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Abstract

Desalination is an appropriate response to climate change, and increasing population, industrial
activities, and drought. This study introduced a freshwater generation system using solar
distillation via evacuated tube collectors (ETCs). Two geometries of evacuated tubes (Designs |
and I1) were used and the performance of the proposed system was evaluated regarding freshwater
productivity, gained output ratio (GOR), and cost per liter (CPL). The difference between these
tubes was the volume of the water circulating within them due to different internal geometries.
The system benefitted from zero liquid discharge technology. Maximum freshwater productivity
values of 1145 and 1325 mL.h™*.m2 were obtained for Designs (1) and (I1), respectively. It occurred
in June 2023 under a maximum solar radiation intensity of 1010 W.m. A maximum GOR of 0.71
and 0.82 was calculated at this peak solar radiation intensity for Designs (1) and (I1), respectively.
The quality of produced water met the standards of drinking water. The cost analysis led to the
CPL 0f 0.0137 and 0.0132 US $ for Designs (1) and (I1), respectively. The performance comparison
of the proposed designs with other direct desalination units confirmed the superiority of these
designs based on freshwater productivity, GOR, and CPL.
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1. Introduction

The world population is growing at a quick rate, augmenting the drinkable water demand.
Freshwater resources accessibility will be further stressed, with 2.3 billion more people than today
experiencing severe water scarcity, especially in Africa, and Central and South Asia [1].
Desalination is the most proper process to decrease this stress by removing dissolved salts from
water. Renewable energies (solar, geothermal, bioenergy, etc.,) are available in nature free of
charge with no CO- footprint, which makes them the promising choices for desalination. Among
them, the solar desalination process by a quick technological progression overcomes the rising
freshwater demand at a reasonable cost, particularly on a small-scale desalination unit in remote

areas [2].

Direct and indirect desalination processes are the classification of a solar desalination system.
In the first system, desalination and energy collection are combined in one process, producing
desalinated water by applying collected solar energy to saline water. The latter system comprises
sub-systems of a solar collection unit (for collecting heat from the solar collectors and using it in
a heat exchanger) and converting solar energy to power by the photovoltaic (PV) modules to run
a desalination unit [3]. In some industries recovering the used water is critical. For example, city
gate station gas heaters need continuous purified water. Small-scale humidification-
dehumidification (HD) desalination units can recover freshwater from the waste heat of these gas
heaters by thermosyphon heat pipe [4]. Another alternative is a pulsating heat pipe that recovers
waste heat from a chimney to heat water [5]. Solar water heaters deliver hot water, while the
produced hot water does not have the required quality for drinking. Hence, developing a household
water desalter with high-quality water is worth developing water desalination technology [6]. Solar
distillation using solar stills (basin type double slope, hemispherical, tubular, pyramid, triangular,
and cascade) is categorized as active and passive distillation processes. In the first category, solar
still (SS) absorbs direct sunlight as heat and water productivity is low. To increase water
productivity, using phase change materials (PCMs), internal condenser, PV modules, proper
insulation materials, noble and non-noble plasmonic nanoparticles, and integration with evacuated
tube collectors (ETCs) and heat pipes [5,-7] have been proposed. Some desalination systems
benefitting from ETCs are summarized as follows. A cogeneration system by productivities of
freshwater via reverse osmosis (RO) and membrane distillation (MD) units, electricity using a

turbine, and hot water via photovoltaic/thermal (PV/T) collectors as well as ETCs was analyzed
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using TRNSYS® [9]. The ETC surface, tilt angles of PV/T and ETC, the capacity of the water
storage tank and batteries, and inlet water mass flow rates to the heater or/and the MD unit affected
the system performance. The freshwater productivity of the MD unit was 15311 L/year. Coverage
of solar water heater, overall freshwater productivity (including MD and RO), and power was
99.3%, 100%, and 70% which could be improved by system optimization. The 35% and 7%
improvements in the generated electric energy and MD production were observed as compared to
the base case. Wastewater was heated using a parabolic trough collector (PTC) and clean water
was separated from pollutants in a modified SS [10]. A photodegradation process occurred when
a galvanized ZnO plate was introduced into the still. This process enhanced the concentrate quality.
A 93 % photodegradation of carmine dye was detected within 2 hours of the process. All these
systems introduced coupling a solar water heater into a desalination unit to improve the desalinated

water productivity.

