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Abstract

In this manuscript, the innovative design of a hybrid system is investigated for distilled water and hot water production using
the heat pipe-equipped vacuum tube collector system assimilated with solar still (HTP-ETCS-SS). The proposed hybrid
system is compared with traditional solar still (SS) in context of energy, exergy and financial analysis with two different
depths, i.e., 40%, and 60%, and varying flow rate (4, 8, and 12 LPH). The results show a rise in distilled water productiv-
ity by 152.9%, 108%, and 51.9% with 40% depth and 162%, 152.5%, and 92.3% with 60% depth with a varying flow rate
of 4, 8, and 12 LPH, respectively, in contrast to traditional solar still. The improvement in energy and exergy efficiency
for distilled water output is gained between 40-22.2% and 0.7-4.1%, respectively, with the designed system. However, the
system's energy and exergy efficiency lie between 64.8-42.4% and 28.4-16.4%, respectively, for both distilled water and hot
water productivity. The 8 LPH flow rate is found optimum in terms of distilled productivity and hot water production. The
designed system's distilled water and hot water unit costs are 0.1037$ and 0.02768$, respectively.
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List of symbols

ASV Annual salvage cost/$

A Area/m?

P Capital cost/$

CRF Capital recovery cost/$

CRF Capital recovery factor (fraction)
COD Chemical oxygen demand/mg~' L
CPL Cost per liter/$

ETCS Evacuated tube collector system
E,, Exergy/W

FAC First annual cost/$

HTP Heat pipe

0 Heat transfer capacity/W

LPH Liter per hour/L™' h

M Mass/kg

PCM Phase change materials

i Rate of interest/%

S Salvage cost/$

SRRA Solar resource radiation assessment
SS Solar still

Cpy, Water specific heat/k] ™! kg~! k
TDgWW  Textile degumming wastewater
TDyWW  Textile dyeing wastewater
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TDS Total dissolved solid
UAC Uniform annual cost/$
n Years

Subscripts

Amb Ambient

mss Designed solar still
ETC Evacuated tube collector
f Fins

g Glass

exc Heat exchanger

HTP Heat pipe

inn Inner

0 Outlet

S Solar

vap Vapor

w Working fluid (water)
wi Inlet water

wo Outlet water

Greek symbols

Atg Phase change heat for water evaporation/J~! kg

rotal Total developed system’s energy efficiency
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N Developed system’s thermal efficiency in con-
text of distilled output

T Transmissivity

Hex.total Total exergy efficiency of the designed system

Hex Developed system’s exergy efficiency in con-

text of distilled output

Introduction

In recent years, the world per capita energy consumption
increment has reached 3,260 kWh in 2018-2019 from 720
kWh in 2010 [1]. The drastic increase in energy consump-
tion is to sustain human beings in this evolving era. The
increase in a high standard of living leads to the exhaus-
tion of natural resources [2]. Industry and households rely
on freshwater and other available resources, which will get
exhausted soon. Water is one of the fundamental prerequi-
sites for the endurance of people. The per capita daily water
consumption lies between 20 and 50 L for cooking and other
activities [3]. The interest in freshwater is expanding all over
the planet, particularly in the belt of arid areas. Industriali-
zation and urbanization have degraded the quality of pota-
ble water worldwide. With the growing world population
which would be anticipated to reach 1.6 billion by 2050;
the scarcity of water also increases [4]. Various laws and
agencies govern wastewater treatment technologies at dif-
ferent sources to make them portable worldwide. Various
technologies are available for the treatment of unhealthy
water. The other primary requirement of the world nowadays
is hot water to carry out the daily necessities like bathing,
washing, etc. The demand for hot water also escalates with
an increasing standard of living, growth of population, and
economic development [5]. In European Union, only 14%
and in the USA 18% of the total energy consumption was
utilized for hot water production in the domestic sector. The
requirement for hot water is more prone in the area of cold
climatic conditions [6]. The need for hot water in the Indian
residential sector will be doubled by 2022 compared to 129
million/day in 2017 [7]. The maximum hot water demand
is presently fulfilled by conventional electricity sources or
direct fossil fuel uses.

Renewable energy sources can be better to fulfill distilled
water and hot water demand, especially solar energy [8].
Solar energy can be utilized in both forms, i.e., thermal and
electricity for distilled water and hot water production. Solar
still is the oldest and simplest method for treating unhealthy
water through the evaporation method [9]. Solar still is eco-
accommodating, monetarily practical, created, worked, kept
up with, and ends up being an answer for the treatment of
saline/bitter water. This innovation just requires solar-based
energy and less labor force to oversee and can be an appeal-
ing answer for underdeveloped, developing, and developed

nations for a healthy water supply. [3]. The technology is
now at an advanced stage that it can be used at the village
level, in remote locations, and in industrial wastewater treat-
ment. The main drawback of such a system is its low produc-
tivity, which is the main area to work for different research-
ers working on integrating external systems and modifying
solar stills. Although, solar thermal collectors are the most
attractive solution for water heating applications [10] and in
combination with solar still for distilled water production.
In the residential sector, the most common collectors used
are the evacuated tube collector systems (ETCS) and flat
plate solar collector systems (FPCS) [11] to fulfill hot water
demand. FPCS is found to be the most widely used water
heater due to its simple design, high dependability, and low
maintenance. The drawback of the FPCS is their low effi-
ciency, low-temperature output, and high initial cost. The
ETCS overcomes the problem of low efficiency, tempera-
ture output, low maintenance, and initial cost. These regions
made ETCS dominate the world solar market in water heat-
ing applications, over 80% of installed solar collectors are
now ETCS [12]. Different researchers are working in the
direction of finding newer technologies which can enhance
the heat transfer rate of ETCS. The heat pipe is a modern and
effective technology with an extremely high thermal con-
ductivity rate among various other available technologies.
It possesses various benefits as it is non-corrosive, high heat
transfer rate, high reliability/dependability, thermal stability,
and works at very low temperatures [13]. So, the possible
way to fulfill the world energy demand is to shift our focus
towards renewable energy sources and hybrid technologies
[14]. Based on increasing demand in the household sector
two major problems have been taken into consideration in
this study, i.e., hot water and freshwater requirements. This
leads to the need for hybrid technology for the generation of
distilled (condensed) & hot water simultaneously.

