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Abstract: The overheating of heat pipes, poor transfer of heat across the absorber and finned heat
pipes, and inability to provide hot water in the late evening hours are major problems associated with
conventional heat pipe vacuum collector systems. The amalgamation of highly conductive storage
material between the absorber tube (heat collecting surface) and the heat pipe is an effective way
to overcome these problems. In this study, a stearic acid amalgamated vacuum tube solar collector
system was designed and fabricated and its thermal output compared with a conventional vacuum
tube system without storage material under the same environmental conditions. The experimental
results showed that the amalgamation of stearic acid as storage material enhanced the thermal output
of the solar system compared to the conventional one. The desired heat gain of the solar system
with storage material increased by 31.30, 23.34, and 18.78% for Test 1_40 °C, Test 2_45 °C, and Test
3_50 °C, respectively. The technoeconomic analysis showed that almost 118.80 USD in revenue could
be earned by the proposed solar system at the end of 15 years. The total running cost of ELG and the
developed solar system was observed to be 202.62 and 86.70 USD, respectively. On average, the cost
of hot water production using the solar system and ELG was found to be 0.0016 and 0.004 USD/L,
respectively. The value of LEC was found to be 0.062 USD/ electricity unit, which was much lower
than the LEC value of ELG (0.116 USD/ electricity unit). The value of NPW (73.73 USD) indicated
high acceptability of the proposed system. The payback time is lower than the life of the system,
indicating its suitability for use in the commercial sector. Therefore, the proposed solar system is
highly recommended over conventional water heating systems in urban and rural areas.

Keywords: energy; vacuum tube solar water heating; technoeconomic investigation; thermal energy
storage material

1. Introduction

Due to global warming and changes in the ecosystem due to the increasing use of
fossil fuels, it is necessary to shift to more efficient renewable energy systems. Among the
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nonconventional energy sources, solar energy is the best candidate due to its free cost and
abundant availability. The adoption of solar energy for the production of useful energy can
save millions of tons of carbon dioxide emissions into the atmosphere every year [1]. In
the USA and European Union, approximately 18 and 14% of total energy, respectively, is
required to complete domestic hot water demand for bathing, cooking, cleaning, etc. [2]. A
report by the Indian New and Renewable Ministry (IMNRE) showed that hot water demand
in the domestic sector in India is exponentially increasing, from 129 million/day in 2017 to
double that amount in 2022 [3]. This large demand for hot water is fulfilled using electricity
or fossil fuels. Due to vacuum insulation, low heat losses, low initial /maintenance cost,
high thermal efficiency, and highly selective coating, vacuum tube solar collectors have
become popular compared to other options available for solar water heating. Vacuum
tube collectors are extensively used in the industrial and residential sectors due to these
peculiar features.