Limited studies have been conducted on evaporation and heating processes in a stand-alone
device. The performance of a solar-assisted hybrid hot water and desalinated water system
(containing the heat storage device and superconducting gas double ETCs) was compared with a
stand-alone desalination unit [11]. Operation at various heat storage temperatures of 50 °C to 70
°C and with no heat storage was examined. The increasing and decreasing trends were observed
by raising the heat storage temperature. The hot and pure water productivities for 45 °C were
higher than 386 L.day™ and 10138.7 mL.day™ on a sunny day. The estimated cost of pure and hot
water was about 0.452 ¥.Lt.m2 and 0.013 ¥.LY.m?, respectively. Shafii et al. [12] used two
vacuum tubes for evaporation, hence, freshwater production. The highest desalination rate of 0.83
L.m2.h? resulted from tubes installed at an inclination angle of 35° and an 80% filling of a tube
with water. Filling the tubes with wool reached the production rate of 1.01 L.m2.h'L. This study
confirmed the importance of the water volume in the collectors. A PTC-type evaporator was used
to improve the performance of a desalination system [13]. A maximum production rate and energy
efficiency of 0.27 L.m2.h? and 22% were obtained by replacing aluminum foils in the space
between the heat pipe and the ETC to strengthen heat transfer from the collector to the heat pipe.
Applying oil in this space reached the production rate and efficiency 0.933 L.m?2.h and 65%,
respectively. A point-focus PTC was designed for desalination of saline water [14]. The maximum

productivity and energy efficiency of 1.5 L.h"* and 36.7% on a sunny day were measured under
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the highest solar radiation of 626.8 W.m™ and the absorber temperature of about 150.7 °C. Wind

speed, air temperature, and feedwater salinity had no substantial effect on the production rate.

The concentrate of an RO unit with a total dissolved solids (TDS) of 15200 ppm was conducted
to an ETC basin SS to show the feasibility of this integrated system for distilled water production.
Some building mineral pumice was applied to prevent the large bubble formation at the bottom of
the ETC. A cubic condenser was selected to enhance the freshwater volume due to doubling the
contact area of the condenser and water vapor. This configuration decreased freshwater production
(4.58+0.12 L.m2) by eight times compared to the configuration with one face contact area of the
condenser and water vapor [15]. The response surface methodology (RSM) based on the Box-
Behnken experiment design model was used for system optimization. The highest distilled water
productivity (7.231 kg/m?day) was obtained at a condenser wall thickness of 4 mm, a condenser
volume of 2940 cm?3, and a condenser surface area of 0.336 m? [16]. An inclined weir-type SS was
developed to improve the configuration of SS by increasing the aperture area. The best values of
distance between weirs (3.5 cm), weir height (2 cm), and distance between the condenser cover
and the absorber plate (15 cm) were obtained using the Box-Behnken experiment design model.
The highest water production volume reached ~6.47 kg.m?2.day [17]. The desalinated water
productivity was directly influenced by the temperature difference between the solar desalination
cover and the saline water [18]. Using black powder-coated crushed granite stone [19] and black
iron oxide magnetic powder [20] as the absorbers of SS increased solar radiation absorption. These
absorbers also showed a positive effect on energy storage, and energy and exergy efficiencies. The
performance of an SS system could benefit from mirrors, waste material, and thermoelectric
generators liberating heat from the absorber [21]. Integrating eccentric reflective solar collectors
into single-effect absorption chillers and multi-objective optimization reduced the levelized cost
of cooling. The cost-effectiveness enhanced by 29% compared to conventional solar-driven

coolers [22].

The conventional SS was modified with five configurations of SS with no wick, blackened
basin SS with a wick at 30°, and SS with a wick at 15°, 30°, and 45°. The performance of these
configurations was compared at a constant water flow rate of 0.2 g ms™ flowing through the basin
and the wick. The blackened basin SS had the best performance by an embodied energy of 457.15
kWHh, the highest freshwater productivity of 4.372 kg.m, a minimum energy payback time of 1.11
years, and a distillate cost of ¥ 1.38 L™t among its counterparts. The SS with 30°, 45°, and 15° wick
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obtained the next rankings regarding the freshwater productivity (4.25, 3.925, and 3.802 kg.m™)
[23]. Integrating nano PCM using ZnO, CuO, Al20s, Ag, graphene oxide, silica, carbon nanotube,
graphite, carbon black, and graphene in the basin was recommended to increase the distillation
yield [24]. Another strategy for improving the performance of solar-assisted desalination systems
was the application of multi-criteria decision-making (MCDM) approaches namely measuring
attractiveness by a categorical-based evaluation and weighted aggregated sum product assessment
techniques [25]. ETCs were tested under different operating conditions. The volume fraction of
water inside the tube significantly influenced the distiller output. The application of different tubes
assisted in effective design benefitting from optimized water mass relative to the absorber tube
area. Paraffin wax (a PCM) was used at two filling ratios of 100% and 50%, within the
thermosyphon/pulsating heat pipe evacuated tube to show the effectiveness of this system
considering the water production rate under low solar irradiation. The maximum freshwater
production rate was 2248 mL/m day, showcasing a 40.7% rise in productivity compared to
conventional SSs. SSs employing conventional and pulsating heat pipes exhibited an energy