In one of the articles published by Yadav and Sudhakar
[15] discussed the modifications done in solar stills (sin-
gle slope & double basin single slope, single, and double
basin double slope, hybrid, and various other designs) so
far. Sharshir et al. [16], discussed the improvement tech-
niques utilized in tubular solar still for the desalination pro-
cess. Pansal et al. [17] examined the improvement of SS
on the reconciliation of photovoltaic with active SS. Essa
et al. [18] utilized the ETCs as a novel vapor generator with
three different water film thickness (WFT) (2, 4, and 6 mm)
beneath the absorber which ultimately leads to improved
energy efficiency. Maximum efficiency of 53% is reported
with 2 mm WFT. Three different tubulars still diameter was
examined (160, 120, and 80 mm); in this case, the high-
est overall efficiency was achieved with 160 mm tubular
diameter of 60.2% followed by 120 and 80 mm. The best
efficiency of the SS is also examined at three different slope
angles, i.e., 45°, 62°, and 80°. The finest overall efficiency
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of 48.1% for the system is achieved at 45°. The per liter
cost of distilled water production is reported as 0.01205
$~'Lcollector area™. Singh and Tiwari [19] designed and
experimentally compared the N identical ETCS assembled
with single and double basin solar still in context of energy,
exergy, and production cost of distilled water from the sys-
tem. An increment in the annual energy efficiency of 6.85%,
exergy efficiency of 12.30%, and decrement in production
by 15.19% were observed with double slope solar still at
depth of 140 mm. In another study, the operation of solar
still assimilated with ETCS in forced mode is examined and
the highest production of 3.47 kg day™~! is obtained at 0.006
kg s~! mass flow rate and 0.01 m depth [20]. Sampathkumar
[21] and his co-workers augmented the solar still with ETC
(active solar still). The result reveals that at a 40 mm water
depth, the solar still produces 7.03 kg of distilled water in
comparison passive still produces only 3.225 kg. A novel
study [22] equipped solar still with ETC and thermoelectric
modules. A thermoelectric module is utilized to deliver the
electricity from the temperature difference that happened
in SS because of the condensation process. The delivered
electricity is utilized to run the propeller fan for prompt-
ing mechanical convection. The outcomes uncovered that
by utilizing instigated convection, the highest output arrives
at 1.11 kg m~2 h™!, though the effectiveness of the frame-
work expanded by 68%. Singh et al., [23] established the
required number of vacuum tubes suitable for integration
with solar still in natural mode. The best combination was
found with 10 vacuum tubes and 30 mm depth, i.e., 52.5 kg
water mass. The overall energy and exergy efficiency of the
optimized system lies between 5.1-54.4% and 0.15-8.25%,
respectively. Naghavi et al. [24] experimentally analyzed the
utilization of paraffin wax integrated with ETCS. The out-
comes uncover that the efficiency of the system is impacted
on shady-blustery days and reaches between 34 and 36%,
while on sunny days it ranges between 38 and 42%. Different
heat transfer fluids (CuO, TiO,, and MWCNT) are utilized
in Heat pipe ETCS. The outcomes reveal that 15%, 5%, and
25% increments in the system’s thermal efficiency have been
found in August and 15%, 7%, and 25% in October, respec-
tively. In comparison with a conventional heating system,
it is found that the designed system is capable enough of
saving 67.7% and 42.2% fuel, especially in the months of
August and October, respectively [25]. In another study
conducted by Maraj et al. [26] on ETSC-equipped heat pipe
systems to analyze the annual performance and was resulted
in annual efficiency of about 0.62.

Increment in distilled water and hot water demand for
domestic purposes in recent years has gained popularity
to fulfilling these demands through solar energy is a bet-
ter option. The increment in population and availability of
limited areas in the urban and rural areas turns research-
ers to the development of hybrid technologies. Hence, this
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study is focused on the advantage of a heat pipe equipped
ETC System combined with solar still for distilled water
and hot water productivity simultaneously as a novel and
effective solution. The integration of heat pipe-equipped
ETCS combined with solar still (HTP-ETCS-SS) is yet not
been reported in the literature so far. Presently integration
of external systems with solar still is only utilized for the
enhancement of solar still productivity. Whereas this design
hybrid system is novel in its dual nature which is that the
utilization of solar heat for the preheating of basin water
and collection of low-heated outlet water from a SS is used
for other domestic heating applications (utensils, bathing,
laundry, cleaning, etc.). The experimental procedure is car-
ried out in winter when the requirement for hot water is high,
and the distilled water production is less through conven-
tional solar still. The hot water output temperature ranges
between 40 and 27.8 °C with an inlet of 16—15 °C at varying
flow rates between 4 and 12 LPH [11]. This shows that it
has applications in the household, especially in the winter
season. An improvement in distillate productivity from the
designed system is found in between 51.9 and 162% in com-
parison to the conventional still. The variation in energy
efficiency is found in the range of 64.8-42.4% and exergy
efficiency in the range of 28.4-16.4%. It is suggested that the
pressurized mode shows faster heat removal from beneath
and increases the overall performance of the still, this will
also help in decreasing the growing environmental problems
and financial burden at the international level with a decre-
ment in distilled water and hot water production cost as well.
The cost of distilled (pure water) and hot water productivity
is found to be 0.1037$ and 0.02768$, respectively, which is
less than many other developed systems. Therefore, keeping
all these points in mind, the present system is designed to
produce pure and hot water for a normal household.

Experimental setup, instrumentation,
and uncertainty analysis

This section is subdivided into five subcategories which
deal with the description of system designing and instru-
mentation, wastewater characterization, uncertainty analysis,
and experimental procedures. Detailed design of heat pipe
equipped ETCS combined with solar still (HTP-ETCS-SS),
experimental unit, and equipment has been deliberated in
“System description and design” and “Experimental meas-
urements and instrumentation” sections, respectively. The
discussion on wastewater utilized in the current study and its
characterization is elaborated in “Experimental procedure”
section. “Wastewater characterization” section discusses
the detail experimental investigation procedure, whereas
“Uncertainty analysis” section provides the uncertainty
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analysis in performance parameters and measuring instru-
ments during an experiment.

System description and design

The conceptual design of the constructed HTP-ETCS-SS
system is demonstrated through Fig. 1. The core parts of
the designed system are solar still (basin body, glass cover,
HTP-ETCS, DC pump, heat exchanger, and insulated pipes).

Two solar stills have been fabricated with equal dimen-
sions of 1 mX 1 m and kept in orientation. Out of two solar
one is taken as conventional solar still as a control unit with-
out modifications and changes for comparison whereas the
latter one is integrated with HTP-ETCS. The HTP-ETCS
is used as an external collector for the pre-heating of basin
water. Both the still is in an L shape with an area of 1 m? in
square shape manufactured from insulated material (fiber
reinforced plastic) with 4 mm thickness. The solar still is
surrounded by four sides, of which two are trapezoidal while
the other two are rectangular. Both the still were kept at the
horizontal plane and placed in the south direction. The solar
still’s inner area was black painted to augment the systems
absorptivity. Pure transparent glass covers of 5 mm thick-
ness at a slope of 45.2° concerning the horizontal surface
from the front are used for condensation. Insulated vacuum
rubber is utilized to keep the glass cover in position and
avert leakage.

Condenser
section
Hot water

outlet

Manifold “~

Glass cover

Insulatin
materia

Waste water/Saline
water inlet

The theoretical layout of the HTP-ETC arrangement is
shown in Fig. 1. It comprises 10 evacuated tubes equipped
with heat pipes. The solar radiation is captured by an
evacuated tube collector and heat transferred to the HTP is
absorbed by a evaporation and condensation mechanism.
The heat absorbed in the HTP is directly transmitted to
water from the condenser of the HTP which is inserted in
the manifold. On comparison with conventional ETCS and
HTP equipped ETC is due to their low heat transfer capacity.
HTP is equipped with the designed system to overcome this
extreme shortcoming. The cold water is transferred through
a copper pipe in a manifold and the flow rate was maintained
by a low DC power water pump. The cold-water flow is con-
trolled by rotameter and measured by rotameter.

Modified HTP-ETCS-SS is made up by combining con-
ventional solar still and HTP-ETCS. The hot water output
from HTP-ETCS is transferred to conventional solar still
through an insulated copper pipe. The hot is circulated in the
basin base at different flow rates through a heat exchanger
channel made up of combining copper pipes from the ther-
mostatic three-way valve. The heat exchanger is connected
in a serpentine cross channel so that maximum transfer of
heat takes place from hot water circulated from HTP-ETCS
to water inside the basin (Fig. 2). The water from the ser-
pentine heat exchanger is collected for further applications.
The hot water from HTP-ETCS is initially used to pre-heat
the WW is basin and finally collected in hot water tank.
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Fig. 1 Schematic representation of a developed experimental setup
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Fig.2 Design of developed solar still assimilated with heat exchanger for hot water inlet at basin base

And, again on decrement in basin temperature the hot water
pipe valves and transferred to the basin. Copper pipes are
utilized to fabricate heat exchanger which leads to better
heat transfer rate and act as an energy storage medium. This
novel-designed system is used for both hot water and dis-
tilled water collection for domestic use.