Vacuum tube collectors are categorized into three categories based on their design:
U-tube, heat pipe, and thermosiphon. Among these designs, the heat pipe is one of the
most advanced and efficient due to comparatively low heat losses, low thermal stratifica-
tion, high heat dissipation, etc. The performance of this type of collector can be further
enhanced by modifying its design, such as making changes to the heat pipe working
fluid and integrating heat storage material. The integration of storage material in a heat
pipe system is one of the convenient and economical ways to not only enhance its per-
formance but also supply useful heat during cloudy or non-sunny times. In this regard,
Pawar et al. [4] experimentally examined the performance of a heat pipe vacuum tube
water heater integrated with heat storage material entrenched with copper. They also
compared the performance of the proposed collector with traditional solar water under
the same environmental conditions and found that the highest energy efficiency values of
the developed system and the conventional system were 85.64 and 36.91%, respectively.
The authors also reported that after sunshine hours, the difference in the fin temperature
between the developed system and the conventional system was 36.1 °C. Algarni et al. [5]
studied the impact of the integration of nano-boosted heat storage material on the thermal
output of a vacuum-tube-type solar water heater. The authors reported that the integration
of 0.33 wt.% copper/storage material with a solar water heater increased its thermal output
by 32%. The authors also found that a solar water heater integrated with copper/storage
material could deliver hot water of 50 °C for almost 2 h longer than a conventional solar
water heater. Essa et al. [6] compared the thermal output of a heat pipe solar water heater
with and without helical fins. The authors observed that for 0.665 and 0.5 kg/min flow
rate of water, the improvement in the energy efficiency of the system with helical fin com-
pared to the system without helical fin was 13.6 and 15%, respectively. Olfian et al. [7]
analyzed a serpentine-type vacuum tube water heater employed with heat storage material
to store extra heat during the daytime. They selected three different diameters (6, 8, and
10 mm) of U-tube to transfer absorbed heat from the sun to flowing water. The authors
concluded that the U-tube measuring 6 mm diameter showed the highest improvement
of 13.5 and 25% in outlet temperature and liquid fraction, respectively. Li et al. [8] carried
out a thermal performance and optimization analysis of a serpentine-type vacuum tube
solar water heater embedded with thermal accumulating material. They observed that
a high flow rate of water through the solar water heater reduced the hot water supply
period. They also found that the water heater with heat storage material was able to
supply hot water at 35 °C for approximately 160 min more than the system without storage.
Wau et al. [9] identified the impact of specific heat capacity, density, thermal conductivity,
phase change heat, and melting temperature of thermal accumulating material on the
thermal output of vacuum tube water heaters. The results of the study revealed that storage
material with high melting temperature was advantageous to upsurge the performance
of the developed system. They also observed that a vacuum tube embedded with storage
material with a density of 425 kg/m3 increased the heat collection time compared to storage
material with a density of 1700 kg/m?. O’Neil and Sobhansarbandi [10] compared the
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performance of a heat pipe solar water heater and a U-tube solar water heater with and
without storage material. The experimental results revealed that the U-tube type collector
had higher thermal efficiency and hot water temperature compared to the heat pipe system.
Senobar et al. [11] studied the thermal output of a vacuum tube system embedded with
a heat storage medium (paraffin wax). The results showed that the heat transfer rate in
the selected PCM increased 2-3 times more than pure PCM by employing copper metal
foam into its structure. Bouadila et al. [12] conducted a comparative thermal analysis of
three solar collector systems, in which the first one was the control collector, the second
one had a re-insulated manifold, and the third one had a manifold enclosed by paraffin
wax as the heat storage medium. The authors found that utilization of insulation around
the manifold decreased the thermal losses from 8.18 to 6.05 W/m?2 K, enhanced the en-
ergy from 41 to 66%, and enhanced the exergy from 15 to 20%. Furthermore, the energy
and exergy efficiencies of the third system were observed to be higher than the second
system due to the reduction of overall heat losses. Kumar et al. [13] studied the impact of
the integration of nano-boosted thermal accumulating material on the thermal output of
the collector. The authors found that daily exergy and energy efficiencies of the system
with nano-boosted PCM enriched by 13.72 and 28.78%, respectively, in comparison to the
system integrated with pure PCM. Uniyal et al. [14] reviewed modifications in the latest
designs, amalgamation of phase change material, and financial assessment with various
vacuum-tube-based water heaters. They also addressed the problem of pure phase change
materials and suggested mixing nanoparticles with pure PCM to enhance the heat transfer
rate. Raza et al. [15] determined the different solar water heater potential in seven different
districts of India. They found that the area of the solar collector should be determined in
such a way that it can absorb solar fraction of almost 50%. The payback time of the selected
collectors was in the range of 5-15 years. The simulation results showed that the state
of Gujrat in India is one of the most appropriate locations to install solar water heaters.
Olczak et al. [16] compared the performance of vacuum tube and flat plate solar collectors
in terms of solar energy production. They observed that the solar energy productivity of the
vacuum tube collector was much higher than the flat plate collector for the same absorbing
area. The authors utilized a vacuum tube collector based solar water heater in mainly
colder regions as they produce stable production of thermal energy. The results of the
experimental investigation revealed that the efficiency of the vacuum tube collector with
and without heat storage material was 58 and 38%, respectively. Jachura and Sekret [17]
performed environment effect evaluation on a vacuum tube collector system and found
that a PCM amalgamated collector reduced the harmful impact on the surrounding area by
17-24% in comparison to the collector without PCM.

As can be seen from Table 1, researchers have extensively carried out research work
on vacuum-tube-based water heaters and improved the thermal output of the conventional
solar water heater by incorporating phase change material with vacuum tube systems of
different designs. In most of the investigations, authors either used pure paraffin wax
and its nano-boosted composites as heat storage material. In some studies, the authors
determined the economic practicality of the system before and after the amalgamation of
thermal accumulating material. However, the economic viability of stearic acid as heat
storage material amalgamated novel water storage heater combined with a vacuum tube
collector system has not been investigated.