efficiency improvement of 19.4% and 20.3%, respectively [26].

This study introduced a freshwater generation unit using solar distillation via ETCs. Though
solar water heaters have gained popularity for water heating in recent years, the study on
desalination units using ETCs has rarely been experienced. Other studies have used one evacuated
tube coupled to a condenser or several tubes integrated into an SS desalination system. The
standard tubes (0.047 IDx1.765 m; Wall thickness: 1.7 mm) have been used for solar evaporation
and solar water heating in vertically inclined mode. This study used the butterfly-shape
arrangement of evacuated tubes. Moreover, two geometries of evacuated tubes (Designs | and 1)
were used. Design Il benefitted from the newest geometry of tubes with lower water volume that
have not been experienced for solar desalination. The performance of the system was evaluated

regarding freshwater productivity, GOR, and CPL.
2. Process description

The experimental setup consisted of the main components of 40 ETCs (Evaporator), two heat
exchangers (Preheater and Condenser), and saline and desalinated water tanks. Figs. 1 and 2 show
the photograph and the 3D diagram of this setup. The saline water in the storage tank (1) flowed

into a double-pipe heat exchanger (7). This heat exchanger preheated the feed saline water (2)
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while condensing the produced vapor (6). Preheating of feed water decreased the time required to
close the circulating water temperature to the boiling point. Preheated water (3) flowed into the
header (4) and distributed into the evacuated tubes (5). Water boiled and the produced vapor was
directed from the header into the heat exchanger (7). The first stage of condensation occurred in
this heat exchanger. Vapor was condensed using the feed saline water (2). For complete vapor
condensation, the vapor was directed into the second heat exchanger (8) including six inclined
pipes. Some part of these inclined pipes was integrated into fins to increase the heat transfer surface
area. The inclined shape of the condenser allowed it to occupy less space while providing a high
heat transfer area. The chimney-like shape also assisted in vapor suction into the condenser. The
desalinated water (9) was collected in a storage tank (10). An appropriate inclination angle for
these pipes was experimentally selected to maximize the condensation rate. Moreover, a slight
inclination toward the header was made to create a slope for concentrated water leaving from each
tube and preventing salt deposition inside each tube. Water filled the collectors and the water depth
inside the ETCs was equal to the internal diameter of the tubes. Produced crystalline salt could be
removed from the system after a while, considering the quality of feed saline water. This system
benefitted from ZLD technology and no brine entered the environment. Two types of ETCs were
used to evaluate an increase in the evaporation rate by reducing the volume of water flowing inside
the evacuated glasses. Conventional ETCs were used in the first design while the second design
benefitted from a new internal shape. The schematic of these tubes is presented in Fig. 3. The main
differences between the proposed tubes were their inner length and internal geometry. These
differences decreased the volume of water flowing into the collectors. Table 1 shows the list of the
components and their characteristics. The collectors were installed at a yearly optimum tilt angle
of 35° to achieve direct solar radiation. This value was selected considering the location of the

experiments.
3. Material and methods

The brackish and saline water were synthesized by the addition of 10 and 35 g of sea salt into

1 kg of tap water, respectively.

The performance of the proposed system could be evaluated in terms of GOR. GOR shows the
ratio of latent heat of produced distilled water to the energy input into the unit [27] and is defined
as [28]:
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Where, my,,, hsg, 0,1, and A are the freshwater production rate (kg.s™), specific enthalpy of
evaporation (kJ.kg™), inlet heat (kW), solar radiation intensity (kW.m2), aperture area of the ETCs

(m?), respectively.