The solar radiation transmitted from top glass cover to
the basin after reflection gets absorbed and helps in addi-
tion to extra energy to the system. The transmitted solar
radiation reaches the water mass from where some part of
the energy is conveyed to the basin liner after absorption
and reflection from the water mass. Almost all radiation that
reaches the basin liner is absorbed, due to this phenomenon
an increase in basin liner temperature is observed. Due to
the increment in basin liner temperature, the temperature of
the water also starts increasing due to the transmission of
heat to water. The water starts evaporating due to the differ-
ence in the water surface temperature and inner glass cover
temperature, whereas the condensation of water occurs on
the inner glass cover due to the difference in outer and inner
glass surface temperature through film-type condensation.
The water thus condensed on the glass surface trickles to
the front side due to tilt through a constant channel and is
collected in an external collector through a pipe. The hot
water is circulated at varying flow rates from bottom of the
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basin increase the temperature of basin liner and output at
the endpoint. The rear wall side of the still is provided with
an opening attached to the pipe for the filling of saline/brack-
ish water in a basin. For the removal of waste collected after
several run at the bottom of basin is drained through drain-
age system provided at the base of basin. The HTP-ETCS
is fixed on an aluminum stand with a manifold and the solar
still is kept on galvanized iron stand. Table 1 illustrates the
specification if the designed systems.

Experimental measurements and instrumentation

In the present experimental setup, the experiment started
early morning, i.e., at 07:00 AM and ended at night at 23:00
PM during winter, the data were collected after every 5-min
interval. The study was conducted with three different hot
water flow rates at two basin water depths. Control solar
still is considered as a reference for assessment whereas
developed solar still is transferred with hot water at three
different flow rates. Two different water depths, i.e., 40%
and 60% of basin’s total capacity are taken into considera-
tion to obtain the optimum depth for maximum production.
During different studies, the temperature of various compo-
nents of HTP-ETCS, SS, and HTP-ETCS-SS are measured
and recorded, which is the ambient temperature (7'5,,;,), cold
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Table 1 Specification of designed systems component

Component Specification
Solar still

Length of still 100 cm
Width of still 100 cm
Angle of glass cover 45.2°

Solar still material Fiber-reinforced plastic

Solar still stand material Galvanized iron

Cover material Glass
Thickness of glass cover 0.5cm
Heat exchanger material in modified solar Copper
still
Orientation South
HTP-ETCS
Number of evacuated tubes 10
Thickness of evacuated tubes 0.22 cm
Tube length of absorber 180 cm
Gap between two successive evacuated 10.0 cm
tubes
Collector aperture area 75.2 cm?
Heat pipe material Copper
Condensing section diameter 14 cm
Evaporator section length 160.0 cm
Length of condenser section 6.35cm
Condenser section length 0.952 cm
Fin material Aluminum
Thickness of fins 0.02 cm

water temperature in HTP-ETCS (T;), hot water outlet tem-
perature from HTP-ETCS (T, grc), heat pipe temperature
(Tytp), fins temperature (7%), inlet hot water temperature in
SS (T mss)» Outlet hot water temperature from HTP-ETCS-
SS (T'0.mss)» basin base temperature (Tggp), inner glass cover
temperature (75, ), outer glass cover temperature (7 ,),
water in basin temperature (7,), the vapor of basin tem-
perature (7,,,), and heat exchanger temperature (7). Dif-
ferent temperature sensors and other components used in the
experiment are depicted in Fig. 3.

A cold-water tank of 1000 L capacity with an 18 W DC
pump is used for water supply to HTP-ETCS. Water flow
is maintained by valve and measured by rotameter in HTP-
ETCS and HTP-ETCS-SS. The solar radiation resource
assessment station (SRRA QC V1.2 201-3) installed at
SMVDU, Katra, Jammu, and Kashmir is used to collect
solar radiation and other meteorological data for experi-
mental analysis. Whereas, RTD type temperature sensor
is utilized with Masibus 85x++ data logger for recording
temperature at various points. The distilled water produced
is measured with a measuring cylinder every 15 min and
collected to analyze at end of each experiment. The hot
water directly from HTP-ETCS and HTP-ETCS-SS is

i,mss

collected in a hot water tank to be utilized for different
applications. The water quality is analyzed in terms of
pH, TDS, conductivity, etc. Different testing equipment
utilized during different test cases for hot water produc-
tion and distilled water output is datalogger, thermocou-
ples, measuring cylinder, pH meter, TDS and conductivity
meter.

Experimental procedure

The energy harvested through the HTP-ETCS is utilized in
three ways. Firstly, solar radiation falling on HTP-ETCS
is absorbed through evacuated tubes and conveyed to the
evaporator section of a heat pipe. The evaporator sec-
tion is filled with low boiling fluid which gets boiled and
escalates to the condenser section. In the next phase, the
energy collected in the condenser section is transferred
to the manifold where direct transfer of energy takes
place to flow water through the conduction process. In
the third phase, the hot water produced from HTP-ETCS
flowed through the heat exchanger (copper tubes) installed
beneath the basin for preheating the water in a basin. The
final water output was collected for further applications.
The experimental procedure is as:

e An hour before starting any measurements of an experi-
ment, the experimental setup is prepared accordingly,
and the systems are cleaned properly. The water in
the inlet tank and leakage are checked appropriately.
Water in the basin is filled and its quantity and level
are checked in both the solar still. The flow rate of the
water inlet in HTP-ETCS is checked and the insulation
of copper pipe for hot water transfer from HTP-ETCS
to solar still is checked depending upon each test case.
The hot water and distilled water output are collected
in different containers.

¢ During each test temperature measurements are taken at
the same time and ensure that the data logger is record-
ing the measured values properly, SRRA is recording
the meteorological data and solar radiation data.

e The distilled water is collected, and quantity is checked
carefully and kept for quality analysis. The temperature
recording is done on regular interval of hot water after
pre-heating the basin water and kept in insulated water
tank.

e Reiterate the Steps 1, 2, and 3.