An economic assessment of the proposed solar collector system recommended its
commercial and domestic utility in society. It was noted that almost 118.8 USD in revenue
could be earned by the proposed solar system at the end of 15 years. On average, the cost of
hot water production and LEC with the proposed solar system was found to be much less
than ELG. Furthermore, the payback time was lower than the life of the system, making it
suitable for use in the commercial and domestic sectors.

In addition to this, the proposed system reduced the issue of overheating in ther-
mosiphon heat pipes, and its performance was enhanced by the incorporation of conduc-
tive stearic acid as the thermal energy storage material. This modified collector was also
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compared to the conventional system. The energy efficiency of the proposed solar water
heater improved by 18-31% compared to the heat pipe system without storage.

Table 1. Comparison of the proposed study with previous studies.

Increment in Energy

Author (s) Year Type of System Parameters Calculated Gain
Essa et al. [18] 2018 Serpentine Energy and thermal output 6.8-21.9%
investigation
Thermal and system efficiency
Olfian et al. [19] 2020 Serpentine measurement and impact of 13.6-15%
operation temperature
Effect of different percentages of
Kumar et al. [13] 2021 Heat Pipe nano-boosted PCM and first and 3-5%
second law analysis
Wong et al. [20] 2022 Heat Pipe Heat transfer and thermal 3-5%
efficiency investigation
Wu etal. [9] 2022 Serpentine Impact of PCM's properties and 4.31%
thermal efficiency analysis
Effect of different percentages of
Kumar et al. [21] 2022 Water in Glass nano-boosted PCM and energy 7%
and exergy investigation
Proposed Study Experimental Energy, Exergy, and Economic 18-31%

Analysis

2. Description of Experimental Setup and Methodology

The developed setup units were tested in the outside environment of Jammu and
Kashmir, India. To judge the impact of heat storage material on the thermal output of the
vacuum tube solar collector system, a conventional collector was also tested in parallel
with a developed solar collector under the same environmental conditions. In this study, a
solar collector (VISC-I) was embedded with stearic acid as storage material, while a tube
was left without storage material (VTSC-II).

As shown in Figure 1, in both systems (VISC-I and VTSC-1I), the hot water loaded
tank was integrated with a heat pipe vacuum tube system to diminish the overall heat
loss from the system. The water storage tank for both VISC-I and VTSC-II could store up
to 3.5 L of water. The experiment was conducted for three consecutive days for different
temperature limits of hot water (40, 45, and 50 °C). During the first day, the highest limit of
water in the header was set as 40 °C. On this day, water was allowed to heat from its initial
temperature until it reached 40 °C, then drained out and stored in a tank for further usage.
At the end of the day, the calculation was carried out according to the total collected hot
water of 40 °C. The same methodology was adopted for temperature limits of 45 and 50 °C.

As shown in Figure 2, the temperature sensors T1, T, and T3 for VISC-I were located
at the bottommost, middle, and topmost portions of the insulated water tank. On the other
hand, T4, Ts, and T4 for VISC-II were located at the bottommost, middle, and topmost
portions of the insulated water tank. The temperature of the heat storage material filled
inside the tube of VISC-I was measured by T7 and Tg, while the temperature of the internal
air of vacuum tubes of VISC-II was measured by Tg and Tjp. The temperature of the
outside air was determined by T1;. The properties of stearic acid embedded with a vacuum
tube collector are given in Table 2. Table 3 presents the description of the specification of
the experimental setup.
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Figure 1. Schematic arrangement of the proposed vacuum tube collector systems.
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Table 2. Properties of stearic acid.

Property Value/Specification
Color Caramel white
Melting temperature range 60-62 °C
Latent heat range 185-190]/g
Specific heat at 75 °C 2.45
Density at 75 °C 1.19
Purity 99.8%
Table 3. Specification of the proposed systems.
Item Specification/Value
Number of vacuum tubes 1
Aperture area of collector 0.080
Diameter/length of an evaporator of heat pipe 9.5/1600 mm
Diameter/length of the condenser of heat pipe 14/63 mm
Material of heat pipe fin Aluminium
Diameter of water storage header 130 mm
Length of water storage header 270 mm
Insulation on water storage header Rockwool

3. Heat Transfer and Economic Analysis

This section provides the heat transfer and economic analysis of the design system
and its comparison with an electrical heating system.

