal, respectively. The only exception is with the
PCs oriented to the north and inclined at 45◦, where freal is
9.7% of the magnitude of fcal. According to our observations, this
esult may be due to the effect of the sun’s path on insolation
2575
oming from the Northern Hemisphere (between May and June),
hich is further influenced by the low cloudiness in that period of
easurement. However, the trend indicates that in the remaining
ases, when the slopes are high, the theoretical performance fcal
s significantly reduced, which is not observed for freal, and that
ith a low inclination (14◦), fcal is always higher than freal, with
he latter between 79.07% and 98.55% of fcal.

Graphs of freal and fcal are presented in Fig. 4 for the case of
TCs. The trend suggests that the real performance is better than
he simulated performance in the 16 cases using this technology.
enerally, as the slope increases, the difference between freal and

cal also increases. For fcal in the east and west orientations, the
eductions due to greater inclination are considerable and more
ronounced than the theoretical reductions expected in the ETCs
rranged facing north and south, which are not detected during
he measurements made to establish freal (Fig. 4).

When analysing the capabilities of FPC technology, fcal sur-
asses freal when the collectors are oriented north and south on
verage, except with high inclinations (26◦ and 45◦) facing south,
here FPC freal is greater than fcal. Consequently, the output ther-
al measurement was obtained when the FPC was facing south,
hich is when the irradiation comes from the Southern Hemi-
phere (Jan–Feb). Then, the F-chart model does not express the
hermal increase jointly by more direct irradiation and slightly
igher climate temperatures in this period. Therefore, with high
verage solar irradiance and sunshine from the south in Decem-
er, the month in which the FPCs were monitored, because the
olar incidence comes from that orientation, the tendency varies
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Table 3
Real and calculated solar fraction and average radiation values for the ETC
system.
compared with other north- and south-facing collector results.
Then, with the FPCs oriented to the east and west, fcal is higher
han freal only when the inclination of the collector is low. As the
nclination increases, the trend indicates that freal is minimally
educed because of the slope, but this index is mainly reduced
ecause of reduced average solar irradiance. The nearly linear
eduction in fcal as the slope increases in the calculation of the
-chart indicates that under a steep inclination, there is a great
ifference between the two fractions, with fcal being significantly
ess than freal (Fig. 5).

.3. Residential performance and economic implications

A practical approach to identifying the implications of adopt-
ng one technology over another under various scenarios for
ollector arrangements relative to the sky is to determine freal,
hich establishes the unmet energy requirement for covering
HW, considering the backup energy required from the two
ypical sources: electricity and LPG. freal is analysed considering
the measured monthly cost in each case. For this purpose, the
cost of these energy sources is also considered, along with the
real cost of energy. Since the high subsidies in Ecuador make
any of the alternatives unprofitable, this work seeks to identify
a technology to which spending on subsidies can be redirected. A
cost of US$23.03 for a 15 kg LPG commercial tank (15 kg gas tanks
are the local subsidized LPG sales mode) is estimated based on
the international LPG value as of May 2022 (Petroprices, 2022),
whose high price is influenced by the Russia–Ukraine conflict.
The price of residential subsidized electricity is close to US$0.10er
kWh hour. However, in 2022, the real price of electricity was
approximately US$0.156 (Agencia de Regulación y Control de la
2576
Electricidad, 2022). The determined monthly costs of different
backup energy sources for systems powered by FPC technology
and ETC technology are presented in Tables 5 and 6, respectively.

Table 6 shows the energy requirements and the economic ex-
penditures on backup energy for systems powered by ETCs for the
cases in which they are powered by subsidized LPG, unsubsidized
LPG, subsidized electricity, and unsubsidized electricity.

The results regarding the monthly financial expenditure to
feed the backup systems under the proposed cost scenarios
demonstrate that in the case of subsidized LPG, the additional en-
ergy required to meet the demand in the case of the FPCs ranges
from US$2.13 with the FPCs oriented to the east to US$1.63 when
the FPCs are oriented north and inclined 14◦; on average, US$1.76
per month is required in all the situations analysed. In contrast,
for systems powered by ETCs, the cost for backup energy ranges
from US$1.68 with the ETCs oriented south and inclined 26◦ to at
least US$1.31 with the collectors inclined 14◦ and oriented north.
Overall, for ETC technology, an average of US$1.42 is required in
subsidized backup LPG. Comparing the two technologies, it is in-
ferred that on average, among all the situations, cases and backup
energy sources analysed, the cost associated with ETCs is 18.5%
lower than the cost of energy using FPC technology. Although
the analysis is undoubtedly limited and financial parameters will
change over time, it provides an estimate of the LPG cost that
can be saved monthly over the 15 years of useful life of the ST
systems with actual circumstances, with the difference between
these two technologies being US$46.80 over this long period;
this low economic difference is a consequence of the unrealis-
tic prices of energy in Ecuador, which are far from profitable.
However, ST systems have been implemented in the country due

to environmental awareness above all other motivations. Under
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Table 4
Real and calculated solar fraction and average radiation values for FPCs.
Table 5
Unmet energy requirement – FPCs.
ST collector
inclination and
orientation