e At the end of each day's readings, the system is pre-
pared as the first day. The system is cleaned properly,
the glass cover is cleaned, insulations are checked to
prevent leakage, a hot water tank has gotten empty, and
set to repeat procedure 1 for the next day’s reading.
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Fig.3 Arrangements of thermocouple in an experimental setup
Wastewater characterization Table 2 Initial characterization of wastewaters
The textile industry wastewater was gathered from Dis- Parameters TDgWW TDyWw
trict Panipat, situated at latitude 29.39° N, and longitude  Colour Brownish Blackish
76.96° E, from Haryana, India. The wastewater is ini-  Qdour Pungent Pungent
tially pre-treated for removal of volatile and total solids  Total coliforms/MPN-  No detection No detection
particles before examination in designed system. Two 100 mL™!
different step wastewaters, i.e., degumming (TDgWW)  pH 8.62+0.16 12.22+0.15
and dyeing (TDyWW) are collected from the industry =~ TDS/mgL~' 3884.7+16.76 4755.1 £23.62
through the composite sampling method. The wastewa- ~ COD/mg L™ 11,363.4+61.66 22,367.3+73.53
ter was collected in 20 L plastic cans for further use. To ~ Cu/mgL"™" 0.05+0.01 2.02+0.05
reduce the further degradation and infection in collected ~ Hardness/mg L™ 1118.4+55.61 1305.3+24.28
wastewater it is kept at 4 °C in refrigerator. The phys-  Zn/mgL™' 4.16+0.9 7.58+1.2
icochemical analysis of wastewater was analysed through ~ Fe/mg L™ 3.02+0.05 2.02+0.06
standard analytical process as recommended by APHA ~ Ni/mgL™' 0.17+0.02 0.03+0.01
(American Public Health Association; 2012) [27]. The ~ Mn/mgL™" 0.18+0.03 0.12+0.02

parameters which were examined in this study are pH,
total dissolved solids (TDS), chemical oxygen demand
(COD), and heavy metals. The all parameters which are
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considered in this study are analysed in triplicates. Heavy
metal concentration is analysed by using the digestion
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method. Lab-grade chemical purchased from Hi-Media,
Mumbai utilized in wastewater parametric study. The
quality of wastewater is mentioned in Table 2.

Uncertainty analysis

Uncertainty is the random variability found in evaluated
parameters (Y1; ¥Y2; Y3;...) in each study. Important param-
eters which cannot be directly evaluated during differ-
ent experiments can be directly evaluated as a function of
X=(Y1; ¥2; Y3;...). Uncertainty and error analysis of the
experimental results is calculated from Eq. 1 [28] and tabu-
lated in Table 3:

ey

Thermal performance analysis

This section deals with different thermal performance
parameters analyzed during different tests in context of ther-
mal and exergy. The energy and exergy of the HTP-ETC-SS
are calculated for distilled water production, HTP-ETCS-SS
for hot water output, & the total energy and exergy of the
system. This section is divided into two main sub-sections
first one deals with energy calculation equations for the sys-
tem, whereas the second one deals with exergy calculation
of the designed HTP-ETCS-SS.

Energy efficiency

The daily thermal energy efficiency (#rp . grc ) of the HTP-
ETCS equation is expressed as [29]:

Heat supplied to water flowing through manifold can be
calculated as [11]:

QW,ETC = mw CP,W (Two,ETC - Twi,ETC ) dr (3)

The ratio of hourly usable energy to hourly incident solar
radiation helps in estimation of hourly energy efficiency of
traditional SS [30].

Mg X j'fg

A X

S

N = ( “

olar) X At

The below equation estimates the energy efficiency of the
modified SS (HTP-ETCS-SS) on hourly basis [31]:

Mg X Afg

N = ( (®)]

Ass X Isolar) X At + QW,ETC

The total hourly efficiency of the designed system HTP-
ETCS + HTP-ETC-SS) is equated as:

Oy mpr_gr—ss + (M X Agg )

(Ass+HTP—ETCS)I solar X At

Q)

Miotal =

Heat supplied to water flowing through manifold can be
calculated as [11]:

Qunrp_grc—ss = My Coy (Tyomss = Twigrc)ds @)

Exergy efficiency

Exergy output of the system in context of distilled water and
hot water can be computed as [32]:

The equation of exergy balance for a closed system is
computed as [33]:

Z Eex, input — Z Eex,oulput = Z Eex,destruction (8)

The exergy output of the distilled water output from con-

Oy rcd? ventional, as well as modified solar, still is computed as [34]:

hre-grC Z I solarAHTP—ETC Tday (2)
Table 3 Detai! of m(?asuring S.no. Apparatus Model Accuracy Range Standard Error
instruments with their standard
uncertainty 1. Thermocouple RTD temperature sensor ~ +1 °C — 50-600 °C +1.3°C

2. Pyranometer SRRA +10Wm™=2  0-2000Wm™2 +0.6Wm>

3. Measuring cylinder Borosil +10 mL 0-1000 mL +1.5mL

4. Rotameter SERIES-SF-ABRWV-208 +0.5 LPH 0-50 LPH +0.2 LPH

5. TDS meter Hanna HI82484 +1.0uS cm™ 0-9990 uS cm™' 0.8 puS cm™!

6. Conductivity meter Hanna HI82484 +0.5puS cm™ 0-9990 uS cm™' 0.4 uS cm™

7. pH meter Hanna HI82484 +0.1 pH 0-14.0 pH 0.5 pH
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Eecos = 0 |~ (5 ©)
The exergy input of the conventional SS can be computed
as [33]:

. 4 (T +273\ 1 Tams +273\"
Eex,inpul = IsolarAss [1 - 5 (AT— + g AT—

10)

The exergy inlet in present case can be computed as [30]:

4
. 4 Tamy +273\ 1 [ Tamy +273
Eex,input :1solarAss |:1 - 5 < mT + g l'ﬂT

sun sun

an

TAmb
+ Qw,HTP—ETC—SS(l - Tm )

w

Total usable exergy of modified HTP-ETCS-SS during all
test cases can be computed as [32]:

Mgshig gy, Tamp + 273
Etotal—producl = 3600 1- T +273
w

12

mgCp.
* % (Tuomss = Tuiitec) = (Two’mss Twi,ETC)]

Total exergy input to the modified HTP-ETCS-SS is com-
puted as [32]:

Eex, input—product = Aa+HTP—ETCII
| 4<TAmb+273>+1<TAmb+273>4 (13)
3 Tun 3 Tun

The exergy efficiency 7, of the designed HTP-ETCS-SS
for distilled water productivity alone is estimated as exergy of

evaporated water to incident exergy:
Eex,output

E

ex,input

Nex = (14)
The total designed system’s exergy efficiency in context of
both hot and distilled water productivity can be computed as:

E

_ total—product
ex total = E (15)

ex,input,total

Economic analysis

Economic analysis of distilled water and hot water by the
designed system (HTP-ETCS-SS) is estimated for unit cost
production. The per-unit production cost for distilled water
output and hot water from the designed system can be calcu-
lated as follows [32]:

UAC
CPLpjiggittate = (YA (16)
Distillate
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UAC

CPLHot water MHot water (17)

The capital costs (P) of the system can be assessed by
combining all types of equipment and material costs used in
designing of such as ETCS, heat pipe, copper pipes, water
tank, hot water storage tank, glass cover, valves, pump, rotam-
eter, etc. To assess the capital cost (P) of the co-production of
distilled water and hot water from the designed system several
other parameters which are taken into account is sinking fund
factor (SFF), yearly operating and repairs cost (AMC), yearly
product discarded cost (ASV), first annual cost (FAC), and
bank interest rate (i) [35]. First yearly cost (FAC) of fabricated
system can be work out as [36]:

FAC = P x (CRF) (18)
i+
CRF = Tro =1 (19)

The yearly product discarded value (ASV) of the fabricated
system can be expressed as [37]:

ASV =SFFx § (20)
whereas sinking fund factor can be calculated as [38]:

i
SFF = ——
A+ —1 @n
whereas S is the product discarded cost of the fabricated
system [38]:

S=02xP (22)
Annual maintenance cost can be computed as [39]:

AMC = 0.1 x FAC (23)
The uniform annual cost (UAC) can be computed as [32]:

UAC = FAC + AMC — ASV (24)

Result and discussion

The experimental outcomes attained from conventional
solar still and designed SS (heat pipe equipped vacuum
tube collector joined with solar still (HTP-ETCS-SS))
have been discussed in this section. Here, the performance
of designed solar has still been compared with control
solar still. The conventional solar still (SS) is utilized to
compare the distilled water production from the newly
designed novel hot water and distilled water production
unit. To further enhance the purified water output and pro-
duction of hot water, the conventional solar is modified as
HTP-ETCS-SS with a heat exchanger at the basin base for
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hot water circulation from HTP-ETCS to preheat the water
in the basin to reduce the start time by increasing the basin
base temperature. The water is circulated at different flow
rates (4, 8, 12 LPH) at two different water depths for hot
water production and circulation in modified SS and finally
collected for various domestic applications. Therefore, six
different combinations are considered as shown in Table 4
and compared with conventional solar still. Tests 1, 3, and
5 are assigned for hot water flow rates of 4, 8, and 12
LPH at a water depth of 40%. On the other hand, for 60%
water depth, Tests 2, 4, and 6 are allocated for hot water
flow rates of 4, 8, and 12 LPH, respectively. On the basis
of experimental records, energy, exergy, distilled water
productivity, hot water output and financial analysis of the
designed system have been done and compared with the
conventional system.