3.1. Heat Transfer Analysis

In the vacuum tube collector system, the incident solar insolation was gathered by the
VTSC (vacuum tube solar collector) and transformed into heat energy by the absorber tube.
After that, the heat energy collected by the absorber tube was transferred to phase change
material or internal air for the systems with and without storage, respectively. Then, heat
was conveyed to the finned heat pipe. Finally, heat was transferred to water flowing in
the manifold through heat pipes. The incident energy gathered by the inner absorber of
the tube was fragmented into two portions. The primary portion of the gathered heat was
conveyed to the surrounding area as heat loss, while the other portion of collected thermal
energy was conveyed to water in the puffed insulated manifold through a heat pipe.

To compare the thermal output of the developed and conventional solar collector
systems under the same environment, the useful energy collected by each collector was
calculated as follows [22]:

Qut = Put X Viet X Cpwt X (Tuero — Twtin) 1)

where p,¢ (kg/m?) is the working fluid density; wa (m3/s) is the working fluid flow rate;
Cpwt (kJ/kgK) is the working fluid specific heat; Ty, (°C) is the working fluid outlet
temperature; and Ty, (°C) is the working fluid inlet temperature.

For evaluation of the energy efficiency of the individual collector (developed or con-
ventional solar collector system), incident solar radiation was determined by the following
relation [22]:

Qin = Gr X Ar X AT ()

where Gt (W/m?) is the instantaneous solar insolation, and A (m?) is the area of the collector.
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The daily energy performance (ngp) of the solar water heating structure can be deter-
mined by the following equation [23]:
pwaP wif vwf X (wa o wa 1'11)
— 7 7 YA 3
TEp A Y Gr ®3)

3.2. Economic Viability Analysis

In the present study, along with heat transfer analysis, economic feasibility and finan-
cial benefits of the developed collector compared to a conventional solar water heater and
an electric water heater were also studied. This analysis is advantageous in terms of the
practical deployment of the project in the residential and commercial sectors.

As per the literature survey, three important factors help to assess the financial benefits
and economic feasibility of any business model: levelized energy price (LEP), net present
worth (NEPW), and payback time (PT). These three economic factors can be evaluated
through the following relations.

The levelized energy price for solar water heater can be calculated by taking a propor-
tion of the annual uniform charge from the produced hot water in the same year [24]:

YUy
AHPy

LEPN = 4)
where YUy ($) is the uniform cost of the system for the Nth year, and AHPy (L) is the hot
water production for the Nth year.

The uniform cost of the solar water heater includes yearly bank installments against
debt for the installation of the system, maintenance and operation cost, and auxiliary energy
cost during non-sunny days [24]

YUy = YIny + MOy + AEN 5)

where YIy ($) is the yearly installment for the Nth year; MOy ($) is the maintenance and
operation cost for the Nth year; and AEy ($) is the auxiliary energy cost for the Nth year.
According to [25],

HN—QXD&X<1 +<Mﬁ_N>xm> (6)
NLife

where Cj ($) is the capital investment in the system; DE; (%) is the debt/equity ratio; Ny
(year) is the life of the system; and it; (%) is the bank interest rate.

Aﬂq:(mi—{@kXGTXAaxATmeX(l—dgﬂ)XEﬁq @)

where ER (kWh/year) is the energy required; N (days/year) is the number of clear sunny
days per year; d, (%) is the degradation rate of the performance of the collector; and EPy
($/kWh) is the electricity price for the Nth year.

The net present worth (NEPW) provides the total income made by the installation
of the business project. It is a very crucial factor whose value decides the viability of the
installed project. The project is not acceptable if the NPEW is negative, otherwise, the
project can be accepted [25].

CFLy

N
NHW:—Q+ZM%?EEW

®)

where CFLy ($) is the cash flow for the Nth year.
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Another important factor of the financial analysis is the payback time, which is benefi-
cial for assessing the associated risk of initial capital investment of a project. This parameter
indicates how much of the time invested in the system can be recovered [26].