Average monthly
unmet energy
requirement (kWh)

15 kg LPG
tank units
required

US$ in LPG per
month (at
subsidized value)

US$ in LPG per month without
subsidy (US$23.03 per cylinder
as of May 2022)

US$ in electricity per
month (at subsidized
value, US$0.10)

US$ in electricity
per month (without
subsidy US$0.1559)

14◦ north 198.427 0.989 1.63 22.13 19.27 30.05
18◦ north 209.437 1.044 1.70 23.02 20.05 31.26
26◦ north 251.330 1.253 1.79 24.21 21.09 32.88
45◦ north 208.857 1.041 1.85 25.04 21.81 34.00

14◦ south 193.887 0.966 1.68 22.72 19.79 30.86
18◦ south 196.044 0.977 1.73 23.47 20.44 31.87
26◦ south 209.313 1.043 1.82 24.59 21.42 33.40
45◦ south 206.165 1.028 1.72 23.26 20.26 31.58

14◦ east 192.738 0.961 1.68 22.78 19.84 30.93
18◦ east 200.493 0.999 1.77 24.04 20.94 32.65
26◦ east 210.887 1.051 2.13 28.85 25.13 39.18
45◦ east 218.118 1.087 1.77 23.98 20.89 32.56

14◦ west 197.928 0.987 1.64 22.26 19.39 30.23
18◦ west 204.429 1.019 1.66 22.50 19.60 30.56
26◦ west 214.250 1.068 1.77 24.03 20.93 32.63
45◦ west 202.590 1.010 1.75 23.67 20.62 32.14

Average per month 1.76 23.78 20.72 32.30
the LPG subsidy removal scenario, the maximum monthly energy
requirement for the FPC systems is US$25.04, and the minimum is
US$22.13, with the average for the analysed cases being US$23.78.
According to the same analysis for ETC technology backed by
unsubsidized LPG, the minimum monthly expenditure required
for backup water heating is US$17.81, and the maximum is
US$24.42, with the ETC technology average being US$19.39 in
LPG. Over the 15-year useful life of backup energy, the installation
of ETC technology would provide a savings of US$790.20. The
difference in cost between the technologies suggests that ETCs
2577
are more costly for residential installation (US$537.50 difference)
but that over the next 15 years, accounting for a future value
increase rate of 3%, FPCs practically pay for themselves over time.
If a devaluation rate is added to the increasing cost of LPG in the
future, which is expected to exceed 3% per year, it is foreseeable
that ETCs will be more profitable than FPCs, but only under the
LPG subsidy removal scenario.

When we analyse the energy requirements of backup systems
powered by electricity, we also consider two different scenarios:

subsidized electricity and unsubsidized electricity. The results
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Fig. 4. Real vs. calculated solar fraction – ETC and average radiation.
Table 6
Unmet energy requirement - ETCs.
ST collector
inclination and
orientation

Average monthly
unmet energy
requirement (kWh)

15 kg LPG
tank units
required

$ in LPG per
month (at
subsidized value)

$ in LPG per month without
subsidy ($23.03 per cylinder as
of May 2, 2022)

$ in electricity per
month (at subsidized
value, $0.10)

$ in electricity per
month (without
subsidy $0.1559)

14◦ west 158.894 0.792 1.34 18.24 15.88 24.77
18◦ west 165.287 0.824 1.40 18.97 16.52 25.77
26◦ west 189.476 0.944 1.60 21.75 18.94 29.54
45◦ west 185.003 0.922 1.56 21.23 18.50 28.84

14◦ east 161.574 0.805 1.36 18.54 16.15 25.19
18◦ east 161.476 0.805 1.36 18.53 16.14 25.17
26◦ east 162.927 0.812 1.38 18.70 16.29 25.40
45◦ east 158.894 0.792 1.34 18.24 15.88 24.77

14◦ south 160.931 0.802 1.36 18.47 16.09 25.09
18◦ south 171.248 0.854 1.45 19.65 17.12 26.70
26◦ south 212.811 1.061 1.80 24.42 21.28 33.18
45◦ south 179.739 0.896 1.52 20.63 17.97 28.02