The disparity in solar radiation, ambient temperature,
cold water inlet temperature in HTP-ETCS, hot water inlet
temperature in designed from HTP-ETCS, basin base tem-
perature, basin water temperature, vapor temperature, hot
water outlet temperature from designed solar still, and
inner glass temperature was discussed for considered
experiments. Furthermore, energy and exergy investigation
of designed systems is also presented. According to Indian
water quality standards, the wastewater is analyzed, and
the treatment viability of the designed system is also given
with an economic analysis of the distilled water output and
hot water per liter cost production.

Variation in solar insolation

The solar radiation fluctuations versus time for six differ-
ent Tests are well depicted in Fig. 4. This figure shows the
behaviour of solar insolation during different Tests 1-6 on
different days has been found in a similar trend with fewer
fluctuations. Though, because of cloudy effect, fluctuations
in solar insolation were found in Test-3 and Test-5. The
dramatical variations during Test-3 were reported between
10:00 to 11:00 and 14:00 to 15:00. While, during Test-5,
minute variation in solar insolation is found between 10:00
to 12:00 whereas, after 13:00 sudden drop in solar radiation
is till 14:00. Test-6 also showed small variation between

Table 4 Detail of tests

Test Depth/% Water flow rate
Test 1 40 4 LPH

Test 2 60

Test 3 40 8 LPH

Test 4 60

Test 5 40 12 LPH

Test 6 60

10:00 to 11:00 The uppermost value of solar insolation for
Test-1 to 6 was reached to 916.8 (at 13:05), 902.4 (at 12:00),
961.8 (at 13:00), 974.2 (at 12:10), 936.7 (at 13:10) and 933.8
(at 12:55) W m~2, respectively.

Effect on different parametric temperatures

Evolution of different system temperatures like outside air
(T amp)» basin base (Tsgp), inner glass cover (T, ,), water in
basin (7,), and vapor of basin temperatures (Tvap) with time
for conventional solar still, and designed solar still HTP-
ETCS-SS at two different depth and various hot water flow
rate (4, 8 and 12 LPH) is shown through Figs. 5a—d and
6a—d. Moreover, the variation of the inlet hot water tem-
perature from HTP-ETCS-SS (7 ), outlet hot water tem-
perature from HTP-ETCS-SS (T, ;) With time in case of
designed solar still is superimposed in Figs. 5b—d and 6b—d.
It can be observed from Figs. 5 and 6 that solar radiation
increases the system temperature at every subsequent hour.
The system temperature increases gradually from morn-
ing till late afternoon, i.e., between 12:00 and 13:00, then
a gradual reduction in all temperatures is noted unit the end
of the experiment. The result reveals that the basin water
temperature for all tests for the developed system was found
to be control solar still. The higher temperature increases
the evaporation rate of water in the basin of a designed solar
still, which ultimately increases the distilled water output
productivity. However, by comparing the 40% and 60%
depth results, 40% depth is found more suitable in terms of
distilled water output.

Moreover, in comparison to the temperature of glass and
water vapour, it is established that the difference amongst
water vapor and glass temperature is found maximum with
tests conducted with 40% water depth in comparison to
60%. Therefore, the distilled water output productivity of

1000
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—&—Test 2
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©
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3
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Fig.4 Fluctuation of solar insolation versus time during different
Test 1-6
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Fig.5 Evolution of different solar still temperature of a conventional solar still, b Test-1, ¢ Test-3, and d Test-5 of designed HTP-ETCS-SS sys-

tem with time at 40% depth

the still with 40% depth is greater than 60% depth in all cases
compared separately and will be greater than SS. The result
shows that the water temperature for Test-1 is greater than
other performed tests and SS due to low water depth and
low hot water flow rate with high temperature. The heating
of water starts early and leads to high distilled water output.
As aresult, it can be anticipated that the distilled water pro-
ductivity of Test-1 will be greater than the other tests with
designed still HTP-ETCS-SS or SS as will be seen later. Fig-
ure 5a—d indicates that for 40% depth, the maximum water
of conventional solar still, Test-1, Test-3, and Test-5 found
tobe 42.7 °C, 64.1 °C, 52.5 °C, and 49.7 °C, respectively.
Figure 6a—d illustrates the different temperature nodes of
solar still conventional and designed at 60% depth. It was
found that the basin water temperature of designed solar still
increases compared to traditional solar still. However, the
lower hot water flow rate with high temperature augments
the basin water temperature. This increases the difference
in glass and water temperature, which increases the distilled
water output against conventional solar still with the same

@ Springer

depth. It may be noted from the obtained result that hot water
flow at all flow rates helps in increasing the overall distilled
water productivity in contrast to conventional solar still at
60% depth. Figure Sa—d indicates that the utmost water tem-
perature of SS for Test-2, Test-4, and Test-6 established to be
37.7°C, 48.3 °C, 45.5 °C, and 41.6 °C, respectively.

Effect of flow rate and depth on distilled water
output

The foremost target of the designed system (HTP-ETCS-
SS) is to enhance the distilled water output. Therefore, a
comparative study between distilled water productivity
during different tests with SS as reference is depicted
in Fig. 7. The hourly distilled water production gradu-
ally increases from morning, i.e., 08:00 until it reaches a
maximum between 12:00 and 14:00 for considered exper-
iments, before decreasing with time. In this section, the
designed system is optimized for hot water flow rates of
4,8, and 12 LPH at two different water depths, i.e., 40%
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Fig.6 Evolution of different solar still temperature of a conventional solar still, b Test-2, ¢ Test-4, and d Test-6 of designed HTP-ETCS-SS sys-

tem with time at 60% depth
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Fig.7 Water depth and hot water flow rate impact on distilled pro-
ductivity during different Test 1-6

and 60%. As the hot water flow rate increases, distilled
water output decreases, but at a low hot water flow rate,
the increment in distilled water output is observed at dif-
ferent depths by following simple thermodynamics. At
low hot water flow rate, the water temperature is high,

which is transferred to water in the basin and water get
heated faster, whereas at 12 LPH, the water temperature
is low which slowly increases the basin water tempera-
ture. The strident escalation in distilled water output is
detected with an increased flow rate in the commence-
ment owing to the efficiency of collector factor and heat
removal rate from HTP-ETCS. However, after a few ini-
tial minutes (30-50 min), the decrement in temperature
is observed due to a high flow rate and less conduction
occurrence in the condenser of HTP-ETCS. Hence, the
low flow rate, i.e., 4 LPH followed by 8 and 12 LPH is
significantly considered for increasing basin water tem-
perature, leading to enhanced distilled water output. How-
ever, after reaching a particular temperature, the effect
of hot water flow rate is insignificant due to the same
temperature or high basin water due to the same value of
available flux and greenhouse effect in a basin, after ini-
tial increment in basin water temperature at the different
hot water flow rate. When the temperature range of basin
water temperature and hot water temperature is the same,
the three-way valve automatically closes and diverts the
hot water to a hot water storage tank for different applica-
tions. The system's performance is found optimum with a
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4 LPH hot water flow rate for distilled water productivity
followed by 8 and 12 LPH.