~ YN_oCFLy

PB
T q

)

4. Results and Discussion

This section presents and discusses a complete analysis of the different experimental
outcomes. Measurable data are used to compare the energy efficiency and performance
improvement ratio of a manifold cum water storage tank integrated single evacuated tube
water heater with and without heat storage material. The subsections of this section are
devoted to addressing the variation of input and output variables: solar radiation, water
inlet, energy analysis, outlet temperature, and a useful amount of heat acquired by working
fluid under different test situations and economic viability.

4.1. Disparity in Outside Air Temperature and Solar Energy for Different Test Days

Figure 2 depicts the disparity in outside air temperature and solar energy with respect
to time for different test days. Each test was conducted in its unique setting. It can be
observed from the figure that changes in solar radiation were relatively consistent between
different test days. However, the intensity of solar radiation varied marginally on each of
the three days, with the most variance occurring in the evening hours. According to the
data, which were collected with the help of a solarimeter, solar radiation was at its highest
in the morning and at its lowest in the afternoon. The investigations were conducted during
periods of clear, bright weather conditions in April 2022.

The average daily maximum solar radiation was 1072 W/m? on day 1 (Test 1_50 °C),
1101 W/m? on day 2 (Test 2_45 °C), and 1108 W/m? on day 3 (Test 3_40 °C). As an addi-
tional note, the average daily solar radiation incident on the collector area was 24.34 MJ /m?
on day 1, 26.03 MJ/m? on day 2, and 26.61 MJ/m? on day 3. Figure 2 also shows the vari-
ation in ambient temperature with respect to time for all three test days. The average
ambient temperature was 36.71, 37.41, and 37.16 °C for days 1, 2, and 3 respectively. It can
be seen that the highest value of ambient temperature for all tests surpassed 40-43 °C in the
afternoon. The temperature variation shows the composite dry environmental conditions
in which the experiment was performed.

4.2. Disparity in Hot Water Temperature of Control and Testing Systems

In the present investigation, the integrated header for both the control (reference)
system (without thermal accumulating material) and the testing system (embedded with
storage material) was built to be able to store 3.5 L of water. For Test 1_50 °C, the freshwater
was assimilated inside the integrated storage tank of the vacuum tube system and heated
until it reached 50 °C. Then, it was emptied and gathered in an insulated tank so that it
could be used for domestic applications. A similar procedure was carried out for water
temperatures of 45 °C (Test 2_45 °C) and 40 °C (Test 3_40 °C).

Figures 3-5 show the tank water temperature variations for the control and testing sys-
tems for Test 1_50 °C, Test 2_45 °C, and Test 3_40 °C, respectively. During each experiment,
the freshwater in the 31-32 °C temperature range was filled in the tank (header). From
Figure 3, it can be observed that there were four refills (14 L) for the reference system and
five refills (17.5 L) for Test 1_50 °C. Due to the utilization of highly effective heat storage
material (stearic acid), the testing system yielded a higher amount of heat compared to the
reference system (without PCM).
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The integration of PCM has several advantages, one of which is that it accumulates
an excessive input thermal energy in the form of latent thermal energy in the course of its
phase change and then discharges that heat in the late evening hours. Because the testing
system employed phase change material, it could operate during the late evening hours
when solar radiation was no longer available.

As shown in Figures 3 and 4 for both the reference and test systems, the variation in
hot water temperature during Test 2_45 °C was similar to Test 1_50 °C. The freshwater
(used for refill) temperature range was determined to be between 29 and 32.5 °C. Both the
reference and test systems were found to be operational from 8:30 to 19:30. For Test 2_45 °C,
the water was changed five times in the control system and six times in the developed
testing system. The total amount of hot water (at 45 °C) provided by the control system
was 17.5 L, whereas the amount of hot water provided by the developed testing system
was 21 L.

The stored water temperature variations in the manifolds of the reference and test
systems for Test 3_40 °C are shown in Figure 5. In both setups, the water was heated to
40 °C in a single-tube header before being drained and stored as hot water. As shown
in Figure 5, the 40 °C hot water was changed nine times in the reference system and
12 times in the testing system. As per the calculation, 31.5 L of hot water was provided
by the control system, whereas 42 L of water was collected from the testing system. The
operation hours for the control and developed testing systems were determined to be 08:30
to 19:30. Hence, the testing system with thermal accumulating material could provide more
hot water for an extended period after sunset than the control system without thermal
accumulating material.