14◦ north 155.234 0.774 1.31 17.81 15.52 24.20
18◦ north 159.905 0.797 1.35 18.35 15.99 24.93
26◦ north 161.258 0.804 1.36 18.51 16.12 25.14
45◦ north 159.570 0.795 1.35 18.31 15.95 24.88

Average per month 1.42 19.39 16.89 26.35
are presented in Tables 5 and 6. With subsidized electricity, the
monthly minimum expenditure established for systems powered
with FPCs for backup electricity is US$19.27, and the maximum
is US$25.13. In the case of installations supplied by ETCs, the
minimum monthly expenditure is $15.88 USD, and the maximum
is US$21.28. The average spending for subsidized electricity in
2578
the cases analysed is US$20.72 for FPC technology and US$16.89
for ETC technology. This finding implies that over the 15-year
useful life of the equipment, the foreseeable savings are ap-
proximately US$689.04. This value is somewhat lower than that
determined for the water heating scenario with unsubsidized
LPG. Consequently, with subsidized electricity, the advisability of
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Fig. 5. Real solar fraction freal vs. calculated solar fraction fcal – FPC.
one technology over the other for the future is not clear; it will
depend on the future cost of electricity, although due to recent
trends, it is foreseeable that both would be slightly more advis-
able. Finally, for the scenario of electricity without the subsidy,
we establish that for installations powered by FPC technology, a
minimum of US$30.05 and a maximum of US$39.18 of monthly
nonsubsidy electricity supplying backup water heating is required
to reach 50 ◦C, with the average of the cases analysed being
US$32.30; for ETC technology, it would be necessary to spend
a maximum of US$33.18 and a minimum of US$24.20 monthly,
with the average required economic expenditure being US$26.35
for electricity. This result suggests that based on the two tech-
nologies and power as a backup for unsubsidized electricity, in a
15-year period, the cost difference between the two technologies
in electricity would be US$1071.00. This difference is greater than
the installation cost difference between the technologies, which
is estimated at US$537.50. The comparative analyses clearly in-
dicate that the higher the cost of backup power is, the more
beneficial ETC technology becomes.

4. Discussion and conclusions

Compared to the results obtained by studies of ST systems for
DHW in different contexts and in the same context as this study,
our obtained results are unique in terms of the proposed method
and the parameters analysed and modified for interpreting the
performance and potential of ST systems. In our literature review,
no validation studies were found that built systems to simulate
2579
residential consumption; determined the efficiency of the two
technologies integrated into ST systems, including storage, fluid
networks, and pumping, with collectors for each of the two ST
technologies deployed in different inclination and orientation
configurations; or considered hot water discharges in accordance
with the potential residential use of four inhabitants. The solar
capacities of the FPC and ETC technologies were already compara-
tively analysed in several previous studies, in which the reliability
of the F-chart model was determined using dynamic tools, finding
similar results with a lag of only 5% (Dongellini et al., 2015).
However, Han and others (Han et al., 2010) determined that
the recommended implementation of FPCs in the province of
Zhejiang in China, which has low-irradiance conditions compared
to the remaining country, is more financially feasible than the im-
plementation of ETCs, although the latter technology is supposed
to be more efficient under diffuse solar irradiance. The difference
lies in the cost of the technologies, which coincides with the
results obtained in this study when the backup energy sources
are subsidized.

The purchase and installation process of complete solar ther-
mal systems was also evaluated. For FPC technology, the cost is
approximately US$887.50, compared to the US$1425.00 cost of
the ETC system in Ecuador. The cost difference lies mainly in
the collectors and minimally in the storage (200 L versus 300 L).
Storage capacity is provided by kits from local sellers, although
reference studies suggest that 200 L are optimal for residential
use but that 300 litre capacities do not reduce the capacity
of ST systems and may instead may slightly improve the solar
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fraction when consumption is high (Żelazna and Gołębiowska,
2022). Although the thermal loss coefficient of ETCs is initially
approximately a quarter compared with FPCs, this parameter is
decisive when the ambient temperature is low for FPCs. ETCs
are more fragile during transportation, handling and assembly,
as their glazing is typically weaker (Duffie, 1986). Comparing
the performance of the technologies, in winter months, ETCs are
up to three times more efficient than FPCs; however, in terms
of annual balance, their advantage is significantly weakened to
approximately 12% in the seasonal climate of Brasov, Romania
(Moldovan et al., 2020). A previous study in Cuenca carried out
with the same equipment as that used in this study demonstrated
that ETCs can reach an efficiency that implies up to 20.6% less
backup energy compared to FPCs when the collectors are de-
ployed almost horizontally. Furthermore, ETCs are affected by the
incidence of shadows between tubes, which does not affect FPC
technology (Zalamea-Leon et al., 2021).