The depth of water affects the productivity of the dis-
tilled water; it can be previously observed from another
study that an argument in water depth reduces the output
of the distilled water [40]. A significant result is also
found in the present study, but the current study's novelty
lies in increasing distilled water output at high depth.
The hot water flow over a cross type heat exchanger
increases the water temperature, but at a lower depth,
the temperature of water rises rapidly, which leads to
high distilled water output concerning higher water depth
temperature increases gradually with time and reaches
significant evaporative water temperature in comparison
to conventional depth. However, when a comparison is
done between control and developed solar still (HTP-
ETCS-SS) the overall distilled water output is found
higher with lower depth. But the increment is reported
higher with higher depth, i.e., 162%, 152.5%, and 92.3%
at4, 8, and 12 LPH, in comparison to conventional solar
still. Whereas 152.9%, 108%, and 51.9% increment is
reported with a lower depth of 40% at different flow
rates 4, 8, and 12 LPH, respectively. Hence, this system
proves to be effective for high water depth in solar still
for enhanced productivity, the overall increment of the
solar still can be augmented by further utilizing energy
storage material. The highest distilled water productivity
was obtained with Test-1, i.e., 2580 mL day_1 followed
by Test-3, Test-5, and conventional still with production
of 2130, 1550, and 1020 mL day‘1 at 40% depth. How-
ever, at 60% depth the highest distilled water productiv-
ity is found maximum with Test 2 followed by Test-4,
Test-6, and conventional still, i.e., 2050, 1970, 1500, and
780 mL day~!.

Flow rate and water depth impact on hot water
output temperatures

Another test case is examining the water depth and work-
ing fluid flow rate impact on hot water temperature. The
variation in initial inlet temperature of cold water to
HTP-ETCS and water outlet from modified solar still
is illustrated in Fig. 8. This figure displays the dispar-
ity of inlet and outlet temperature for Test-1, 3, 5, 2, 4,
and 6. The average value of inlet water temperature was
13.6, 14.3, 17.5, 15.8, 15.3, and 15.2 °C during Test-1,
2,3,4,5, and 6, respectively. The increment in hot water
temperature shows an inverse relationship water flow
rate. The effect of water depth on hot water tempera-
ture could be observed in Fig. 8a, b. The maximum hot
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Fig.8 Variation of inlet and outlet temperature at a different time
interval during various tests 1-6 at different depths a 40% b 60%

water temperature is gained at 40% depth at a water flow
rate of 4 LPH and the minimum hot water temperature is
obtained with a 4 LPH flow rate at 60% water depth. This
trend is obtained due to variation in water depth during
lower depth and low hot water flow rate where basin
water temperature and flowing water temperature reach
a common temperature faster. This occurs due to faster
heating of lower mass in the basin, as it receives solar
radiation and extra heat from flowing hot water from
HTP-ETCS-SS flowed inside the heat exchanger installed
at the base of the basin. Due to this, the three-way valve
opens, and the hot water is directly transferred to the hot
water storage tank. The same trend is also reported with
a high flow rate. However, the trend changes with high
water depth, and hot water temperature decreases as high
heat transfer occurs to augment the water temperature
in basin.

As seen in Fig. 8a, Tests 1, 3, and 5 attained maximum
outlet temperatures of 65.5 °C (at 13:40), 50.15 °C (at
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14:35), and 41.56 °C, respectively (at 14:00). The maximum
hot water temperature variation is found with a low flow rate
of 4 LPH. During Test-1 high-temperature range is found
in the initial hour of the experiment this phenomenon is
observed due to low water depth, which takes a lesser time to
heat and attain the maximum temperature according to solar
radiation. Whereas, after 14:00, the temperature of the hot
water flow rate decreases as the maximum heat is transferred
to maintain the basin water temperature for maximum out-
put. The same trend is also observed with Tes-3 and Test-5.
But, in the case of a high flow rate, the hot water temperature
decreases due to the low rate of heat transfer.

Figure 8b displays the disparity of inlet and hot water
temperature at 60% water depth. The uppermost outlet
temperature of 40.2 °C (at 13:10), 48.0 °C (at 12:15), and
48.56 °C (at 13:05) was obtained for Test-2, 4, and 6, respec-
tively. Here, with this depth, water temperature at the outlet
of designed solar is still low compared to low water depth.
During different tests, at this depth, water requires a huge
quantity of heat to increase the water temperature due to
high mass. As can be observed from Test-2, data shows low

hot water temperature in comparison with Test-4 and Test-6
this is due to the high-water mass in a basin which requires
high energy to heat up. When the flow rate is low the transfer
of heat takes more in comparison to high flow rate; hence,
during a low flow rate, the hot water temperature is high,
but the transfer of heat is maximum in the basin. Whereas,
in the case of a high flow rate, the basin water and hot water
temperature also get into equilibrium quickly. Hence, the 4
LPH shows maximum variation against 8 and 12 LPH.

The result suggested that 4 LPH with low depth and 8
LPH with high water depth is found best during an experi-
mental performance.

Efficiencies analysis

Any modification in design, development and improvement
in system output can be examined in context of useful energy
and exergy output. Here in this specific section, valuation of
designed HTP-ETCS-SS in comparison to SS is done.
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Fig. 9 The daily energy efficiency of a solar still for distilled water output b HTP-ETCS-SS for hot water productivity and c¢ total system effi-
ciency in context of (distilled water output and hot water productivity)
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Variation of energy efficiency

The fluctuation in energy efficiency for each case is depicted
by Fig. 9a—c. It demonstrates the energy efficiency output
in terms of distilled water productivity, hot water, and total
system energy (summation of distilled water output and hot
water production). Figure 9a depicts that the average daily
thermal efficiency with 40% depth is better than 60% depth
as decreasing the water mass surges the water temperature
earlier, leading to high distilled water output.

The energy efficiency of the designed system (HTP-
ETCS-SS) and distilled water output with both water depth,
i.e., 40% and 60%, was established to be more than con-
trol solar still. This is occurred due to additional heating of
large water with flowing hot water from HTP-ETCS, which
increases the water temperature, as seen from Fig. 9b. But
this phenomenon affects the hot water output as the dec-
rement in hot water temperature is observed after flowing
with 60% water depth in comparison to 40% depth. This is
general thermodynamics as a large water mass requires extra
heat to reach the required temperature, whereas lower water
mass heats faster, and common temperature is achieved for
both hot water and basin water. Thus, 4 LPH is found an
optimum flow rate for both distilled water output and hot
water with both depths, i.e., 40% and 60%.