4.3. Temperature Variation in Internal Air and Heat Storage Material for Different Tests

This subsection discusses the variability in temperature inside the vacuum tube of
both testing and reference systems for different tests under consideration (as shown in
Figures 6-8). To conduct the experiment, stearic acid (the phase change substance) was
poured into the testing system’s tube, while the reference system tube was left empty. It is
important to keep in mind that the designated PCM started melting at about 10:00 a.m. The
PCM in the lower section had completed the phase transition process and was experiencing
significant temperature increases, while the PCM in the upper section was still undergoing
it. It was determined that the temperature of the PCM was consistently less than the air
within the vacuum tube of the control (reference) system because PCM has a higher heat
requirement for phase shift.

130 - ——T_(Ref)
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N
o
1
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Figure 6. Temperature variation inside the vacuum tube of both systems for Test 1_50 °C.
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Figure 7. Temperature variation inside the vacuum tube of both systems for Test 2_45 °C.
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Figure 8. Temperature variation inside the vacuum tube of both systems for Test 3_40 °C.

Solar energy is accumulated within the heat storage material, and it is later transferred
to the working fluid (water) when solar irradiation is weak or not available. Hence, in
contrast to the situation in which PCM is absent, hysteresis takes place. The amalgamation
of the thermal accumulating material with the developed testing system enables a reduction
in the tube’s highest temperature during high solar radiation. Moreover, this additional
heat can be used to provide hot water during non-sunny hours.

4.4. Variation of Set-Wise Useful Heat for Different Tests at 50, 45, and 40 °C

The useful amount of heat collected by the reference and testing systems for Test
150 °C, Test 2_45 °C, and Test 3_40 °C conditions is shown in Figures 9-11.
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Figure 11. Set-wise useful amount of heat collected from both systems for Test 3_40 °C.

Figure 9 shows the amount of heat collected by water in different sets for day 1 to
reach the set limit of temperature (50 °C) in both systems. It was observed that four sets
of 50 °C were completed by the reference system with heat gain values of 258.95, 226.76,
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223.83, and 185.801 kJ. In comparison, five sets of 50 °C (water temperature limit to refill)
were completed by the testing system with heat gain values of 248.71, 212.13, 217.98, 222.37,
and 168.24 kJ. The quantities of heat collected by water in both systems in different sets for
day 2 to achieve the desired limit of temperature (45 °C) are depicted below in Figure 10.

The findings showed that the reference system completed five sets of 45 °C with heat
gain values of 201.89, 168.24, 204.82, 182.87, and 223.83 k], respectively, for each set. In
comparison, the testing system completed six sets of 45 °C with heat gain values of 193.11,
184.33, 212.13, 178.48, 160.93, and 242.85 K] for each set.

Similarly, Figure 11 shows the amounts of heat collected by water in both systems in
different settings on day 3 to reach the target temperature limit (40 °C). The result showed
that the reference system completed nine cycles (45 °C water temperature) with heat gain
values of 105.33, 95.09, 90.70, 106.79, 98.02, 136.05, 109.72, 90.70, and 143.37 k] for each cycle.
In comparison, the testing system performed 12 cycles of 45 °C water temperature with
heat gain values of 103.87, 131.67, 111.18, 117.04, 102.41, 98.02, 106.79, 111.18, 83.39, 112.65,
83.39, and 181.41 k] for each cycle.

4.5. Disparity in Daily Thermal Energy Input/Output and Energy Efficiency of the Proposed
Systems for Different Tests

Every thermal system’s energy efficiency depends on the quantity of absorbed /lost
heat. In the current study, the testing system was embedded with heat storage material,
while the reference system was without heat storage material or internal air between the
absorber and finned heat pipe. The PCM possesses improved thermal properties than
internal air. As a result of this, it was observed that the heat transfer rate across the
blackened inner tube and the aluminum finned heat pipe was significantly higher, which
resulted in a reduction in the overall heat loss and an increase in the generation of heat that
can be used.

Figure 12 depicts the fluctuation in usable energy obtained by water and incident
energy with error bars on the aperture area of a single evacuated tube. For Test 1_50 °C,
the testing system obtained 1069.45 k] of usable energy from water, whereas the reference
system gained 895.35 kJ. Similarly, the desired thermal outputs acquired by working fluid
(water) for the testing and control systems were 1171.86 and 975.82 k], respectively, for Test
245 °C and 1343.03 and 981.67 k], respectively, for Test 3_40 °C. The total energy incident
on the aperture area of the single tube was 1840.34, 1968.53, and 2012.35 for Test 1_50 °C,
Test 2_45 °C, and Test 3_40 °C, respectively.