Comparing freal with fcal of the simulated model through the
-chart model, differences between the ST technologies are ob-
erved. On average, in the four analysed inclinations representing
ifferent roof slopes (14◦, 18◦, 26◦ and 45◦) and in the four

cardinal orientations, the average value of freal for the ETCs over
the 16 cases is 55.99, while the indicator fcal only reaches 34.16.
This finding indicates that for ETC technology, in general, the F-
chart model presents a significant dispersion and difference with
respect to the real performance, and the performance of the ETCs
is more efficient than that indicated by the simulation results.
Similarly, for ETCs, the reduced performance due to orientation
and inclination is lower for freal than for fcal, and the observed
variability is a consequence of the irradiance levels, being sub-
stantially higher under intense direct solar irradiance (over 3.55
kWh/m2 day). freal reaches 55.6 with a collector inclination of
45◦. However, with an average solar irradiance of less than 3.1
kWh/m2 day, it does not exceed 52.4. The FPCs perform similarly
in the real performance than in the simulated performance, al-
though fcal slightly exceeds freal, with an average reading over all
analysed orientations and inclinations for the FPCs of 33.09 for
freal compared to 30.25 for fcal. Similar to the trend observed for
the ETCs, under low solar irradiance conditions, the solar fraction
is the lowest obtained when comparing all the cases, despite not
being in a maximum inclination arrangement as expected. Addi-
tionally, for the FPCs, freal decreases as the inclination increases,
as expected; thus, taking the average freal when the collectors are
inclined at 14◦ yields a fraction of 35.90 compared to the average
freal value of 32.88 over the four orientations at a measured incli-
nation of 45◦. fcal significantly decreases from 41.55 averaged over
the four orientations to 18.79 at 45◦. This finding assumes that
fcal attains very optimistic average values at smaller inclines and
very unfavourable average values at steep inclines. The general
trend indicates that in most cases, the use of the F-chart model is
pessimistic for the two technologies. However, this may change,
for example, in the scenario of long runs and losses in hydraulic
networks that depend on the building size and extension. Losses
can be more significant, but the F-chart model does not consider
any parameter that determines losses by network extensions or
the quality of their isolation. Another aspect that is important and
that the F-chart model does not consider is the losses caused by
not using the obtained energy for long periods or simply by lower
DHW consumption, which implies significant losses in general, as
Guilló et al. analysed (Guilló et al., 2008). Based on the established
differences, it is concluded that the F-chart model is unreliable, as
when parameterizing the different variables in the most similar
possible way, even climatic variables, the obtained results mostly
differed substantially from the real behaviour, as reflected in
Tables 3 and 4.
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Finally, an economic analysis was conducted, considering only
freal for the two technologies. For the sanitary DHW flows estab-
lished in Table 1, the unmet energy required to reach a temper-
ature of 50 ◦C was regarded as the demanded temperature. Four
scenarios were compared: replacement systems powered with
subsidized LPG, LPG at cost without a subsidy, electricity with
the current subsidies prices and electricity without a subsidy. By
taking the average performance of all the measurements carried
out over seven months in the local climate, it was determined
that ETC technology is 18.5% more efficient in terms of the so-
lar fraction. However, due to the higher technological cost and
greater storage capacity of an ETC facility, it is determined that
with the current subsidized LPG price, FPC technology is more
attractive, whereas with the current LPG price, the introduction
of the technology in Ecuador is unfeasible. In the case of unsub-
sidized LPG and subsidized electricity, the better performance of
ETC technology makes up for its higher cost. Finally, in the case of
powering with electricity at a real price, ETC technology is slightly
more advantageous.

This research has shown the expected deviation of the real
performance of ST and a comparison of technologies. Further
research should be performed since it is necessary to determine
the main parameters and the extent to which they affect and
deviate from the existing models with the real performance of a
residential ST system. Additionally, local climate and residential
customers for hot water use influence real performance. Overall,
background research has been performed on ST collectors’ effi-
ciency or storage as individual aspects, mainly from simulating in
concordance with energy availability or demands to solve. How-
ever, for residential ST in integrated systems, the deviation has
been demonstrated to be high. Several aspects must be accounted
for, such as the storage limitations and losses, losses expected on
hot water distribution pipes and flows, and the time of thermal
consumption. In addition to other nonresidential uses, this kind
of real performance should also be important.
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