Energy efficiency in terms of distilled water pro-
ductivity from the designed system functioned at 40%
depth, attained the highest value (40%) for Test-1, while
with 60% depth the highest energy efficiency of 30.13%
was found with Test-2. There is about 2.5 and 2 times
increment in the energy efficiency of Test-1 and Test-2
when compared with control solar still. The energy effi-
ciency output in case of 40% depth is obtained as 16%,
40%, 32.2%, and 27% with conventional, Test-1, 3 and
5, respectively. The energy efficiency output in case of
60% depth is obtained as 14.2%, 30.3%, 28.2%, and 22.2%
with conventional, Test-2, Test-4, and Test-6, respec-
tively. These results show that the designed system is
suitable for energy output and productivity. It has been
found from Fig. 9a that the lowest value of energy effi-
ciency, i.e., 27% and 22.2% were obtained for Test-5 (for
40%) and Test-6 (for 60%), respectively. Whereas lowest
energy efficiency of conventional solar still (for 40% and
60%), Test-4 (for 40%) and Test-5 (for 60%) was found to
be 16%, 14.2%, 32.2%, and 28%, respectively.

Figure 9b depicts the energy efficiency calculated in
the production of hot water collected after flowing from
designed solar still. The thermal efficiency of the designed
system obtained the greatest value of 48.4% for Test-1 when
operating at a lower depth. In comparison, at a deeper depth
of 60%, the energy efficiency was 38.2% for Tes-4. The
energy efficiency of a planned system operating at 40% and
60% water depths were determined to be optimal at a mass
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flow rate of 4 LPH and 8 LPH, respectively, in the genera-
tion of hot water. The lowest energy efficiency values, i.e.,
28.7% and 35.1%, were achieved for Test-2 and 5, respec-
tively, with 60% and 40% depth. It is observed due to differ-
ent heat transfer rates at different depths and variable flow
rates. The higher depth requires high heat to heat the basin
water, which is observed during 4 LPH with 60% depth;
the initially hot water temperature is high, and the basin
temperature is low, which leads to the transfer of high heat
during this test and low hot water output. However, in other
cases with the same depth, the water and hot water tempera-
ture reached equal temperature points early due to low heat
during a high flow rate.

However, in the case of the total energy efficiency exam-
ination of the designed HTP-ETCS-SS, all parameters or
output were considered, i.e., distilled water output and hot
water production. The total energy efficiency of fabricated
system is depicted in Fig. 9c. This figure demonstrates that
the overall daily energy efficiency of the developed system
with 40% depth is more significant than 60% depth, and the
average energy efficiency is higher with a low flow rate. The
daily average efficiency of the designed system with both
distilled water output and hot water productivity is highest
with Test-3 due to high distilled water output and hot water
productivity. The average total energy efficiency was estab-
lished to be 62.7%, 52.1%, 64.8%, 47.3%, 58.9%, and 42.4%
during Test-1 to 6, respectively.

Exergy efficiency

This analysis is an excellent way to determine that how well
a thermodynamic persuades the energy. Energy efficiency
alone can't be used to figure out how well a thermodynamic
system converts energy. By looking at the exergy, it is pos-
sible to cut down on the system's irreversibility, which
improves the system's efficiency. Figure 10a—c determines
the fluctuation in the exergy efficiency in context of distilled
water output, hot water productivity, and total system exergy
efficiency at varying depths (40% and 60%) with different
mass flow rates, respectively.

Figure 10a shows that the average second law efficiency
of conventional and designed (HTP-ETCS-SS) solar still
decreases with increasing hot water flow rate. However,
with 40% depth, the average second law efficiency follows
the same fashion as 60% depth excluding that its uppermost
exergy efficiency achieved with Test-3. It is observed that
there is a marginal change in the average second law effi-
ciency of the traditional solar still (1% with 40% depth and
0.7% with 60% depth) and the designed (HTP-ETCS-SS)
solar still system 2.1%, 2.84%, 4.1%, 2.25, 2.6%, 1.1% dur-
ing Test 1-6, respectively. Specifically, it's because combin-
ing the HTP-ETCS with the intended solar still augments
the basin water temperature consequently rise in evaporative
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Fig. 10 The daily exergy efficiency of a solar still for distilled water output b HTP-ETCS-SS for hot water productivity and c total system effi-

ciency in terms of (distilled water output and hot water productivity)

exergy, which eventually leads to a reduction in exergy
losses. The highest exergy efficiency of 4.1% is achieved
with Test-3 followed by Test-2, Test-4, Test-5, Test-1, Test-
6, conventional solar still with 40%, and 60%, i.e., 2.84%,
2.6%,2.2%,2.1%, 1.1%, 1%, and 0.7%, respectively.

Figure 10b illustrates the exergy efficiency in terms of hot
water productivity. Test-1 is reported with highest exergy
efficiency value of 20.2%. Though it very well may be ana-
lyzed from Fig. 10b that 40% depth shows the most note-
worthy exergy efficiency is a result of early heating of basin
water and collection of hot water directly from HTP-ETCS
to hot water tank. The exergy efficiency varies as 20.2%,
18.1%, 17.6%, 15.3%, 12.8% and 12.4% with different Test
1-6, respectively.

Figure 10c demonstrates the average total exergy effi-
ciency of the designed SS in terms of both hot and distilled
water output. It can be revealed from the figure that highest
total exergy efficiency of the designed SS is reported for
40% depth. Moreover, the highest total energy efficiency of
the system is found in Test-3. This rise is due to optimum
production of distilled water output and hot water in this

case enhances the overall exergy of the system. Whereas
the noticeable rise in distilled water output in the case of
40% depth is due to high basin water temperature, distilled
water yield, and hot water production as compared to 60%
depth. Accordingly, the rise in evaporative exergy rates is
observed with 40% depth compared to 60% depth. The aver-
age total exergy for Test-1 to 6 are 23.9%, 20.1%, 28.4%,
18.3%, 21.7%, and 16.4%, respectively.

Water quality analysis

Another aspect that is considered in the present study is
the treatment of the collected textile processed waste-
water Degumming (TDgWW) and Dyeing (TDyWW)
from the designed system. According to the Bureau of
Indian water quality standard (BIS) [41], the initial and
produced water is examined in a laboratory. The qual-
ity standard which is taken into consideration is sen-
sory indexes like colour, odour, turbidity; bacteriologi-
cal indexes such as total coliform test; chemical indexes
(pH, Total dissolved solids (TDS), Hardness, Chemical
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Table 5 Pollutant reduction of utilized wastewater with an integrated designed system

Parameters Standard for emission of discharge of pollut- Initial Distilled water quality
ant (Textile and Dye industry) BIS [41]

TDgWW TDyWW TDgWW TDyWW
Colour Not detected Brownish Blackish No No
Odour No Pungent Pungent No No
Total coliforms/ No detection No detection No detection No detection No detection

MPN-100 mL ™"

pH 6.5-8.5 8.62+0.16 12.22+0.15 7.91+0.1 7.13+0.1
TDS/mg L~! 2100 3884.7+16.76 4755.1+23.62 49.3+6.8 30.8+4.7
COD/mg L™! 250-500 11,363.4+61.66 22,367.3+73.53 441+5.2 290.5+54
Hardness/mg L™ - 1118.4 +£55.61 1305.3 +£24.28 26.84+2.3 14.48+1.2
Cu/mg L™! 0.05 0.05+0.01 2.02+0.05 0.01+0.002 0.01+0.001
Zn/mg L 5 4.16+0.9 7.58+1.2 0.52+0.004 0.43+0.002
Ni/mg L™! - 0.17+0.02 0.03+0.01 0.05+0.001 0.01+0.001
Fe/mg L™! 0.3 3.02+0.05 2.02+0.06 0.9+0.02 0.35+0.03
Mn/mg L™ - 0.18+0.03 0.12+0.02 0.08+0.003 0.02£0.002