2500

Qi_(Area) 184034 1568.53 201255 Bl Q_(Area)
J[Qu_(Rer) 895.35 975.82 98167 ] Qu_(Ref)
Qu_(Test) 1069.45 1171.86 134303 Qu_(Test)

Amount of useful and incident energy in kJ

Test 1_50°C Test 2_45°C Test 3_40°C

Figure 12. Daily heat input and outputs of both systems at 50, 45, and 40 °C.

Figure 13 shows the daily thermal (energy) performance of both systems (testing and
reference) for different tests. As a result of the experimental research, it was determined
that the daily thermal (energy) efficiency of the developed testing system was 66.78, 59.82,
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and 44.58% for Test 1_40 °C, Test 2_45 °C, and Test 3_50 °C, respectively. In contrast to this,
the daily energy efficiency of the control (reference) system was 50.86, 48.50, and 37.53% for
Test 1_40 °C, Test 2_45 °C, and Test 3_50 °C, respectively. The ratio of augmentation in the
testing system’s daily thermal efficiency was determined to be 31.30, 23.34, and 18.78% for
Test 1_40 °C, Test 2_45 °C, and Test 3_50 °C, respectively. Thus, it could be concluded that
the utilization of thermal accumulating material in the developed testing system resulted
in an improvement in the daily energy efficiency for all tests.

70 -I- Efficiency (Ref.)
J Il Efficiency (Test)
] Improvement (%)

[0}
o
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Energy efficiency and improvement ratio (%)
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Test 1_50°C Test 2_45°C Test 3_40°C

Figure 13. Daily thermal (energy) efficiency and enhancement ratio for different tests at 50, 45, and
40 °C.

The main goal of any water heating system based on solar energy is to offer water
of the desired temperature even during cloudy, rainy, or non-sunny hours. Often, this is
possible with the installation of a collector that is bigger than necessary, thus allowing the
storage of additional hot water in an insulated tank. This increases both the overall cost
and the heat loss from the water container.

Hence, the utilization of heat storage material in the water heating system proposed
in this study along with the provision of hot water during periods of non-sunny hours
enhances the system’s output at a lower price. In contrast, commercial solar water heaters
are incapable of producing hot water at these periods. Hence, the use of potential PCMs is
a realistic option in solar water heaters.

4.6. Outcomes of Technoeconomic Analysis

In the present section, the economic practicality of the designed and developed vac-
uum collector systems is discussed and its results compared with the traditional thermal
energy supplying system i.e., electric geyser (ELG). It may be noted that the economic prac-
ticality of the developed system was assessed by taking into consideration the economic
factors of the local solar market of India. These economic factors are given in Table 4.

The loan cost, O&M cost, auxiliary energy cost, and gross solar system cost variation
of the proposed solar collector system are depicted in Figure 14. It was found that the loan
cost decreased over the years due to decreasing interest, whereas the maintenance and
operational cost was found to increase due to increase in inflation. Similarly, the auxiliary
energy cost was found to increase with time. This is because the auxiliary energy cost is
dependent on the price of electricity, which is increasing with time. In a nutshell, gross
solar system costs increased over the years due to the dominance of increasing O&M costs
and auxiliary energy costs over decreasing loan costs. On average, the annual cost of a
solar system was found to be 5.43 USD after 15 years of operation.
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Table 4. Economic factors of the local solar market in India.

Factors Value Unit
Initial investment on proposed collector [27] 375 USD/m? area
Maintenance and operational cost of system [27] 1 %
Loan interest rate [28] 9 %
Loan term 15 years
Debt ratio 90 Y%
Price of electricity [27] 0.081 USD/unit
Life of system [28] 15 years
Rise in electricity price [27] 10 %/ year
Discount/reinvestment rate [29] 5 %
Inflation rate [30] 4.5 %/year [27]
Rate of degradation of thermal energy 0.50 % /year
Average daily solar msolatlon bgsed on the 6.76-7.39 KWh/m?2
selected days during experiments
Average daily energy efficiency based on 4467 o
experiment
Number of sunny days [31] 300 days/year
7
mLoan Cost W O&M Cost D Auxiliary Energy Cost mSolar System Annual Cost
6
5
a

Cost (USD)

2
o L = = =2 2 - 2 = = = )| 2
0 1 2 3 4 5 6 7 8 9 10 1

Year

1

12

13 14 15

Figure 14. Variation of loan cost, O&M cost, auxiliary energy cost, and gross solar system cost.