The produced water specification (conductivity, TDS, and pH), solar radiation intensity, and
ambient temperature were recorded during the experimentation. The specifications of the
measuring devices and their respective uncertainties in the experiments are shown in Table 2. The

uncertainty values were of Type B and calculated by [29]:

(2)

Gil=

Where a and u are the accuracy and uncertainty, respectively.

The parameters and the ranges of the operating conditions are shown in Table 3. The system
analysis was performed via one factor at a time approach using one quality- and three quantity-
based parameters. Table 3 tabulates the solar radiation intensity, tilt angle of the ETCs, and water
salinity varied within the ranges. Their effects on the desalination rate were investigated and the
main parameters were determined. The saline water storage tank was equipped with a floater.
Besides, the tank was installed on an equal level with the top row of the collectors. Applying a
floater compensated for the water level reduction in the tubes due to the continuous water boiling
and evaporation. Therefore, the inlet water mass flow rate was not an effective parameter. Boiling
occurred in the collectors and the boiling point in the location of the experiment was 95 °C. On
the other hand, the vacuum space between the inner and outer tubes prevented considerable heat

loss. This caused no significant temperature difference between the inner glass and water.
4. Results and discussion

The tests were conducted under the climatological conditions of Isfahan, Iran (Longitude:
51.6680, Latitude: 32.6546) in June 2023. The average ambient temperatures and radiation
intensities are presented in Fig. 4. The ambient temperature varied between 24 and 31 °C while
the solar insolation ranged between 320-1010 W.m during the days of experiments. The

temperatures and radiation intensities increased until noon and then started to decrease. The tests
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were conducted on the 1%, 15", and 29" of June and the average values of the desalination rate

were registered.
4.1 Effect of the tube geometry on freshwater productivity and energy efficiency

The environmental conditions and solar intensity affect the process water temperature, hence,
freshwater productivity. The evaporation rate strengthens and enhances the desalination rate by
increasing the solar radiation intensity. The freshwater production rate per m? of solar collector
aperture area (mL.h"t.m) is shown in Fig. 5. A longer time was required to boil the saltwater in
the ETCs, vapor generation, and start the freshwater accumulation. So, zero productivity was
observed before 11 and 11.30 a.m. for Designs (1) and (). The experiments were conducted at a

salinity of 3.5 wt.%.

As the water temperature in the absorber increased by an increase in the solar radiation intensity,
the thermal capacity of the water decreased, causing an increase in the evaporation rate, therefore,
reaching the maximum hourly production rate of about 1325 and 1145 mL.h"*.m for Designs (I1)
and (1), respectively. These maximum values were obtained for Designs Il and I at 1 and 1.30 p.m.,
respectively. Obtaining the maximum freshwater at different times was due to the difference in the
water volume in the collectors. Decreasing the water volume (Design I1) led to the improvement
of freshwater productivity by 13.6%. The average accumulated water during the test days for
Designs (1) and (1) were 21890 and 18895 mL.day:. This result confirmed the superior
performance of Design (I1) due to its lower circulated water volume. This means the radiated solar
intensity is more effective against the volume of water provided by Design (I1).

It was observed that the desalination rate increased by increasing the solar radiation intensity. It
was at its highest value at noon, and thereafter, it lessened. This means the rate of freshwater

production is in good agreement with the variation in the solar intensity during the test days.

A maximum desalination rate using Designs (1) and (1) is tabulated in Table 4. Maximum GOR
was calculated at the maximum water production rate and solar radiation intensity. It ranged from
0.28 to 0.71 for design (1) and 0.33 to 0.82 for design (11). Furthermore, as the water volume in the
glasses of Design (I1) was lower than that in Design (I), its desalination rate was higher. About a
12.8% increase in the GOR was obtained via Design (11). This means lowering the volume of water

flowing into the system enhances the performance of the system.
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4.2 Effect of water salinity and tilt angle on freshwater productivity

The proposed systems were performed using brackish water and seawater with salinity values
of 1% and 3.5%. Salinity lowers the saturation pressure of water and accordingly the saturation
absolute humidity and saturation enthalpy of moist air. Salinity augments the specific heat at a
constant pressure of the feed water. Hence, decreasing the freshwater productivity by increasing

the salinity was expected.