Table 6 Capital cost investment on different components of designed
HTP-ETCS-SS

Table 7 Economic analysis of the designed HTP-ETCS-SS system
for distilled water, and hot water productivity

S. no. Components Cost/US/$ S. no. Parameter Value Unit
L. HTP-ETCS tubes (10) 106 1. mg 639 Lm™>
2. HTP-ETCS Manifold 134 2. My mss 2400 Lm™
3. DC pump 2.4 3. n 15 Year
4. Pipes (Inlet, Outlet, Heat Exchanger) 18.65 4. i 0.09 %

5. Heat exchanger 25 5. SFF 0.034 -

6. Tanks (Inlet and outlet hot water) 8 6. CRF 0.124 -

7. Valves 1.3 7. P 511.62 $

8. Insulation material 1.6 8. FAC 63.440 $

9. Solar still unit 100.15 9. S 102.324 $

10. Glass cover 33.38 10. ASV 3.479 $

11. Solar still stand 20.03 11. AMC 6.344 $

12. Paint 2.6 12. UAC 66.305 $

13. Rotameter 6.01 13. CPLpiggilled-water 0.137 $

14. Construction cost 45 14. CPL ot water 0.0276 $

15. Miscellaneous 30

Total 511.62

oxygen demand (COD)), and toxic indexes Cu, Fe, Mn,
Ni, Zn. The removal efficacy of the system is illustrated
in Table 5. The result is the average removal of all pol-
lutants during different tests. It indicates that the sys-
tem is capable enough of removing all those pollutants
and maintaining the quality of water according to the
standards.

Economic analysis of the HTP-ETCS-SS

The most crucial aspect in designing any solar still sys-
tem is its economics and acceptance on a large scale. The
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economics of solar stills are mainly depended on the dis-
tilled water output rate. But, here in this study, the benefit
of HTP-ETCS-SS is the co-production from the system
in form of distilled and hot water output and this makes
system more economical and viable. The system output
directly governed by the area of installation, the climatic
condition, yearly solar days, solar radiation intensity,
ambient temperature, and other factors are taken into con-
sideration. The output from developed HTP-ETCS-SS is
used to determine fluctuation cost, capital cost, and fixed
cost. It was found that there is a relationship between
operating and maintenance costs and the variable cost of
the designed HTP-ETCS-SS system [42]. The system was
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Table 8 Discussing different previous work studies and comparing with current work

S.no. System description Efficiency of the Distilled water Hot water Unit cost/$ References
system productivity/ productivity/
———— Lm >day”! Lm~2 day™!
Energy Exergy
1. Solar still assimilated with FPC and PTC with 16.24% — 2.775 - 0.22 [3]
packed bed
2. Spiral tube based solar water heater (SWH) - - 4.4 - 0.23 [14]
assimilated with solar still in passive mode
3. Solar still combined with double evacuated - 9.2% 10.138 - 0.239 [32]
superconducting gas tube with heat storage
device
4. Solar desalination system combined with para-  51.83% 4.8% 8.33 - 0.21 [35]
bolic concentrator (PCB-SDS)
5. Tubular solar still with parabolic concentrator 28.54% — 3.53 - 0.024 [43]
An ETCS with a heat pipe and solar still thatis ~ 64.8% 28.4%  2.13 80 0.137 Present Work
combined as a hybrid system (HTP-ETCS-SS)
installed on the roof of SMVDU Campus, Katra (J&K), Conclusions

India (32.9915°N, 74.9318°E) where the total average
sunny days is considered as 300 days in a year [35]. The
economic parameters which are taken into consideration
are calculated based on the Indian situation, where. The
economic parameters considered and calculated here
are based on Indian situation, where the interest rate per
year (i) is assumed as 9%, life period of the system (n) is
considered as 15 years, rate of inflation is 3% and daily
average solar radiation 5.91 kW hm~2 day~'. The cost
investment of different components for the construction
of HTP-ETCS-SS is illustrated through Table 6.

Economic analysis of the designed systems, solving meth-
odology, and various other parameters involved is illustrated
through Table 7. It explains the estimated cost involved in
different components in designing HTP-ETCS-SS co-gen-
eration system. Test-3 is taken into consideration while cal-
culating the economics behind the designed HTP-ETCS-
SS system due to its standard distilled water output and hot
water production. The main objective of manufacturing and
operation process of any newly designed system is to keep
the costs lower.

Table 8 illustrates the comparison between the present
work distilled water productions, efficiency, exergy, dis-
tilled water output cost with previous work. The current
system has an efficiency greater than the conventional
SS and other SS due to their co-generation potential. By
utilizing more robust materials and prominent control
system which will lead to increment in system efficiency
which will also lead to decrement in the unit cost of the
system productivity and payback period. The unit cost of
distilled water and hot water is found to be 0.1037$ and
0.02768, respectively. The overall cost of total productiv-
ity (distilled water and hot water) is found to be 0.0218$.

The foremost motive of the presented research work is to
design a novel hybrid heat pipe equipped with ETCS com-
bined with solar still (HTP-ETCS-SS) and to study the
distilled water output and hot water productivity simulta-
neously. To study the impact of HTP-ETCS on solar still
hot water is circulated at different flow rates (4, 8, 12 LPH)
at different depths (40% and 60%). The system that has
been developed and installed may successfully eliminate
the issues of distilled water (drinking water) and hot water
demand for an average household. Based on the performance
of the designed HTP-ETCS-SS system, the following con-
clusion can be drawn:

e The integration of HTP-ETCS eliminates the problem of
pre-heating and the initial time to start the distilled water
production.

e The hot water produced from HTP-ETCS helps in
increasing the heat transfer rate of basin water and could
also be utilized for various household practices (washing,
bathing, kitchen, etc.) during winter and summer.

e The overall accumulative distilled water output for con-
ventional solar still at 40 and 60% depth, HTP-ETCS-SS
during different tests 1-6 are nearly 1020 mL, 780 mL,
2580 mL, 2050 mL, 2130 mL, 1970 mL, 1550 mL, and
1500 mL, respectively, leading to an improvement of
152.9%, 162%, 108%, 152.5%, 51.9%, and 92.3%, respec-
tively, contrasted with conventional solar still at varying
depth of 40% and 60%.

e The first law efficiency of the control system and
designed HTP-ETCS-SS system at 40 and 60% depth
and varying flow rate in designed system is 14.2-16%
and 22.2-40%, respectively.
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e The exergy efficiency of the conventional solar still and
designed HTP-ETCS-SS system at varying flow rate of
4, 8, and 12 LPH at different 40% and 60% is found in
between 0.7 and 4.1%.

e The overall (total) energy and exergy efficiency of the
designed system HTP-ETCS-SS for both hot water and
distilled water output at different flow rates and depths
lies between 42.4—64.8% and 16.4-28.9%, respectively.

e According to the output potential in terms of distilled
water, hot water, energy, and exergy hot water flow rate
of 8 LPH at 40% depth is found suitable for household
applications.

e The quality of wastewater treated during different tests
was tested in terms of toxicology, physical, biological,
and chemical index finally match the quality/standard of
discharge water.

e The unit cost of hot water and distilled water produced
from the designed system is 0.0276$ and 0.10378$,
respectively. The overall cost of the total productivity,
i.e., amalgamation of hot water and distilled water simul-
taneously is 0.02188$.

e The per unit cost of distilled water production can be
reduced by utilizing different energy storage material
which will also impactfully increase the output, useful
energy and exergy output as well.
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