The variation of hot water generation cost by solar and ELG, the fuel cost of the
ELG system, and revenue earned by a solar system with reference to ELG are depicted in
Figure 15. This figure also indicates the calculated value of the levelized cost of energy,
the net present worth, and the payback time of the solar system after its 15 years of
operation. The revenue earned by the solar system was observed to have increased due
to the continuously increasing electricity prices. It was noted that at the end of 15 years,
almost 9504 INR revenue could be earned by the proposed solar system. The annual fuel
cost of the traditional thermal system (ELG) exponentially increased due to the tremendous
increase in electricity prices. The total running cost of ELG and the developed solar system
was observed to be 202.62 and 86.70 USD, respectively.
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Figure 15. Variation of revenue, annual fuel cost, and cost per liter for the proposed systems.

On the other hand, the cost of hot water production using both the solar system and
ELG increased with time due to the increase in electricity prices. On average, the cost of hot
water production with the solar system and ELG was found to be 0.0016 and 0.004 USD/L,
respectively. Therefore, the proposed solar system is highly recommended over ELG-based
water heating systems in urban and rural areas.

After simulation through EES software, the three important economic factors were
also evaluated to measure the economic practicality of the proposed system, i.e., levelized
cost of energy (LEC), net present worth (NPW), and the payback time (PBT). The value of
LEC was found to be 0.062 USD/ electricity unit, which was much lower than the LEC value
of ELG (0.116 USD/ electricity unit). As shown in Figure 15, the value of NPW (73.73 USD)
indicates the high acceptability of the proposed system. Furthermore, the payback time
was less than the life of the system, making it suitable for use in the commercial sector.

5. Conclusions

The overheating of heat pipes, poor transfer of heat across the absorber and finned
heat pipe, and inability to provide hot water in the late evening hours are major problems
associated with conventional heat pipe vacuum collector systems. The amalgamation of
highly conductive storage material between the absorber tube (heat collecting surface)
and the heat pipe is an effective way to overcome these problems. In this study, a stearic
acid amalgamated vacuum tube solar collector system was designed and fabricated and
its thermal output compared with a conventional vacuum tube system without storage
material under the same environmental conditions. The experimental results showed that
the amalgamation of stearic acid as storage material enhanced the thermal output of the
solar system compared to the conventional one. This study’s experimental results led to
the following conclusions.

%  The testing system with PCM could produce hot water during late evening hours
(non-sunny /night hours) and improve the collector’s thermal output.

%  The amount of total usable heat output produced by the testing system with PCM was
179.10, 196.04, and 361.36 k] more than the system without storage for Test 1_50 °C,
Test 2_45 °C, and 19.44% Test 3_40 °C, respectively.

%  The maximum energy efficiency of the two systems was 66.78 and 50.86% for Test
340 °C.

%  The improvement in the energy efficiency of the testing system was 37.67% for Test
1.50 °C, 19.37% for Test 2_45 °C, and 19.44% for Test 3_40 °C compared to the
reference system.
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%  The amount of additional hot water received from the testing system was 3.5 L for
Test 1_50 °C and Test 2_45 °C and 10.5 L for Test 3_40 °C.

% It was noted that at the end of 15 years, almost 118.8 USD in revenue could be earned
by the proposed solar system. The total running cost of ELG and the proposed solar
system was observed to be 202.62 and 86.70 USD, respectively.

%  On average, the cost of hot water production with the solar system and ELG was
found to be 0.0016 and 0.004 USD/L, respectively. Therefore, the proposed solar
system is highly recommended over conventional water heating systems in urban
and rural areas.

%  The value of LEC was found to be 0.062 USD/electricity unit, which was much

lower than the LEC value of ELG (0.116 USD/ electricity unit). The value of NPW

(73.73 USD) indicated high acceptability of the proposed system. Furthermore, the

payback time was lower than the life of the system, making it suitable for use in the

commercial sector.
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