The effect of salinity and inclination angle on freshwater productivity is presented in Fig. 6. It
was concluded that the desalination rate decreased by about 4% as the salinity increased from 1%
to 3.5%. However, this means the insignificance effect of salinity on the performance of this
system. 5% salinity was also experienced to show the effectiveness of the proposed system in
higher salinity water compared to the seawater. For a salinity of 5%, the freshwater productivity
was about 2.8% lower than 3.5% salinity. Saline feed carries a risk of scaling that can greatly
influence the operation in both designs after a while [30]. Periodic cleaning of the ETCs especially

in design (1) due to its thick internal geometry should be considered.

The setup was tested at tilt angles of 25°, 35°, and 45° to confirm the effectiveness of solar
radiation direction. The maximum productivity for Design (1) with the inclination angles of 25°,
35°, and 45° was about 958, 1325, and 1234 kg.m2.h*, respectively, showing the appropriateness
of the inclination angle of 35°. By deviating the angle from 35° the normal radiation on the ETCs

reduced, which lessened the freshwater productivity, accordingly.
4.3 Water quality analysis

The physicochemical properties of desalinated water are present in Table 5. The standard range
is obtained from WHO guidelines for drinking water quality [31]. This analysis report confirms
that the produced desalinated water in the proposed system has the characteristics of distilled water
and can be drinkable by adding useful minerals. Notably, the lower concentration of Na*, TDS,
and EC values specify the presence of lower dissolved solids and henceforth, lower salinity for
produced water due to desalination. Based on the WHO guidelines for the quality of drinking water
[32], the TDS values of <600 mg.L™ are potable as they become non-potable at TDS levels of
>1000 mg.L ™.



260

261
262
263
264
265
266
267
268

269
270
271
272

273
274
275
276
277
278
279

280

281
282
283
284
285

286
287
288

4.4 Cost analysis

To assess the cost-effectiveness of a desalination unit and evaluate the unit cost of the produced
water, a cost analysis was performed. The cost of water produced employing a desalination unit
was determined using variable and fixed costs. No electrical devices were used in this system,
hence, the cost related to electricity consumption was zero. The power consumption and energy
costs in this system were zero. All prices were consistent with the Iranian market in 2023 in Rials
that were changed to US$. The details of the CPL of the produced water and the investment cost
in the proposed system are presented in Tables 6 and 7. The maintenance cost was considered 12%

of the fixed capital cost per year [33] with a lifetime of 20 years [13].

The average daily desalination rates were about 18.9 and 21.8 L.day* for Designs (1) and (11),
respectively. Considering 300 sunny days of system run per year in Isfahan, the total desalinated
water productivity during a year was 5691 and 6593 L for designs (I) and (II), respectively.

According to these assumptions, the CPL was calculated.

The minimum CPL of 0.0137 and 0.0132 $.L! was attained considering the maximum
freshwater production. The CPL would decrease to more reasonable values by coupling the
proposed system with other desalination systems, enhancing the energy efficiency of the
components, and scaling up the system. These values would increase and decrease on colder and
warmer days during the year, respectively. Furthermore, the unit cost is decreased by applying
more durable components. The CPL will be lower in areas with more solar radiation and longer

sunny and clear days.
4.5 Performance comparison of different desalination systems

Freshwater productivity, GOR, and CPL were analyzed to compare the performance of the
proposed system and other small-scale desalination systems containing ETC and PTC (Table 8).
The heating and evaporation of saline water occurred in PTCs and ETCs. SSs were coupled to the
solar collectors to increase the subjected radiated area. The comparison results can be summarized

as follows:

- The proposed designs in this study benefitted from the most acceptable freshwater productivity,
GOR, and CPL among its counterparts. Although, evaporation using ETC coupled with active SS

had high freshwater productivity, energetic and cost analyses were not been reported to make a
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clear comparison. The proposed system, ETC coupled to active SS, ETC coupled with SS
containing wick, ETC coupled to 5-effect SSs, vacuum evaporation using ETC, and PCM
integrated SS systems placed in an appropriate position by >1000 mL.h"l.m2 productivity.
Integrating SS into the proposed system can be favorable. Most systems introduced in Table 8
benefitted from a cost range of 0.013-0.015 $.L. On the other hand, ETC coupled to SS and heat
exchanger with a minimum cost of 0.0084 $.L"! showed the positive effect of using an appropriate
heat exchanger, hence, encouraging to development of an appropriate heat exchanger in our

system.

- Using ETC with an appropriate water volume within the tubes improved the system's

performance.

- Coupling multi-effect SS with the ETC-typed evaporator significantly increased the GOR of the
system. Applying PCM in SS or appropriate wick to increase the energy storage capacity and heat

transfer surface area was necessitated.
- Vacuum evaporation and increasing the number of PTCs and ETCs were recommended.
5. Challenges and recommendations for future research

The proposed system can be applied in arid areas facing drinkable water shortage, as produces
sufficient freshwater for domestic uses. However, it suffers from energy storage and night-time
operation. These problems can be overcome using PCMs. PCMs preserve solar energy during the
night and improve the performance of desalination systems[45]. Heat pipe-type tubes containing
high conductivity nanofluid can be another option [46]. Adding reflectors strengthens solar energy
absorption and freshwater productivity [21]. The main source of error is freshwater production rate
measurement. This causes wrongness in calculating freshwater productivity, GOR, and CPL. The
best way to provide a reliable response is by using the design of the experiment (DOE) and the
application of the RSM.

Coupling the proposed system with other desalination units (e.g., HD and multi-effect SS, etc.)
and using their brine with a temperature of >40 °C shortens the initial time of freshwater
production. This leads to starting the operation in the first of a day. Larger scale systems can be
fabricated using PCMs and heat pipes in evacuated tubes. Integrating this unit with other

desalination systems can provide drinkable water for semi-industrial applications. Furthermore,
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modification of the preheating section is recommended by adding a larger double-pipe heat

exchanger or integrating SS to produce simultaneous hot and desalinated water.
6. Conclusion

This study introduced a desalination unit based on solar evaporation using ETCs. This
technology could supply fresh water for people living in regions with saline and brackish water
sources. Two geometries of evacuated tubes with different water volumes (Designs | and 1) were
tested under Isfahan weather conditions in June 2023. The effect of operational and environmental
parameters on freshwater productivity was discussed. Water quality analysis showed the quality
of produced water meets the standards of drinking water reported by the WHO. The proposed
designs benefitted from ZLD technology. An economic analysis was conducted to assess the unit

cost of the produced water. A summary of the obtained results is reported as follows:

- The most effective parameter on freshwater productivity was solar insolation.

- No significant effect of the salinity of the feeding water was observed.

- Designs (1) and (1) had a maximum desalination rate of 21890 and 18895 mL.day?, respectively.

- Maximum GOR of 0.82 and 0.71 was calculated at the peak solar radiation intensity for Designs
(I1) and (1), respectively.

- The cost analysis led to the CPL of 0.0132 and 0.0137 US $.L for Designs (I1) and (1),

respectively. This unit possessed great economic value.
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Fig. 6. The effects of inclination angle and feed water salinity on freshwater productivity
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Table. 1. The components of water heating and desalination system and their characteristics

Component

Description

Tank for desalinated water

storage

Tank for saline water storage

Fin-equipped air condenser

Solar collector

Capacity: 50 L

Capacity: 100 L

6 inclined pipes: 0.051 ODx1.8 m

40 glasses

Header (0.19 IDx1.8 m); Water capacity: 47 L

Aperture area: 3.32 m?

Design (1)

Design (1)

Cover Tube: 0.058 ODx1.8
m; Wall thickness: 1.8 mm

Inner Tube: 0.047 IDx1.765
m (3 L); Wall thickness: 1.6

mm

Total water storage capacity
of glass tubes: 3x40=120 L

Cover Tube: 0.058 ODx1.8 m;
Wall thickness: 1.8 mm
Inner Tube: 0.047 IDx1.765 m;
Wall thickness: 1.7 mm

Lining Tube: 0.037 1Dx1.465
m (1.57 L);

Wall thickness: 1.5 mm

Water storage capacity of glass
tubes: 1.42x40=56.8 L
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Table. 2. Specification of instrumentations used in the water heating and desalination system

Instrument Range (unit) Accuracy  Uncertainty (unit)
Solar meter (TES 132, 0to 2000 (W.m?) +1.0 0.6 (W.m?)
Taiwan)

Conductivity meter (HM 0-9990 (uS.cm™) +2.0 % 1.18 (uS.cm™)
Digital Company, Korea)

pH meter (MW150 MAX, 0-14.0 +0.1 0.06
MILWAUKEE Company,

USA)

Water flowmeter (LUNA, 0to 1000 (mL.min)  +20.0 11.8 (mL.min™)

Turkey)
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601  Table. 3. Parameters and ranges of the operating conditions in the proposed co-production system

Parameters Range

Solar radiation intensity 320-1010 W.m
Water salinity (Ss) 1-3.5%
Tilt angle 25-45°

Evacuated tube type Designs (1) and (1)

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617
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632

Table. 4. Performance evaluation of the proposed system based on the desalination rate and GOR

using two designs of the tubes (3.5% salinity, 35° tilt angle)

Month

June

Design (1)

Design (11)

Maximum desalination rate (L.h™t)

GOR

Maximum desalination rate (L.h™)

GOR

3.8

0.71

4.4

0.82
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636

Table. 5. Physicochemical properties of desalinated water

Parameter Unit  Value  Standard values for drinking water
Ref. [31]

pH - 7.6 6.5-9

Total dissolved solids (TDS)  mg.L* 33 <1000

CI ppm  10.6380 <250

Ca'*? ppm  2.0040 <300

Mg*? ppm  0.0000 <30

Na* ppm  2.3000 <200

Hardness mg.Lt 120 <300

Electric Conductivity (EC)at  pS.cm’ 51 N.A

25°C

1
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Table. 6. Investment cost of the proposed desalination system

Description Cost (US $)

Storage tank for desalinated 10

water

Storage tank for saline water 20

Solar collector Design (1) 80
Design (1) 180

Header 100

Condenser 110

Pipes, fittings, and valves 60

Structural support 110

Total Design (1) 490
Design (1) 570
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645  Table. 7. Cost analysis proposed co-production system (at maximum solar radiation)

Parameter (unit) Ref. Description Design |  Design 11
m (year) [13] Lifetime 20 20
i (%) [33] Interest rate 12 12
IC ($) - Initial cost 490 570
S=0.2xIC (%) [33] Salvage value 98 114
AF=i(1+i)™/ Amortization factor

) 0.133 0.133
[(i+1) ™ —1]
SFF=i/[(i+1) ™ - Sinking fund factor

0.056 0.056
1]
FYC=IC x AF ($) First yearly cost 68.28 76.31
YS=SFF xS ($) Yearly salvage 0.55 0.64
YMC ($) =0.15FYC Yearly maintenance cost ~ 10.24 11.45
YC=FYC+YMC — Yearly production cost 7797 87.12
YS ($) '
YY (L) - Yearly yield 5691 6593
CPL=YC/YY ($.LY)  [33] Yearly (cost/ yield) 0.0137 0.0132
646
647
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648  Table. 8. Performance comparison of the various small-scale desalination systems

Description of system Max. Max. Min. Ref.

freshwater GOR Cost

productivi

ty

mL.h1.m2

Evaporation using PTC 750 0.751 0.0380 [34]
$.L1

Evaporation using two PTCs 815 0.34 0.0154 [35]
coupled to a SS $.L1t
Evaporation using PTC coupled 200 0.21 0.0235 [36]
with SS $.L?
Evaporation using ETC coupled 168 0.544 - [37]
with SS
Evaporation using ETC coupled 1460 - - [38]

with active SS

Evaporation using ETC coupled 720 - -
with passive SS

Evaporation using ETC coupled ~1000 - 0.027 $.L [39]
with SS containing double layers !

square wick

Evaporation using ETC coupled ~230 mL.h - 0.0136 [40]
with SS ! $.L1
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Evaporation using ETC coupled 487 mL.h*!

with SS and heat exchanger

Evaporation using ETC coupled
with 5-effect SSs

Evaporation using ETC coupled
with 2-effect SSs

Vacuum evaporation using ETC

Evaporation using ETC coupled
with SS

Evaporation using ETC coupled
with SS added to a heat storage

system

Evaporation using ETC coupled
with Paraffin wax integrated into
insulated SS

Evaporation using ETC coupled

with Paraffin wax integrated SS

Evaporation using Tubes with
ETC decreased
water

volume

Convention

al tubes

1192 3.19

850 -

1134 ~0.65

680 -

~650

1025

~1050

1010 0.656

830 0.526

34

0.0084
$.L?

- [41]

0.26 $.L1 [42]

0.0940 [43]
$.LL

0.021245 [44]

$.L1tm?

0.026645

$.Lt.m?2

0.013777

$.Lt.m2

0.01527

$.L1tm?

0.0142 [11]
$.Lt.m?2

0.0147
$.Lt.m2
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664

665
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667

668

Evaporation using Design (1)

ETC

Design (1)

1145

1325

0.71

0.82

0.0137
$.L?

0.0132
$.L1

Present study
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